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FUTURE ENERGY NEEDS 

by 

Henrik Ager-Hanssen 
Vice President, Statoil Group 

1. INTRODUCTION 

Mr. Chairman, Ladies and Gentlemen, 

'My presentation this morning is based on the key findings of the World Energy Council's 

Commission "Energy for Tomorrow's World" which I have had the honour and pleasure to 

chair since the World Energy Congress in Montreal in 1989. 

The Commission which is unique in its approach, has has as its primary objective to 

reconcile major views on the important global energy issues confronting our times with 

realistic prospects for the economic, technical, environmental, social and institutional 

development in the various regions of the world. 

From a global point of view, the study has concentrated on those key issues which will 

shape energy provision and use in the future such as population growth, economic and 

social development, access to sufficient energy for the developing world, local and regional 

environmental impact, potential global climate change, efficiency of energy supply and use, 

financial and institutional issues and technological innovation and transfer of this 

information around the world. 

Nine regional groups, which in total covered the World area, analyzed their own regional 
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energy issues and requirements. These were tested with the facts, uncertainties and 

probabilities of the Global Energy Scene prior to assessing the regions own priorities for 

energy development, expectations and options. 

2. THE NEED FPU CHANGE 

I will start this presentation on the key findings of the Commission by first relating its 

overall message which - above all - is the need for change. Change of attitude, change of 

systems, change of dimensions and - not least - change to development planning are 

required. With world population expected to double by the middle of the next century, and 

urban population expected to more than treble, we cannot carry on using energy in the 

ways we currently do. 

Demands for the services which energy provides - heating, cooling, lighting, cooking, 

mobility and motive power - will rise massively. The growth will primarily be in the 

developing countries. Energy is a provider of basic needs and services. It is an essential 

ingredient of social development and economic growth. The challenge is to provide the 

energy services required by the world's expanding population while avoiding environmental 

impacts which could eventually become overwhelming. 

Meeting this challenge requires massive changes to the global energy sector as we know 

it today. But change can only come about slowly. It involves phasing out many existing 

investments, the introduction and diffusion of new technologies, generations of 

successively improved new investment, changes in energy policy and consumers' 

behavioural patterns. Realizing that energy systems cannot be changed rapidly is not a 

reason for laissez-faire attitudes today. Rather on the contrary, the next 30 years will 

represent a critically important transition phase if long-term goals are to be realised. 

Hence we need to initiate change now if we are to achieve successful, sustainable 

development some time in the next century. 
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3. THE CHALLENGE OF THE DEVELOPING WORLD 

At least 85% of the global energy consumption increase anticipated over the next few 

decades is expected to come from the developing world as a result of the alleviation of 

poverty and material progress. Greatly increased commercial opportunities and changed 

trading patterns for the developed and developing world are likely to result. 

However, some regions experiencing rapid population increases and less well-endowed to 

meet the various challenges, may not achieve rises in per capita energy consumption. Sub 

Saharan Africa is one of the areas that appears particularly vulnerable in this regard. 

4. THE NEED FOR IMPROVED ENERGY EFFICIENCY 

The more rational world-wide use of energy on a cost/benefit basis is of immediate 

importance. Hitherto, changes in economic structure and the turnover of plant and 

equipment have been the main cause of reducing the energy intensity of economic output. 

Changes in energy prices and regulations have been much less significant. 

The Commission stresses the scope for, and benefits of, energy efficiency improvements. 

Once seriously tackled, the early gains will be large but the rate of improvement cannot 

be sustained forever. It is now primarily up to energy consumers and energy policy

makers, to an extent never previously contemplated, to ensure that the desirable 

improvements in energy efficiency are achieved. 

Improvements in energy efficiency in the developing world and economies in transition, 

particularly, are only likely to occur simultaneously with other improvements - in general 

policy-making, accessing finance and technology, managerial skills and manpower training. 

5. TECHNOLOGY TRANSFER 

The development and diffusion of the technology necessary for meeting global energy 
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requirements and mitigating environmental impacts is of crucial importance. Technology 

transfeis need to be speeded up, with due protection of intellectual property rights, and 

it is essential to get the market system to function for this purpose. The industrialised 

countries bear a major responsibility for developing the technologies required for the future, 

and for facilitating the applicability of these technologies to local circumstances. 

6. FOSSIL FUELS WILL DOMINATE 

Fossil fuels will continue to provide the bulk of energy needs for the next few decades. 

Coal has some 250 years of reserves at current consumption rates. Oil at over 40 years, 

and natural gas at over 65 years, may come under real pressure in the decades following 

2020, and concerns about availability may cause price increases well before 2020. Import 

dependency for oil natural gas and coal will increase, and supply lines wil! lengthen. There 

are likely to be impacts on price levels and stability from these shifts. 

To assess the possible developments in energy demand and supply, the Commission 

developed four energy cases, each representing different assumptions in terms of 

economic development, energy intensity reduction, technology transfer and institutional 

improvements. 

The four cases are characterized in summary form in Figure 1. 

The Reference Case (B) represents an updated version of that developed by the World 

Energy Council at its 14th Congress in Montreal in 1989. The other three are variants to 

illustrate sensitivities to changes in the basic assumptions. 

Case A assumes a higher economic growth than the Reference Case, and this increase is 

only taking place in the developing world. Otherwise, Case A assumes a similar 

improvement in energy intensity, institutional development and technology transfer as in 

the Reference Case. 

Case B1 has an economic growth rate as the Reference Case, but represents a world that 
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is not so clever in improving energy intensity, developing the proper institutions and in 

transferring the necessary technology. 

Case C is what we have termed an ecologically driven case. It is included to illustrate the 

size of the challenge and the far-reaching and immediate actions which are required if 

annual carbon dioxide emissions are to be broadly stabilized by 2020 at their 1990 levels. 

As can be seen from Figure 2, it is only in the OECD and CEE/CIS that there is potential 

for containing future energy demand. Population "explosion" and economic development 

in many of the presently categorised developing countries make it inevitable that they will, 

for many decades, consume considerably increased amounts of energy. Even the 

Ecologically Driven Case C (which assumes a dramatic improvement in developing 

countries' energy efficiency far beyond historic experience, and despite static per capita 

energy consumption in some areas resulting from continuing poverty) projects major 

increases of energy consumption within these countries. 

Figure 3 compares possible global energy supply mixes for the four Cases in the year 2020 

with the corresponding mix for 1990. It will be seen that fossil fuels continue to dominate 

the energy mix over the next three decades and are likely to do so well beyond this period. 

The only exception is shown in the Ecologically Driven Case C which is based on extreme 

assumptions thought unlikely to be act^tvable before the horizon year of 2020. 

Many of the energy mix elements in the four Cases line up against their theoretical maxima 

on today's knowledge and capabilities. Two, however, demand special consideration, i.e. 

the contribution from nuclear power and renewable energy sources and in particular the 

so-called "new renewables". 

7. THE NUCLEAR POWER DILEMMA 

Nuclear power is faced wi th a dilemma. Public and political concerns with safety and 

proliferation currently curb expansion, and even maintenance of current output, in many 

countries. Interest in the fast breeder reactor and in long-term fusion prospects seems to 

be waning. Yet long term, beyond 2020, there is likely to be growing recognition that 
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nuclear power and coal are the two options most readily available in substantial quantities. 

As becomes apparent from Figure 4, the Commission has assumed in its various cases that 

the contribution from nuclear power will increase. This presupposes, however, that 

satisfactory solutions will be found that will lead to public acceptance of such expansion. 

It is also recognised that this may not happen, in which case coal is likely to be the most 

dominating substitute (natural gas already being greatly in demand, and new renewable 

energy availability only gradually expanding). 

8. THE ROLE OF RENEWABLE ENERGY SOURCES 

Under current policies renewable energy, contributing 18% of world primary energy supply 

in 1990, will not increase its aggregate share significantly in the next three decades. 

Some 60% of renewable energy in 1990 came from traditional biomass. Large hydro 

accounted for 30%. Modern biomass accounted for a further 8%. Solar, wind, 

geothermal, small hydro and ocean/tidal combined - the so-called "new" renewables -

totalled under 2%. 

The WEC's study on "new" Renewable Energy Sources concluded that, under current 

policies, the current 2% figure might double to 4% (and triple in volume) by 2020. 

Accelerated development through concerted and effective governmental action, based on 

appropriate economic and environmental criteria, could result in new renewables 

approaching 12% of global supply by 2020. Figure 5 shows the absolute contribution 

from new renewables assumed in the four energy cases. 

Beyond 2020 a steadily growing volume and proportion of global primary energy supply 

is expected to come from new renewable sources, especially solar. 
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9. THE CLIMATE CHANGE ISSUE 

Despite the aspirations of the 1992 Rio Declaration, there is no realistic possibility, under 

current policies, of the developed countries in aggregate containing man-made greenhouse 

gas emissions at 1990 levels by the year 2000. Greenhouse gas emissions and 

atmospheric concentrations from global energy activities are bound to rise for many 

decades to come. This is illustrated in Figure 6 that compares the C02 emissions and 

concentrations in 1990 with the emissions and concentrations in 2020 for the four 

different energy cases. (The concentrations have been provided for the four cases by the 

Climatic Research Unit at the University of East Anglia, using the so-called MAGICC 

climate model). 

The UN Framework Convention on Climate Change, though currently unrealistic in its 

expectations, has indicated some of the required policy shifts. The developed countries 

will be required to lead by example, and to engage in technological and financial support 

on a massive and comprehensive world-wide scale if abatement action is to have a chance 

of success. The UNCED Secretariat in 1992 made the rough estimate that US$ 125 billion 

annually would be required to carry out its Agenda for resource transfers from North to 

South. This is more than double present aid flows from the North to the South. 

The Commission advocates taking practical and cost-effective precautionary action for the 

mitigation and avoidance of environmental damage now as an interim measure. This is 

likely to yield 8 variety of other benefits in the areas of efficiency, technological and 

financial opportunities. 

10. PERCEIVED PRIORITIES IN THE DEVELOPING WORLD 

The developing countries, faced with their own priorities for using scarce resources, place 

the highest priority on local and regional pollution issues and not on potential global climate 

change. Only one of the Commission's nine Regions gave top priority to global 

environmental issues. 
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Understandably, developing countries place local environmental concerns - pollution of 

water, land and air; lack of sanitation, decent housing, health care and refuse disposal; and 

local development goals before global environmental concerns. 

11. FINANCIAL IMPLICATIONS 

Historically, energy has represented some 5% of world GDP while energy investments 

have typically accounted for about 15% of total world investments. These figures will rise 

in the coming decades and could easily reach 8-12% to maintain and widen supply 

availability and cope with environmental concerns. The issue is how many of the 

developing countries, and economies in transition, will obtain the financing and technology 

required for energy development and energy efficiency. 

Some constraints to financing are likely, particularly among developing countries. Massive 

global investment in energy systems is anticipated at the same time as competition for 

international funds is likely to intensify to meet the challenges in many other areas; also 

brought about by the population explosion. 

Much more local capital than hitherto will be needed, and more joint ventures. This will 

require radical changes to local institutions, markets, training and energy management, if 

local and international finance is to be raised and channelled into attractive energy 

investment - particularly in the developing world and economies in transition. And as these 

issues become recognisably more global in dimension so global institutions will require 

review and reform. 

12. CONCLUDING REMARKS 

Each of the key findings I have dealt with in my presentation reinforces the need for 

change now and the importance of the next 30 years as the transitional period in which 

the foundation for the post-2020 impact should be laid. Having through the Commission 

demonstrated its ability to mobilise the know-how resources of its broad international 

membership and other relevant institutions and individuals for the development of a 



realistic framework for policy responses to the major challenges on the world energy 

scene, WEC has already decided to follow up many of the Implications and 

recommendations of its Commission. This is now being implemented in WEC's 1993-1995 

work programme that will be reported on at the 16th WEC Congress in Tokyo in October, 

1995. 

Some key problems to be tackled in this programme are: 

- The oil and gas resource base beyond 2020 and in particular in relation to the 

demand for these resources in the developing countries. 

- How to mobilise the necessary finance in the developing countries? 

- How to ensure the effective transfer of technology to the economies in transition? 

- More detailed assessment of the priorities set by the overall environmental 

considerations. 

- Follow the development of the climate change issue as the science of it develops 

and assessing the implications for the energy developments around the world. 

- Assess the energy perspective beyond 2020 and take key elements all the way to 

2100. 

Let me conclude with a few remarks on the sustainability question. The Commission 

demonstrates clearly that the perception of what is important in the further development 

of the world energy system varies widely from region to region. In finding a path to 

sustainable global and regional energy development it will be of utmost importance to 

address these widely different concerns in a realistic and balanced manner to reduce - as 

far as possible - the associated stresses between countries and regions. Without sufficient 

attention to this dimension of the world energy problem, there will not be sustainable 

development consistent with the expected population explosion in the developing world. 

Although there is no single universal formula, there are a number of important measures 

which when taken together indicate a path to worldwide sustainable energy developments: 



- To ensure that the available resources are used in the most cost-effective and 

productive manner. 

- To ensure that markets function as effectively as possible to attract the capital 

necessary to provide the energy services needed. 

- To ensure that governmental measures are mainly directed at providing the 

framework which permit markets to function and to avoid market distortions which 

prevent the development of the necessary longer term solutions, in particular with 

respect to research and development. 

- To ensure that energy efficiency and conservation, wherever justified on 

cost/benefit grounds, are maintained to reflect both economical and environmental 

goals. 

- To place energy issues in their broader social and institutional context globally, 

recognising that people seek the services which energy can provide - not energy as 

such. Policies, processes and equipment related to energy provision and use 

should focus on how the energy services can be more effectively and 

efficiently provided in the future. 
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1 Hello everybody - it is good to be here in Toronto again - and a privilege to be 

addressing this important conference. 

2 I do however approach this morning's speech with some trepidation. I am not a nuclear 

engineer - nor am I an electricity industry "lifer". In fact I had no background in the supply 

industry until 3'/z years ago when the British Government invited me to take over the 

Chairmanship of Scottish Nuclear - a newly formed Government-owned company created in 

1990 because Mrs. Thatcher was not able to include nuclear, at that time - in the 

privatisation of the remainder of the electricity industry in the UK. 

3 So we are today responsible for running two nuclear power stations at Torness, south east 

of Edinburgh and Hunterston 'B' overlooking the beautiful Clyde estuary, as well as 

decommissioning an older Magnox station. At the moment we are producing approximately 

47% of Scotland's electricity demand. 

4 For a significant part of my career I was involved in the offshore oil industry, which 

probably gives me a different perspective to many of you assembled in this hall today. 

However, what 1 lack in nuclear expertise I sincerely hope I can make up in a balanced view 

of the energy market as well as a general manager's commitment to see that the right 

strategic decisions are made for our business - and hopefully the industry. 

5 I could, of course, serve you with some dishes from a menu that is very familiar to us 

all. For a light starter we might quickly survey how nuclear must play a central role in 

answering the global environmental challenges of our time - challenges of finite resources, 

atmospheric pollution, acid rain and global warming. 

6 I could then move to the main course. This would contain the heavy meat of the 

environmental issues surrounding nuclear power - radioactivity, reactor safety, the problems 

of waste and decommissioning - and so on. The purpose would be to demonstrate how these 

industry-specific issues - which have dogged public acceptance of nuclear for so long are now 

being more adequately addressed, than ever before. 
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7 And, for the "piece de resistance" - the sweet course, I could offer a delicious social 

topping of a secure nuclear energy supply at affordable cost, in an otherwise unstable and 

uncertain world. 

8 But let's face it, we have all eaten from that familiar menu many times. Like all 

favourites, one never tires of it. But for this conference I would like to try something a 

little different. 

9 Today my intention is to stand back a bit from this tour of our own backyard. Instead 

I want to take you all with me on a brief overview of what I judge to be the main problems 

and issues facing the world today - and then I want to see where our own world of nuclear 

power could and should fit into this broader picture. 

10 Instead of taking as my starting point the social and environmental problems of nuclear 

energy, I want to focus on the social and environmental problems of the world and nuclear 

energy's potential relevance to them. 

11 Now you may think that suggestion a little arrogant - but is it? We work in the energy 

sector, which is fundamental to all our lives - like the air we breathe and the water we drink. 

We are in a worldwide industry - and that world faces a number of daunting challenges. 

12 We, in the nuclear industry, must not acquiesce in thinking that we are part of the 

problem. Instead we must make a bold leap - and see ourselves as part of the solution. 

Only then will the outside world - the inhabitants of this planet and the politicians and 

bureaucrats who serve us - only then will they begin to think of us in the same terms. 

13 This approach has inevitably to be selective. I want to pick on five themes which are, 

I believe, of particular relevance:-

• the promised New World Order - which to date has failed to emerge; 
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• the situation in the former Communist bloc - which is highly unstable and quite 

alarming; 

• the position in many other parts of the world, where we find exploding population is 

largely wiping out the gains of economic progress; 

• the ecological balance of the planet - which is under long-term threat; 

• and then, last but not least, the fact that the capacity of the West to respond positively 

to these challenges is enfeebled - by slow growth, rising unemployment and 

deteriorating competitiveness - threatening the maintenance of both internal social 

cohesion and open external trade. 

Let us first consider - together - the fate of the promised New World Order. 

14 The surge of optimism at the time of the collapse of communism has dissolved in tears. 

The daily slaughter in Bosnia, with its accompanying horror of ethnic cleansing, is the 

example of that failure which most occupies European television screens. But there are 

plenty of other instances of less publicised disasters from the difficulties in Somalia - to the 

troubles of the Sudan - where the world community seems either powerless to act, or 

ineffective when it tries. 

15 The United Nations is overstretched militarily as well as financially, and is politically 

weak. Additionally, Finance Ministers in NATO countries are keener to cut their defence 

budgets to take advantage of the end of the Cold War, rather than recognise new needs for 

co.iective security. 
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16 Let us not underestimate the consequences on the energy sector, of this political failure. 

The fate of, for example, the Muslims in Bosnia could once more convince the Arab world -

that is if they needed any convincing - that Europe and North America do not take the Arab 

viewpoint sufficiently seriously. 

17 That is an undesirable attitude, particularly when we remind ourselves that the United 

States is now dependent on the Gulf for about half its energy supplies. We can only hope 

that the encouraging signs of Accord between the PLO and Israel point to a more stable 

future in the Region. 

18 And on a wider world scene, once collective security is exposed as an emperor without 

clothes, states in conflict with their neighbours will re-double their efforts to provide for their 

own security. This will gravely heighten the risks of nuclear weapons proliferation - already 

grave concerns have been expressed in relation to Iraq and North Korea. 

19 The implications for future energy supplies are alarming. Who would take a bet that 

there will be no regional conflicts leading to at least localised outbreaks of war that are 

bound to disrupt energy supplies, at least temporarily? Indeed we have already experienced 

one energy related conflict, which we should all view as a warning signal. 

20 In my view tomorrow's world will be one where political instabilities pose major energy 

risks. But these dark clouds should bring with them a silver lining for the nuclear industry -

although we have seen little sight of it yet. The more politicians and the public in the West 

become really aware of uncertainties over security of supply - the more they should be ready 

to take out the insurance that nuclear energy offers. 

21 This ties in naturally to my second point - the chronic instability of the former 

Communist bloc. 
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22 The countries of the former Soviet Empire face a triple transition of massive scale and 

complexity - from central planning to a free market economy - from an authoritarian police 

state to a liberal democracy - and from a tightly centralised empire, to a new and violent 

assertion of national identity and independence, with little shared recognition of the need for 

interdependence. 

23 This presents plenty of easy scapegoats for unscrupulous politicians who fail to deliver 

the goods. Nor is it the case that the necessary path of economic liberalisation can avoid 

the hardships of falling living standards and mass unemployment, any more than it can 

magically wipe away the environmental depredations of previous decades. 

24 The implications for energy supplies of this chaos and confusion are somewhat 

paradoxical. We can be sure that for many years to come the governments of the former 

Soviet Empire will strain every nerve to ensure that available supplies of gas, oil and coal 

are sold freely on the world market. For this is one of their few dependable sources of hard 

currency. 

25 On the other hand these supplies will be subject to the vagaries of political instability, 

civil disturbance and perhaps even full scale local war. The presence of these energy 

supplies in world markets will be welcome, but they could also have a destabilising and 

potentially disruptive influence. 

26 At the same time, many parts of the East have a highly developed nuclear industry. 

Again their governments will look to their existing nuclear stations to supply their domestic 

electorate with power and heat, despite some genuine safety concerns about reactor design 

and adequate maintenance. 
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27 In my view, the principal problem is not one of lack of technical expertise. This may 

be an issue in some former satellites such as Bulgaria but technical competence is certainly 

not in short supply in Russia where nuclear engineers have been trained to a very high 

standard. The plain fact is that the East needs cash which at present it doesn't have, to 

ensure that its nuclear stations are kept up to date and continue to operate safely and 

efficiently. It also needs help, urgently, in developing comprehensive solutions for waste, 

arising from both civil and defence applications. 

28 Indeed, I believe there is no higher priority for our industry than to help to ensure the 

safe operation of nuclear generation in Eastern Europe. Another Chernobyl would be a 

terrible disaster in itself, with appalling and possibly fatal consequences for the future of the 

nuclear industry worldwide. 

29 It is no good members of our industry flying on entrepreneurial missions in search of 

lucrative contracts for helping out their nuclear industry. Our new friends simply do not 

have the available money to pay. 

30 It is our industry's task to ensure that our Governments are fully aware of what our 

colleagues in these countries most urgently need - and that, above all, is financial aid with 

their improvement programmes. The recent European Bank of Reconstruction and 

Development grant to Kozloduy in Bulgaria is a welcome start - but much much more is 

needed. 

31 This is not to deny that there are commercial opportunities for the nuclear industry there 

- and in the wider world. This point will, I hope, become clear from my third theme, the 

problem of exploding world population. 

The facts are pretty stark. 
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32 On present trends, the UN expects world population to increase by 90 million a year 

over the next two decades. In other words seven Canada's will be added to the world's 

population every two years. 

33 The same forecasts show the population of the Third World increasing by about two 

billion over the next twenty years. In other words we can expect another China and another 

India in terms of their present population - to be created, before a baby born today has 

finished his or her University education. 

34 UN forecasters expect total world population to rise from five billion to nine billion by 

2040. Now I know that demography is a hazardous science and that declines in the 

birthrate, partly as a result of faster acceptance of birth control, have in the past confounded 

the worst Malthusian predictions. But with figures like those I have presented, even some 

easing of the trend presents no cause for complacency. 

35 It is obvious that increased population will in itself increase energy demands. Also, 

the rapid urbanisation encouraged by over population, will cause energy demand to grow at 

an even faster rate. Many developing countries will become ever more dependent on energy 

imports, thereby strengthening demand on world markets and causing prices to increase. 

36 The economic strains in paying for these imports will exacerbate tensions between the 

developed and developing worlds, while in parallel the shifting balance of world population 

will reduce the West's ability to command unlimited energy supplies at cheap prices at home. 

37 What do these population trends mean for our industry? For the developing world, 

nuclear power offers the potential for domestic electricity and I believe it is inevitable that 

many of these countries will slowly but positively turn to nuclear as an indigenous source of 

power, as long as it is perceived to be safe. It is already happening in Southern China and 

Taiwan. 
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38 What I am less certain of, is how soon the West will wake up to the challenge on its 

doorsteps. When will Western policy-makers finally realise that the problem of world 

population growth can only be regarded as a long term issue - and when will our politicians 

understand that they need to look well beyond the next election? 

39 In my view it could be potentially disastrous for the developed world to abandon or run 

down its nuclear energy capabilities - which is what we are now threatened with - when in 

a few years they could become essential to global survival; a fact implicitly recognised in 

the recent World Energy Council report on world energy, which clearly identified nuclear 

as one of the two energy sources with the best long term prospects. 

40 My fourth theme is directly related to the world population explosion - the looming 

threat to global ecological balance. This is, of course, the area where the electricity supply 

industry's own backyard has become the main playing field of public policy action - or at 

least, talk about action. 

41 In the US, we have seen the recent Clean Air Act amendments. 

42 In Europe, the threat of acid rain destroying 15% of the continent's remaining forests 

led to an EC agreement to reduce sulphur dioxide emissions by 60% from 1980 levels by 

2003 and nitrogen oxide emissions by 30% by 1998. In Britain, acceptance of these targets 

was one of the principal drivers of radical change in the energy market. 

43 The supply industry's original intention to spend some £2bn pounds on retro-fitting de-

sulphurisation equipment to coal stations has now been replaced by the "dash for gas" and 

a reliance on coal imports with lower sulphur content. The market for domestically-

produced coal has almost collapsed in the UK. 
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44 Then there is global warming. I have always been suspicious about environmental 

doomsters - ever since all the hype surrounding the Club of Rome Report in the 1970s with 

its headlines that the world was about to run out of finite resources. On global warming, 

there is a continuing dispute about scientific evidence. There is also a fascinating debate 

about the accuracy of comparative temperature readings over many decades and what the 

latest satellite evidence actually shows. However there are, I believe, three points on which 

we should strive to reach consensus. 

45 First, the weight of scientific opinion about global warming cannot be ignored. It was 

the unanimous recommendation of the United Nations Panel of leading climate scientists in 

1990 that emissions of greenhouse gases should be cut by at least 60%. That UN Panel also 

clearly set out the risks of global failure to act. 

46 Just in case anyone needs reminding, these include the loss of nearly one third of 

existing world grain production; a major threat to the homes and livelihood of 300m people; 

and widespread desertification and some coastal flooding in what are now green and pleasant 

lands. Not in our time to be sure - but I hold the belief that we are responsible for the 

planet to those who follow us - our children and our children's children. 

47 Secondly, there are no automatic adjustment mechanisms on which we can rely to 

correct the problem without decisive action by governments. 

48 In some cases, it is true, markets may provide solutions before governments get round 

to them. Economists used to argue that there was no basis for concern that the world might 

run out of oil, because, well before there was any risk of this eventuality, market prices 

would have risen to an extent which both discouraged consumption and made alternative 

sources of supply, economic to develop. 

49 But climate change is different. It would cause a massive redistribution in the natural 

endowments of different countries of the world. This can only be averted by timely action 

by governments on a global basis. 
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FUTURE ENERGY NEEDS 

by 

Henrik Ager-Hanssen 
Vice President, Statoil Group 

1. INTRODUCTION 

Mr. Chairman, Ladies and Gentlemen, 

'My presentation this morning is based on the key findings of the World Energy Council's 

Commission "Energy for Tomorrow's World" which I have had the honour and pleasure to 

chair since the World Energy Congress in Montreal in 1989. 

The Commission which is unique in its approach, has has as its primary objective to 

reconcile major views on the important global energy issues confronting our times with 

realistic prospects for the economic, technical, environmental, social and institutional 

development in the various regions of the world. 

From a global point of view, the study has concentrated on those key issues which will 

shape energy provision and use in the future such as population growth, economic and 

social development, access to sufficient energy for the developing world, local and regional 

environmental impact, potential global climate change, efficiency of energy supply and use, 

financial and institutional issues and technological innovation and transfer of this 

information around the world. 

Nine regional groups, which in total covered the World area, analyzed their own regional 
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energy issues and requirements. These were tested with the facts, uncertainties and 

probabilities of the Global Energy Scene prior to assessing the regions own priorities for 

energy development, expectations and options. 

2. THE NEED FPU CHANGE 

I will start this presentation on the key findings of the Commission by first relating its 

overall message which - above all - is the need for change. Change of attitude, change of 

systems, change of dimensions and - not least - change to development planning are 

required. With world population expected to double by the middle of the next century, and 

urban population expected to more than treble, we cannot carry on using energy in the 

ways we currently do. 

Demands for the services which energy provides - heating, cooling, lighting, cooking, 

mobility and motive power - will rise massively. The growth will primarily be in the 

developing countries. Energy is a provider of basic needs and services. It is an essential 

ingredient of social development and economic growth. The challenge is to provide the 

energy services required by the world's expanding population while avoiding environmental 

impacts which could eventually become overwhelming. 

Meeting this challenge requires massive changes to the global energy sector as we know 

it today. But change can only come about slowly. It involves phasing out many existing 

investments, the introduction and diffusion of new technologies, generations of 

successively improved new investment, changes in energy policy and consumers' 

behavioural patterns. Realizing that energy systems cannot be changed rapidly is not a 

reason for laissez-faire attitudes today. Rather on the contrary, the next 30 years will 

represent a critically important transition phase if long-term goals are to be realised. 

Hence we need to initiate change now if we are to achieve successful, sustainable 

development some time in the next century. 
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3. THE CHALLENGE OF THE DEVELOPING WORLD 

At least 85% of the global energy consumption increase anticipated over the next few 

decades is expected to come from the developing world as a result of the alleviation of 

poverty and material progress. Greatly increased commercial opportunities and changed 

trading patterns for the developed and developing world are likely to result. 

However, some regions experiencing rapid population increases and less well-endowed to 

meet the various challenges, may not achieve rises in per capita energy consumption. Sub 

Saharan Africa is one of the areas that appears particularly vulnerable in this regard. 

4. THE NEED FOR IMPROVED ENERGY EFFICIENCY 

The more rational world-wide use of energy on a cost/benefit basis is of immediate 

importance. Hitherto, changes in economic structure and the turnover of plant and 

equipment have been the main cause of reducing the energy intensity of economic output. 

Changes in energy prices and regulations have been much less significant. 

The Commission stresses the scope for, and benefits of, energy efficiency improvements. 

Once seriously tackled, the early gains will be large but the rate of improvement cannot 

be sustained forever. It is now primarily up to energy consumers and energy policy

makers, to an extent never previously contemplated, to ensure that the desirable 

improvements in energy efficiency are achieved. 

Improvements in energy efficiency in the developing world and economies in transition, 

particularly, are only likely to occur simultaneously with other improvements - in general 

policy-making, accessing finance and technology, managerial skills and manpower training. 

5. TECHNOLOGY TRANSFER 

The development and diffusion of the technology necessary for meeting global energy 
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requirements and mitigating environmental impacts is of crucial importance. Technology 

transfeis need to be speeded up, with due protection of intellectual property rights, and 

it is essential to get the market system to function for this purpose. The industrialised 

countries bear a major responsibility for developing the technologies required for the future, 

and for facilitating the applicability of these technologies to local circumstances. 

6. FOSSIL FUELS WILL DOMINATE 

Fossil fuels will continue to provide the bulk of energy needs for the next few decades. 

Coal has some 250 years of reserves at current consumption rates. Oil at over 40 years, 

and natural gas at over 65 years, may come under real pressure in the decades following 

2020, and concerns about availability may cause price increases well before 2020. Import 

dependency for oil natural gas and coal will increase, and supply lines wil! lengthen. There 

are likely to be impacts on price levels and stability from these shifts. 

To assess the possible developments in energy demand and supply, the Commission 

developed four energy cases, each representing different assumptions in terms of 

economic development, energy intensity reduction, technology transfer and institutional 

improvements. 

The four cases are characterized in summary form in Figure 1. 

The Reference Case (B) represents an updated version of that developed by the World 

Energy Council at its 14th Congress in Montreal in 1989. The other three are variants to 

illustrate sensitivities to changes in the basic assumptions. 

Case A assumes a higher economic growth than the Reference Case, and this increase is 

only taking place in the developing world. Otherwise, Case A assumes a similar 

improvement in energy intensity, institutional development and technology transfer as in 

the Reference Case. 

Case B1 has an economic growth rate as the Reference Case, but represents a world that 
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is not so clever in improving energy intensity, developing the proper institutions and in 

transferring the necessary technology. 

Case C is what we have termed an ecologically driven case. It is included to illustrate the 

size of the challenge and the far-reaching and immediate actions which are required if 

annual carbon dioxide emissions are to be broadly stabilized by 2020 at their 1990 levels. 

As can be seen from Figure 2, it is only in the OECD and CEE/CIS that there is potential 

for containing future energy demand. Population "explosion" and economic development 

in many of the presently categorised developing countries make it inevitable that they will, 

for many decades, consume considerably increased amounts of energy. Even the 

Ecologically Driven Case C (which assumes a dramatic improvement in developing 

countries' energy efficiency far beyond historic experience, and despite static per capita 

energy consumption in some areas resulting from continuing poverty) projects major 

increases of energy consumption within these countries. 

Figure 3 compares possible global energy supply mixes for the four Cases in the year 2020 

with the corresponding mix for 1990. It will be seen that fossil fuels continue to dominate 

the energy mix over the next three decades and are likely to do so well beyond this period. 

The only exception is shown in the Ecologically Driven Case C which is based on extreme 

assumptions thought unlikely to be act^tvable before the horizon year of 2020. 

Many of the energy mix elements in the four Cases line up against their theoretical maxima 

on today's knowledge and capabilities. Two, however, demand special consideration, i.e. 

the contribution from nuclear power and renewable energy sources and in particular the 

so-called "new renewables". 

7. THE NUCLEAR POWER DILEMMA 

Nuclear power is faced wi th a dilemma. Public and political concerns with safety and 

proliferation currently curb expansion, and even maintenance of current output, in many 

countries. Interest in the fast breeder reactor and in long-term fusion prospects seems to 

be waning. Yet long term, beyond 2020, there is likely to be growing recognition that 
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nuclear power and coal are the two options most readily available in substantial quantities. 

As becomes apparent from Figure 4, the Commission has assumed in its various cases that 

the contribution from nuclear power will increase. This presupposes, however, that 

satisfactory solutions will be found that will lead to public acceptance of such expansion. 

It is also recognised that this may not happen, in which case coal is likely to be the most 

dominating substitute (natural gas already being greatly in demand, and new renewable 

energy availability only gradually expanding). 

8. THE ROLE OF RENEWABLE ENERGY SOURCES 

Under current policies renewable energy, contributing 18% of world primary energy supply 

in 1990, will not increase its aggregate share significantly in the next three decades. 

Some 60% of renewable energy in 1990 came from traditional biomass. Large hydro 

accounted for 30%. Modern biomass accounted for a further 8%. Solar, wind, 

geothermal, small hydro and ocean/tidal combined - the so-called "new" renewables -

totalled under 2%. 

The WEC's study on "new" Renewable Energy Sources concluded that, under current 

policies, the current 2% figure might double to 4% (and triple in volume) by 2020. 

Accelerated development through concerted and effective governmental action, based on 

appropriate economic and environmental criteria, could result in new renewables 

approaching 12% of global supply by 2020. Figure 5 shows the absolute contribution 

from new renewables assumed in the four energy cases. 

Beyond 2020 a steadily growing volume and proportion of global primary energy supply 

is expected to come from new renewable sources, especially solar. 
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9. THE CLIMATE CHANGE ISSUE 

Despite the aspirations of the 1992 Rio Declaration, there is no realistic possibility, under 

current policies, of the developed countries in aggregate containing man-made greenhouse 

gas emissions at 1990 levels by the year 2000. Greenhouse gas emissions and 

atmospheric concentrations from global energy activities are bound to rise for many 

decades to come. This is illustrated in Figure 6 that compares the C02 emissions and 

concentrations in 1990 with the emissions and concentrations in 2020 for the four 

different energy cases. (The concentrations have been provided for the four cases by the 

Climatic Research Unit at the University of East Anglia, using the so-called MAGICC 

climate model). 

The UN Framework Convention on Climate Change, though currently unrealistic in its 

expectations, has indicated some of the required policy shifts. The developed countries 

will be required to lead by example, and to engage in technological and financial support 

on a massive and comprehensive world-wide scale if abatement action is to have a chance 

of success. The UNCED Secretariat in 1992 made the rough estimate that US$ 125 billion 

annually would be required to carry out its Agenda for resource transfers from North to 

South. This is more than double present aid flows from the North to the South. 

The Commission advocates taking practical and cost-effective precautionary action for the 

mitigation and avoidance of environmental damage now as an interim measure. This is 

likely to yield 8 variety of other benefits in the areas of efficiency, technological and 

financial opportunities. 

10. PERCEIVED PRIORITIES IN THE DEVELOPING WORLD 

The developing countries, faced with their own priorities for using scarce resources, place 

the highest priority on local and regional pollution issues and not on potential global climate 

change. Only one of the Commission's nine Regions gave top priority to global 

environmental issues. 
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Understandably, developing countries place local environmental concerns - pollution of 

water, land and air; lack of sanitation, decent housing, health care and refuse disposal; and 

local development goals before global environmental concerns. 

11. FINANCIAL IMPLICATIONS 

Historically, energy has represented some 5% of world GDP while energy investments 

have typically accounted for about 15% of total world investments. These figures will rise 

in the coming decades and could easily reach 8-12% to maintain and widen supply 

availability and cope with environmental concerns. The issue is how many of the 

developing countries, and economies in transition, will obtain the financing and technology 

required for energy development and energy efficiency. 

Some constraints to financing are likely, particularly among developing countries. Massive 

global investment in energy systems is anticipated at the same time as competition for 

international funds is likely to intensify to meet the challenges in many other areas; also 

brought about by the population explosion. 

Much more local capital than hitherto will be needed, and more joint ventures. This will 

require radical changes to local institutions, markets, training and energy management, if 

local and international finance is to be raised and channelled into attractive energy 

investment - particularly in the developing world and economies in transition. And as these 

issues become recognisably more global in dimension so global institutions will require 

review and reform. 

12. CONCLUDING REMARKS 

Each of the key findings I have dealt with in my presentation reinforces the need for 

change now and the importance of the next 30 years as the transitional period in which 

the foundation for the post-2020 impact should be laid. Having through the Commission 

demonstrated its ability to mobilise the know-how resources of its broad international 

membership and other relevant institutions and individuals for the development of a 



realistic framework for policy responses to the major challenges on the world energy 

scene, WEC has already decided to follow up many of the Implications and 

recommendations of its Commission. This is now being implemented in WEC's 1993-1995 

work programme that will be reported on at the 16th WEC Congress in Tokyo in October, 

1995. 

Some key problems to be tackled in this programme are: 

- The oil and gas resource base beyond 2020 and in particular in relation to the 

demand for these resources in the developing countries. 

- How to mobilise the necessary finance in the developing countries? 

- How to ensure the effective transfer of technology to the economies in transition? 

- More detailed assessment of the priorities set by the overall environmental 

considerations. 

- Follow the development of the climate change issue as the science of it develops 

and assessing the implications for the energy developments around the world. 

- Assess the energy perspective beyond 2020 and take key elements all the way to 

2100. 

Let me conclude with a few remarks on the sustainability question. The Commission 

demonstrates clearly that the perception of what is important in the further development 

of the world energy system varies widely from region to region. In finding a path to 

sustainable global and regional energy development it will be of utmost importance to 

address these widely different concerns in a realistic and balanced manner to reduce - as 

far as possible - the associated stresses between countries and regions. Without sufficient 

attention to this dimension of the world energy problem, there will not be sustainable 

development consistent with the expected population explosion in the developing world. 

Although there is no single universal formula, there are a number of important measures 

which when taken together indicate a path to worldwide sustainable energy developments: 



- To ensure that the available resources are used in the most cost-effective and 

productive manner. 

- To ensure that markets function as effectively as possible to attract the capital 

necessary to provide the energy services needed. 

- To ensure that governmental measures are mainly directed at providing the 

framework which permit markets to function and to avoid market distortions which 

prevent the development of the necessary longer term solutions, in particular with 

respect to research and development. 

- To ensure that energy efficiency and conservation, wherever justified on 

cost/benefit grounds, are maintained to reflect both economical and environmental 

goals. 

- To place energy issues in their broader social and institutional context globally, 

recognising that people seek the services which energy can provide - not energy as 

such. Policies, processes and equipment related to energy provision and use 

should focus on how the energy services can be more effectively and 

efficiently provided in the future. 
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1 Hello everybody - it is good to be here in Toronto again - and a privilege to be 

addressing this important conference. 

2 I do however approach this morning's speech with some trepidation. I am not a nuclear 

engineer - nor am I an electricity industry "lifer". In fact I had no background in the supply 

industry until 3'/z years ago when the British Government invited me to take over the 

Chairmanship of Scottish Nuclear - a newly formed Government-owned company created in 

1990 because Mrs. Thatcher was not able to include nuclear, at that time - in the 

privatisation of the remainder of the electricity industry in the UK. 

3 So we are today responsible for running two nuclear power stations at Torness, south east 

of Edinburgh and Hunterston 'B' overlooking the beautiful Clyde estuary, as well as 

decommissioning an older Magnox station. At the moment we are producing approximately 

47% of Scotland's electricity demand. 

4 For a significant part of my career I was involved in the offshore oil industry, which 

probably gives me a different perspective to many of you assembled in this hall today. 

However, what 1 lack in nuclear expertise I sincerely hope I can make up in a balanced view 

of the energy market as well as a general manager's commitment to see that the right 

strategic decisions are made for our business - and hopefully the industry. 

5 I could, of course, serve you with some dishes from a menu that is very familiar to us 

all. For a light starter we might quickly survey how nuclear must play a central role in 

answering the global environmental challenges of our time - challenges of finite resources, 

atmospheric pollution, acid rain and global warming. 

6 I could then move to the main course. This would contain the heavy meat of the 

environmental issues surrounding nuclear power - radioactivity, reactor safety, the problems 

of waste and decommissioning - and so on. The purpose would be to demonstrate how these 

industry-specific issues - which have dogged public acceptance of nuclear for so long are now 

being more adequately addressed, than ever before. 
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7 And, for the "piece de resistance" - the sweet course, I could offer a delicious social 

topping of a secure nuclear energy supply at affordable cost, in an otherwise unstable and 

uncertain world. 

8 But let's face it, we have all eaten from that familiar menu many times. Like all 

favourites, one never tires of it. But for this conference I would like to try something a 

little different. 

9 Today my intention is to stand back a bit from this tour of our own backyard. Instead 

I want to take you all with me on a brief overview of what I judge to be the main problems 

and issues facing the world today - and then I want to see where our own world of nuclear 

power could and should fit into this broader picture. 

10 Instead of taking as my starting point the social and environmental problems of nuclear 

energy, I want to focus on the social and environmental problems of the world and nuclear 

energy's potential relevance to them. 

11 Now you may think that suggestion a little arrogant - but is it? We work in the energy 

sector, which is fundamental to all our lives - like the air we breathe and the water we drink. 

We are in a worldwide industry - and that world faces a number of daunting challenges. 

12 We, in the nuclear industry, must not acquiesce in thinking that we are part of the 

problem. Instead we must make a bold leap - and see ourselves as part of the solution. 

Only then will the outside world - the inhabitants of this planet and the politicians and 

bureaucrats who serve us - only then will they begin to think of us in the same terms. 

13 This approach has inevitably to be selective. I want to pick on five themes which are, 

I believe, of particular relevance:-

• the promised New World Order - which to date has failed to emerge; 
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• the situation in the former Communist bloc - which is highly unstable and quite 

alarming; 

• the position in many other parts of the world, where we find exploding population is 

largely wiping out the gains of economic progress; 

• the ecological balance of the planet - which is under long-term threat; 

• and then, last but not least, the fact that the capacity of the West to respond positively 

to these challenges is enfeebled - by slow growth, rising unemployment and 

deteriorating competitiveness - threatening the maintenance of both internal social 

cohesion and open external trade. 

Let us first consider - together - the fate of the promised New World Order. 

14 The surge of optimism at the time of the collapse of communism has dissolved in tears. 

The daily slaughter in Bosnia, with its accompanying horror of ethnic cleansing, is the 

example of that failure which most occupies European television screens. But there are 

plenty of other instances of less publicised disasters from the difficulties in Somalia - to the 

troubles of the Sudan - where the world community seems either powerless to act, or 

ineffective when it tries. 

15 The United Nations is overstretched militarily as well as financially, and is politically 

weak. Additionally, Finance Ministers in NATO countries are keener to cut their defence 

budgets to take advantage of the end of the Cold War, rather than recognise new needs for 

co.iective security. 
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16 Let us not underestimate the consequences on the energy sector, of this political failure. 

The fate of, for example, the Muslims in Bosnia could once more convince the Arab world -

that is if they needed any convincing - that Europe and North America do not take the Arab 

viewpoint sufficiently seriously. 

17 That is an undesirable attitude, particularly when we remind ourselves that the United 

States is now dependent on the Gulf for about half its energy supplies. We can only hope 

that the encouraging signs of Accord between the PLO and Israel point to a more stable 

future in the Region. 

18 And on a wider world scene, once collective security is exposed as an emperor without 

clothes, states in conflict with their neighbours will re-double their efforts to provide for their 

own security. This will gravely heighten the risks of nuclear weapons proliferation - already 

grave concerns have been expressed in relation to Iraq and North Korea. 

19 The implications for future energy supplies are alarming. Who would take a bet that 

there will be no regional conflicts leading to at least localised outbreaks of war that are 

bound to disrupt energy supplies, at least temporarily? Indeed we have already experienced 

one energy related conflict, which we should all view as a warning signal. 

20 In my view tomorrow's world will be one where political instabilities pose major energy 

risks. But these dark clouds should bring with them a silver lining for the nuclear industry -

although we have seen little sight of it yet. The more politicians and the public in the West 

become really aware of uncertainties over security of supply - the more they should be ready 

to take out the insurance that nuclear energy offers. 

21 This ties in naturally to my second point - the chronic instability of the former 

Communist bloc. 

4 



22 The countries of the former Soviet Empire face a triple transition of massive scale and 

complexity - from central planning to a free market economy - from an authoritarian police 

state to a liberal democracy - and from a tightly centralised empire, to a new and violent 

assertion of national identity and independence, with little shared recognition of the need for 

interdependence. 

23 This presents plenty of easy scapegoats for unscrupulous politicians who fail to deliver 

the goods. Nor is it the case that the necessary path of economic liberalisation can avoid 

the hardships of falling living standards and mass unemployment, any more than it can 

magically wipe away the environmental depredations of previous decades. 

24 The implications for energy supplies of this chaos and confusion are somewhat 

paradoxical. We can be sure that for many years to come the governments of the former 

Soviet Empire will strain every nerve to ensure that available supplies of gas, oil and coal 

are sold freely on the world market. For this is one of their few dependable sources of hard 

currency. 

25 On the other hand these supplies will be subject to the vagaries of political instability, 

civil disturbance and perhaps even full scale local war. The presence of these energy 

supplies in world markets will be welcome, but they could also have a destabilising and 

potentially disruptive influence. 

26 At the same time, many parts of the East have a highly developed nuclear industry. 

Again their governments will look to their existing nuclear stations to supply their domestic 

electorate with power and heat, despite some genuine safety concerns about reactor design 

and adequate maintenance. 
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27 In my view, the principal problem is not one of lack of technical expertise. This may 

be an issue in some former satellites such as Bulgaria but technical competence is certainly 

not in short supply in Russia where nuclear engineers have been trained to a very high 

standard. The plain fact is that the East needs cash which at present it doesn't have, to 

ensure that its nuclear stations are kept up to date and continue to operate safely and 

efficiently. It also needs help, urgently, in developing comprehensive solutions for waste, 

arising from both civil and defence applications. 

28 Indeed, I believe there is no higher priority for our industry than to help to ensure the 

safe operation of nuclear generation in Eastern Europe. Another Chernobyl would be a 

terrible disaster in itself, with appalling and possibly fatal consequences for the future of the 

nuclear industry worldwide. 

29 It is no good members of our industry flying on entrepreneurial missions in search of 

lucrative contracts for helping out their nuclear industry. Our new friends simply do not 

have the available money to pay. 

30 It is our industry's task to ensure that our Governments are fully aware of what our 

colleagues in these countries most urgently need - and that, above all, is financial aid with 

their improvement programmes. The recent European Bank of Reconstruction and 

Development grant to Kozloduy in Bulgaria is a welcome start - but much much more is 

needed. 

31 This is not to deny that there are commercial opportunities for the nuclear industry there 

- and in the wider world. This point will, I hope, become clear from my third theme, the 

problem of exploding world population. 

The facts are pretty stark. 
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32 On present trends, the UN expects world population to increase by 90 million a year 

over the next two decades. In other words seven Canada's will be added to the world's 

population every two years. 

33 The same forecasts show the population of the Third World increasing by about two 

billion over the next twenty years. In other words we can expect another China and another 

India in terms of their present population - to be created, before a baby born today has 

finished his or her University education. 

34 UN forecasters expect total world population to rise from five billion to nine billion by 

2040. Now I know that demography is a hazardous science and that declines in the 

birthrate, partly as a result of faster acceptance of birth control, have in the past confounded 

the worst Malthusian predictions. But with figures like those I have presented, even some 

easing of the trend presents no cause for complacency. 

35 It is obvious that increased population will in itself increase energy demands. Also, 

the rapid urbanisation encouraged by over population, will cause energy demand to grow at 

an even faster rate. Many developing countries will become ever more dependent on energy 

imports, thereby strengthening demand on world markets and causing prices to increase. 

36 The economic strains in paying for these imports will exacerbate tensions between the 

developed and developing worlds, while in parallel the shifting balance of world population 

will reduce the West's ability to command unlimited energy supplies at cheap prices at home. 

37 What do these population trends mean for our industry? For the developing world, 

nuclear power offers the potential for domestic electricity and I believe it is inevitable that 

many of these countries will slowly but positively turn to nuclear as an indigenous source of 

power, as long as it is perceived to be safe. It is already happening in Southern China and 

Taiwan. 
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38 What I am less certain of, is how soon the West will wake up to the challenge on its 

doorsteps. When will Western policy-makers finally realise that the problem of world 

population growth can only be regarded as a long term issue - and when will our politicians 

understand that they need to look well beyond the next election? 

39 In my view it could be potentially disastrous for the developed world to abandon or run 

down its nuclear energy capabilities - which is what we are now threatened with - when in 

a few years they could become essential to global survival; a fact implicitly recognised in 

the recent World Energy Council report on world energy, which clearly identified nuclear 

as one of the two energy sources with the best long term prospects. 

40 My fourth theme is directly related to the world population explosion - the looming 

threat to global ecological balance. This is, of course, the area where the electricity supply 

industry's own backyard has become the main playing field of public policy action - or at 

least, talk about action. 

41 In the US, we have seen the recent Clean Air Act amendments. 

42 In Europe, the threat of acid rain destroying 15% of the continent's remaining forests 

led to an EC agreement to reduce sulphur dioxide emissions by 60% from 1980 levels by 

2003 and nitrogen oxide emissions by 30% by 1998. In Britain, acceptance of these targets 

was one of the principal drivers of radical change in the energy market. 

43 The supply industry's original intention to spend some £2bn pounds on retro-fitting de-

sulphurisation equipment to coal stations has now been replaced by the "dash for gas" and 

a reliance on coal imports with lower sulphur content. The market for domestically-

produced coal has almost collapsed in the UK. 
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44 Then there is global warming. I have always been suspicious about environmental 

doomsters - ever since all the hype surrounding the Club of Rome Report in the 1970s with 

its headlines that the world was about to run out of finite resources. On global warming, 

there is a continuing dispute about scientific evidence. There is also a fascinating debate 

about the accuracy of comparative temperature readings over many decades and what the 

latest satellite evidence actually shows. However there are, I believe, three points on which 

we should strive to reach consensus. 

45 First, the weight of scientific opinion about global warming cannot be ignored. It was 

the unanimous recommendation of the United Nations Panel of leading climate scientists in 

1990 that emissions of greenhouse gases should be cut by at least 60%. That UN Panel also 

clearly set out the risks of global failure to act. 

46 Just in case anyone needs reminding, these include the loss of nearly one third of 

existing world grain production; a major threat to the homes and livelihood of 300m people; 

and widespread desertification and some coastal flooding in what are now green and pleasant 

lands. Not in our time to be sure - but I hold the belief that we are responsible for the 

planet to those who follow us - our children and our children's children. 

47 Secondly, there are no automatic adjustment mechanisms on which we can rely to 

correct the problem without decisive action by governments. 

48 In some cases, it is true, markets may provide solutions before governments get round 

to them. Economists used to argue that there was no basis for concern that the world might 

run out of oil, because, well before there was any risk of this eventuality, market prices 

would have risen to an extent which both discouraged consumption and made alternative 

sources of supply, economic to develop. 

49 But climate change is different. It would cause a massive redistribution in the natural 

endowments of different countries of the world. This can only be averted by timely action 

by governments on a global basis. 
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50 Despite the hopes that the Earth Summit at Rio, action so far has been limited. Even 

where countries have set targets for the reduction of greenhouse gases, it is not at all clear 

how governments intend to meet them. 

51 Thirdly, we should not wait for all this to happen; but instead we should strive for a 

new consensus that emission targets can only be met if a comprehensive range of policies is 

adopted. Some may be unpopular but I believe they should include: -

• effective measures to promote energy efficiency and conservation; 

• more targeted R & D and more investment in renewables to ensure their fastest, 

feasible expansion. Scottish Nuclear is actually involved in a tidal generation project 

off the west coast of Scotland, which shows promise; 

• public transport investment to minimise dependence on the motor car, especially for 

short and regular journeys; 

• encouraging more heavy loads onto the railways and off our roads; 

• recognition of the real potential of the electric car, already being considered in several 

countries; 

• taxation policies, such as the EC's proposals for some form of carbon tax and 

President Clinton's proposed and now amended energy tax, that raise the price of 

fuels in order to reflect the real costs which their unrestrained use would impose on 

society. 

52 It is not for the nuclear industry to reject any of these possibilities. They should all be 

enthusiastically embraced for their own sake and without fear of reducing our strengthening 

case for an ongoing and healthy industry. Because, although all these policies are important 

in themselves, they do not represent a total, feasible solution. 
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53 There is no way an emphasis on greater efficiency and conservation combined with 

renewables can be sufficient to facilitate the necessary reduction in dependence on fossil fuels 

for electricity generation in a world of rapidly expanding population and demand. This is 

one of our industry's unique selling points - as long as it is not over-sold. 

54 At worst, on grounds of simple prudence, the world needs nuclear to combat the risk 

of global warming and the impossibility that rising energy demand due to rising world 

population, can be met by any other means in an environmentally sustainable way. In these 

circumstances it would be little short of criminal for us to allow the nuclear industry to be 

run down. 

55 Unfortunately that doesn't mean that it will not be wound down. And that brings me 

to my final theme - the enfeebled capacity of the West to respond effectively to all these 

challenges. 

56 My thoughts on this topic will initially veer away from energy, although they are very 

relevant to it. The symptoms of enfeeblement in both the United States and Europe are 

becoming widespread:-

• on both sides of the Atlantic, there is concern about permanent loss of industrial 

competitiveness vis-a-vis Japan and other newly industrialising countries in South East 

Asia; 

• loss of competitiveness has resulted in rising unemployment in Europe and declining 

real incomes in the States; 

• public finances are under extreme pressure as the spiralling costs of welfare outstrip 

the fast disappearing revenues from economic growth; 

• high unemployment and cuts in the social provision add to the problems of 

polarisation in Western society with their attendant problems of drug abuse, family 

breakdown and rising crime and violence; 
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• the political feedbacks from declining competitiveness are putting enormous pressure 

on the maintenance of an open trading system. 

57 The public policy implications of these developments for the rest of the 1990s are still 

uncertain. However about one thing I am clear. 

58 We have passed the high point of political obsessions with free markets. This is not 

to say that the trends toward liberalisation and privatisation which we experienced in the 

1980s will not go forward. Indeed in many sectors, and countries, there is still considerable 

scope for advance. 

59 But these advances will be made as deliberate acts of government in order to strengthen 

the supply side of their economies. They will not be blind expressions of faith in the 

invisible hand of the market. 

60 I expect the "balance of payments" to come back into fashion as a major policy concern. 

This is inevitable as part and parcel of finding solutions to the problem of competitiveness. 

Governments will be forced to pay more attention to the supply side. These industrial 

policies - because that is what they are, even though governments may not care to describe 

them as such - will hopefully avoid some of the mistakes of the past. For example in 

Britain there are no signs that anyone wants to return to a massive extension of state-

ownership or the centralised direction of industry. 

61 However, I forecast that it will no longer be unacceptable to talk about industrial 

strategy - and within the energy sphere, that means it will be possible to engage in rational 

discussion with policy-makers about meaningful energy strategies. 

62 The excess confidence, that we can always buy what we need on world markets will be 

replaced by more emphasis on self-sufficiency. The presumption that we can rely on market 

forces to determine the future shape of our energy supplies will be replaced by a concern to 

ensure a balanced diversity of fuels. 
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63 In this emerging world, nuclear power has a number of potential strengths. First, for 

the moment it remains an area of competitive advantage for the West - a knowledge base of 

technical expertise - sophisticated engineering and construction skills, which could in fui&re 

be a major source of overseas earnings from the rest of the world. The nuclear industry 

should be ranked with pharmaceutical, telecommunications, information technology and other 

sectors where the West is acknowledged to retain at present a continuing competitive edge. 

64 How much longer the West can hope to retain this advantage, you may well ask. It 

is in the Far East that nuclear power is now a fast expanding industry. Japan has built 40 

units and plans to build 40 more - no nonsense about leaving strategic energy decisions to 

market forces there. South Korea has got nine units - and is planning a further 18. 

65 There is a 300 billion dollar world market for nuclear power out there. Is nuclear to 

become yet another industrial sector where the foresight and commitment of Asian enterprise 

sweeps past the West as their governments duck and weave over whether to place new 

orders? 

66 Secondly, a significant nuclear component in electricity generation can help alleviate the 

social problems caused by higher energy prices as a result of environmental taxation. For 

the fact is, that the greater the nuclear element in the generation mix, the lower taxes will 

need to rise in order to curb fossil fuel consumption. 

67 Thirdly, the pressure on public sector finances puts enormous pressure on the nuclear 

industry to demonstrate that it can finance its expansion privately without adding to the 

burden of public finances. 
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68 However, for the private sector to take the risk, governments will have to demonstrate 

that they see a role for nuclear power - fitting into an overall energy strategy. The financial 

risks are too large and the uncertainties are too great for governments to sit back and leave 

it totally to private investors to decide. 

69 At the end of this tour d'horizon, you are perhaps left uncertain as to whether you 

should be more confident or more depressed. My conclusion is that advocates of nuclear 

power cannot afford, for one second, to relax. Nothing is going to happen - simply because 

it is inevitable. It will only happen if we fight for it and convince politicians, and the wider 

public, whom they represent. 

Let me conclude on this note. 

70 It is easy to be pessimistic. I have spoken today about some profound long term issues 

which the wider community has yet to properly address. We often appear surrounded -

hemmed in - trapped by short termism. 

71 We find this in financial markets - where major investments with a thirty or forty year 

life are determined by the current pattern of energy prices, notwithstanding the risks, 

insecurities and uncertainties which the most cursory examination of scenarios for the future, 

makes all to apparent. 

72 We also find this in governments - where politicians look no further forward than the 

next election - and where Ministers are easily panicked by the prospect of bad publicity from 

some interest group, notwithstanding the majority tenor of public opinion. 

73 Yet the world would not have advanced to the level of human progress we have attained 

today if the short termists had always won out. There are in every generation and in every 

country, men and women of vision who do not fight shy of the challenge of leadership. 
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74 It is our task as an industry to stand up for what we know to be right. We have a 

powerful case to put forward which we should argue with conviction and without any trace 

of defensiveness. If we all speak out in this tone, I am confident the public and their 

political leaders will in time listen - and will understand and accept the realities of the 

situation - and before it is too late - they will act. At least let us all hope so! 

75 Thank you for listening to me. 

ENDS. 
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Robert G. Skinner 
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Nuclear power's contribution to meeting the world's growing demand for electricity must be 
reconciled with: 1 ) fundamental clianges taking place in the ownership of and competitive 
forces affecting the power sector; 2) growing concerns about the safety of nuclear plants in 
the post-communist countries; 3) the growing pressure for policies to address the risk of 
climate change; and 4) increased reliance on natural gas for power generation. The inherent 
uncertainty surrounding these developments influences the financing of power projects. 
Nuclear has a role, albeit increasingly difficult to sustain on conventional commercial or 
market terms as they are currently defined. Any argument in favour of nuclear tlierefore must 
be addressed by governments, conscious of the uncertainties about the future. If the nuclear 
option is to be sustained, it must be done as a deliberate policy decision by governments. 

Introduction 

Earlier this spring, the International Energy Agency 
released its most recent World Energy Outlook, a 
projection of world energy demand and supply out 
to 20101. Given energy and environmental policies 
as we know them today, and under a set of 
assumptions on oil prices2, economic growth, 
resource availability and other factors, the Outlook 
points to a picture of: 

• a nearly 50% increase in world energy demand; 

• regions outside the western, industrialised world 
accounting for most energy demand growth, and 
by the end of the Century, cur.suming the 
greatest share — more than half — of global 
energy; 

• an energy future increasingly dominated by 
fossil-fuel, with associated increase in energy-
derived C02 emissions of 46%. 

The Outlook sees a world strengthening its 
dependence on electricity. 42% of the increase in 
World final energy demand over the next 17 years 
will be for electricity. The projected growth rate 
for electricity in the OECD, while down from 3.7% 
since 1971, will be faster at 2.2% than that of any 
other form of final energy. Generating capacity 
under these conditions will have to grow by 

1.8%/year on average in the OECD. Fossil-fuel 
based capacity, especially natural gas, is projected 
to take up most of this growth. 

Within this time-frame, the rate of growth of 
nuclear is expected to slow down and actually 
decline after 2000 as retirement of old plant 
exceeds new plant commissioning. The share of 
world energy requirements provided by nuclear will 
be about 6% and its share of electricity generated, 
just under 13%. Nuclear took nearly one-third of 
the growth in world electricity output between 1971 
and 1990: it is projected to account for less than 
one-tenth of the growth out to 2010 (Table 1). In 
the OECD region, where nuclear had the greatest 
share (45.3%) of electricity growth up to 1990, it is 
projected to have less than 10%, essentially 
reversing roles with natural gas, which made a very 
small contribution to growth in the past, but which 
is projected to capture 45% of growth in electricity 
fuels out to 2010. 

Against this view of a global energy future, this 
paper examines the factors that will influence the 
economics and financability of nuclear. The 
conditions that might make nuclear viable are 
reviewed. Because public perception of nuclear 
may hinge on future nuclear performance in the 
Former Soviet Union and in Eastern and Central 
Europe, the paper also refers to the IEA's recent 
work with the World Bank and the EBRD on the 

The views expressed in this paper are those of the author. They do not necessarily reflect the official position 
of the International Energy Agency or of the governments of IEA Member countries. 



power sector of that region. Finally, brief reference 
is made to some of the principal policy issues that 
might bear on the role of nuclear into the 21st 
Century. 

The Power Sector in a Changing World 

Questions of financing in the power sector have to 
be set within the context of what is happening in 
the sector with respect to its regulation, ownership 
and structure, how its relationship with government 
is changing, as governments increasingly emphasize 
competition and efficiency within the energy sector 
generally. In most OECD countries, parts of Latin 
America, the Asia-Pacific and now in Eastern and 
Central Europe the close relationship between 
power utilities and government is undergoing 
dramatic change. Privatization has been referred to 
as "one of the greatest economic revolutions of the 
Century"''. It is a means for many countries to 
introduce competitive forces, managerial 
accountability and the efficiencies and better 
customer service that can come from private 
ownership, to stimulate economic growth and 
reduce governments' deficits and international debt. 
With privatization c« »wer utilities comes greater 
freedom to invest outside their service areas. 
Indeed utilities can now look at the global market 
for power equipment, services and opportunities to 
develop power. And there would appear to be a 
large market. The World Bank recently reported4 

that power utilities in developing countries alone 
want to spend up to S745 billion on power projects 
by the end of the Century. 

It is important to note that privatization policies 
which are taking place in both rich and poor 
countries are mutually reinforcing. The changes to 
the US Public Utility Holding Company Act 
(PUHCA) accompanying the Comprehensive 
National Energy Policy Act (October 5, 1992). 
cleared the way for both utilities and non-utilities to 
bid for building wholesale power plant at home and 
abroad. Privatization of the UK power sector has 
freed UK companies to invest abroad. These are 
just two examples. The global market for services 
and equipment in this sector has changed virtually 
overnight. 

Meanwhile, concerning the developing world, the 
World Bank's lending policy5 for the power sector 
explicitly responds to the serious decline in 
financial performance of the power sector in most 
developing countries over the last two decades. 
This deterioration, measured in underachievement of 
self-financing ratios, declining rates of return on 
revalued assets, and rising levels of overdue 

accounts, is mostly a function of governments" use 
of power utilities as instruments of social policy. A 
worsening spiral of rising national debt, increased 
inflation and the political fear of increasing 
electricity prices, resulting in interference in day-to-
day management and operation of power 
companies, have led the Bank to conclude that: 

"Neither the developing countries nor the Bank can 
continue with a 'business as usual' approach to 
managing the power sector. In the absence of new 
approaches to restructure and evaluate sector 
management on the basis of commercial principles, 
with enterprises distanced from excessive 
government day-to-day management, and with clear 
strategies for generating confidence for new 
entrants, it is unlikely that the required power 
sector investment can be mobilized in the 1990's." 
(ibid., p. 12) 

The Bank's response to the need for change will be 
reflected in its application of five guiding principles 
to power sector loans: 

Transparent regulation. 

• Importation of services. 

• Commercializauon/corporatization. 

• Lending based on commitment to reform. 

• Investment guarantees. 

The trend worldwide is away from a governmental 
to a commercialized or more corporatized power 
sector, with increasing competition — between 
suppliers of fuel, power plant equipment, 
construction and electricity services. 
Accompanying this are changes in how and from 
where financing is raised, and with it. changes in 
perception of what are acceptable risks and 
necessary financial rewards. Even the traditional 
approach to how electricity rates should be 
regulated will be under pressure due to these 
unprecedented changes in the sector, a sector 
increasingly 'marching to the beat of private, 
commercial drummers'. A key question, then, is 
whether an increasingly investor-owned power 
sector would be more or less likely to opt for 
nuclear, and if it would choose nuclear, what 
conditions would it want to see met before doing 
so? Moreover, even if it wants nuclear, what would 
be die response of capital markets? 



Financing 

The power sector is one of the most capital 
intensive industries in industrialized economies. 
The amount of capital required to generate a unit 
value of output is several times higher than for 
manufacturing industries*. However, electricity is 
tin extremely marketable product. It provides a 
myriad of services, is clean in end-use and — so 
long as there is economic growth — enjoys a 
growth market. It therefore has high value. It also 
has very low price elasticity. This looks like a 
pretty attractive investment. The question is. if 
there are several ways of producing electricity, and 
customers have options to use other fuels directly or 
use much less electricity (for which there is 
considerable potential), then what would make 
nuclear the power source of choice? 

A recent study by the Edison Electric Institute 
analyzed potential financing structures for the next 
generation of nuclear power plants for the United 
States. Noting that the objectives of such structures 
are to minimize overall costs, match participants' 
risks with their ability and preparedness to bear and 
control risks, the study examined the precedent for, 
experience with, and pros and cons of a variety of 
financing structures. These included historical 
utility financing, turnkey projects, independent 
power producers, non-utility ownership during 
construction with a guaranteed sale, partial 
government financing, insurance, government 
guaranties and sale/leasebacks. The conclusion of 
the study is that there is no one alternative that 
would appear to meet optimum financing needs: 
rather, "the next nuclear plant fin the US) will most 
likely be financed utilizing a combination of the 
structures examined". Is it possible that the next 
nuclear plant in the US could be a hybrid non- or 
partial uulity/wholesale generator project? If so, the 
financers will have to be as. or more, comfortable 
with financing a nuclear plant as they would gas or 
coal plants. 

What comes through in the EEI Study and the 
responses from key financial analysts in a back-up 
questionnaire, is that the most important factors or 
conditions that will influence financing are: 

• The need !o achieve progress with high level 
waste repository: 

• A predictable licensing process and stable 
regulation: 

Maintaining and improving the high safety and 
reliability performance of operating plants. 

The majority of financial analysts surveyed felt that 
public acceptance is paramount, that fossil fuels 
must become unattractive (for supply, security or 
environmental reasons) and. above all. there must 
be need for additional base load capacity. 

The OECD electricity sector currently generates 
about $700 billion/year in gross revenue. This 
could reach a trillion dollars by 2010. Given a 
projected growth rate of 1.89r in electricity 
capacity, and given general patterns of capital 
expenditure by utilities in OECD countries, where 
about 40% to 509f goes for new capacity, we could 
envisage by 2010. 50-80 billion dollars being spent 
on new capacity annually in OECD countries. 

The answer to whether the money is there therefore 
seems obvious. But. there is competition for this 
money. There are other energy and industrial 
sectors seeking capital. "The financial agenda is 
full*. Where capital eventually goes depends on 
perceptions of risk and whether the rewards are 
commensurate with the risks, which in turn depend 
on many factors. 

Put in its simplest terms, the banker asks. "What 
are the risks of not getting a return on my 
investment, or of the project going wrong?". Put 
another way: "If there are risks, are there less risky 
investment opportunities offering the same 
returns?". The nuclear industry must be able to 
sustain these questions. Nuclear has to compete. 
This is more the case today than it was twenty 
years ago. Then, for example, there were price and 
regulatory restricûons that prevented serious 
competition from natural gas. The coal industry 
was just beginning to deal with the uncertainty of 
environmental requirements to control acid gases. 
Finally, as noted above, privatization and public 
debt reduction were not yet major policy goals. 
How utilities raise capital in the future will bear 
little resemblance to how they did it in the past. In 
North America, at least, publicly-owned utilities 
build plant with debt financing; investor-owned 
(private) utilities rely more on equity financing. 
And these sources of financing rank risks 
differently. Privatization is changing power 
utilities' access to, and Uierefore cost of, capital, 
and as a consequence is shifting utilities' preference 
away from capital-intensive, long lead-time projects. 



The Policy Environment for Nuclear 

Rather than go through the long list of project and 
market risk elements, it may be useful to identify 
the set of 'policy' conditions that I think need to be 
met in order that nuclear can become an attractive 
investment. These are not new and most were 
identified in the EEI Study (Ibid.). 

A principal condition, of course, is that nuclear 
must be economic. The OECD's Nuclear Energy 
Agency, jointly with the IEA. carry out periodic 
assessments of the projected costs of generaùng 
base load electricity. The most recent study' will 
be published in a few weeks and. aJong with other 
papers, will be the subject of discussion in one of 
the technical sessions later in the Congress. So. I 
will only summarize its findings here. 

The study examined coal. gas. nuclear and certain 
renewables for plant to be commissioned around the 
turn of the Century. This is when our OuUook 
indicates that, in the absence of changes in policies, 
nuclear power's contribution will decline, that is. 
unless new plant is ordered — presumably starting 
in the next year or so to be available seven-eight 
years hence. Any relative advantage that nuclear 
might have over coal is especially sensitive to the 
assumed discount rate which, for some countries 
participating in the study, have been increased since 
the last study in 1989. At a 57c discount rate, 
nuclear is economic, enjoying an advantage over 
other fuels in most of the countries covered in the 
latest study. At a 109i discount rate, nuclear 
retains a clear advantage over coal in France. 
Germany (domestic coal). Japan. Hungary and. if a 
pressurised heavy water reactor, in Korea. The 
advantage is weaker in Germany (if competing with 
imported coal), in parts of the United States, and in 
the Czech Republic and Slovakia. Under this 
discount rate France and Japan are the only 
countries where gas. coal and nuclear are compared 
and where nuclear retains an advantage over fossil 
fuels. Thus, under the right conditions, nuclear can 
be economic but only if the price advantage is as 
great or greater than the perceived risk. 

But getting the economics right is only the 
beginning. Some of the other conditions that need 
to he met to make nuclear commercially viable 
include: 

• public acceptance and therefore solid political 
and government support: 

• strong institutional support (scientific research 
support, insurance, independent, competent 

regulatory agency and adequate educational and 
industrial back-up): 

• high rate of growth of base-load electricity 
demand and confidence in continued growth 
after plant comes on stream: 

• a clear regulatory process: "a fast track that 
gets everyone on board, but has no sidings". 

• where alternatives are not acceptable or. in the 
case of natural gas. where no major economic 
gas supply is within sight. 

Satisfying these conditions is a tall order — at least 
for the time being. 

There may be country exceptions to this list, And 
there may be other factors. There are countries, for 
example: France, where economic gas supply is 
available yet nuclear is still lower cost. 

Public acceptance is a key issue, and will be 
addressed by others at this Conference. Public 
opinion surveys seem to confirm that as Jong as 
there appear to be alternatives, which include 
reducing demand through DSM programmes, even 
if the market place chooses nuclear, the public may 
not. Key areas are the public's concern about 
safety and perceptions that the industry has not 
solved waste disposal and decommissioning. In my 
mind, the latter is a communication challenge: not 
a technological challenge. Safety is another matter. 
The legacy of Chernobyl is real. As has been said 
by so many, the question of what conditions can 
make nuclear viable would become almost 
academic should there be another Chernobyl in 
Eastern Europe and the Former Soviet Union. 

Eastern Europe and the Former Soviet 
Union 

While it may not be technically logical, another 
major nuclear accident in the Former Soviet Union 
could seriously undermine the already fragile public 
acceptance of nuclear everywhere. That is one of 
the reasons why the G-7 countries at their 1992 
economic summit in Munich requested the 
International Energy Agency to assist the World 
Bank to assess the electricity oudook in this region 
and to examine alternatives to continued reliance on 
those reactors considered (by others) to be of high 
risk from a safety perspective. The study took it as 
assumed that approximately 19 GW's of RBMK's 
and VVER 440-230's (of a total generating capacity 
of 300 GW) were the least safe and should be 
closed as soon as possible. We set out to try to 



answer the following question: "For those countries 
with higher risk Soviet-designed reactors, what are 
the alternative supply sources, associated costs and 
financing requirements to enable shutting down 
these plants as soon as possible, given resources 
and other constraints, while meeting future 
electricity demand reliably and economically?". 

The main conclusion of the study for the G-7 is 
that it would be technically feasible to replace the 
so-caJled risky reactors with alternative supplies and 
to improve nuclear safety in the countries 
concerned, without leadinc to a deficiency of 
electricity supply. But this needs careful 
qualification. It is not as simple as many would 
want it. And it could be very expensive. First of 
all, this region is not easily amenable to 
assessments of the nature or detail required to 
answer such a question, other than in very general 
terms. 

A 'high nuclear scenario' which sees continued 
reliance on nuclear, involving completion of 
partially constructed units and up-grading other 
reactors (and RBMK and VVER 440-230's) to meet 
safety recommendations, would cost some $28 
billion. A 'low nuclear scenario' involving early 
closure (i.e., by the mid-1990's) entailing some 
building of new fossil capacity, could reduce the 
capital cost to S21 billion. However, this lower 
scenario would have considerable, extra operating 
costs — about SI billion/year over the period, for 
fuel, primarily natural gas, for the replacement 
plant. Also, there are important policy difficulties 
for many countries presented by the lower nuclear 
scenario. Not the least of which is a major drain, 
if not overwhelming call, on available finances 
especially since the fuel costs would drain hard 
currency reserves. On a marginal cost basis, there 
is a lot of old, dirty, inefficient power plant that 
would merit closure before their nuclear plants. 
For some, to move to gas or oil would increase 
their dependence on energy imports from Russia 
— a dependence which they consider politically 
unacceptable. As well, there would be significant 
social implications in the extensive unemployment 
in what used to be a prestigious industry in single-
industry (nuclear) communities. 

Moreover, nuclear plays several important roles in 
the energy/economic policies of Central and Eistern 
European countries. For example, in some 
countries such as the Czech Republic and Slovakia, 
nuclear is viewed in an environmental role, to 
replace dirty, aged coal planus using uneconomic 
local coal. It also plays a strategic role for many 
former COMECON countries, because it reduces 
reliance on Russian fossil fuel. Conversely, in 

Russia, nuclear power makes more oil and gas 
available for export, its largest source of hard 
currency. Finally, some of these countries see 
nuclear playing a future trade/economic role, as 
the basis for power exports to neighbouring 
countries. 

The West is familiar with die many anecdotes 
suggesting an enormous potential for energy 
efficiency gains in these countries. It has been 
claimed, for example, dial energy efficiency could 
totally replace nuclear in this region. That great 
potential exists, there can be little doubt. How fast 
it can be realized is entirely anodier question. 
Expectations that Western experience wim energy 
efficiency programmes can be transplanted are 
probably largely misplaced for now. For example, 
some of the more advanced and innovative utility 
DSM programmes in North America would likely 
not fit. These depend upon the availability of a 
wide range of product choices and a clear 
understanding of the barriers to their purchase. 
They also require a utility workforce, not only well-
trained on the demand side, but dedicated to the 
concept of customer service and improved customer 
satisfaction. Efficiency standards, which work with 
mixed results in the West, would require stable, 
mature institutions and governance, and an interest 
among workers and citizens in abiding by 
standards. 

Opportunities might exist in the 'up stream' part of 
die demand side; namely, in the transformation 
sector and in the manufacture of energy-using 
equipment and appliances. There may be an 
opportunity now to influence these countries' 
energy cycles at the transformation/equipment link, 
during a time when much capital replacement takes 
place. But we must temper our expectations. 
Energy efficiency may be our priority: 
unfortunately it is not yet theirs. And it will not 
begin to be until diey start getting electricity prices 
close to reflecting economic costs. This is critical. 
And yet, energy price reform is only one small part 
of die macroeconomic and constitutional reform 
needed to make die transition to a market economy. 
Some countries are achieving progress faster dian 
omers. 

While it may be technically true that gains in 
energy efficiency could replace the more risky or 
even replace all nuclear in this region, such a 
theoretical proposition could be a very unsafe basis 
for considering whether to finance nuclear retrofits, 
up-grades or new plant in the countries concrened. 
Faced with such a degree of demand-side 
uncertainty, overestimating what efficiency gains 



c;in achieve in displacing nuclear power plants 
could lead to (he riskier reactors being shut down 
and not retrofitted (because they were presumed not 
needed), and then subsequently coiled upon to 
satisfy unanticipated electricity demand — demand 
that was not. 'technically' supposed to happen. 
This could lead to a less safe situation than 
expected. Ukraine, the home of Chernobyl with its 
two remaining units, may be a case in point. 

These countries need to develop sound energy 
policies for the long-term, and the International 
Energy Agency is prepared to assist those who want 
our assistance in doing so. We have considerable 
policy experience — successes and failures — of 
our Member countries to draw on. Besides sensible 
pricing policies, they need the capacity to measure, 
monitor, audit and account for energy. Meanwhile, 
a carefully developed and concerted approach is 
needed to finance the safety retrofits, or to complete 
reactors under construction, which could off-set 
need for some of the more risky reactors. It needs 
to be asked whether we may be forestalling on 
urgent safety retrofits by assuming that the more 
expensive Western standards are a minimum. In 
other words, would 'better' be preferable, if 'best' 
will not happen because it is too costly? 

But financing of nuclear in this region, whether for 
retrofits or completions, is not obvious. A 
financing strategy whose principal aim is improved 
nuclear safety might not necessarily involve nuclear 
equipment. Given all risk considerations, paying 
for imported fuel for alternatives might be preferred 
by financial markets in the end. But any country in 
this region wishing to work on improving the safety 
and reliability of its nuclear power system, will 
likely face the following: 

• the need to prepare economically sound 
projects/proposals (this seems obvious, but in 
the East it has been very difficult to do so 
where private ownership issues are not wholly 
resolved); 

• showing that they can generate significant local 
financing: i.e.. self-generated revenue from 
power enterprises (again, predicated on having 
a viable and effective pricing policy in place): 

for safety retrofits or up-grades financed from 
the West, depending on their nature and 
urgency, countries could draw on the 
Multilateral Nuclear Safety Account, bilateral 
programmes, export credit agencies (ECA), the 
EBRD and the European Investment Bank 
(EIB): 

• to complete nuclear units, presumably financing 
could be sourced from a combination of ECA's. 
EBRD. EIB and even commercial bank 
financing: 

• conventional plants could attract financing from 
the above as well as the private sector and 
potentially the World Bank. 

Meanwhile, the greatest uncertainty over the 
medium-term is the level of electricity demand, and 
what the rate of growth in demand will be once 
economic recovery begins. In the absence of 
reform of energy pricing all questions of financing 
will remain theoretical. 

Future of Environment Policy and Nuclear 

It is sometimes said that the renewed concern for 
the environment, specifically the issue of global 
climate change, gives policy makers a compelling 
reason for maintaining the nuclear option. Indeed, 
the IEA's Energy Ministers, who recently agreed to 
a set of Shared Goals as a basis for energy policy, 
acknowledged in those goals mat "a number oflEA 
Members wish to retain and improve the nuclear 
option for the future, at the highest available safety 
standards, because nuclear energy does not emit 
carbon dioxide". 

Ministers acknowledged that energy-derived carbon 
dioxide emissions constitute a major contributor to 
greenhouse gases from human activities. It is likely 
that the energy sector will bear a policy burden in 
response to this issue well in excess of its 
contribution to the problem. Under these 
circumstances, the science of climate change aside, 
no low-carbon or no-carbon options for meeting 
future energy needs should be rejected as long as 
there is risk of intolerably rapid global climate 
change. Nuclear power would be one of the few, 
if not the only option, second to rigorous controls 
on energy use. for many countries wishing to 
reduce and maintain levels of energy-related 
greenhouse gases, especially carbon dioxide. Wind 
and solar could play a significantly greater role than 
they do now. But they have yet to prove 
themselves an a scale sufficient to provide reliable, 
economic baseload. 

The International Energy Agency has carried out 
modelling and other studies to assess the impact of 
various policies to limit greenhouse gas emissions1". 
Carbon taxes in the order of $300 per ton of 
carbon, or rigorous intervention to accelerate energy 
efficiency improvements, would be required to 
return energy related CO; emissions in the OECD 
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to 1990 levels by 201(1 Taxes and efficiency 
regulations differ in their effects across fuels and 
end-use sectors. Carbon taxes have equity and 
distributional effects that call into question whether 
they offer a realistic approach on an international 
level to address the problems, particularly given that 
they have to be very large (in the order of tripling 
current energy prices) to have any significant 
impact. Much needs to be understood about the 
way carbon is actually used and priced in energy 
markets, its regional and international variability, 
and the costs and availability of new or alternative 
— low or no-carbon — technologies, before 
governments can decide on a comprehensive and 
effective policy course. 

Electricity generation for the world, in the absence 
of the climate change issue, was headed for a future 
increasingly dependent on fossil fuels, especially 
coal. If plentiful, economic and non-controversial 
non-fossil fuel choices for electricity generation 
were assured, the achievement of energy security 
and environmental goals of OECD countries would 
he assured. But. for most countries, major hydro 
options are few. the nuclear option faces strong 
public opposition, and. as noted above, non-hydro 
renewables are insufficient to meet demand. 
Greatly increasing the efficiency of energy use is 
the option preferred by most governments. Here 
again, there is much uncertainty. Demand Side 
Management in the electricity utility sector has 
become popular recently, but its effectiveness in 
actually reducing demand is difficult to evaluate. 

The risk that climate change might require 
aggressive policies, that carbon taxes and efficiency 
regulations might not be either acceptable or 
effective, seems to call for an insurance policy thai 
would see low-carbon or no-carbon options, such as 
nuclear power, maintained. This, however, is 
unlikely to be done by the market place. It requires 
a conscious policy decision by governments to 
maintain options. 

Natural Gas 

Natural gas is considered by many to be the fuel of 
choice for power generation because it appears to 
enjoy certain advantages: relatively free of acid 
gases: lower C02 emissions than coal and oil: low 
capita] cost and rapid construction times using new 
combined cycle technologies with high efficiencies, 

Natural gas is seen as a bridge to the future. This 
may be true. Indeed, a very large share of new-
power plant planned and under construction in 
many OECD countries is based on natural gas. 

This is not surprising. It is partly a function of the 
deregulation and privatization taking place in the 
utility sector. The characteristics of natural gas-
fired plants provide a less risky match with* the 
lower and more uncertain projections of electricity 
demand growth. 

There is little doubt that the world has plentiful 
natural gas resources. As noted earlier, where 
natural gas sources are already linked to developed 
natural gas markets, and if the price is right over 
the life of the power project, gas is attractive. But 
gas markets tend to be regional and with different 
characteristics. Major new volumes of gas supply 
will have to come from increasingly distant and 
more costly sources. Over three quarters of the 
world's gas resources are in Russia and in die 
Middle East, principally Iran. From a financing 
perspective, major new gas projects, whether LNG 
or long distance gas trunk lines, have considerable 
risk — both market risk and project risk. Much 
like nuclear projects, they are capital intensive, 
requiring a long period of time for pay-out. The 
deregulation of gas markets to remove barriers to 
competition tends to reduce consumer prices and 
thereby increases market risk for those producers 
and transporters counting on higher prices to pay 
off large investments in major gas transportation 
systems. Finally, the link between natural gas and 
oil prices is likely to endure, and the future of oil 
prices is always an uncertainty. 

Conclusions 

Change is accompanied by uncertainty: all markets 
dislike uncertainty. And capital markets are no 
different. The dramatic change in the structure of 
the power sector globally, the risks posed by the 
nuclear programme in former communist countries, 
the policy response to the risk of climate change, 
and the security implications of dramatically 
increasing reliance on natural gas — all contribute 
to uncertainly. Financing in the power sector wil> 
be influenced, accordingly. 

"Is there a case for nuclear?" In my view there is. 
Just as much as there is a case for energy efficiency 
and other fuels or sources of energy, including the 
continued search for new energy technologies. A 
principal argument is energy security. By this. I do 
not mean energy security as it was narrowly 
perceived in the seventies and early eighties: 
namely, "off-oil and especially Middle East oil". 
For one thing, the coincident decrease in oil-fired 
electricity with the increase in nuclear in the OECD 
since 1973 is not very relevant to the future. Any 
conceptualization of energy security today must 



redefine our unavoidable and increasing reliance on 
oil for mobility within a much broader framework 
embracing environmental concerns, especially 
global climate change, but in particular how to 
address the unsustainable ratios between rich and 
poor nations for energy consumption, population 
growth rates and economic opportunity. 

A second important reason for retaining nuclear, is 
the environment seen against the background of 
population growth, growth in energy consumpùon 
and the few real choices that we have. To reject 

any option is 10 automatically acknowledge 
preparedness to pay higher costs for alternatives, or 
to run the risks of depending on a few that may 
only be attractive for awhile. But the market place 
does not make these decisions for the longer-term. 
By their very nature they must be addressed as a 
conscious act of government policy. In the 
meantime, the industry's job seems clear-cut — 
safety, radioactive wastes and public information, 
accompanied by a concerted effort to ensure its 
efforts are not undone by another accident in the 
East. 
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Table 1 

Electricity Output by Fuel; Share of Growth 1971-2010 (%) 

WORLD 

Fuel 

Solids 
Oil 
Gas 
Nuclear 
Hydro 
Others 

TOTAL* 

1971 

40.3 
20.8 
13,4 
2.1 

22.7 
.6 

100 

1990 

39.3 
11.7 
13,3 
17.0 
18.1 

.6 

100 

Past 
Share of Growth 
(1971-1990) 

38.4 
4.3 

13.3 
29.2 
14.3 

.5 

100 

2010 

39.4 
6.3 

21.8 
12.8 
18.6 
1.0 

100 

Projected 
Share of Growth 
(1990-2010) 

39.6 
(0.9) 
33.2 

7.2 
19.2 

1.7 

100 

OECD 

Fuel 

Solids 
Oil 
Gas 
Nuclear 
Hydro 
Others 

1971 

38.9 
21.3 
13.8 
2.8 

23.0 
.1 

1990 

41.5 
8.6 

10.4 
23.0 
16.0 

.4 

Past 
Share of Growth 
(1971-1990) 

44.4 
(5.3) 
6.6 

45.3 
8.3 

.7 

2010 

39.7 
4.2 

22.4 
18.2 
14.4 
1.1 

Projected 
Share of Growth 
(1990-2010) 

36.2 
(4.1) 
45.0 

9.2 
11.2 
2.5 

TOTAL* 100 100 100 100 100 

(•May not toul 100 due to very small [ounduigl 
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We live in an age that is characterized by change and nowhere is that change more 

dramatic nor accelerating than in technology. This morning 1 want to speak rather 

generally about the area of technology and its service to society. Obviously I am much 

better qualified to speak about the US situation than that in Canada but I believe that we 

share a great many problems and opportunities and so what I say 1 hope will be of interest 

to this international audience. 

In the United States, our research and development activities rest on three 

fundamental pillars. First, research universities that can be classified as perhaps 

numbering about 150 within the overall total of 3,000 colleges and universities within our 

borders. Second, the federal laboratories, of which we have 726 and, thirdly, the private 

sector industrial laboratories. I do not have an exact number for these but I know that the 

rate of establishment of new businesses in the US has grown from about 100,000 per year, 

40 years ago, to a relatively stable 650,000 per year over at least the past decade. 

Currently, about 1% of all US firms would generally be defined as being high-technology 

ones. Over 90% of these high technology companies employ less than 500 individuals each 

and in total they employ some 10 million of the 116 million persons that are currently 

employed in the US. 

Support for the development of science and technology comes equally in the US 

from the federal government and from industry; currently this support amounts to roughly 

$76 billion per year from each or a total of just over $150 billion per year. This is more 

than the total research and development expenditures of Canada, France, Germany, Italy, 

Japan, and the United Kingdom combined — but it bears noting that a much larger 

fraction of our total is devoted to national security activities than is the case in these other 

countries. It is also true that by focusing their efforts and resources, other countries have 

been able to move up, to equal us, and to move ahead of us in some areas. We consider this 

a healthy development and our fundamental goal is that, in those areas where our activities 

~> 



do not define the frontiers, we should be working close enough to those frontiers so that we 

are able to exploit new discoveries without delay whenever and wherever they are made. 

We, like almost all other countries, compile our statistics not about science and 

technology separately, not about research and development separately, but rather about 

research and development together — the so-called R&D budget. This is unfortunate and I 

have devoted considerable effort over the years to getting these two areas disentangled. As 

it is, since the D is usually at least a factor of ten larger than the R, small fluctuations in D 

can mask major disasters in R and, until such time as we look at these statistics separately, 

«e have an inadequate base for policy making concerning science on the one hand and 

technology on the other. 

In the US, as a result of a very broad consensus, over many administrations and 

involving both the Congress and the different administrations, that we are underinvesting 

seriously in research and development as an investment in our national future, there have 

been substantial increases in our funding of R&D. This funding has increased by more 

than 325% in real terms since 1960, by more than 40% since 1980, and by more than 30% 

during the Bush Administration from 1989 to 1993. This latter increase is remarkable 

because it took place during a period when, by agreement between the Administration and 

the Congress, our total domestic discretionary expenditures were held constant. What this 

means is simply that, for every increase in the support of research and development, it was 

necessary for us to identify other programs, frequently with strong and vociferous 

constituencies, that we were prepared to phase back or terminate. The fact that this 

happened is a measure of the importance that we attached to increasing our strength in 

science and technology. 

Unfortunately, however, there is a growing conviction throughout the nation that 

this scientific and technical strength is not being adequately reflected in economic 

competitiveness nor in contributing to improvements in the quality of life of all our citizens 
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— as it should. Indeed examining why this is so has become something of a cottage 

industry. 

There has never been any question since the war years regarding the 

appropriateness of governmental support of basic research. Because of its very nature, it is 

impossible to predict when, where, or to whom the benefits of basic research will flow and, 

for that reason, no single organization or institution, other than the federal government, 

can justify adequate investment. In the Reagan years, however, and, to some extent this is 

typical of Republican administrations, the development of technology was left largely as the 

responsibility of industry with very little federal involvement. In part, this was a reaction 

to what was widely viewed as government meddling in such areas as synthetic fuels during 

the previous Carter Administration and in part it simply reflects a Republican feeling that 

the marketplace is better able to make decisions concerning competitive industrial activities 

than is any group in Washington. Despite the popular view, sometimes promoted by 

Democrats, that the Reagan Administration was one of and for big business, there was a 

marked and growing erosion of trust in the interaction between the private sector and the 

federal government during this period. In contrast to the situation in all of our economic 

competitors abroad, relations between our private sector and the government have, at best, 

been neutral and, quite frequently, antagonistic. This, too, is in striking contrast to the 

situation in most of our major economic competitors. 

During the Bush Administration, we felt strongly that the federal government had a 

vital role to play in the development of generic technologies — technologies with broad 

potential applicability in both the civilian and national security arenas — and we were 

convinced that exactly the same argument applied to federal support of this development of 

generic technologies as it did for support of basic research. After extensive discussions 

within the White House and with the President, in September 1990, for the first time in our 

history, my office published a formal document entitled, US Technology Policy, setting 

forth our vision and, in frequent public addresses thereafter, President Bush emphasized 
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our willingness to work with the private sector in such technology development all the way 

from mutual discovery through to the point where individual companies could evaluate 

what use they might make of the technology in the marketplace. The mechanisms took 

several forms; included among them were consortia involving a number of private sector 

firms and the federal government in such activities as Sematech where our goal was that of 

developing not the next generation, but the next generation-but-one technology for the 

production of semiconductor units. Another example is the Battery Consortium involving 

the federal government, the big three automobile manufacturers, and a number of the 

major battery manufacturers in a program designed to produce electrical energy storage 

units appropriate to economically viable electric vehicles. A second mechanism was the so-

called Cooperative Research and Development Agreement (CRADA) between individual 

companies and specific federal laboratories. In 1992 for example, we organized the 

National Technology Initiative, which gave rise to meetings across the nation at which we 

brought representatives of local industry together with those from the federal laboratories 

in the area under the general aegis of senior governmental leaders. The President, a 

number of the Cabinet Secretaries, and I participated in some or all of these meetings and, 

as a result of them, somewhere between 2,500 and 3,000 specific CRADA's have been 

signed between individual companies and neighboring laboratories during the past year. 

Thirdly, there are cooperations such as that on superconductivity involving AT&T, MIT, 

and the government laboratories in a three-way partnership that includes all three of the 

pillars in our research and development enterprise. 

At the request of the Congress, my office looked at all the pertinent activities and 

studies and came up with a report listing the 22 technologies that we considered critical to 

our civilian and national security activities. This list is reproduced in Appendix A. We 

then founded something called the National Critical Technologies Institute, that is operated 

for the White House by the Rand Corporation, to carry out strategic planning for effective 

development and exploitation of these technologies. 
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All of this represents a start — but it is only a start; much more remains to be done. 

We have recognized from the outset that technologies by themselves are far from adequate 

for our purposes and goals. In order to be effective, they must be imbedded in a 

management, tax, finance, and regulatory structure that encourages innovation and growth 

and we have worked hard to do what we could at the federal level in these areas. We 

attempted, in each year, to convince the Congress to make the research and 

experimentation tax credit permanent and more broadly applicable. We worked to reduce 

capital gains taxation rates because we have found rather convincing evidence that the 

increase in capital gains tax rates that was part of the 1986 tax legislation greatly reduced 

the availability of capital for entrepreneurial start-up ventures. We recognized that the 

thicket of regulation being spawned by more than 20 independent federal agencies was 

making it increasingly difficult for companies to actually function in a competitive fashion 

and, for that reason, the Vice President chaired the Competitiveness Council which took as 

one of its major goals the elimination of unnecessary and burdensome regulations — with 

particular emphasis on those pertinent to small businesses. We also worked closely with 

the Securities and Exchange Commission (SEC) to make it possible for small companies to 

go public without a legal burden that would be appropriate for something the size of 

General Electric — as had previously been the case. 

It is important to note that the problems that I have listed are all encountered in 

technology transfer within our own country. All of them — and many others — apply 

when the transfer is international. They are particularly accentuated when we attempt to 

move a technology — for example, environmental technology — into a developing country 

I am convinced that the phrase technology transfer may well be one of the most misused 

and dangerous in the English language. It implies that a technology can be identified and 

isolated at point A, transferred in some unspecified fashion to point B, and implemented 

successfully. Nothing could be farther from the truth. Technology can only be transferred 
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in the heads of humans and can only be transferred into an environment that is prepared to 

accept and exploit it. 

I am convinced, however, that we, in the developed world, have a narrow window of 

opportunity that relates specifically to environmental technology. If we act aggressively to 

supply this technology to countries such as China, Brazil, and India, that of necessity will 

be burning huge quantities of low quality coal to continue their rapid industrialization and 

economic growth, together with the necessary know-how, and where necessary, financial 

support to make acquisition of the technology possible, we stand to reap three major 

benefits. 

• We protect the global environment from what would otherwise be major 

assaults. 

• We gain access to what will be huge world markets. 

• We gain very positive political fallout both nationally and internationally. 

On the other hand, if we wait until we are, or are perceived to be, forced into such action 

by circumstances, as we will, then we lose the last two of these benefits entirely. 

Returning to our national scene, we have a definite and increasingly obvious 

problem at the corporate management level. In contrast to the situation in Japan and 

Germany and in many of our other economic competitors, senior managers of our 

companies, including those in high technology, tend to come from legal and financial areas 

rather than from technical ones. Many still have the Harvard Business School ethos that if 

it doesn't pay off within three years it should be forgotten because by that time you, as 

someone on the fast track, will undoubtedly have moved to another company and another 

position and will thus not benefit from it. Nothing could be more inimical to a coherent 

research and development activity, and I am happy to be able to report to you that our 

business schools have begun at long last to change their time horizons rather dramatically. 

We also have important problems with the respect to availability of capital since our 

nationr! savings rate is less than 4% whereas that in Japan, for example, is about 14%. 
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Moreover, whereas the banking structure in Jr.p n and Germany, for example, is such that 

banks hold substantial equity positions in companies that they finance and thus have a 

strong incentive to help these companies flourish, in the United States, in many cases, our 

banks actually find it more profitable when the startups that they support fail. The banks 

usually get paid off from whatever resources are available and are then able to move on to 

other presumably profitable opportunities. The incentive to work with the emerging 

company toward success is thus very much less in the US than it is abroad. 

And finally in this list of problems, I would clearly have to mention that of 

education. We are simply not preparing a work force appropriate to the 21st century. We 

have a paradoxical situation in that our graduate schools are universally regarded as 

setting the style and standard for world activity in higher education. At the undergraduate 

level, since we are the only developed nation that does not have centralized standards for 

what constitutes a college education, we have a very wide spread of quality ranging from 

peaks of excellence that far exceed world standards to vast areas of mediocrity where 

students simply are not being prepared for effective careers. On the average, however, we 

remain competitive at this undergraduate level. Where we have fallen far below our 

neighbors and economic competitors is in the area of secondary and, particularly, 

elementary education. Fortunately, in 1989, for only the third time in the history of our 

nation, George Bush called all 50 Governors together for a summit meeting on the 

elementary and secondary education crisis; out of that activity has come a coherent attack 

on the problem. Specifically, we are reestablishing objective standards for what students 

should be expected to know in mathematics and the various sciences at the conclusion of 

grades 4, 8, and Î2 as well as methods for measuring performance against those standards. 

We are providing intensive training for teachers of both mathematics and science at the 

elementary and secondary school levels and we are working aggressively at what is after all 

the most important thing of all, namely, the reinvolvement of parents in the education of 

their children. 
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An aspect of the education problem that frequently is ignored altogether, is that 

relating to the education of technicians, individuals who learn how to do relatively narrow 

things superbly well and who are essential to the smooth operation of an increasingly 

technological society. In the US, for example, we found that we are spending less than 3% 

of the total federal funding for education on the two-year colleges that produce by far the 

lion's share of the technicians. It is also true that the reward and prestige structure in our 

society is strongly tilted against technicians and the implicit assumption is that they are 

individuals who either fell or were pushed off the academic ladder prematurely. This is in 

striking contrast to both the reward and prestige accorded to outstanding technicians in 

Japan and in Germany. 

We in the US, and also in Canada I think, have tended to focus on the revolutionary 

discovery usual made by Ph.Ds that leads to Nobel Prizes and to totally new industries. We 

have tended to forget the evolutionary discoveries that are usually made by technicians on 

the production line which result in a product coming out the door a little faster, a little 

more cheaply, and a little more reliably — all of which contribute to acquisition of market 

share. We have finally recognized the importance of focusing national attention on this 

question of technician education and major changes are already underway. 

It is important for all of us to recognize that we are at a watershed in technology. 

Since World War II, essentially all of technology and its industrial applications have tended 

to be dominated by physics, chemistry, and engineering — by the physical sciences. 

Although these will remain important in the years ahead, it is already clear that the life 

sciences will be the dominant ones with their burgeoning offspring, biotechnology. Already 

the indications are that biotechnology will be the fifth great revolution in science and 

technology in our history. Just to remind you quickly, these are the Industrial Revolution 

in the mid-1700s, the release of nuclear energy in the 1940s, the Green Revolution in 

agriculture in the 1960s, the Information Revolution, which gathered momentum in the 

1980s but is still in its infancy, and the Biotechnology Revolution, which is still on the 
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horizon. All of these revolutions share many characteristics and they changed or will 

change the face of their societies. 

Thus far, not surprisingly, the emphasis in biotechnology has been on health-related 

issues but far greater impact "an be expected in agriculture, in manufacturing and 

processing, in fuel production, in marine biotechnology, and in areas as far afield as 

solution mining. 

Since this meeting is one focused specifically on energy, let me emphasize the fact 

that energy is the ultimate resource. With abundant energy, we can desalinate sea water or 

pump fresh water from deep aquifers, fix nitrogen from the atmosphere and liberate 

phosphorous from the rocks to maintain an agricultural enterprise beyond anything that 

we have yet seen. We can also recycle elements of the earth's crust indefinitely recognizing 

that for many elements we are rapidly approaching the state where our waste depositories 

are richer sources of these elements than are our remaining natural ores. 

In the Industrial Revolution we learned to use energy to amplify the power and 

endurance of man's muscles. In the Nuclear Revolution, we gained access to essentially 

unlimited energy, although we have not as yet been able to convince our public of the very 

real advantages of this energy source. In the Green Revolution, we learned how to apply 

energy, in terms of water irrigation and chemical fertilizers, to agriculture thus saving 

hundreds of millions from starvation. In the Information Revolution, we have learned how 

to apply energy to enhance the capabilities of man's mind, and in the Biotechnology 

Revolution, we are learning how to use the processes of nature to carry out industrial 

processes with vastly less expenditure of energy than has been necessary in the past and we 

have begun to appreciate how truly ingenious are the natural processes all around us. 

I would remind you that, as yet, biotechnology is uniquely an American technology. 

This reflects the fact that for the last 40 years our federal government has generously 

supported very fundamental biology and life science research in the nation's universities. 

This investment is beginning to pay off with an average of 75 new biotech companies being 
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started each year since 1980. Conservative estimates put biotechnology as a $50 to 100 

billion industry by the end of the century. 

In a report issued in December 1992, the President's Council of Advisors on Science 

and Technology (PCAST) recommended strongly that we as a nation need much greater 

mobility in our scientific and technological communities, despite the fact that we are 

already the most mobile society on the planet. Currently, on average, three out of five of 

our professional scientists and engineers change their fields every five years. Despite that, 

there are still significant barriers inhibiting communication and cooperation among our 

universities, our federal laboratories, and our industries and we need to develop much 

closer ties among the members of all three. In order to be effective, these must be based on 

mutual trust, respect, and benefit and they will require both good will and hard work in 

their construction. 

But the future is ripe with promise. It is impossible to think otherwise after looking 

even casually at what we have achieved in the past 50 years in quality of life, in length of 

life, in stewardship of our fragile planet. 

Science and technology have always been among the most international of human 

activities. Frequently we are on closer terms with colleagues on the other side of the world 

than we are with those on the other side of the hall. The cooperations and friendships that 

have developed over the years have survived both cold wars and hot and, on many 

occasions, have expanded to provide channels for international activities far beyond the 

bounds of science and technology. This is as it should be and, as miracles of 

communication shrink our world almost daily, it becomes ever more important for us to 

recognize and build upon our interdependence as we do in conferences such as this one. 
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APPENDIX A 

Tabic 1. National Critical Technologies 

MATERIALS 

• Materials synthesis and processing 

• Electronic and photonic materials 

• Ceramics 

• Composites 

• High-performance metals and alloys 

MANUFACTURING 

• Flexible computer integrated manufacturing 

• Intelligent processing equipment 

• Micro- and nanofabrication 

• Systems management technologies 

INFORMATION AND COMMUNICATIONS 

• Software 

• Microelectronics and optoelectronics 

• High-performance computing and networking 

• High-definition imaging and displays 

• Sensors and signal processing 

• Data storage and peripherals 

• Computer simulation and modeling 

BIOTECHNOLOGY AND LIFE SCIENCES 

• Applied molecular biology 

• Medical technology 

AERONAUTICS AND SURFACE TRANSPORTATION 

• Aeronautics 

• Surface transportation technologies 

ENERGY AND ENVIRONMENT 

• Energy technologies 

• Pollution minimization, remediation, and waste management 
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SUMMARY 

,' This paper traces the history of radwaste disposal policy in the UK, and outlines the 
1 interaction between the industry which generates the waste, the government 
; responsible for the national strategy for dealing with it and the public. It describes the 

formation of Nirex as the industry's vehicle for disposal with the clear remit also to 
win "a measure of support" for its proposals. The paper describes how lessons 
learned over the last decade have affected major decisions, by government and the 
Company, and have influenced our current approach. 

In the United Kingdom the establishment of clear means for disposal of radwaste has 
been seen since the early 1970s as essential for the future development of the nuclear 
power industry. Since the early 1980s, attention has been focused on early 
development of a disposal route for intermediate level waste (ILW). Disposal of the 
small volume of high level heat-generating waste would be undertaken only after it 
had been vitrified and cooled in surface storage for at least fifty years. Since 1987, 
the national disposal strategy, defined by the government, has been that for all classes 
of intermediate level wastes, "early disposal in a deep facility is the right answer". 
Thus alongside a framework of regulation relating to safety and environmental aspects 
of disposal, the government has also set down the broad shape of the solution. 

Nirex was formed in 1982 to co-ordinate the nuclear industry's responsibilities on 
radwaste disposal within the framework of government policy. Its initial attempts to 
develop a near surface disposal facility for the less problematic wastes did not come 
to fruition because of public and political pressures. This led to changes by 
government in the national disposal strategy and attention switched to the search for 
a deep multi-purpose facility. The consequent need to re-address the issue of siting 
allowed the principles of site selection to be re-examined. 

In 1987 Nirex undertook a large scale public consultation exercise which had a major 
impact on its deep site selection exercise. In 1989, the Company announced that 
Dounreay in Scotland and Sellafield in North-West England were the first of twelve 
sites (selected because of the potential suitability of their geology) to be studied. In 
1991, Sellafield was selected as the "preferred" site and investigations are now 
concentrated there. The paper describes how relations with the local community have 
progressed and describes how local concerns are being addressed. 
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1 Introduction 

This paper does not address the technical issues of radwaste disposal in the UK, but 
some of the social and environmental issues which have affected formation and the 
implementation of government strategy and Nirex's programme within that strategy. 

In the United Kingdom the impetus for radwaste disposal arose in the late 1970s from 
a Royal Commission Report on Nuclear Power and the Environment (the "Flowers 
Report")"1. It was seen as essential for the future development of the nuclear power 
industry to have a demonstrated permanent disposal route for long-lived radioactive 
wastes. In the words of that report: "There should be no commitment to a large 
programme of nuclear fission power until it has been demonstrated beyond reasonable 
doubt that a method exists to ensure the safe containment of long-lived highly 
radioactive waste for the indefinite future." 

In the early 1980s attention focused on long-lived intermediate level wastes ("ILW") 
as the much more voluminous and pressing problem. The bulk of these wastes arose, 
and continues to arise, from the reprocessing of fuel from the UK's Magnox reactors; 
that reprocessing is effectively unavoidable on technical grounds. It is this category 
of waste that is the ultimate "driver" necessitating deep disposal. The small volume 
of high level heat-generating waste ("HLW") will continue to be stored on the surface 
in vitrified form at Sellafield - and to a lesser extent Dounreay - for at least fifty 
years to allow much of the radioactivity to decay; then a decision can be taken on 
whether to store it longer or dispose of it deep underground. 

From the start, it was recognised within the industry that issues relating to nuclear 
power and radioactivity were a source of public concern; radioactive waste was seen 
by many as a dangerous material posing insuperable management problems. It was 
seen as necessary to take appropriate measures to gain public support and, as a sign 
of transparency, to make information available regarding radwaste management 
policies. The public and politicians therefore have to be assured of the safety and 
openness of our work and have to believe that they are involved in the democratic 
decision making process. 

Because of the fears, realistic or otherwise, about n.atters concerning radioactivity 
and nuclear power, a requirement "to secure a measure of public support" for 
implementation of radwaste policy was placed on Nirex by the Government at the 
outset. The Company tackled this by providing information to the public and 
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Consulting widely about the basis for its choice of site for the national deep disposal 
facility. 

Aside from that explicit consultation about the principles of site selection, openness 
in Nirex's programme has been evidenced as follows: 

regular publication, in conjunction with the government's Department of the 
Environment, information on the amounts of solid wastes held in store (and 
predictions of future arisings) at nuclear sites. This now covers military 
arisings, with which the Company will deal alongside wastes from the civil 
nuclear power programme; 

a government commitment to make Nirex proposals to develop the deep 
repository subject to a full public inquiry; and 

provision by Nirex to local government of both "raw" and interpreted 
geological data from its site investigations. 

Nirex's task therefore is to provide and manage disposal facilities within the 
framework of the government's disposal strategy and with the acceptance of the 
public and local government. All this has to be accomplished within a tight 
regulatory framework and on a strict "value for money" basis - all our funding comes 
directly from prospective users of the deep repository. 

2 Government and Industry 

The Role of Government 

Individual governments have, of course, to determine policy regarding the 
management of radioactive wastes in their own country and in doing so take account 
of public opinion and pressure. In the mid-1980s in the United Kingdom the House 
of Commons Select Committee on the Environment recommended that, for short-lived 
intermediate level wastes previously destined for a shallow facility " ... a 'Rolls 
Royce' solution [should be embraced] to convince the public..."[2J. Government policy 
was accordingly redefined to require all ILW to go to deep disposal. 

This made uneconomic the programme for a new purpose-built surface facility - now 
able to take LLW alone. Nirex accordingly terminated that programme and, since 
1987, national disposal strategy, as recently described by the UK government, has 
been very clear: 

"... for low and intermediate level wastes ... early disposal in a deep facility 
is the right answer... on-site storage is an unacceptable long-term option... 
decisions on disposal should not be left to future generations."131 

In respect of long-lived waste, which is the ultimate driver for deep disposal just as 
it is for similar wastes in other countries, the UK strategy is backed by thorough 
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studies of the Best Practicable Environmental Option ("BPEO"). These take account 
of human health, worker doses and costs. 

As can be seen, the UK government has set not just the safety targets, as discussed 
below, but has also laid down the broad shape of the disposal solution to deliver that 
target - a deep facility accessed from land. On timing, a government White Paper 
statement of 1990 explained that: 

"Nirex will speed up its investigations ... so that a well-founded proposal [for 
repository development] can come to a public inquiry as soon as 
possible...".141 

The Radioactive Waste Management Advisory Committee 

The Flowers Royal Commission Report, mentioned above, recommended the setting-
up of a committee to advise responsible government on broad policy issues. Accepting 
this, the government set up the Radioactive Waste Management Advisory Committee 
(RWMAC) in 1978. This committee has an independent chairman and a majority of 
independent members with relevant scientific knowledge appointed by the Secretary 
of State for the Environment, together with others drawn from the nuclear industry 
and, since 1991, some "environmental" representation. 

RWMAC is an important, albeit non-statutory, body which takes a close interest in 
Nirex's programme as well as waste generators' interim storage plans. The Company 
pursues a pro-active approach in relationships with the Committee and values its 
comments as those of a dispassionate body concerned with facts rather than myth. 
The Committee's Chairman has recently gone on record to say that "...there is no 
doubt whatsoever ... there must be ... a [deep] repository..."151. The value of 
independent advice to government on waste management issues should be obvious, 
in providing a high level critique of questions which any politician anywhere can find 
it difficult to handle. 

The Role of Nirex and the Industry 

With the co-operation of government, Nirex was formed in 1982 as the industry's 
vehicle to fulfil its waste management responsibilities and to undertake a "leadership" 
role in implementing the Government's strategy. Quite explicitly it was not set up 
under the aegis of a Government department, the shareholders being drawn from the 
nuclear industry itself- British Nuclear Fuels, Nuclear Electric, the United Kingdom 
Atomic Energy Authority and Scottish Nuclear. A special share is held by the 
Department of Trade and Industry, which nominates two directors to the Company's 
board. 

The financing of Nirex's activities is being developed within a commercial framework 
fully in line with the underlying concept of "the polluter pays" principle; government 
contributes to financing only insofar as it is responsible for certain wastes generated 
within the defence programme and research into civil nuclear power. 
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There is thus a clear division between industry's role - which is to deliver and pay 
for a solution to its own waste problem - and the role of the Government in setting 
a broad disposal strategy, and performing a regulatory function on the implementation 
of that strategy within the radiological and environmental standards which have been 
set. 

3 Site Selection for a Deep Repository 

Following the declaration in 1987 of a new strategy framework, Nirex set about site 
selection. But first it was concerned to ensure the fullest public involvement in the 
j 'nciples of the site selection process. The "NIMBY" syndrome is familiar the 
World over. One way to counter it is to seek consensus on the principles governing 
specific site selection. Accordingly, Nirex published in 1987 a public consultation 
document "The Way Forward"161 coupled with an invitation to all interested parties, 
notably local government authorities, to comment on generic proposals for a deep 
repository. An independent analysis of the responses showed that: 

there was a clear welcome for the consultation exercise; 

there was no overall unanimity of view on disposal; 

a sea-bed disposal route was to be avoided and high amenity areas should be 
excluded; 

safety was a paramount factor; retrievability was seen as a key aspect of 
assurance; and 

imposed planning orders were to be avoided - the public hearing process 
should be utilised. 

Subsequently, the selection process went ahead and by 1989 Nirex had narrowed the 
site choice for a repository from the 30 per cent, of the British land mass potentially 
having the right geology to 12 candidate sites. Multi-attribute decision analysis was 
used in an approach which followed the guidelines of the International Atomic Energy 
Agency. In brief these are: 

a national search to define favourable areas of the country; followed by, 

identification of candidate sites for evaluation; and 

a final choice based on results of geophysical investigation and other studies. 

With the support of the Government, and the endorsement of RWMAC, Dounreay 
in Scotland and Sellafield were selected by Nirex in 1989 for initial test drilling. The 
Company publicly announced that it would study these sites first and establish 
whether or not they had potential before deciding whether it would be necessary to 
evaluate other sites. They were chosen quite explicitly, not only because of their 
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geology, but also as locations in which there was some familiarity with and "a 
measure of support for" the nuclear industry. Dounreay is the host community for 
the Atomic Energy Authority's nuclear research establishment; at Sellafield, BNFL's 
reprocessing plant is a major feature in the landscape and the local community. 

In 1991, having drilled at both sites, effort was concentrated on Sellafield as the 
"preferred" site. Some 60 per cent, of the wastes destined for the Nirex repository 
arise there, so there are major transport and related cost advantages to that site. The 
geological potential of both sites looked similar. 

4 Involving the Public at Sellafield 

Following the 1991 announcement, a local information office was established in 
Whitehaven, the largest town in the area of the proposed site at Sellafield. This 
office was manned by local staff. 

As a result of design development and consultation with the local authorities, a site-
specific conceptual design was produced™ avoiding any trespassing, above or below 
ground, into the nearby Lake District National Park area. It is also less visually 
intrusive than the previous generic concept, providing for drift tunnel access to 
disposal vaults some 800m below the surface; thus mitigating the visual impact of 
50 m high headworks of the earlier shaft access design. Local concerns were 
therefore taken into account and the changes were generally welcomed. 

The Company also is mindful that BNFL is a known and trusted employer in the area 
and that there is the potential for confusion between the two organisations in the 
minds of the public and the media. However, recent opinion research demonstrates 
that not only have we managed to distinguish our respective identities, but also that 
there is increasing support for our activities. More than 50 per cent, of the West 
Cumbrian public either support or tend to support Nirex's activities. Up to 70 per 
cent, are ready to accept the repository subject to further reassurance on safety. 
These findings are reflected in our own private polling as well as polls carried out by 
both County and Borough local authorities. 

Opinion research also guides the local communication programme, identifying issues 
which create most concern. 

In addition to the generic public relations activities one may expect, the Company also 
set up a formal liaison group with the officers of the local government bodies in 
Cumbria, at which issues on both sides can be expressed on a frank and open basis. 
This channel complements direct contacts, on both a formal and informal basis, with 
members of the local authorities themselves. The Nirex approach is that of a 
"listening developer", showing flexibility to meet local concerns. 
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5 Community Benefits 

Local government in Cumbria is, properly, maintaining formal neutrality on the 
Company's proposals -initially for a rock laboratory and then, depending on results, 
for the repository itself. The county and district councils have formal responsibilities 
under planning law which they cannot prejudice. However, neither body is opposed 
to the idea of a repository at Sellafield providing safety requirements are met. They, 
not unreasonably, do seek a quid pro quo from Central Government should a 
repository be developed here, seeing a particular need for enhanced road links to the 
national motorway network to help foster inward investment and industrial 
diversification for the region. 

UK planning law allows developers to accept certain obligations directly connected 
with the development to be carried out - so called "planning gain", including related 
infrastructure improvements. However, there is no tradition, or relevant law, relating 
to wider explicit "deals" with local authorities for nuclear or any other developments. 
This contrasts with for example the US - where the Waste Negotiator has been 
empowered to offer cash deals, and in France - where local authorities can volunteer 
their locations in return for certain gains, such as cheap electricity or the provision 
of community facilities. Our political processes are much older and perhaps less 
transparent: different but not necessarily better. 

However, this does not prevent Nirex operating a "good neighbour" policy with local 
authorities; indeed we have contributed to a number of local activities in the Sellafield 
area and have provided help with small-scale community facilities outright, whose 
cost would otherwise have fallen on the local government. 

The main local authority Nirex is dealing with, Cumbria County Council, is anxious 
to ensure, rightly, that the early stages of our investigations at Sellafield concerning 
developing our safety case, are not linked to possible infrastructure or other benefits 
which may be on offer in the future - as part of the proposal to build the repository. 
Nirex therefore has to strike a balance between what might be misinterpreted as 
"buying off opposition and providing genuine assistance to the community. 

6 The Public Inquiry Process 

Should our investigations at Sellafield through the rock laboratory1*1 prove successful, 
an application to proceed with full development will have to be made under the UK's 
planning (zoning) laws. A full public hearing will then be held, in line with the 
government's promise mentioned above. The hearing will consider, on a formal basis 
within the framework of land-use law, the choice of site, the safety of the facility in 
the operating and post-closure phases, transport aspects and the radiological and 
conventional environmental impact during all stages of its existence. 

A positive outcome to the public inquiry and a subsequent decision by the Secretary 
of State to allow development of the repository, is only one of three major legal 
channels which have to be pursued. The others are gaining permission to construct 
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and operate a nuclear facility from Her Majesty's Nuclear Installations Inspectorate, 
and, separately, an authorisation from Her Majesty's Inspectorate of Pollution 
(HMIP) to dispose of radioactive wastes. Issue of the HMIP authorisation could, 
under present law, itself lead to a further public hearing at some time in the next 
century. 

7 Public Perceptions of Risk 

Nirex is not required to find the "best site" but it will have to show that the safety 
performance will meet the risk target identified by HMIP of 10^ per annum, or, at 
the very least, be below a limit of 10'5 per annum, with the requirement also to be 
"as low as reasonably practicable"'91. Nirex also has to satisfy its regulators that it has 
"not ignored a clearly better option for limiting radiological risks"; and justify the 
choice of site considering topography, geology etc. ; demography; and waste transport 
implications. 

Arguments concerning risk are always difficult to get across to the lay public. The 
whole issue was examined in the longest ever public inquiry in the UK - that into the 
nuclear power station for Sizewell 'B'. As a result of the recommendations arising 
from this Inquiry, the Health and Safety Executive undertook a study into the 
perception and tolerability of risk from nuclear power stations'101. Their findings have 
led them to establish risk targets and levels for new nuclear facilities. 

The findings of the study suggested that the risk target set of one in a million per year 
for a member of the public represents a level that should be broadly acceptable to an 
individual. No additional precautions need be taken to reduce the risk further. 

The public, nevertheless, have a dread of high consequence events and are extremely 
difficult to reassure that these are of sufficiently low probability that the overall risk 
is acceptable. In the repository context what seems to be uppermost in the public 
mind is any event, natural such as earthquakes, or otherwise, which may foreshorten 
the groundwater return time from the repository to man. We may need to do more 
to scope the very worst that could happen. Compared with worst-case scenarios for 
populations adjacent to an oil refinery or an airport, for example, those for a sealed 
repository will not be very dramatic. 

8 Conclusion 

Within the scope of this paper, only a brief insight can be given into the complexities 
of all the issues involved. Although there are many differences between countries, 
many of the issues faced by the UK are similar to other countries. 

What waste disposal agencies have in common are campaigns to reassure the public 
on matters that concern them, to make them feel that their voice is heeded. We must 
build and sustain their confidence and acceptance so that we can proceed with our 
programmes to deal with wastes that are with us and will have to be disposed of. 
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SUMMARY 

Radioactive wastes such as low-level wastes (LLW) and high-level waste (HLW) 

from nuclear fuel cycle are conditioned, stored and finally disposed of. 

Basic idea of LLW disposal of the Japanese government is land disposal and 

sea dumping. In this context, the operation of shallow land burial of 

LLW from nuclear power stations was initiated in Rokkasho in 1992, while sea 

dumping is cautiously under investigation. The management policy of the HLW 

separated in a reprocessing plant is the solidification into a stable 

form, storage for the meantime and final disposal in a deep geological 

formation. 

Recent topics of radioactive waste management in Japan, in addition to the 

operation of shallow land burial of LLW in Rokkasho, are as follows ; the cold 

operation of vitrification pilot plant(TVF) for Tokai Reprocessing Plant(TRP) 

has already started in Tokai, a commercial reprocessing plant with a capacity 

of 800 tons of spent fuel per year and an interim storage facility for HLW which 

is going to be returned from France and UK are under construction in Rokkasho, 

and an overall program for HLW has been submitted to the people from the 

government. 

Geological disposal of HLW is on the stage of site-generic research and 

development, getting trust and understanding of the people on the geological 

disposal. To remove the mistrust of research site to be disposal site and to 

promote the research on the HLW disposal, it is considered highly important to 

provide a clear distinction between implementation of disposal and research and 

development as independent processes. 
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RADIOACTIVE WASTES FROM NUCLEAR FUEL CYCLE IN JAPAN 
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Power Reactor and Nuclear Fuel Development Corporation 

1-9-13, Akasaka, Minato-ku, Tokyo 107, Japan 

ABSTRACT 

Shallow land b u r i a l of LLW from nuclear power s t a t i o n s was i n i t i a t e d a t 

Rokkasho in 1992. On the other hand, geological disposal of HLW is on the stage 

of s i t e - g e n e r i c research and development, ge t t ing t r u s t and understanding of 

the people on the geological d isposal . To remove the mis t rus t of research s i t e 

to be d i sposa l s i t e and to promote the research on the HLW d i s p o s a l , i t i s 

c o n s i d e r e d h i g h l y i m p o r t a n t t o p r o v i d e a c l e a r d i s t i n c t i o n be tween 

implementa t ion of d i s p o s a l and r e s e a r c h and development as independent 

processes. 

1. INTRODUCTION 

Radioactive wastes such as low-level wastes (LLW) and high-level waste (HLW) 

from nuclear fuel cycle are conditioned, stored and finally disposed of. 

Basic idea of LLW disposal of the Japanese government is land disposal and 

sea dumping. m In this context, the operation of shallow land burial of 

LLW from nuclear power stations was initiated in Rokkasho in 1992, while sea 

dumping is cautiously under investigation. The management policy of the HLW 

separated in a reprocessing plant is the solidification into a stable 

form, storage for the meantime and final disposal in a deep geological 

formation. 

Recent topics of radioactive waste management in Japan, in addition to the 

operation of shallow land burial of LLW in Rokkasho, are as follows ; the cold 

operation of vitrification pilot plant(TVF) for Tokai Reprocessing Plant(TRP) 

has already started in Tokai, a commercial reprocessing plant with a capacity 

of 800 tons of spent fuel per year and an interim storage facility for HLW which 

is going to be returned from France and UK are under construction in Rokkasho, 
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and an o v e r a l l program for HLW has been submitted to the people from the 

government. 

In t h i s paper, a perspec t ive on the management of radio-: ive wastes from 

nuc l ea r fuel cyc le in Japan i s desc r ibed i n c l u d i n g LLW and HLW d i s p o s a l 

program and p a r t i t i o n i n g / t r a n s m u t a t i o n program. The management of wastes 

conta ining uranium, r ad io i so tope , and wastes from decommissioning i s out of 

s cope of t h i s p a p e r . 

2. MANAGEMENT OF LLW 

2.1 Shallow Land Burial of LLW from Nuclear Power Stations 

The number of LLW s tored a t the end of March,1991 i s about 810,000 drums 

(200H ) , which i n c l u d e s U78.000 drums from n u c l e a r power s t a t i o n s . < n 

The Japan Nuc lea r Fuel L imi t ed (JNFL) i s t h e o r g a n i z a t i o n which i s 

r e spons ib l e for the implementation of the shallow land b u r i a l of LLW from 

n u c l e a r power s t a t i o n s . JNFL s t a r t e d t h e o p e r a t i o n of t h e b u r i a l 

f a c i l i t y in Rokkasho in December 1992. The waste d i sposed of t h e r e i s 

o r i g i n a t e d from n u c l e a r power s t a t i o n s thoughout Japan with scheduled 

amount for d i s p o s a l of 50 ,000 drums{200^ ) each y e a r . The o p e r a t i n g 

c a p a c i t y of the f a c i l i t y w i l l be g radua l ly expanded up to approximately 

3 r n i l l i o n drums of LLW. ( ! 1 The f a c i l i t y w i l l be c o n t r o l l e d fo r 300 

y e a r s with t h r e e p h a s e s . 

The other major f a c i l i t i e s of Japanese nuclear fuel cycle are located in 

Rokkasho. These are a commercial uranium enrichment plant which i s current ly 

in operation and a commercial reprocessing plant which i s under construct ion. 

In addit ion, HLW from overseas reprocessing contracts with France and UK will be 

r e t u r n e d and s to red a t Rokkasho. An in te r im s t o r a g e f a c i l i t y for t he se 

returned HLW i s also under construction there . 

For the s i t i n g of t h e s e f a c i l i t i e s , the f i r s t p r o p o s a l to the l o c a l 

governments was made by the Federation of Electr ic Power Companies in July 198U, 

which was accepted independently by Rokkasho municipal and Aomori-prefectural 

governments in April 1985. (2> 

The followings can be pointed as reasons which made a smooth s i t ing possible; 

- Waste f ac i l i t y was proposed as a component of a major nuclear fuel cycle 
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complex which a l so inc ludes productive f a c i l i t i e s •=• , as enrichment 

and r e p r o c e s s i n g f a c i l i t i e s . 

- A vast amount of land reserved for other nat ional p ro jec t s was readi ly 

ava i l ab l e and the local government was wi l l ing to u t i l i z e t h i s land. 

- The Governor of the prefecture was t ry ing to promote the loca l economy 

by c o l l a b o r a t i o n s with na t iona l p r o j e c t s . 

- A special committee to discuss safety issues was organized by the local 

governments. Members of the committee consisted of representa t ive from 

the t h i r d p a r t i e s such as u n i v e r s i t y p r o f e s s o r s . Outputs of t h i s 

committee provided a bas is for making a sa fe ty - re l a t ed decis ion pr ior 

to the p o l i t i c a l dec i s ion . 

Together with other reasons, these points made a thrust for a successful s i t i n g . 

2.2 Treatment and Disposal of Wastes Containing TRU Nuclides. 

R a d i o a c t i v e was tes c o n t a i n i n g TRU n u c l i d e s have been g e n e r a t e d from 

mainly r e p r o c e s s i n g and MOX fuel f a b r i c a t i o n p l a n t s . In order to manage 

these was tes , impor tan t p o i n t s a r e to c l a s s i f y them i n t o s e v e r a l groups 

c o n s i d e r i n g the m a t e r i a l s and l e v e l s of r a d i o a c t i v e n u c l i d e s c o n t a i n e d , 

to r educe t h e volume by p r e s s i n g , m e l t i n g or o t h e r t e c h n i q u e s and to 

employ the reasonable disposal method. 

The current plan of the Atomic Energy Commission of Japan (3) i s as follows 

for radioactive waste containing TRU nuclides; 

(1) The amount of radioactive wastes containing TRU nuclides i s current ly about 

UO.000 drums ( 200 £ ) , and i s expected to be about 300,000 drums a t the 

year 2010. 

(2* I t i s important to minimize the generation of the waste, and to develop the 

more advanced technology to reduce the volume such as high compaction. 

(3) R a d i o a c t i v e was tes c o n t a i n i n g smal l amount of TRU n u c l i d e s have the 

p o s s i b i l i t y to be disposed by the same method of shallow land b u r i a l 

a s fo r t h e LLW from n u c l e a r power s t a t i o n s . The remained o t h e r 

r a d i o a c t v e was tes c o n t a i n i n g h ighe r c o n c e n t r a t i o n of TRU n u c l i d e s , 

which a re c a l l e d j u s t as TRU was tes , H i l l be adequate to be d isposed 

of it: a u n d e r g r o u n d r e p o s i t o r y o t h e r t h a n s h a l l o w l a n d b u r i a l . 
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14) The guideline for t h i s c lass i f ica t ion i s 1,11GBq/ton-waste. 

(5) Disposal technology of TRU wastes should be developed, and i t s f e a s i b i l i t y 

should be c la r i f i ed by the la te of 1990's. 

3 . MANAGEMENT OF HLW 

The HLW management policy in Japan i s as follows; 

(1) The h igh - l eve l l i qu id waste, which i s separated in a reprocess ing 

p l a n t i s v i t r i f i e d in to b o r o s i l i c a t e g l a s s . 

12) Vitr i f ied waste i s stored for 30~50 years for cooling. 

(3) V i t r i f i e d was te i s f i n a l l y d i s p o s e d of in a deep g e o l o g i c a l 

f o r m a t i o n ( G e o l o g i c a l D i s p o s a l ) . 

V i t r i f i c a t i o n p i l o t p l a n t , TVF, had been cons t ruc ted , and i s scheduled to 

s t a r t hot t e s t operation in 1994, using high- level l iquid waste from TRP. In 

the commercial reprocessing plant in Rokkasho, a v i t r i f i ca t i on plant i s going to 

bt cons t ruc ted . Returned HLW from France and UK wi l l be s tored in the same 

s i t e . 

As to the f i n a l d i s p o s a l of HLW, i t i s cons idered h ighly impor tan t to 

p rov ide a c l e a r d i s t i n c t i o n between implementa t ion of d i s p o s a l and the 

r e s e a r c h and development as independent p r o c e s s e s , and to i n c r e a s e the 

transparency of the o v e r a l l disposal program by defining concrete schedules 

and the ro l?s and r e s p o n s i b i l i t i e s of the organizat ions involved. 

Based on these r e c o g n i t i o n , the Atomic Energy Commission in t roduced new 

guidel ine for the research and development for geological d isposal of HLW in 

August 1992, u ' giving careful considerat ion on the following poin ts ; 

- Considering the long-term nature of the disposal program, reviews of 

the r e s u l t s of research and development works should be carr ied out by 

governmental a u t h o r i t i e s a t a p p r o p r i a t e i n t e r v a l s in which major 

achievements are r e a l i z e d . 

- Since long-last ing confidence in re la t ions with the local communities at 

re levant s i t e s i s indispensable , i t i s important to ensure tha t t he i r 

views and wishes are re f lec ted in the decision-making process during 

each s tage of the program. 

According to the g u i d e l i n e , r o l e s and r e s p o n s i b i l i t i e s of the government 
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and the relevant organizat ions are as follows; 

- The r o l e of the government i s to take o v e r a l l r e s p o n s i b i l i t i e s for 

a p p r o p r i a t e and s teady implementat ions of the program, as well as 

enact ing any laws or p o l i c i e s required in t h i s connect ion. 

- The r e s p o n s i b i l i t y of the Power Reactor and Nuclear Fuel Development 

Corpora t ion (PNC) i s t o ensu re smooth p r o g r e s s of r e s e a r c h and 

d e v e l o p m e n t p r o j e c t and t o c a r r y o u t s t u d i e s of g e o l o g i c a l 

env i ronmen t . 

- E lec t r i c i ty supply u t i l i t i e s are responsible to secure necessary funds 

for d i sposa l . And in accordance with t h e i r ro le as waste producers, 

they a re expected to coope ra t e even a t t he s t a g e of r e s e a r c h and 

deve lopment . 

PNC has been conduct ing t h e r e s e a r c h and development works as a co re 

promoting organiza t ion . PNC submitted i t s f i r s t progress repor t , 5 ) to the 

a u t h o r i t y in September 1992. This r e p o r t p rovided i n fo rma t ion for the 

publ ic to find out the cur ren t s t a t u s of the research and development. The 

second progress r epor t i s scheduled to be submit ted before the year 2000, 

and t h e government p l a n s to s e t up a s p e c i a l commit tee to review t h e 

p r o g r e s s r e p o r t . 

Overall procedures for implementing geological disposal are as follows. U ) 

- Es tab l i sh ing the S teer ing Committee on High Level Radioactive Waste 

Project(SHP). SHP was es t ab l i shed on 28th of May, 1993-

- Establishing the implementing organization around the year 2000. 

- Site selection by the implementing organization with local acceptance. 

- The implementing organization wil l conduct s i t e character izat ion studies 

and demonstrate disposal technologies at the .selected candidate s i t e . 

- The implementing organizat ion wi l l design a repos i to ry and apply for 

l i c e n s e . 

- The government in t u r n , w i l l conduct t h e s a f e t y i n v e s t i g a t i o n s 

necessa ry for g r a n t i n g a l i c e n s e for r e p o s i t o r y c o n s t r u c t i o n and 

operation. 

- The o v e r a l l t ime s c h e d u l e fo r d i s p o s a l f o r e s e e s t h e s t a r t of 

r e p o s i t o r y o p e r a t i o n s some time a f t e r the year 2030, but no l a t e r 
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than the mid-20UO's . 

At t h e c a n d i d a t e d i s p o s a l s i t e , c o n s i d e r a t i o n s h o u l d be g i v e n to 

promoting and s u p p o r t i n g t h e economy of l o c a l communit ies a f f e c t e d by 

the r e p o s i t o r y program, inc lud ing r e v i s i o n of systems and o r g a n i z a t i o n a l 

s t r u c t u r e s i f necessary . 

In the r e s e a r c h and development a c t i v i t i e s , i n - s i t u expe r imen t s have 

s i g n i f i c a n t r e l a t i o n s wi th l o c a l c o m m u n i t i e s . At p r e s e n t , PNC i s 

conducting i n - s i t u experiments a t two l o c a t i o n s namely Kamaishi Mine in a 

g r a n i t i c environment and Tono Mine in a sedimentary environment. (Fig .1) 

Fig.1 In-s i tu study 3 i tes where PNC i s conducting research 
and development. (Rokkasyo and Horonobe are a lso 
shown in t h i s figure.)(DURF means deep underground 
research f a c i l i t y . ) 

The a c t i v i t i e s a t these two s i t e s are s t r i c t l y l imited to the research and 

development works. However, around both l o c a t i o n s t h e r e a r e some people 

who are su sp i c ious of the p o s s i b l e l ink between i n - s i t u r e sea rch s i t e and 
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f u t u r e r e p o s i t o r y . On the o the r hand, t h e r e are a number of people who 

support these experiments consider ing t h e i r c o n t r i b u t i o n s to promote loca l 

economy. At the both l o c a t i o n s , the research and development a c t i v i t i e s are 

accepted as a comprehensive g e o s c i e n t i f i c s tudy program which prov ides a 

s c i e n t i f i c b a s i s for g e o l o g i c a l d i s p o s a l . 

Independently to these in - s i tu experiments carr ied out in exis t ing shafts and 

d r i f t s such as Kamaishi and Tono, there i s a plan to construct deep underground 

research f a c i l i t i e s . Considering the va r i e ty of geological environments in 

Japan, i t i s d e s i r a b l e to have more than one such research f a c i l i t y . '" ' 

Horonobe in Hokkaido i s a candidate s i t e for such a f a c i l i t y in a sedimentary 

environment. Every effor t is being given to achieve public acceptance from the 

local communities around the s i t e . 

There should be a c l e a r s e p a r a t i o n between p lans for such underground 

research f a c i l i t i e s and those for a waste repos i tory . " ' I t i s a l so necessary 

to consider s e t t i n g up a system which i s to promote the economical a c t i v i t i e s 

of l o c a l communities around the s i t e in view of the importance of such a 

f a c i l i t y . Mul t i -purpose u t i l i z a t i o n of underground space should a l so be 

considered from the po in t of view of making e f f e c t i v e use of such space . 

u. PARTITIONING AND TRANSMUTATION OF ACTINIDES 

The concept of pa r t i t i on ing and transmutation of ac t in ides has no impact on 

the neces s i t y of geo log ica l d i sposa l of HLW. Appropriate p a r t i t i o n i n g of 

l ong- l ived n u c l i d e s , however, could c o n t r i b u t e to reduce the inventory of 

long-l ived nucl ides in HLW, and in addi t ion nucl ides separated could be used 

as fuel r e s o u r c e s . In t h i s con tex t , a long-term research and development 

program i s p lanned f o r f u r t h e r a s s e s smen t of the p r a c t i c a l m e r i t s of 

p a r t i t i o n i n g and t r a n s m u t a t i o n . 

5. R E M A R K S 

The Prime Minister1 s Office conducted the public opinion poll on nuclear 

issues in December 1990. (6) The question was whether people are concerned 

about the nuclear power generation and what are the reasons of their concern. 

As a result, HQ% of people showed their concern relating to the management 



and/or disposal of radioactive waste. In addition, U2.5% of people pointed out 

an overall program of radioactive waste management when they were asked about 

the kind of information they need regarding nuclear issues. 

On the other hand, the Research Council for Energy and Information Technology 

conducted an opinion poll relating to energy and nuclear issues in October 

1991. tn According to the result of this poll, 70% of people who live around 

nuclear facilities support the necessity of nuclear power generation above the 

national average of 60/». 

Like other countries in the world, it will remain to be necessary to pay a 

special attention to the public attitude in order to further promote the 

radioactive waste management program in Japan. 
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SUMMARY 

At present used fuel from Canadian nuclear generating stations is safely stored at the station sites. Many years 
of experience have been accumulated with both pool storage and dry storage systems and supporting R&D 
indicates that these practices can be safely continued for many decades to come[l ,2]. However, because the 
used fuel remains hazardous for thousands of years, it has long been recognized that such storage systems are 
not a permanent solution and that a passively-safe method of management that does not rely on institutional 
controls needs to be developed. 

Like other countries, Canada is basing its plans for disposal of nuclear fuel waste on deep geological disposal, 
in the Canadian case in stable plutonic rock of the Canadian Shield. The most convincing way to demonstrate 
the long-term behaviour of such a disposal system would be to build one and monitor its performance in the 
long-term. Since such a procedure is not practical, society is faced with making decisions regarding the 
acceptability and the safety of deep geological disposal in the presence of unavoidable uncertainty. Thus the 
challenge that faces society and those charged with responsibility for nuclear fuel waste management is how to 
develop sufficient confidence to permit decisions to be made. 

Is there a basis for such decision-making in Canada? The answer, in the view of the author, is yes. This 
confidence is based on: 

- the technical approach, the use of multiple barriers for redundancy and defence in depth; 
- the adoption of an observational approach to site characterization and to disposal vault design, 

construction, operation and eventually closure; 
- an approach to the project, which is based on ongoing review and incremental decision-making 

and which recognizes that, throughout, the process must be flexible and responsive and that 
decisions are not irrevocable; and 

- active and effective involvement of the public in the process. 
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and the safety of deep geological disposal in the presence of unavoidable uncertainty. Thus the challenge that 
faces society and those charged with responsibility for nuclear fuel waste management is how to develop 
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confidence is based on: 

- the technical approach, the use of multiple barriers for redundancy and defence in depth; 
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INTRODUCTION 

At present, used fuel from Canadian nuclear generating stations is safely stored at the station sites. Many years 
of experience have been accumulated with both pool storage and dry storage systems and supporting R&D 
indicates that these practices can be safely continued for many decades to come[l,2]. However, because the used 
fuel remains hazardous for thousands of years, it has long been recognized that such storage systems are not a 
permanent solution, and that a passively-safe method of management that does not rely on institutional controls 
needs to be developed. 
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Canada, like other countries, is basing its plans for disposal of nuclear fuel waste on deep geological disposal, in 
the Canadian case in stable plutonic rock of the Canadian Shield. The most convincing way to demonstrate the 
long-term behaviour of such a disposal system would be to build one and monitor its performance in the long-
term. Since such a procedure is not practical, society is faced with making decisions regarding the acceptability 
and the safety of deep geological disposal in the presence of unavoidable uncertainty. Thus the challenge that 
faces society and those charged with responsibility for nuclear fuel waste management is how to develop 
sufficient confidence to permit decisions to be made. 

A strategy must be developed to: 

- determine the nature of the decision that needs to be taken at a given time, 
- determine what constitutes appropriate and sufficient information needed to make the decision, 

and 
- assemble the information. 

In the case of deep geological disposal such decision-making involves a wide cross section of society: 

a waste management agency, which would be accountable for implementing any actions in a manner 
that is safe and minimizes the environmental impact, and which is accountable for managing the 
investment required; 
the technical community, which must be convinced that the technical basis for the decision is sound; 
the regulatory agencies, which must be convinced that any risk to society and the environment can be 
managed safely, and that regulatory standards will be met; 
the community in which the facility is (or is proposed to be) located and which has a variety of 
interests, ranging from assurance of safety to issues such as employment and property values; 
politicians at all levels, local, regional, and national, who are accountable to their constituencies and 
who must take into account the wide-ranging and sometimes disparate and conflicting interests of their 
constituents; and 
society at large, which must be generally comfortable with the decision made. 

Is there a basis for such decision-making in proceeding to implement deep geological disposal of nuclear fuel 
waste? In Canada's case, the answer, I believe, is yes and in what follows I explain my reasons for so saying. 

Confidence in the acceptability and the long-term safety of deep geological disposal draws strength from a 
number of sources: 

- the technical approach, the use of multiple barriers for redundancy and defence in depth; 
- the adoption of an observational approach to site characterization and to disposal vault design, 

construction, operation and eventually closure; 
- an approach to the project which is based on ongoing review and incremental decision-making and 

which recognizes that, throughout, the process must be flexible and responsive and that decisions 
are not irrevocable; and 

- active and effective involvement of the public in the process. 

THE MULTIBA.RRIER SYSTEM 

In common with the approach adopted in other countries, the Canadian concept for deep geological disposal as 
developed by AECL, involves isolating the wasti* from the biosphere by a vr.ts of engineered and natural 
barriers[3]. These barriers include: the form of the waste itself; long-lived, corrosion-resistant containers in 
which the waste is sealed; buffer materials to separate the containers from the surrounding rock and to control 
the movement of water to, and corrosion products away from, the container; the use of seals and backfill 
materials to close the various openings, tunnels, shafts, and boreholes; and the rock mass in which disposal vault 
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is located, the geosphere. There is international consensus that this approach can best achieve the goal of safely 
managing nuclear fuel waste in the long-term. The biosphere, although not a barrier per se, is an important part 
of the overall system. Because it contains the pathways through which direct exposure of humans and non-human 
biota to contaminants could occur, its study must be part of any waste management program. 

The Canadian concept proposes that the fuel waste, in the form of either used fuel bundles or vitrified high-level 
waste from reprocessing, would be enclosed in long-lived containers and emplaced in a vault excavated 500 to 
1000 meters deep in plutonic rock of the Canadian Shield. The choice of materials and designs for the 
engineered barriers will be made taking into account the characteristics of the site being studied so that the 
engineered barriers will be in harmony with the environmental characteristics of the site (e.g. the geochemistry) 
and the processes acting in this environment (>.g. corrosion, sorption, diffusion, advection). In this way the site 
environment will contribute to the longevity of the barriers. Such a system is intended to be a permanent method 
of management. There would be no intention to retrieve the waste or re-handle it in the future, although 
retrieval would be possible. 

AECL's approach to development of a disposal concept has been to consider the performance of the system as a 
whole, rather than focussing on performance requirements for individual components. This approach allows 
flexibility in implementation to be retained and it increases the likelihood of identifying any counter-intuitive 
interactions or synergisms among system components that could adversely affect safety. Thus, the performance 
of individual components, such as waste containers, is analyzed in the context of the system. This contrasts with 
a design and safety approach that prescribes performance standards for individual components and evaluates 
safety by the analysis of the performance of each component independently. Our goal, therefore, has been to 
develop a thorough scientific understanding of the performance of the different components of a disposal system 
and how these components interact and influence one another, so that the overall system can be designed to 
provide defence in depth. 

To achieve these objectives requires expertise and development programs in many different disciplines, 
particularly those in materials science and engineering, geological science and geotechnical engineering and 
environmental science. It also requires that the information and understanding developed in these diverse 
programs be integrated into a robust facility design. Performance assessment, including sensitivity analysis and 
modelling, plays a pivotal role in this integration activity. 

The reliability of models used to assess the performance of nuclear fuel waste repositories is a key factor in 
making decisions regarding the management of nuclear fuel waste. The degree of reliability required for the 
models will increase as implementation of disposal proceeds. But, confidence in the models used in a specific 
application will also grow with time as the models are c< itinually calibrated, evaluated, tested and refined. 

Acquiring and building the knowledge base that underlies deep geological disposal is a continuing process and in 
implementing disposal, flexibility must be retained so that the program can use and benefit from new information 
and understanding acquired over time. To take just one example, consider container life-time. In the Canadian 
program the original R&D target was to achieve a minimum container life time of 500 years and early work 
established that this goal could be achieved with a thin-walled titanium container. Subsequent studies on the 
corrosion of titanium and copper indicated that, for the expected groundwater chemistry, thin-walled titanium 
containers can be designed to have a lifetime in excess of 10s years, and a 25 mm thick copper container can 
potentially provide containment in excess of 106 years. Such changes in understanding and in our ability to 
defend, scientifically, this understanding can have a profound impact on the approach taken to facility design and 
implementation, and on decision-making. 

Much of the evidence needed to evaluate any site that would be considered for deep geological disposal can be 
obtained from geologic information developed as the site is characterized, i.e. from the record of past changes 
preserved in the native rock mass and the groundwater. In the Canadian Shield the record available for 
investigation can be as long as two billion years. 
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Investigations at our field research areas, for example, indicate that discrete zones of intensely fractured rock, 
intersecting otherwise sparsely fractured rock, are the dominant pathways for groundwater flow at depths greater 
than about 300 m in plutonic rock of the Canadian Shield. The flux of groundwater can be high in the fracture 
zones; however, the flux is very low in the sparsely fractured rock bounded by the fracture zones, due to its very 
low permeability, which is commonly less than iO'18 m2. Such low permeabilities can limit the rate of 
contaminant movement and indicate that within the overall disposal system, the host rock can play an important 
role as a natural barrier to the transport of radionuclides. 

The field evidence is supplemented and complemented by understanding derived from laboratory studies. Field 
studies, including studies of natural analogues, can extend the short-term evidence from the laboratory studies to 
the longer times of interest - tens and even hundreds of thousands of years - and provide verification of the 
understanding incorporated in predictive modelling. For example, consider the Cigar Lake uranium deposit in 
northern Saskatchewan. Studies of this deposit have been under way since 1984. The uranium ore in the deposit 
has essentially the same composition as used fuel. It was formed some 1.3 billion years ago and has been in 
contact with groundwater since its deposition. Yet the uranium has remained stable under the reducing 
conditions prevailing in the deposit. Similar conditions are expected to occur in a disposal vault. 

THE OBSERVATIONAL METHOD 

No agency in Canada has yet been given the mandate to proceed with siting a disposal facility. Nevertheless, we 
can anticipate that the approach that will be used in site characterization and disposal vault design, construction, 
operation, and eventually closure will be based on the observational method - the approach used in good 
geotechnical engineering[4]. The observational method is a systematized approach to dealing with practical 
problems encountered when engineering in the sub-surface. In this approach, the results of model computations 
during design are viewed as working hypotheses subject to confirmation or modification during construction. 
This approach provides a framework for decision-making in a situation where it is not practical, even if it were 
possible, to obtain all the detailed geotechnical information that would be needed for design of an underground 
facility prior to excavation at the site. As the project proceeds, the information is continuously acquired and 
incorporated into the design. A lack of detailed knowledge about local variability within a selected rock mass 
prior to excavation is common in und; ground construction. Nevertheless, major projects such as underground 
powerhouses and storage chambers, transportation tunnels, and dams are completed successfully using a design 
approach that accommodates observations made as construction is advanced. As part of its research program, 
AECL has constructed an Underground Research Laboratory (URL) for large-scale testing and in-situ 
engineering experiments on aspects of disposal. The observational method was used during the design and 
construction of this facility. 

The observational method is also central to the use of performance assessment analyses as part of the design and 
implementation process. It is a continuously applied, iterative process. Beginning during the site selection 
phase, assessments based on all available data are made of the site conditions. The understanding of the site is 
incorporated into models for use in design and in performance assessment studies. Both the designs and the 
assessments become more refined as the knowledge of a site increases. Design and operational decisions are 
made on the basis of the understanding of site conditions at the time. The maximum possible flexibility is 
retained to incorporate technological improvements. In addition, the potential impacts of conceivable deviations 
from site conditions as understood need to be assessed and contingency measures established, in advance, to 
address the deviations should they be encountered. 

As work proceeds, observation and evaluation of the actual conditions encountered are compared with the 
previous understanding and, if necessary, the detailed design and the models used in performance assessment are 
modified. This cycle continues throughout site selection, construction and operation, so that at each point when 
significant licensing and operational decisions need to be made, a long record of observation and a series of 
increasingly refined performance assessments are available on which to base the decision. 
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ONGOING REVIEW AND DECISION-MAKING 

This "stepwise" or incremental process of establishing a disposal facility can be viewed as a series of stages in an 
ongoing process - a process that provides opportunity for review and decision-making as an integral part. Each 
stage, its review and subsequent decision-making should lead to an increased confidence in the technology. In 
Canada, we are currently nearing the end of the first phase - development of the disposal concept and the 
technology required for its implementation • and the concept is now undergoing an environmental assessment, 
including an intense and vigorous technical and scientific review. 

If, as a result of this assessment, there is a judgement thai Lie development of the concept is sufficiently 
advanced, a decision may be taken to proceed with the next appropriate step - the start of site-specific activities 
beginning with site screening. 

Site screening, if successful, would lead to a decision on the selection of one or more sites for detailed 
surface-based characterization. 

Surface-based site characterization studies would lead, following appropriate review, to a selection of 
one or more sites for exploratory excavation and more extensive in-ground characterization, or to a 
decision to abandon the site. 

In-ground characterization could lead to a decision to initiate construction and then operation of a 
disposal vault. Again, such a decision would be based on appropriate reviews of the status of our 
knowledge. 

Construction and operation of a facility would involve ongoing review, reassessment and 
recommitment, leading, if appropriate, to continued operation and eventually to a decision to cease 
operations and decommission. Initial operation of the facility would likely involve a demonstration 
phase. At an early stage of vault construction, possibly during the demonstration phase, an area of 
the vault could be dedicated to component testing in the actual conditions at the site. Such testing 
might continue over the many decades of vault operation and as part of confidence building, the 
components could be eventually retrieved and examined to establish how closely their behaviour 
conformed to the anticipated performance. 

Decommissioning and the results of component testing, operational reviews and monitoring, and post-
operational monitoring would form the basis on which to make a decision when to close and seal the 
vault. 

Regulatory standards would apply and regulatory approvals and licenses would be required at various 
points in the process. Eventually there should be sufficient confidence to make the decision to close 
and seal the repository. 

An extensive monitoring program that would begin with the start of site screening activities would be maintained 
throughout this process. Many years' worth of data from monitoring and studying the site, and a series of 
increasingly refined evaluations would have been accumulated before the decision is made to emplace waste. 
After the vault has been filled with fuel waste, it would likely be maintained under surveillance for an extended 
period to confirm that it is behaving as intended. The decision whether or not to close the disposal vault would 
then be made on the basis of the accumulated evidence and experience from the site selection, construction, and 
operational phases, a process extending over many decades. Thus, at this future time the uncertainty in 
extrapolating further into the future from the current state of understanding would be significantly reduced. 
Although uncertainty cannot be entirely eliminated, the long history of past performance will provide the basis 
for confidence in the understanding of the site, its future evolution and the long-term safety of the disposal 
system. 
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Throughout this process, decisions taken would not be irrevocable. Since the process is lengthy, we can, indeed 
we must, be flexible in our approach, and continue to adjust our activities in the light of increasing knowledge 
and changing societal needs. As new information and new understanding are developed and new technologies 
become available, decisions may have to be modified. (In the extreme, the waste might have to be retrieved. 
Although such an action would be costly it would certainly be possible.) 

For example, society may need to re-evaluate its use of used fuel. Used fuel contains significant concentrations 
of fissile plutonium that could be recovered and recycled as fuel. Currently there is no economic incentive for 
Canada to begin reprocessing fuel and the potential energy resource given up by disposing of used fuel produced 
in currently operating reactors is small. Reprocessing, therefore remains a distant possibility at present and 
should not impede a start to the direct disposal of used fuel. However, in principle, we could stop direct 
disposal at any point and change to disposing of the waste that would arise from reprocessing the fuel. 
Furthermore, a future society, if it should desire, could recover the emplaced fuel, even following an extended 
period after its disposal. 

The concept is based on using passive measures to ensure long-term safety, so no continuing institutional control 
is needed or assumed to be in place. Even so, after closure, a future society will be able to maintain control of 
the facility and pass on the knowledge of its existence to future generations. But, if memory of the facility were 
to be lost we would have done our best to ensure that public health and the environment would be protected in 
the long-term and we would have done so in a manner that does not foreclose decision-making by future 
generations. Thus in implementing the concept, our generation would have done its best to meet its ethical 
responsibility to our descendents. 

PUBLIC INVOLVEMENT 

As described in the introduction, the general public and potential host communities are important constituencies 
which contribute to the decision-making when identifying options for waste management. In most countries that 
have nuclear programs, the public (as well as the industry) naturally attach a high level of importance to 
managing nuclear facilities to protect public health and the environment. Building public confidence in a 
program is therefore an important part of its development. The process to be followed in reviewing the program 
and deciding on future steps should involve consultation with, and the active participation of, the communities 
and public affected. Decision-makers need to have a mechanism to take public concerns into account when 
advancing major projects such as a disposal facility. 

In Canada a formal mechanism for public involvement in the early part of project development is defined in 
environmental assessment and review legislation. The objective is to establish the scope of public concerns and 
interest early in the planning stage of a project so that steps can be taken to address the concerns in the project 
design. The public is asked to formally participate in the assessment and review and may be provided with the 
funds to do so. 

In the Canadian program no site will be selected for a disposal facility until the technology has first been 
evaluated in an environmental review[5]. This review is currently under way. Because no directly affected 
community exists, public involvement at this stage is necessarily very broadly based. As part of concept 
development, AECL has carried out a public interaction program with the objectives of providing information to 
the general public and to those groups which have shown a particular interest in the program. At the same time 
we have endeavoured to identify the issues of concern to the public and to address these in the documentation 
describing the technology and our approach to disposal. 

If the environmental review leads to a decision to proceed toward selecting a site, we anticipate that public 
involvement will continue and that it will become more community specific. The process for establishing a 
disposal facility is yet to be defined and agreed upon, but there is an expectation that siting practices will be open 
and participative[6]. The information needs and issues of concern to specific communities will be different to 
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those of the public in general and the program must evolve accordingly. We also anticipate that as 
implementation proceeds, the public will continue to participate in the review and decision-making process and 
the need to understand and address their concerns will continue. An implementing agency will need to be able to 
show that it can be responsive to changing public needs. 

Beginning with siting, the implementing agency would need to develop and maintain effective working 
relationships with potential host communities and with communities along potential transportation corridors. For 
these relationships to be effective, the implementing agency must demonstrate a commitment to principles of 
fairness, openness, shared decision-making, and above all to safety, so that affected communities can participate 
fully in the decision-making and so become empowered. 

CONCLUSION 

The challenge facing Canadian society and those having responsibility for nuclear fuel waste management is one 
of developing confidence in the long-term safety of deep geological disposal. In Canada such confidence is 
possible based on: 

- the technical approach taken to deep geological disposal; 
- the adoption of the observational approach; 
- ongoing review and incremental decision-making and the recognition of die need for flexibility 

and responsiveness; and 
- active and effective public involvement. 

Throughout the process of developing the technology for nuclear fuel waste disposal and of implementing 
disposal, judgments regarding the performance of the disposal system would be based on an ever-expanding 
knowledge and experience base - both technical and social - a knowledge base that should lead to progressively 
greater confidence: 

confidence in the efficacy of disposal based on the concept; 
confidence in the approach taken to implementation; 
confidence in the institutions responsible for implementation; and 
confidence to continue to move forward. 
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SUMMARY 

Nobody wants nuclear waste. But in the task of finding a repository for it in the 

United States, we must stimulate public interest which will lead to learning and eventually 

acceptance. 

The original wide ranging, science-based concept for nuclear waste facilities in the 

US failed and was replaced with a single site at Yucca Mountain in Nevada. That choice 

has resulted in a standoff between the State and the Union. 

Meanwhile the creation of the Office of the US Nuclear Waste Negotiator has 

resulted in an approach to the 50 States and 565 Indian Nations for either a permanent 

repository or a temporary facility. No real interest has been shown in the former, but a 

number of States and Indian Nations have shown interest in the temporary facility. 

In seeking a site it has become clear that perception is reality. While the hard 

science must continue to advance, there must be a parallel effort to make people 

comfortable with nuclear power, 
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On June II, 1993, I completed my service as United States Nuclear Waste Negotiator 

when President Clinton appointed a new nominee to assume the post and accepted my 

resignation. Therefore today, technically and politically, I speak as an individual citizen, but 

one with a rather unique prospective. For three years in the United States it was my task to 

create a process where the public was not only involved, but had a controlling vote in making 

decisions about the siting of nuclear waste facilities. In that role 1 was guided by three 

principles: Number one, nobody wants nuclear waste. Number two, nobody wants nuclear 

waste. Number three, nobody wants nuclear waste. There are three more principles worth 

mentioning. First, NIMBY (not in my backyard) is a worldwide phenomena. Second, NIMBY 

is not bad; it is normal and it is human. In this modern world we all are concerned with what 

goes in our backyard, our front yard, our side yard and across the street. Third, NIMBY can 

be made to work for siting instead of against it. 

I call for greater national and international commitment to government and industry 

policies which enhance public interest in nuclear technology, which expand public understanding 



of safety and which improve public acceptance of transportation and nuclear waste storage. 

Public interest can lead to learning, public understanding can lead to comfort, and public 

acceptance can lead to cooperation with these kinds of facilities. The most sensitive issue 

worldwide for nuclear power is the end of the fuel cycle, the management of nuclear waste, 

because worldwide the greatest amount of public friction in the sharpest local focus is found 

there. I believe that a properly designed voluntary siting program for waste facilities can be a 

catalyst for positive national dialogue and that a collection of positive national dialogues can 

build a bright and proper future for nuclear power worldwide. It is for that reason that a 

conference such as this is so very important to both nuclear power and the governments 

represented here. 

Let me talk for a bit about the United States experience in the voluntary siting of nuclear 

waste facilities. In 1982 our Congress adopted a law which created a nationwide survey to try 

to find two deep disposal repository locations for spent fuel from commercial reactors. One was 

to be located in the east and another in the west. That nationwide search which began with more 

than 20 scientifically appropriate candidates very swiftly fell apart over the politics of nuclear 

waste. Significant public outcries erupted at targeted sites all over the nation. Various locales 

began to drop off the potential site list as their protests were successful until finally, some five 

years later, the program was in shambles because the premise of a nationwide politically-

balanced scientifically-objective search had been destroyed. Therefore, Congress revisited the 

Act in 1987 and selected just one candidate site for initial characterization for the repository: 

Yucca Mountain in Nevada. As you would predict, the State of Nevada, its citizens and 

political leaders have been vigorously fighting and resisting the national government's attempt 
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to study the Yucca Mountain site ever since. Although our Department of Energy, to its credit, 

has made significant recent progress, there continues to be every promise that Nevada will 

always resist that effort politically and legally and that their resistance may continue to delay or 

make more expensive the studies and the ultimate siting at Yucca Mountain. 

However, in the 1987 Act, Congress also created a separate and parallel process. They 

created the Office of the United States Nuclear Waste Negotiator. It was to be led by a 

presidentially appointed individual who would contact the 50 sovereign states and the 565 

sovereign Indian nations within the national borders to determine under what conditions, if any, 

those states or Indian tribes would be willing to volunteer to host either a permanent repository 

or a temporary facility for the storage of commercial spent fuel. A volunteer facility would 

relieve the storage problems the United States is experiencing on-site at reactors because we did 

not foresee in the construction of those reactors the need for storage pools as large as the amount 

of spent fuel that has now been accumulated since the 1950's in our country. As you can 

expect, calling for volunteers to host nuclear waste facilities seemed a most "unlikely to 

succeed" project. When the White House contacted me to request, on behalf of the President 

that I take this position and I heard of the challenge facing the office my first reply was "you 

have got to be kidding. Nobody wants nuclear waste!" But the more I studied the job, the 

problems of our nation and the need for a new process of involving the public in reaching 

positive decisions, the more excited I became about undertaking the mission. I have been 

accurately quoted as saying I have held "the best job in America" because it is the most 

necessary, the most rewarding, and the most demanding job in America. 
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The law told us to make the contact with the governors of the 50 states and the leaders 

of the native American Indian tribes. We did that in October of 1991. I had to explain to all 

interested parties that I am not a salesman, that my job is not to push nuclear waste or to target 

localities. I do not guarantee results. Instead, I am the guardian of a process. We created a 

process that reaches out to the states and tribes by asking them to tell us under what conditions, 

if any, they would host these facilities. In doing that we adopted ten principles: 

1. The process must be voluntary. 

2. Participation at any time does not constitute a commitment to proceed any further. 

3. Any dialogue is terminable at the will of the volunteer for any reason or for no reason 

at all. 

4. Study grants and financial assistance will be given to any jurisdiction that wishes to 

evaluate these facilities technically. 

5. All discussions begin with a focus on safety first, and benefits will be considered last, 

if ever. 

6. The volunteer can make its own choices about technology, ownership, and control. 

7. There are no irrelevant issues. 

8. A prospective host is entitled to receive benefits. 

9. The process must be open to broad public participation and will be conducted in full 

view of citizens and the media. 

10. The views of all stakeholders, including both opponents and proponents, must be 

considered. 
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While it was widely assumed that we would get no response, the fact is that within the 

first 48 hours our first Indian tribe applied. Within the first month our first state applied. To 

date, there have been more than 30 jurisdictions within the United States which have expressed 

a significant interest in participating in this program. The activities of the Negotiator are 

currently most focused on nine Indian nations which have applied for advanced grants to study 

the process of possibly hosting the temporary facility. I should say that while we have not had 

any significant interest by volunteers to host the permanent repository, the temporary above-

ground facility continues to be examined and considered by both states and tribes. It is entirely 

possible that siting negotiations could begin between one or more volunteers and the U.S. 

Congress before the end of 1993. Our lessons to date can be summarized, as they are in my 

paper, with several significant findings. 

1. From my view, based on interactions with and other negotiators and waste 

management agencies around the world, the voluntary process of siting these facilities has 

become a worldwide norm and a worldwide necessity. 

2. I believe that the NIMBY syndrome can be made to work for siting with proper 

public involvement processes. 

3. A principal barrier to the siting of these facilities is distrust in centralized 

governments. 

4. Political leaders at all levels will be pressured to exercise early, preemptive vetoes 

over the process and must always be given devices for being insulated from the process to avoid 

that type of pressure. 
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5. National grants or other study monies to let local people make their own independent 

research and evaluation are necessities. 

6. Site tours of existing facilities are one of the best ways that average citizens, as well 

as political leaders, can understand what these facilities are and how safe they can be. 

7. Special attention and working protocols must be emphasized from the outset to create 

media understanding and accurate communication. 

8. Whether political conditions are correct anywhere in the world for the voluntary siting 

of nuclear waste facilities remains an open question. These processes and decisions will take 

time if we are to reverse 40 years of nuclear fear which grips our average citizens. In other 

words, sometimes we must slow down if we wish to speed up in the process of nuclear siting. 

In summary, I would simply say that the bottom line in the politics of nuclear waste is 

that perception is the reality. In siting facilities which affect the public, it is the public's 

perception — that of the average citizen, the housewife, the working man -- which most 

influence ultimate outcomes. The hard science must continue to advance and strengthen the 

technical aspects of nuclear generation, but a parallel and corollary soft science must be created 

to make people more comfortable with nuclear power. Open, broad, voluntary public 

participation by local citizens and local politicians in the siting of controversial facilities is the 

best way to win that support. It is my earnest hope that from the interaction at this conference 

that many significant commitments will be made by other nations in this world to let average 

citizens participate in an open way in siting these facilities. 
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Competitiveness, cleanliness towards the environment and consequent waste management, are 
the essential reasons for the achievements of nuclear energy in the world. 

As regards the principles for waste management, since the origin, nuclear operators have been 
responsible for the wastes generated and have adapted appropriate management for each 
category of wastes. Besides, waste management costs are included in the cost of the nuclear 
kWh and are of the order of a few per cent. 

Nuclear energy is far in advance in comparison with many other industries as concerns waste 
management. 

Appropriate and definite solutions for the back-end of the fuel cycle are essential to a secure 
nuclear programme. In this respect, two alternative policies respectively the open fuel cycle 
and the closed fuel cycle are available to utilities. 

The open fuel cycle policy consists in simply storing for final disposal the used fuel which are 
High Level Waste whereas the closed fuel cycle policy consists in reprocessing used fuel and 
recycling fissile products. The reprocessing/recycling strategy which offers a sustainable and 
environmentally safe solution is shared by a number of Western European countries : 
Belgium, France, Germany, the Netherlands, Switzerland, the United Kingdom as well as the 
former Soviet Union in Eastern Europe. Sweden and Finland have made the option for final 
storage. Whereas reprocessing and recycling are an industrial reality, the direct storage is still 
in a study phase. 

The key concept for a safe disposal of nuclear wastes lies in minimization which may be 
mainly obtained by : the reduction of the volume and/or, by the reduction of the waste 
package. 

For Low Level Wastes surface storage facilities are built that should remain under survey for 
300 years. For High Level Wastes which are small in quantity (1/10), reducing their volume is 
still a concern for the nuclear industy, especially by a more efficient and elaborate 
partitionning and important R and D programmes arc pursued. 

The principle of underground storages in bedrocks associated with multiple barrier protections 
has been retained by almost all Western European countries and equivalent organizations have 
been set up and national bodies in charge of waste management have developped closed 
relationship in shared experiences and constitute a real specified network. 

The future development of nuclear power depends largely on the safe management of the 
spent fuel and radioactive wastes. As a matter of fact, waste management is not a 
technological challenge, it is more a social issue that can only be achieved through excellence 
in communication with the public. 
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Europe is in a pole position in nuclear energy which accounts for 30 % of the electricity 
generation in the EEC only and almost 75 % in France. In 13 European countries, nuclear energy 
provides more than 25 % of the electricity generated (See Table 1). 

Many reasons prevail for such achievements of nuclear energy among which competitiveness, 
cleanliness towards the environment and consequent waste management. 

SECURE PRINCIPLES FOR WASTE MANAGEMENT 

. CC rather than DD 
Since its origin, nuclear operators have been responsible for the wastes generated and have 
controlled them all along the fuel cycle. In the Western countries their management is based on 
two principles : concentration to reduce their volume, confinement to keep them off the living 
world. This C and C philosophy can be opposed to the D and D philosophy (Dilute and Disperse) 
used in other industries. 

Nuclear wastes are classified into 3 categories : Low Level Wastes, Medium Level Wastes or 
High Level Wastes, for which appropriate management has been adopted. 

. Polluter Should Pay Policy 
The "Polluter Should Pay" policy has been incorporated in the laws of several European 
countries (Belgium, France, Germany, Italy, Spain, Sweden, Finland...) and the bodies 
responsible for managing the wastes are financed, through payments by the waste producers. 
Moreover in many European countries, the philosophy of reprocessing the wastes and re-use the 
valuable products has been also recently incorporated in the laws. 

In general, in the case of nuclear energy, waste management costs are of the order of a few per 
cent, at most, of the total cost of nuclear electricity. As for the cost of disposal, commonly 
expressed in terms of cost per cubic meters of wastes, they depend not only on the type of wastes 
but also on the national regulation adopted for their conditionning, on the geological conditions 
of storage and, to a certain extent, of the quantity of wastes for a scale effect factors. 

. NYMBY 
The "Not In My Back Yard" principle that applies to all kinds of wastes is particularly accurated 
in the case of nuclear wastes. In this respect, the recent law on nuclear waste disposal, adopted in 
France, prohibits the storage of foreign nuclear wastes. Confirming that not only fissile products 
but also wastes should be returned to the customer or country of origin after reprocessing their 
fuel. 

Regarding these principles, nuclear energy is far in advance in comparison with many other 
industries as concerns waste management. 
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ALTERNATIVE POLICIES FOR THE BACK END OF THE FUEL CYCLE 

Appropriate and definite solutions for the back-end of the fuel cycle are essential to a secure 
nuclear program. In this respect, utilities have the choice between two alternative policies 
respectively the open fuel cycle and the closed fuel cycle (table 1). 

. Open fuel cycle 
The open fuel cycle policy consists in simply storing for final disposal the used fuel which are 
High Level Waste whereas the closed fuel cycle policy consists in reprocessing used fuel and 
recycling fissile products ; only fission products and technological wastes are directly stored. The 
main differences between these policies derive from the volume of wastes to store, the 
economics of both solutions, the re-use of fissile products generated (such as plutonium) in the 
reactors and the industrial Teality of these options. Whereas reprocessing and recycling are in an 
industrial reality, the direct storage is still in a study phase. 

. Closed fuel cycle 
The reprocessing/recycling strategy which offers a sustainable and environmentally safe solution 
is based on the idea that spent fuel is not a waste, but an economical product whose energetic 
content is extracted by reprocessing and used by recycling. This strategy is shared by a number 
of Western European countries that have choosen the reprocessing policy : Belgium, France, 
Germany, the Netherlands, Switzerland, the United Kingdom as well as the Soviet Union in 
Eastern Europe. Other countries have made the option for final storage, this is the case for 
Sweden and Finland. 

In Western Europe, only France (mainly at La Hague) and Great-Britain (at Sellafield) have 
built reprocessing plants and sell reprocessing services for other European or foreign countries 
such as Japan, where a reprocessing plant is under construction at Rokkasho Mura, based on the 
French technology. 

In Eastern European countries, different solutions have prevailed so far. At first, these countries 
had agreements with the Soviet Union to return their used fuel freely, then with increasing costs. 
Today the situation is very confused and many of these countries or countries of the CIS are 
facing urgent problems of storage of their used fuel. 

The Soviet Union had made the option of the closed fuel cycle and had built a fuel industry able 
to provide nuclear fuel and services for all the nuclear countries of the Union but also of the 
Eastern Europe sister republics. As concerns reprocessing facilities, they are all located in Russia 
respectively in Tcheliabinsk (for VVER 440) and Krasnoiarsk (for WER 1000). This last 
facility, still under construction, could be operational in 2 000 with a capacity of 1 000t/year that 
could be increased to 1 500 t/year. 

REPROCESSING/RECYCLING : 4 CONVINCING ARGUMENTS 

Energetic argument 
From these figures, 4 main arguments in favour of a reprocessing/recycling strategy can be easily 
drawn. 
One has to keep in mind that used fuels consist of : 

96% of Uranium 
1 % of Plutonium 
3 % of Fission Products 

i.e. 97 % of used fuel is fissile material that can be recycled and only 3 % have to be 
conditionned for final storage. 
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To reprocess and recycle Uranium and Plutonium is a means to spare natural resources that arc 
by nature in limited quantities in the world. 

If you consider that 1 gr of Plutonium is equivalent to 1 ton of oil, this gives a good idea of the 
energetic yielding of a reprocessing/recycling strategy which enables to recycle Plutonium in 
LWR reactors. In fact, recycling enables to save 25 % of natural Uranium consumption and as 
much of enrichment services. 

. Ecological argument 
Waste storage is a major challenge for nuclear energy and a key issue for public opinion. 
When 97 % of used fuels are reprocessed and recycled, wastes are reduced in the same 
proportion and Plutonium can be safely re-used instead of being stored. It is important to stress 
that the volume of Medium and High Level Wastes generated at La Hague reprocessing plant is 
1 400 1/tU and should decrease in the future to 500 1/tU. Direct storage generates a high level 
waste volume of 2 000 1/tU. 

. Economical argument 
Comparisons between the economics of the closed fuel cycle and the open fuel cycle have been 
recently published by the OECD. They conclude that both options are equivalent (see table 2). 
Moreover reprocessing is, today, a very performant technology which enables a separation of 
99,8 % of the Plutonium. If one would make a comparison between a simplified reprocessing 
plant and direct storage which would be more fair regarding the waste management, then the 
closed cycle is cheaper. 

Reprocessing can also be an economical argument by reducing the importation of a natural 
resource, Uranium, and, thus benefit to the nation's balance of payment. It is also an industrial 
activity selling services to national and foreign utilities. In France, the Reprocessing activity of 
COGEMA has a turnover of 1,5 billion US Dollars. 

. Industrial argument 
Reprocessing is a mature technology whereas no final storages for used fuel exist and are still 
under studies. It has been operated since 1966 in France and 5 000 tons have been reprocessed in 
The Hague in very good conditions. 
For example, the Hague reprocessing performance are higher that the estimation. If we consider 
Plutonium recovery, it exceeds 99,8 % with quality specifications compatible for a quick 
recycling into PWR reactors. In aged Plutoniumn, Americium is generated which sets some 
problems for recycling. However in the near future, a new facility at The Hague plant will 
separate Americium from Plutonium. An experimental campaign, performed in 1992, has already 
given satisfactory results. 

If we consider waste volumes, only 1.4 m3/tU of Medium and High Level Wastes are generated 
compared to the 3 m3/tU initially estimated, while Low-Level Wastes, at 1,4 m3/tU, is half the 
original estimate. By 1995, they will have been reduced to 1 m3/tU with known technologies and 
processes ; the goal for the year 2 000 is to reduce this to 0,5 m3/tU by using compacting and 
burning technologies. 
The French technology has been sold to foreign countries (Great-Britain for vitrification and 
Japan for the general process). 

Reprocessed Uranium can bc-enriched for the fabrication of new reloads, or stockpiled for 
future re-enrichment by laser technology. France has gained, an important industrial experience 
in the conversion of the uranyl nitrate produced in the reprocessing plants : more than 2 000 t of 
reprocessed Uranium have been converted into UF6 in a dedicated facility started up in 1978. 
Significant quantities of recovered Uranium have been transformed into oxide by COGEMA in 
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its TU2 facility located at Picrrclatte. This facility is being adapted to produce U308 from 
reprocessed uranium at a rate of 600 t/year. 

The feasibility of recycling plutonium in reactors was demonstrated in the late 50's in the U.S.A, 
in 1963 in Belgium, 1967 in Germany, 1978 in Switzerland, 1987 in France. In Japan, a medium 
scale program will start in the mid 1990s with quarter cores of MOX fuel in BWRs and PWRs. 
Sixteen of the 34 EDFs 900 MWe PWRs were prelicensed for MOX fuel. However, it should 
not be difficult to extend this license to all the 900 MW and 1 300 MW LWR's. Today 5 reactors 
use MOX fuel in France. 20 reactors are needed to use about 10 t of Plutonium per year 
generated in the 55 French reactors. Plutonium use in Fast Breeder Reactors remain also an 
objective, clearly pursued in Japan for instance where the FBR development program is under 
progress. In France, the future operation of the Superphenix reactor is now under review for the 
various potential uses of such facility. 

Present MOX fuel fabrication plants include the Belgonucléaire plant at Dessel (Belgium) and 
the COGEMA facility at Cadarache (France). In 1990, the creation of the MELOX plant at 
Marcoule, devoted to MOX fuel manufacturing, with a nominal capacity of 120 t/y, was decided 
and scheduled to come in operation at the end of 1994. The British BNFL Company has asked 
for an extension of its MOX capacity. In Germany, the restarting of the Hanau older facility and 
the achieving of the new one are presently pending. Globally, the MOX fuel fabrication 
capacities will be coherent with the quantities of Plutonium made available by the commercial 
reprocessing facilities in operation or under construction. 

HIGH LEVEL WASTE MANAGEMENT 

. The principle 
The key concept for a safe disposal of nuclear wastes lies in minimization which may be mainly 
obtained by 2 means : the reduction of the volume and, in this respect, the reprocessing of used 
fuel and recycling Uranium and Plutonium is an essential solution or, at least, by the reduction 
of the waste package. 

If radwaste is a generic term, a clear distinction should be made between Low Level Wastes for 
which surface storage facilities are built and should remain under survey for 300 years and High 
Level Wastes. LLW constitute 9 out of 10 of the radwaste. Even, if High Level Wastes are small 
in quantity (1/10), reducing their volume is still a concern for the nuclear industy, especially by a 
more efficient and elaborate partitionning. 

R and D on the reduction of the life time or on the destruction of HLW by transmutation is a 
challenge taken up by the nuclear community ; the possibility of reducing the amount of long 
lived material in the wastes might increase the safety of geological disposal. In Europe, most 
nuclear countries have programmes or experimentations underway. The incineration of actinides 
in Fast Neutron Reactors is an alternative and a major issue for the Superphenix restart. 
Nevertheless final disposal for residual wastes will always be required for a safe fuel cycle. 

The principle of underground storages in bedrocks associated with multiple barrier protections 
has been retained by almost all Western European countries. 

Equivalent organizations have been set up and national bodies in charge of waste management 
have developped closed relationship in shared experiences and constitute a real specified 
network. 

For some years experimental and theoretical studies have been carried out in research 
laboratories both in national or joint programmes. Research in underground laboratories and pilot 
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facilities is used to provide in situ geological information and datas and validate the models used 
in assessments. Such facilities are developpcd in Europe, in Belgium, Finland, France, Germany, 
Italy, Japan, Sweden, Switzerland and deal with different types of formation ; salt, crystalline 
rock and argillaceus rock. 

. The present situation in Western Europe 
. Belgium : 
The final storage of radwastes should take place from 2 020. Storage in argillaceus bedrock 
has been retained and an undergoumd laboratory built in Mol for in situ studies. 
The EC as well as France, Japan are associated in Belgian research works. 

. Finland : 
After the Olkiluoto radwaste repository, a second project for a final repository has been 
launched in Loviisa. 

. France : 
A law on nuclear waste was voted in December 1991 which was followed by application 
decrees : 
- search for solutions allowing the separation and transmutation of long lived radioactive 

elements present in nuclear wastes, 
- study of the possibilities of reversible or irreversible disposal in deep geological sites, 

particularly by the construction of 2 underground laboratories, 
- study of packaging processes and long duration surface disposal of this waste. 

The decisions concerning terminal waste disposal will be made within 15 years at the latest, 
subject to the results provided by these studies. 

. Germany 
Studies are under way for geological repositories in two types of bedrock in Salzgitter (iron 
ore) and Gorleben (salt). 

. Great-Britain 
Research for potential site on small islands or in sedimentary layer under the sea in the 
vicinity of Sellafield will be launched. But the final repository should not be operational 
before 2 010 - 2 015 and followed the same proceedings as in other European countries. 

. Spain 
A pilot programme forithe collecting, the processing and interim and final storage of all kinds 
of wastes produced in Spain has been adopted by the Spanish government in 1987. 
However, as concerns nuclear wastes, since the reprocessing option has not been decided, 
they are presently stored in Nuclear Power Plants pools. 

. Sweden : 
An underground laboratory (HLR - Hard Rock Laboratory) built in crystalline bedrock is 
under construction at Aspô. It should be operational by the end of 1994 or at the beginning of 
1995. Although the HLR is a Swedish project, international partners from Japan, France, 
Canada,... are associated to its works and development. 

. Switzerland 
For geological reasons, radwaste storage will be located below the mountain, the Grimsel 
underground laboratory built in granitic rock is an essential part of the final repository 
program of the National Swiss Body Ccdra. 
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CONCLUSION 

The future development of nuclear power is closely linked with the ability to safely manage the 
spent fuel and radioactive wastes. If reprocessing is not the only issue, it offers significant 
advantages in this regard : 
- it minimizes spent fuel storage requirements, 
- it preserves valuable energy resources, 
- it allows the recycling of Plutonium, 
- and it offers the best opportunity to safely solidify and isolate High-Level radioactive Wastes. 
Moreover, reprocessing has a proven record of success in terms of operating performance, 
personnel safety and environmental protection. 

To answer, at last, to my initial question, waste management is not a technological challenge. 
Whatever option is retained technical solutions exist. It is more a social issue that can only be 
achieved through excellence in communication with the public, but this is another subject. 
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Table 1 

Spent fuel Management Approaches selected in different 

European countries and share in electricity generation 

(IAEA, 1992) 

Countries 

Belgium 

Bulgaria 

Czechoslovakia Rep 
(Slovak Rep) 

Finland 

France 

Germany 

Hungary 

Italy 

Netherlands 

Spain 

Sweden 

Switzerland 

Former USSR 
(Russia) 
(Lithunia) 

UK 

Yugoslavia 

Nuclear 

59,9 

32,5 

20,7 
49,4 

33,2 

72,9 

30,1 

46,4 

-

4,9 

36,4 

43,2 

39,6 

11,8 
25 

23,2 

-

Interim 
Storage 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Final 
Disposal 

X 

X 

X 

Reprocessing 

X 

X 

X 

X 

X 

X 

X 

X 

X 

• X 

X 

X 



8 

Table 2 

Comparative cost between open fuel cycle and closed fuel cycle 
(OECD.1992) 

En m Ecu/kWh 

Uranium 
Conversion 
Enrichment 
Fabrication 

Front End 

Transport 
Interim Storage 
Reprocessing 
Final Storage 
Waste 

Back-end 

Credit U 
Credit Pu 

Credits 

TOTAL 

i « 5 % 

Open cycle 

1,71 
0,21 
1,92 
1,05 

4,89 

0,09 
0,44 

/ 
0,25 

/ 

0,78 

/ 
/ 

/ 

5,67 

Closed cycle 

1,71 
0,21 
1,92 
1,05 

4,89 

0,12 
/ 

1,58 
/ 

0,02 

1,72 

-0,16 
-0,16 

-0,32 

6,29 

i = 0% 

Open cycle 

1,43 
0,18 
1,68 
0,90 

4,19 

0,11 
0,53 

/ 
1,14 

/ 

1,78 

/ 
/ 

/ 

5,97 

Closed cycle 

1,43 
0,18 
1,68 
0,90 

4,19 

0,14 
/ 

2,13 
/ 

0,28 

2,55 

-0,22 
-0,20 

-0,42 

6,32 
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THE SAFETY OF NUCLEAR REACTORS IN 
THE FORMER SOVIET UNION 

PR CLAUS BERKE. PRESIDENT. EUROPEAN ATOMIC FORUM fFORATOIW 
15 rue d'Egmont, 1050 Bruxelles, Belgium 

Summary 

The potential probloms posed by the nuclear power stations or the Former Soviet Union 
(FSU) raise some complex political and philosophical difficulties. On the one hand, these 
stations play a critical role in securing electricity supplies in large parts of the ex-USSR : for 
instance 25 % of Ukrainian electricity, and 55 % of Lithuania's electricity comes form 
nuclear plants. On the other hand, the poor maintenance and management record at the 
plants - and, in the case of the RBMKs, the questionable design of the plants themselves • 
has raised some clear concerns about the safety implications of continuing to operate these 
plante, both for local and indeed for mora distant populations. 

What is clear is that - if the stations of the FSU are to continu© to play their essential role, in 
sustaining energy supplies - some of them need urgent attention and remedial work. Dr 
Berke's talk reviews the current state of the nuclear park in the former Soviet Union, the 
safety issues raised by the various reactor types in use, the current assessments of the 
various stations' safety, by the international authorities which have considered the problem, 
and the necessary conditions for carrying out the required remedial studies and hardware 
improvements. 

Dr Berke's talk majors on the last of these aspects, and on the various political, financial 
and institutional obstacles which currentlv stand in the way of these urgently needed 
programmes. The specific issues which he examines in this connection are : 

A The difficulties posed by the multiplicity of donors involved in the potential assistance 
programmes, and by the commercial sensitivities which parts of the assistance 
programmes inevitably entail; 

A The key role of the G-24 Secretariat, in co-ordinating these various programmes, and 
the technical difficulty of the Secretariat's task; 

A The roles of TPEG, ENAC, the EFCC, CASSIOPEE and other international 
organisations and consortia-, 

A The current financial restrictions on grant-funding (which in practice will not enable any 
major hardware improvements to be carried out), and the financial and political 
difficulties of loan-funded programmes (especially where there is an element of 
"conditionality"); 

A Last, and very crucially, th« lack of any adequate and properly understood Civil Liability 
regime in most FSU countries, which opens up a perceived risk to donors that they 
themselves could be held financially accountable, if there were a serious accident at a 
station where they were involved in remedial programmes. 

Dr Berke's talk puts forward some views on how these difficult problems could be 
addressed, and on how Western industry could best bo helped to play the 
constructive role which it would like to, helping bring about the much-needed improvements 
in the rsu stations. 



The Safety of Nuclear Reactors in the Former Soviet Union 

Dr. Claus Berke, President, European Atomic Forum (Foratom) 
15, Rue D'Egmont, 1050 Brussels, Belgium 

It was some 7 1/2 years ago that the disaster at Chernobyl shattered the world we once lived in. 
And it is four years almost to the day, since the fall of the Berlin Wall heralded the end of 
communism. Since then another wall has fallen. This is the wall of military secrecy which used to 
surround nuclear power generation in the Former Soviet Union (the FSU), and Western experts 
now have access to full details of the construction and operation of nuclear plants in the East. 

The fall of the Berlin Wall has a particular relevance here. One effect of German reunification was 
that nine East German nuclear power stations - four operating WER-440-230's and five more 
modem VVERs, still under construction - came within our purview for the first time. Following 
intensive safety analyses - which were carried out in partnership with Soviet specialists - it was 
decided that the operation and construction of all these plants should be stopped. There simply 
appeared to be no way of retro-fitting them in line with West German safety criteria which now 
apply in the former East German Lander. 

Small wonder then that the peoples and governments of the West, especially of Western Europe, 
became highly alarmed about the safety of nuclear power plants in Central and Eastern Europe, 
and in the FSU. Comments in the media added to the anxiety, as also did the reports from the 
countless waves of Western experts, who went over to analyse the lie of the land in the ex-Soviet 
nuclear park. 

THE TECHNICAL PICTURE 

What these teams found can be summarised as follows: 

The crucial technical distinction between the various nuclear plants is between those 
which use RBMK reactors and those based on WERs. The RBMK with its fundamental 
design problems - its positive void coefficient, its flammable moderator, its lack of any 
effective "accident localisation system" - simply cannot be retro-fitted to bring it in line with 
Western safety standards. Even though the newer RBMKs are better designed than their 
predecessors - a fact confirmed by the IAEA in the study they completed this summer -
they still have quite fundamental design deficiencies from the safety standpoint. 

The design of the VVERs is by no means equally flawed, certainly not across the whole 
range. However, the oldest variant, the VVER-440-230, has unsatisfactory safety 
characteristics, with regard to control and containment. 

There are common materials problems, running through all stations, with low-quality 
materials being used in the manufacture of key components. Moreover there are some 
clear problems of instrumentation and control, right up to the most modern VVER-1000s. 
All stations have poor instrumentation, poor diagnostic systems, and control-rooms of poor 
ergonomie design. There are both primary and secondary safety issues which have not 
been addressed to the same extent as they would be in Western stations: these include 
the level of earthquake resistance for stations built in areas of seismic disturbance, and 
the level of fire protection and control in an accident. 

In addition, we have other, more tractable but also less readily evident problems, such as 
radiation embrittlement of VVER pressure-vessel components; and indeed a host of other 
possible problems which can well occur also within a Western safety culture, such as the 
stress-corrosion cracking of steam-generator tubes in water reactors. 



As far as RBMKs and the older WERs were concerned, most Western experts agree it would be 
irresponsible to continue operating these plants to the end of their 30-year design-lifetimes. 
However, the more modern WER-440-213s, and the most modern WER-1000s have been 
designed and built much more in line with Western standards. In the case of these reactors 
(unlike the WER-440-230s) there seems to be some prospect of retro-fitting the plants with 
improved hardware and software, so as to bring them close to Western standards. 

THE ORGANISATIONAL PICTURE 

Thus much for the technical picture. Organisationally there is again a crucial distinction, as 
fundamental in its way as the distinction between reactor types. This is the distinction between 
the Central/Eastern European operating culture and the operating culture of the FSU. 

In the 'Western' countries of the former Warsaw Pact, (Hungary, the Czech and Slovak 
Republics, etc) the cultural gaps to be bridged, in introducing 'Western' operating procedures 
have often proved quite small. That is much less true of the FSU. There, the structures within 
which these stations were built and operated reflected the fact that the Soviet economy was a 
centralised command economy, in which independent controls were simply unknown. There were 
no independent licensing authorities with independent monitoring bodies to check during 
construction and operation, if plants fulfilled the requirements of the licence. 

On the contrary, development, design and construction as well as operation were steered by the 
same gigantic ministry, where all decisions were taken in a more or less anonymous way and 
under military secrecy, i. e. practically without any individual responsibility. The operating teams 
at all stations had generally been poorly trained, and in particular had little experience of taking 
personal responsibility for the kind of urgent, remedial actions than can be needed to maintain 
plant safety. 

This combination of design defects, of missing independent licensing authorities and of poor 
operational practice was the cause of the Chernobyl accident, and these dangers have not been 
obviated as yet. It is this difficult combination which makes the problems in the FSU so much 
more serious than those in Central and Eastern Europe, and that is why I have focussed so 
closely on the FSU in this talk. 

THE CENTRAL DILEMMA 

There are, beyond any question, threats for the future from the nuclear stations in the East of 
Europe, above all for local populations, but there is an evident threat also for Western 
populations. Another Chernobyl-like accident would further diminish public acceptance in the 
West of nuclear plants, which produce 1/3 of the power in the OECD countries. It could indeed 
lead to the operation of NPPs becoming entirely impossible in some West European countries, e. 
g. in Germany. 

That said, the "German solution" of shutting down all NPPs is not a solution which can simply be 
adopted in the same way in the FSU. The conditions in the FSU are in no way similar to those in 
Germany: and the dangers to the FSU of not operating their nuclear stations are in their own way 
as grave as the risks of continuing to operate them. It is this difficult dilemma which I would now 
like to examine further, and I shall then go on to discuss what in practice is involved in resolving it. 

The key difference between the East German stations and those in the Former Soviet Union is, of 
course, the heavy dependence that there is, across the FSU on nuclear power, a dependence 
which remains acute despite the massive reduction in economic activity. 

Table 1 shows the contribution of nuclear power to electricity demand in the states of the ex-
USSR which have nuclear stations. 
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Table 1: The Contribution of Nuclear Stations of the Energy Economy in the Former Soviet Union 

STATE 

Russian 
Federation 
Ukraine 
Lithuania 
Kazakhastan 

TOTAL FSU 

No. ofNPPs 

9 

5 
1 
1 

16 

No. of 
Reactors in 
operation 

28 

14 
2 
1 

45 

Installed 
Capacity 
(GW(e)) 

20.2 

12.9 
3.0 
0.3 

36.4 

Percentage of 
Electricity 

demand met by 
these stations 

in 1992 

10 

26 
58 
10 

11.8 

As far as the FSU countries are concerned, however, these figures, like many statistics, conceal 
as much as they reveal. For example, the 10% figure for Russian electricity coming from nuclear 
reflects primarily the absence of nuclear stations in the huge Eastern part of the Russian 
Federation; in the Western areas of the Federation, that percentage lies between 14% and 34%. 
The latter is the figure of the St. Petersburg industrial district and comes largely from the 
contentious station, which used to be called Leningrad, and is now called Sosnovy Bor. 

The Ukrainian figures obscure the fact that these are the year-round average figures, and that in 
the winter the Ukraine derives 40% of its electricity from running its nuclear stations, including the 
two surviving units at Chernobyl. 

The Lithuanian figures obscure the critical role which the huge station at Ignalina (like Sosnovy 
Bor and Chernobyl, yet another RBMK), plays in also providing electricity to the other Baltic 
States. 

And Table 1 does not even mention the appalling problems of energy shortages in Armenia, 
where, in the absence of the Armenian NPP, this besieged state is now subject to constant 
brown-outs, and where the lake which feeds the country's main hydro station has now been 
drained down almost to the level of the hydro-plant inlet. No wonder, that the Armenian 
government has decided to take their ailing NPP back into operation next winter. 

The FSU states are not well interconnected, and even where interconnections exist, they are not 
always used; for instance supplies to Armenia from Azerbaijan have been suspended during the 
Nagorno-Karabakh crisis. This places a critical importance on maintaining certain strategically 
placed nuclear stations, including a number of the RBMKs. Those who argue from the comfort of 
the West that all the RBMKs should be shut down immediately simply do not understand the 
devastation this would cause to the populations living in those areas. 

Why did the FSU republics become so dependent on these large, in some cases elderly nuclear 
plants ? Partly in fact because they were elderly : the capital costs had been long paid off; the 
marginal fuel costs were low. And this made the nuclear stations far more attractive to use then 
conventional stations which were decades old, have been maintained poorly, destroy their 
environment, and use fossil fuel which either must be imported against hard currency (Ukraine) or 
could be exported to the West to collect urgently needed hard currency (Russia). (1) 

(1 ) It should be noted that the Russian government is not lacking in zeal for pursuing a new nuclear plan construction programme, or In 

optimism about the rate at which it can do this Reading the present Russian documents about their plans for the coming decade Is like 

reading the U.K. Atomic Energy Authority's documents of the mid-1970s . The Russian plans as announced by Mikhailov include building 

some 16 5 GW(e) of net additional capacity by 2015, while less official, but interesting indications of Russian thinking, such as the papers 

prepared by Dmitri Tsourikov, of the Kurchatov Institute, currently working in Luxembourg, talk about fuel cycles being closed, breeders up 

and breeding and so on. The Russian vision of nuclear power is, in fact, one of the most positive visions we can find in the world today. 
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SCENARIOS FOR THE FUTURE 

The conclusion is clear. There may be some scope for closing down some ex-Soviet nuclear 
plants, and governments of the FSU states have every incentive for wanting to see the most 
hazardous RBMK plants closed down. However, the West is well advised to assume that most, if 
not all NPPs of Soviet design will continue operating for quite a time. That indeed was the 
conclusion of the World Bank and the IEA in their report to the G-7 Summit in Tokyo this July, and 
while their report does look at various scenarios, all of them presuppose that the later-generation 
WERs will all stay in operation. 

The major difference between the various World Bank / IEA scenarios concerns the fate of the 
RBMKs and the WER-440-230s. The World Bank and IEA considered three Scenarios namely 

0 Closure of the highest risk plants by the mid-1990s (Low Nuclear Scenario); 

continued running of these plants to the end of the decade, with some remedial work to 
them, followed by closure thereafter (Moderate Nuclear Scenario) and 

upgrading of the plants, which would then be run until the year 2010 or later (High Nuclear 
Scenario). 

With regard to the costs of the three scenarios the authors have estimated that between 1993 
and 2000 the Low Nuclear Scenario would require annual financing of US$ 5.3 bn. (including 
US$ 3 bn. for additional fossil fuel supplies): while the Moderate Nuclear Scenario would entail 
additional net costs of US$ 4.5 bn., and the High Nuclear Scenario of US$ 3 bn.. 

This report is essentially descriptive. It does not aim to adjudicate in favour of one of these 
courses of action, (or, curiously for a Bank, express any view about how these huge expenditures 
should be financed). One view if does express is that the two former scenarios are preferable to 
the third (in contrast to many responsible people of the Eastern states, who prefer the third 
scenario). 

At least two clear conclusions can be drawn from the various studies carried out to date. The first 
is that the option of immediate closure of the RBMKs and VVER 230s, while superficially 
attractive, has in no way been established so far as a feasible option. The World Bank and IEA 
with their declared preference for closing these plants as early as possible, have for example 
concluded that the Balance of Payments costs to the FSU states of immediate closure could well 
be unsustainable. The second is that the continued running of the stations is impossible without 
upgrading, and that it is essential that means are found to enable this upgrading to occur. 

This is by no means a surprising conclusion: indeed it was this hypothesis that motivated the 
assistance activities which began, in a somewhat uncoordinated way, about three years ago. 

THE ASSISTANCE PROGRAMMES 

Let me start by describing briefly the range and scope of the present assistance programmes. In 
terms of objectives they divide into those which are focussed on : 

operator training, on 
the improvement of the regulatory environment, and on 
plant analyses and safety imporvements. 

Broadly it can be said that the West has made quite good progress in addressing the first two 
objectives and very limited progress in addressing the third. 
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In terms of donors they divide into : 

Utility programmes set up through the mechanisms of WANO, and 
Western government programmes, both bilateral and multilateral. 

The main thrust of the utility programmes has been to provide assistance to individual nuclear 
stations in the FSU and Eastern Europe, (through the so-called "Twinning Programme"), and to 
introduce some of the disciplines which belong to a Western safety culture into the management 
of those stations. According to Lord Marshall, for some years WANO's President, this programme 
has been a considerable success. 

The main achievement to date of Western governments in terms of bilateral assistance, has been 
in helping the Eastern European and the FSU states to establish new independent supervisory 
and licensing machinery, to enable an effective separation of the plant vendor and operator on 
the one side from the supervisory authorities on the other side. 

Alongside these bilateral programme, we have also seen the advent of significant multilateral 
programmes under the aegis of the IAEA, the OECD and perhaps most notably the European 
Commission (through the PHARE and TACIS programmes). However, apart from the help that 
has been given to operators and governments, in establishing new licensing machinery, the main 
impact of the PHARE and TACIS work has been in just on domain, namely the analysis of 
technical safety issues. 

These programmes have as yet provided little in the way of actual new much-needed hardware, 
to remedy the deficiencies which these analyses have shown up. 

And nearly all of them shared unfortunately one key failure, which was the failure to agree the 
scope and nature of the programme in advance with the recipient state. 

The FSU recipients had and have one particular concern. They want "help in helping 
themselves". What they do not want is some form of "nuclear colonialisation". This is a concern 
which donors seem often not to understand. The lack of understanding between donors and 
recipients was also aggravated by conditions in the recipient states. Unlike the Central and 
Eastern Europeans, the (now less and less confederated) CIS and the Baltic states have found it 
difficult to establish any permanent infrastructure. Officials come and go; the government 
structures in these states remain very fragile and they are in any case completely overwhelmed 
by other problems still more pressing than those of nuclear safety. 

Can we expect the situation to improve? The signs are not that encouraging. We cannot 
expect that the FSU will be prepared to deploy significant capital of its own to "do the West a 
favour" or - on many Russians see it - to fund lucrative contracts for Western industry. It is also 
hard to imagine, from the course of events so far, that the West will be prepared to make 
available the billions that are needed, in the form of Grants or Loans. 

At the Munich Summit of the G-7, a firm resolution was made to commit $ 700 million of Western 
aid to remedying the problems in the ex-Soviet nuclear park, and to trying to overcome some of 
the institutional barriers which impede effective assistance programmes. The latest report from 
the G-24 Secretariat, which has the best overview of all the bilateral and multilateral assistance 
programmes records that there have been "Firm commitments" of just US $ 598 millon, and only 
a half of those committed funds have been committed to anything specific enough for this to 
qualify as a "financing decision". That is the most worrying problem that we need to deal with at 
the moment. What are the obstacles, which are preventing the necessary funds from being 
committed to assistance programmes? 
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THE PRESENT OBSTACLES TO PROGRESS 

To my mind, the basic obstacles are as follows: 

0 There are 'too many cooks'; 

The recipient states fail to co-ordinate and prioritise their requirements; and they have a 
problem of amour propre; 

At a multilateral level, there is too little money for grants, and problems in granting loans; 

At a bilateral level, the institutional framework in the FSU makes it hard to tap the 
commercial interests of donor companies 

° There is a complex and unresolved problem of Civil Liability. 

Let me now briefly deal with each of these problems 

Too many cooks' 

The most obvious point which strikes anybody who looks at the framework for Assistance 
Programmes is the number of organisations involved. Many countries and many multinational 
companies are active in bilateral programmes. And then we have all of the supranationals. We 
have the United Nations, through the IAEA. We have the EC, through the TACIS programme. 
We have the OECD, through the NEA and the IEA; we have the World Bank and the EBRD; we 
have the G - 7 countries; we have the utilities individually and in the form of WANO and again as 
TPEG; we have the vendors as ENAC; we have the E1B, and so on. 

The obvious need is to find co-ordinators. 

In some areas the co-ordination seems to be working effectively. There is grouping known as 
CONCERT which brings together Western regulators, to aid the FSU states to improve their own 
regulatory regimes. Also the CASSIOPEE and EFCC consortia are examples in waste-
management and other areas of the fuel-cycle. 

Some very good work is also being done in the so-called G - 24 Secretariat in Brussels. This 
Secretariat has been charged by the G - 7 with keeping an overview of the various assistance 
programmes being implemented or proposed by the leading industrial countries, including the 
EC's TACIS programmes. The purpose of the Secretariat's work is to identify possible areas of 
duplication, contradiction and omstetission, resulting out of this host of programmes, and it is 
currently developing a database, containing details of the various assistance programmes in 
place. This is a key task. 

Problems on the Recipients Side 

This is an equally difficult, but still less tractable problem, to which I have already referred. 
Clearly, the fact that there is major political disarray within many FSU states, and major political 
tensions between them, is bound to impede the provision of assistance. It would be easier to deal 
with common technical problems, which occur at a number of stations, if the technical experts 
from the various FSU states were willing to discuss them in a common forum. Often they are not. 
But these are not problems which the West can do a great deal to influence. One can simply 
hope that a more coherent political framework will quickly develop in the FSU states at least with 
regard to the nuclear problem. 
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Amour propre is of course a deep-seated problem, in Russia perhaps above all. Recipients of 
assistance may well resent the attitudes of donors, and may well suspect the donors' motives. 
Time, and the deepening of relationships can help to ease these problems. In the 1990 - 91 
TACIS programmes, the nuclear work was, essentially at the insistence of the FSU states, limited 
to generic studies. By 1992, however, progress had been made in agreeing programmes of on-
site assistance, and by later this year we expect there to be a permanent EC presence at all 
nuclear sites. But, as I have said, much depends on the way political conditions develop in the 
FSU. 

Limited Grants, and Problems with Loans 

Even if the earlier problems can be solved, the lack of funds remains, of course, a key constraint 
on assistance programmes. The EC's programme will be constrained by a tight overall budget, as 
the EC strives to remain within its Edinburgh budget parameters. Loans are a possible means for 
channelling additional funds to the FSU countries, but loans for development purposes are 
difficult to arrange. Impoverished countries can, by definition, seldom provide lenders with total 
confidence that hard loans will be repaid; and where soft loans are bound about with prior 
conditions from the lending countries (as was the case with Kosloduy) then these may often 
prove to be unnegotiable. 

Tapping Commercial Self-Interest 

As it appears, supranational grants and loans will not be made available for hardware 
improvements, so the only way this work can be funded is by bilateral aid. The countries financing 
those bilateral programmes will naturally hope 'their1 work programmes will improve the 
competitive position of their own national industries, and it seems entirely correct to me that they 
should reason in this way. Commercial self-interest has always been a potent engine in achieving 
major public works. However, the companies involved will need to bear in mind the equally natural 
sensitivities of the recipient states. In addition, it is necessary that the G - 24 database, which 
records all these programmes, is deployed with appropriate care. 

I stress that point, because I know that the G - 24 Secretariat are coming under pressure to make 
freely available all the data which they hold in their database. I think that this pressure is 
misguided, and in the end could prejudice the success of these bilateral assistance programmes. 

The role of the G - 24 Secretariat, with respect to bilateral programmes, can, I think, be sensibly 
compared with that of a Stock Exchange. Any mature financial market needs a well-regulated 
Exchange, which can keep track of securities, and which can match buyers and sellers. The 
Exchange itself needs to know who the buyers and sellers are, however what it does not need to 
do is publish the identity of the sellers and buyers - indeed the exchange would lose the 
confidence of investors if it did publish their identity. 

I believe that much the same principles apply in fact to the G - 24 Secretariat, and that the 
Secretariat should be allowed to continue, as it would prefer, to monitor aid programmes, and to 
'match buyers and sellers', while keeping the detail of bilateral programmes confidential. 

The Civil Liability Problem 

The final obstacle, which stands in the way of effective assistance programmes is the problem of 
civil liability. In Western countries, there is a principle of strict liability, enshrined in the Paris and 
Vienna Conventions, under which liability for damage caused by nuclear installations rests solely 
with the operator of that installation. Suppliers of equipment and services in no way share that 
liability in the event of an accident (unless the plant operator can prove negligence). This liability 
regime, which has led to a flourishing Western market in nuclear equipment and services, does 
not exist in most Eastern countries; and those Eastern countries which are purportedly planning 
to ratify Vienna, are unlikely to be able to do that in any very substantive sense, since their plant 
operators simply do not have the financial capacity to pay for the costs of an accident. 
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This lack of a liability regime, and the risk that compensation for nuclear damage could be sought 
from the supplier, has made Western companies understandably chary about providing 
equipment or services to FSU states. Indeed, this institutional obstacle could in the end prove to 
be one on which assistance programmes will founder, even if my other five obstacles can all be 
overcome. 

CONCLUSION 

To summarise briefly what I have said in this talk: the countries of the FSU remain critically 
dependent on their existing nuclear stations, which include stations with very unsatisfactory safety 
characteristics. In the circumstances, it appears essential that we are able to progress with a 
major, co-ordinated programme of hardware improvements at those nuclear stations, and to find 
much larger resources than have so far been identified, for this critical task. In the absence of 
other possibilities, it appears imperative that this programme is financed in large measure by 
bilateral aid, and that the G-24 Secretariat are helped in their delicate task, of avoiding 
duplications and omissions, while at the same time protecting the commercial interests of donors. 
As a further necessary condition for assistance programmes, we need a better Civil Liability 
regime in the FSU. 

None of this will be easy to achieve, but it is essential. If we can safeguard the operation of the 
present ex-Soviet stations, then this will help establish the foundation for the re-emergence of 
economic growth in those countries. In parallel this will help stabilize the public acceptance of 
nuclear power in the West and take from it the threat of another Chernobyl - like accident. If we 
are not able to achieve what I have described in this talk, then the future for Western nuclear 
industries might get more difficult than it is already. 
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THE SAFETY OF AGING REACTORS 
Dr. Herbert J. C. Kouts 

Defense Nuclear Facilities Safety Board 
Washington, D. C. 20004 USA 

SUMMARY 

Attainment of safety with older reactors has two 
principal components. The first is upgrading of safety where 
necessary to meet current criteria, as shown by modern safety 
analysis. The second is avoidance of degradation from effects 
of chemical change, wear, and neutron irradiation. Methods of 
avoiding reduction of safety from all such causes are known 
and are found to be effective, so that long-term reduction in 
safety is not an insuperable barrier to continued use of the 
plants to generate electricity. 



THE SAFETY OF AGING REACTORS 
Dr. Herbert J. C. Kouts 

Defense Nuclear Facilities Safety Board 
Washington, D. C. 20004 USA 

In this paper we concentrate on the safety of aging nuclear 
plants built according to the methods used in what is loosely 
called "the West", where the West ineans generally all but the 
former Soviet bloc. In fact, what will be said reflects 
predominantly what is being done at U.S. and similar plants. 
However, the effects of aging are much the same in plants in all 
parts of the world, and the methods that must be used in 
rectifying problems are essentially identical. 

Since the question of safety of these plants is so important 
to their continued operation, the topic is discussed in the 
context of that extended use. Are the plants safe enough, or can 
they be made safe enough, that life extension and continued use 
are acceptable? 

The average age of nuclear plants around the world is 
growing. Some of these plants are already at or near the 
original estimated age of retirement. The geographical 
distribution of ages of plants is not uniform; healthy nuclear 
power programs in some countries continue to add new nuclear 
plants to the roster there. But in many countries, including my 
own, economic, social, and political pressures have conspired to 
eliminate prospects of early resumption of building of new 
nuclear plants. In fact, in my country, the economic regulatory 
structure is now so hostile in the governments of the separate 
states that utilities are reluctant to enter into construction of 
large capital-intensive central station electricity generating 
plants of any kind. 

At the same time, the demand for electricity continues to 
grow, though not everywhere at the higher rates seen in the past. 
The disparity in trends of growth in the supply of electricity 
and the demand for it has caused strong interest to develop in 
keeping the existing plants going as long as possible.1 The 
older nuclear plants are precious. They were built at a time 
when construction costs were relatively low. They are nearly or 
totally paid for, so the cost of the power generated in them has 
little or no capital component. If these plants can continue in 
safe and reliable operation over the longer term, they will be a 
valuable part of the process of supplying the abundance of 
electricity needed by a power hungry world. 

1 I shall not comment on contrary histories of the past year, 
which have been the result of ideological actions rather than the 
economic forces of supply and demand. 
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It is not sufficient that the level of safety that 
characterized the plants at the time they were built should be 
retained despite their increasing age; it is also necessary to 
ensure that safety is provided at a level that meets modern 
criteria. Safety assessments using the modern probabilistic 
methods have indicated that some plants with the required 
engineered safety features may still not meet the quantitative 
criteria in current safety goals. This is not to say that a 
process to enhance safety has not already taken place, for in 
most instances it has been going on. It is important to 
understand the basis for the need for improvement, and the means 
by which it is accomplished. 

In the first place, older nuclear plants were built at a 
time when understanding of the necessary ingredients of a high 
level of safety was still evolving. Safety practices had not 
reached the state of maturity that developed in part from such 
unfortunate events as the Browns Ferry fire and the Three Mile 
Islaiid accident, and that has now been made possible by extensive 
safety research. This level of safety is defined in the document 
"Basic Safety Principles for Nuclear Power Plants", issued by 
INSAG as INSAG-3, which also discusses the way by which the high 
level of safety is to be achieved. 

In the second place, aging brings a tendency toward 
deterioration of components and systems. The phenomena causing 
the deterioration fall generally into three classes: long term 
chemical changes, wear, and the effects of radiation on 
materials. Chemical changes are modifications to molecular or 
crystalline structure caused by normal physical or chemical 
processes. Wear is meant to include all changes caused by use, 
not simply frictional effects. Radiation effects are those 
resulting from ionization or atomic displacement caused by 
absorption of radiation that is a result directly or indirectly 
of the chain reaction in the reactor's core. In addition to 
these problems are those caused by increasing obsolescence of 
some of the technology used in the plants, especially in 
electrical components and in equipment used for collecting, 
processing, and using data. 

Let us consider these problems in turn, along with the 
activities necessary to deal with them. First there is the older 
safety technology in the plants as they were constructed. 

The technology of safety in the nuclear field has come a 
long way. Early safety thinking was dominated by such concepts 
as the single failure criterion and the view that if the plant 
could be made safe against the hypothetical occurrence of a very 
large accident, it was automatically protected against the 
consequences of lesser accidents. These assumptions were 
implicit in the safety analyses for the plants, on which rested 
the acceptance of their original permission to operate. 
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With time came recognition that safety in all respects 
demands more sophisticated methodology and concepts. But full 
realization did not really come until issuance of the Reactor 
Safety Study, known also as WASH-1400 or the Rasmussen Report. 
The Reactor Safety Study made it clear that safety analysis had 
to contemplate the possibility of simultaneous multiple failures 
of components in the plant, whether causally related or not. The 
Study showed that avoidance of public damage is tightly coupled 
to integrity and effectiveness of the ultimate protective 
measure, the containment structure. In the analysis of risk, the 
set of all important accidents that could release radioactive 
material must be taken into account, including some that may have 
lesser effects but are more probable. The probabilistic methods 
also led to many other insights. Perhaps the most important one 
followed directly from consideration of the basis for containment 
integrity. In the past, the design strength of containment 
structures had been set by the calculated ability to contain 
pressure generated by blowdown of coolant from the primary system 
during the transient following rupture of the largest pipe in the 
primary coolant system. In the risk analysis made in the Reactor 
Safety Study, it was necessary to estimate the response of 
containment structures to other kinds of loading, such as 
internal pressure from burning or explosion of large amounts of 
hydrogen gas. It was also necessary to analyze the possibility 
of unusual kinds of leakage paths that could develop in the 
course of some kinds of accidents, causing the containment 
function to be bypassed. As probabilistic methods developed 
further in the years that followed, it was found that additional 
accident scenarios initiated by events external to the plant need 
to be considered more deeply than had previously been done. The 
potential for damage from earthquakes was found to be especially 
important as a contributor to risk. Recently, analysis in France 
has shown that accident sequences initiated at low power or zero 
power can also be important contributors to risk. 

The first step in achieving safety with any system is a good 
safety analysis, to show where things stand and whether any 
additional measures are necessary. The preceding remarks show 
how emphasis and scope in safety analysis changed with time since 
the period of construction of the older plants. The evolutionary 
character of the safety process in the nuclear field has led to 
such extensive changes in methodology that each plant now 
requires an analysis based on modern criteria and using modern 
methods. Updating of original analyses is strongly indicated. 
This process is partly carried out in the United States through 
the Individual Plant Evaluation program (IPE), which is a 
reanalysis now being made of the safety of existing plants taking 
probabilistic methods into account, in order to discover if the 
design includes any vulnerabilities that should be eliminated. 
This evaluation is performed against the background of current 
safety goals defined by the Nuclear Regulatory Commission, goals 
formulated to ensure that nuclear plants do not contribute in any 
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important way to the risks to which society and individuals are 
normally exposed. Another process that was implemented some time 
ago is the Systematic Evaluation Program (SEP), which is an 
orderly review of a plant's characteristics to determine the 
degree to which they meet the safety intent of existing 
regulatory requirements. Protection against seismic events is 
further aided by the process of inspection and upgrading 
introduced by the Seismic Qualification Utility Group (SQUG) and 
therefore given the generic name of SQUG, where in the course of 
physical walkdowns through the plant, experience and engineering 
judgement are drawn on to show where measures are needed to 
strengthen or otherwise protect components and systems against 
the possibility of severe seismic forces. Furthermore, in the 
course of a SQUG the vulnerability of Safety Class I systems to 
potential missiles, pipe whip, or jet impingement from adjacent 
Safety Class II components is explored according to updated 
safety requirements. 

Improved safety analysis and subsequent measures to 
eliminate revealed weaknesses have led to marked improvement in 
safety in numerous cases. Even so, there are still problem areas 
that complicate analysis of the ability of older plants to meet 
modern criteria and standards. One very important problem is the 
lack of complete records on construction, because construction 
and quality assurance records were not so well kept during 
construction of the older plants. The attempt to fill in this 
information through later inspection is not completely 
successful, one other important problem is that the layout and 
separation of electrical wiring and components do not always 
conform to standards developed after the Browns Ferry fire. 
There are simply too many linear feet of power distribution and 
control and instrumentation cables for rewiring to be a practical 
protective measure. Other methods of protection based on fire 
prevention and fire fighting are required to compensate. So 
there is some uncertainty as to how well upgrading of safety can 
be carried through. 

INSAG-3 contained Safety Principles for the design, 
construction, and operation of nuclear power plants. Though it 
was not said explicitly, the fact that safety measures are 
necessary both in hardware and in operating practices implies 
that strengthening of one might be able to compensate to a degree 
for weakness in the other. In fact, knowledgeable, informed, 
educated, disciplined operation can be very helpful in countering 
gaps in safety protection afforded by physical features of a 
nuclear plant. A classic example of this point is the unique 
situation that arises following a Steam Generator Tube Rupture 
(SGTR) at a pressurized water reactor. Unlike most accidents, 
where automatic control response is provided, in the event of a 
SGTR emergency procedures exist and are well known to the 
operators, causing a control room reactor operator response to 
identify the affected steam generator, to balance primary-to-
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secondary system pressure at the leak, and to ensure continued 
safety of the plant. INSAG-3 stated that the operating practices 
must include adequate training and retraining of operating and 
maintenance personnel, the use of feedback of lessons learned 
from operation of nuclear plants, both the local ones and those 
elsewhere, and operation based on written procedures that have 
been tested and proven, and that cover both normal and abnormal 
operation including emergency conditions. These must be 
supported by ready access to an informed and competent 
engineering organization. An operating regime of this kind, 
steeped in a safety culture, is the most valuable asset a nuclear 
plant can have in assurance of safety. 

Another INSAG publication, INSAG-5, "The Safety of Nuclear 
Power", analyzed the safety of existing light and heavy water 
cooled and moderated nuclear plants, taking into account the 
improvements that have been made to the original state of safety 
of these plants. It showed that on the average these plants seem 
already to have achieved a level of safety comparable to that 
sought in current safety goals, and they may even have exceeded 
these goals. This is not a reason for relaxation in effecting 
improvements, but it does indicate how successful the methods can 
be when they are well applied. 

Now a few words about obsolescence. The Kemeny Commission's 
report following the Three Mile Island accident commented on 
problems caused by use of outdated mechanical and analog methods 
of data processing and recording in control rooms of nuclear 
plants. This observation spurred a move at operating plants to 
supplement and eventually replace the old technology with modern 
digital systems. The changeover has been timely, because 
obsolescence makes it almost impossible now to find replacement 
components similar to the older ones. Vacuum tubes have almost 
disappeared from the market, as have mechanical relays. The move 
to digital systems takes advantage of a profusion of types of 
signal processors, data storage units, logic units, information 
systems, display techniques, and controllers. This has 
revolutionized many of the methods of safety assurance, including 
operating practices. A creative system of anticipating the onset 
of obsolescence of old equipment , drawing on the benefits of the 
new, is an important component of modern nuclear plant safety and 
is essential in maintaining the safety of aging plants. 

There is still the question of what must be done to avoid 
reduction of safety as a result of deterioration of the plant 
with age. So far, the effects of chemical changes have been the 
most vexing to operating organizations. The most commonplace and 
in sum the most expensive problem has been the thinning and 
cracking of tubes in steam generators of pressurized water 
reactors. This has led to the need to conduct regular eddy 
current testing of the tubes, with subsequent repair or plugging 
of damaged tubes, and eventually to shut plants down for extended 
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periods while steam generators are replaced. The problem of 
repair and replacement is a major source of concern in ALARA 
programs. Reduction in strength of steam generator tubing is 
important because it defines a possible mode of containment 
bypass in event of an accident that simultaneously caused severe 
core damage and failure of weakened steam generator tubes. This 
could lead to release of radioactive material outside the 
containment building. 

Rigid control of primary coolant chemistry is necessary in 
reducing degradation of steam generator tubing, but it does not 
seem to have been a complete solution. Important benefit would 
probably follow a moderate reduction in the operating pressure 
and temperature of the primary coolant. The resulting lower 
thermal efficiency of the plant can be offset by an increase in 
steam flow rate if there is residual margin in the turbine, and 
should be weighed against the benefit of less frequent long 
shutdowns for repair and replacement of steam generators. As 
long as the processes to detect and ameliorate degradation are 
used properly, it appears that steam generator tube deterioration 
will not become an increased safety problem but will remain an 
economic one. 

A similar conclusion can be stated with respect to stress 
assisted cracking of stainless steel piping in the cooling 
circuits of reactors, primarily boiling water reactors. Here 
greatly improved ultrasonic testing methods used regularly 
according to code requirements maintain the desired level of 
protection against a loss of coolant accident resulting from a 
double-ended guillotine break of piping. Control of coolant 
chemistry has been helpful in reducing the problem, but the major 
improvement has come from use of less sensitive stainless steel 
alloys. 

At pressurized water reactor plants, considerable attention 
must be given to pipe wall thinning due to corrosion-erosion. 
Aggressive corrosion-erosion monitoring programs are in place at 
most plants, and selective replacing of vulnerable piping with 
metal of higher alloy content, e.g. of chromium, is considered a 
prudent option. 

There have also been problems of induction and growth of 
cracks at such locations as nozzles, safe ends, and in Inconel 
penetrations of vessel heads of PWRs, as has recently been 
observed in France. None of these problems of deterioration of 
the primary circuit boundary are altogether the result of 
chemical effects, but chemical attack of the metal plays a large 
role in their occurrence. It appears that continued 
surveillance, vigilance, and repair can keep such problems in 
check indefinitely, if at some cost, and can maintain the desired 
level of safety. 
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Another category of deterioration with age is the 
degradation of mechanical properties (embrittlement caused by 
oxidative attack) and electrical resistance of electrical 
insulation of cables as time goes on. This is a result of 
oxidation or of change in degree of polymerization or a 
combination of these effects. The embrittlement of insulation in 
power cables can be a cause of high resistance short circuits 
cable-to-cable or cable-to-ground, which can generate heat that 
can accelerate deterioration and in time cause an electrical 
fire. The mechanical degradation of insulation in signal cables 
can distort signals and interfere with the proper function of 
safety logic circuitry. In the United States, incipient problems 
of deterioration of insulation for power distribution cables due 
to effects of heat and radiation have been seen in some of the 
older defense nuclear plants of the Department of Energy, and at 
some of the older nuclear power plants. The rate of aging seems 
to follow the usual Arrhenius relation, but it also seems to 
depend strongly on properties of the insulation and on such local 
factors as radiation and elevated temperature. The methods to 
use in preventing such problems from reducing safety are broadly 
the same as those to be used against effects on metals: 
surveillance, vigilance, and repair. Here the surveillance is 
testing of resistivity, and repair means replacement. Techniques 
of detection found useful are meggering of the cables, time 
domain reflectometry, and predictive action based on the 
Arrhenius relation. 

Similar kinds of chemical change can affect such items as 
electrical connectors, packings and seats of valves, and potting 
seals used in containment and isolation. Regular surveillance 
and repair keep such problems in check. 

Apart from problems of these kinds, the major effects of 
chemical change are kept in hand by constant good housekeeping. 
Cleaning and surfacing with a good paint goes a long way. 

The subject of wear is a broad one. We use it to cover such 
disparate matters as frictional effects on bearings of rotating 
machinery, many types of breakdown of sensors, and some types of 
failure of electronic circuitry, switchgear, breakers, and 
relays. The methods of managing the effects of wear and keeping 
them from causing a decrease in safety are the use of redundancy 
of components, programs of preventive and predictive maintenance, 
and prompt repair and replacement of failed parts or components. 
These methods used systematically are highly effective in 
preventing deterioration of the level of safety. 

The remaining phenomenon affecting safety with increased age 
of a nuclear plant is change of material properties as a result 
of exposure to extensive neutron irradiation. The most familiar 
of these are the reduction in ductility of carbon steel used in 
pressure vessels of light water reactors, particularly PWRs, and 
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radiation induced embrittlement of electrical insulation and 
jacketing of cables as discussed above. 

No real safety concerns arise from the effects on the 
pressure vessel as long as the reactors are not operated in a 
mode where reduced ductility of the pressure vessel would cause a 
problem. This is ensured through strict current criteria 
governing pressurization and heatup and cooldown. But inability 
to remain indefinitely in conformance with these criteria would 
create a major uncertainty in the ability of these reactors to be 
continued in use indefinitely. An EPRI program has shown that 
ductility can be restored by high temperature annealing. The 
Russian technique of in situ annealing has been successfully used 
in reducing the radiation damage to pressure vessels of WER 440-
230 reactors. There are still some remaining questions about the 
technique. The earlier concern that annealed carbon steel might 
experience a more rapid rate of radiation damage than before 
annealing seems to have been allayed. However, there is no basis 
in the pressure vessel code for requalifying a pressure vessel 
that has been annealed, and this remains a source of some 
concern. Industry has been reluctant to go down this path. 

Likewise, proper preventive and predictive surveillance 
maintain the properties of the electrical cabling at an 
acceptable level. 

More recently, attention has been devoted to neutron damage 
to stainless steel components within the vessel, such as core 
barrels, core supports, flow baffles, and fasteners. Reduction 
of ductility at very high neutron fluence may have contributed to 
fracture in some cases. Loose parts monitoring and periodic 
visual inspection are current means to avoid safety problems. 

Radiation damage to primary system components within the 
calandria vessel has also been a source of problem to the 
Canadian heavy water reactors. Here it is found possible, 
however, to replace calandria tubes, at considerable expense and 
with substantial loss of operating time. This is under way at 
some CANDU reactors. Calandria tube failure has occurred, but it 
has not led to radioactive release with severe public effects. 

Thus the effect of radiation on pressure vessels may set a 
final limit on the lifetime of some reactors unless annealing is 
undertaken, and there may be hard questions of economics relative 
to other plants, but as long as appropriate and well defined 
methods are used, such problems would not be a cause of reduced 
safety of aging reactors. 

I have left out one concern attached to increasing age of 
the plants, whose importance is still under consideration. This 
is the effect of low cycle fatigue of the primary pressure 
boundary. In low cycle fatigue, metallic components are 
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subjected to repeated stresses that may exceed the elastic 
capability of the material. Plastic deformation is a consequence 
of such a stress. Repetition of such deformation reduces the 
ductility of metals and can in time lead to failure through 
induction and growth of cracks or through exceeding the ultimate 
strength of the material, in the same way that repeated bending 
of a ductile copper wire causes it finally to break. Sudden 
large changes in temperature or pressure can lead to such forces. 
The most common event of this kind in a reactor is reactor scram. 
This stresses the vessel and the primary piping. Other causes of 
localized stress of these magnitudes have been seen, such as 
pulsed injection of cold feedwater at a junction with primary 
piping carrying hot fluid. Though low cycle fatigue still 
generates some concern, it is believed that customary practices 
of inspection and repair if necessary can reveal the onset of 
damage and remove it. 

All of the preceding discussion can be summarized as 
follows. The means exist and are generally being followed to 
ensure that Western reactors are brought to levels of safety in 
accordance with modern criteria. These include some hardware 
changes and substantial improvement in operating practices. 
Methods of surveillance and repair and replacement exist to 
ensure that deterioration with time does not reduce the level of 
safety, regardless of the form of deterioration. This is 
believed to be so even for the effects of low cycle fatigue, 
which is still under study. 

I wish to thank Mr. Agit Gwal, Mr. Herbert Massie, and Dr, 
Joseph Roarty of the staff of the Defense Nuclear Facilities 
Safety Board for their assistance in reading this paper and for 
their helpful suggestions in improving its contents. 
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RECENT DEVELOPMENTS IN ENGINEERED OR INHERENT SAFETY 

Dr.-lng. Fritz Ruess, Executive Vice Presidentand 

Michel Watteau, Executive Vice President 

Nuclear Power International ( ' • 

SUMMARY 

The national development efforts for future PWR's in France and Germany are now 

being combined into the development of the "European Pressurized Water Reactor" 

(EPR) with the support of the French and German utilities, who intend to use this design 

by the end of this decade. 

The EPR is an evolutionary and innovative development based on the latest units in ope
ration or under construction in France and Germany. 

The basic design target is to further reduce the probability of accidents in particular 

severe accidents leading to large releases of radioactivity. 

The defence-in-depth has been enlarged, providing mitigative features for low pressure 

core melt scenarios. 

The paper presents the organization and the time schedule foreseen for the future 
development work, summarizes the safety objectives and describes the technical solu
tions selected so far in cooperation between Nuclear Power International, Siemens and 
Framatome on the supplier side and EDF and member of German utilities as the first po
tential users of the new design. 
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RECENT DEVELOPMENTS IN ENGINEERED OR INHERENT SAFETY 

Dr.-lng. Fritz Ruess, Executive Vice President and 

Michel Watteau, Executive Vice President 

Nuclear Power International 

Introduction 
In discussions with Electricité de France (EDF) and a number of German utilities, the 

conceptual jafety features of the future common "European Pressurized Water Re

actor (EPR)" have been agreed upon to a large extend. 

The paper describes the organization and the time schedule of this project, gives a 

short summary of the safety objectives and the technical solutions selected so far to 

fulfill these objectives. 

Organization and Time Schedule for the Development of the EPR 
Significant progress has been made towards a real industrial development appro
ach in which all institutions normally involved in the Nuclear-Island in France and 
Germany participate. 

On the customer side, EDF and a number of German utilities agreed to merge their 
former development programs and to fully support the EPR development with the 
aim to implement the EPR simultaneously in France and Germany. The organization 
of the project is shown in Figure 1. 

mÊêmik i play rl 

•à»; 

.r-ftftaa-J. 

••.' < 4 J ' /Demi 
EOF 

Ign Partlelpi 

SIEMENS 

mtiorffr> 

SIEMENS 

CI 

BOP 

Overall 
A.E 

w * afifc««<w> • "JT'»: A 

EPR - Overall Organization Fig. 1 NPIT/I4 0r . W 
D S 2 S 0 B O 



EDF and the German utilities are steering the customer interests through a joint 
Project-Directorate. On the safety-authorities side joint-working groups and mee
tings between Safety Experts, Advisory Groups and Safety Authorities have been 
established in order to harmonize the requirements of the licencing authorities in 
France and Germany for future Pressurized Water Reactors. The Engineering effort 
for the Nuclear Island is performed jointly by NPI, Siemens and Framatome with a 
participation of EDF, whereas the Conventional Islands will be designed by EDF and 
the France industry for projects in France and by Siemens for projects in Germany. 

The time schedule for the development is shown in Figure 2. We are presently in a 
consolidation phase, during which the results of the Conceptual Design is discussed 
with the utilities. The basis of this discussion is a comprehensive "Conceptual Safety 
Features Review File", which at the time of INC 93 will be in the hands of the safety 
authorities in France and Germany. 

In the beginning of 1994, we will start the Basic-Design phase, lasting about two 
years and comprising essentially all documentation necessary to apply for a con
struction licence and a budgetary estimate. The first construction of an EPR could 
then take place in 1998. 

Nuclear Power International f l t t JW! 
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3. Safety Objectives 

In order to fully benefit from the experience with more than 100 000 MW electrical 
capacity in operation, under construction or on order by Framatome and Siemens, 
the EPR will be an evolutionary development on the basisof the German Konvoi 
and the French N4 design and hence rely on the well proven defence-in-depth con
cept which is currently the basis for PWR safety concepts in France, Germany and 
most of the developed countries. 

Probabilistic risk assessments (PRAs) will be used to demonstrate that the various fa
milies of accidents or transients to be taken into account have a balanced contribu
tion to the overall probability of severe accident scenarios. PRAs will also be used to 
prove a sufficiently low probability for severe accidents leading to large radioactivi
ty releases. 

On the basisof asetof agreed upon assumptions and data for initiator frequencies, 

equipment failure data and in particular common and human failure mode models, 

we have adopted a design target, that no family of events should lead to a core 

melt frequency higher than 10-7/year, which is consistent with an overall core melt 

frequency of 10-6/year for internal events. 

Despite these low probabilities for severe accidents we will implement as an innova
tive feature mitigative measures to cope with severe accident-scenarios. 

The overall strategy is defined in such a way, that the probability of high pressure 

core melt scenarios, potentially challenging the containment, shall be reduced to a 

level below 10-7/year by providing a highly reliable secondary heat removal and a 

safety grade primary bleed-system. 

The low pressure core melt scenarios shall however be taken into account in the de

sign. Proposals for technical solutions to this end are given in chapter4.3 of this pa

per. The target is that the radioactive releases for these low pressure core melt sce

narios will be sufficiently low to restrict emergency response actions like evacuation 

or relocation to very small and defined exclusion areas. 
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4. Technical Solutions 

4.1 Primary Side Safety Systems 

The safety systems on the primary side are shown in figure 3. The safety systems are 

arranged in four totally separated divisions. 
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Each division includes a low head and a medium head safety injection system. Both 

systems take suction from an incontainment water storage tank (IRWST), which is 

also used for core cooling in the short term following a core melt accident. 

The low pressure injection system is connected to both the hot and the cold leg of a 
loop and allows together with the accumulator connected to the hot leg a fast 
quenching and reflooding of the core. Heat-exchangers in the low pressure injec
tion system allow a heat removal after loss of coolant accidents. 
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The medium head safety injection system is connected to the cold leg of the loop. 

Its delivery head is limited to a value below the set point of the relief and safety val

ves on the secondary side. In case of a steam generator tube failure, the affected 

steam generator will be isolated afterthe initial transient thereby limiting the re

leases due to such events to a negligible level. 

A two train residual heat removal system located inside the containment will be 
provided. Two of the low pressure safety injection systems can be used as a back-up 
for these residual heat removal systems. 

4.2 Secondary Side Safety System 

A highly reliable secondary side feed water supply, consisting of main feed water 
pumps, a start-up and shut down pump and 4 redundant emergency feed water 
pumps will be provided. The emergency feed water pumps will be electrically dri
ven, a diverse source of energy supply is under consideration. 

4.3 Mitigative Features for Low Pressure Core Melt Scenarios 

As mentioned above, low pressure core melt scenarios shall be taken into account in 
the design. 

"igure 4 shows in principle the measures foreseen to provide a spreading area of 

about 150 m? for the corium with a protective layer to prevent core-concrete inter

actions. The corium can be cooled in the short term by using the water from the 

IRWST. For the long-term heat removal from the containment, we are planning to 

install a dedicated spray system which will however be needed only about 1 day af

ter the accident. 
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Spreading Concept (Section A • A) Fi9•* oo2«o62 

A combination of hydrogen recombinc.sand possibly igniters wil l ensure that only 
deflagration of hydrogen has to be taken into account in the containment design. 
These measures together should guarantee the long-term retention capacity of the 
containment and render a containment-venting system unnecessary. 

4.4 Containment and Lay-out of the Nuclear Island 

The containment represents the third and ultimate barrier in the defense-in-depth 
concept and is therefore of particular importance for mitigation of accident conse
quences including severe accidents. The selected containment consists of a prestres-
sed concrete cylinder. It is surrounded by a second reinforced concrete cylinder. Lea
kages from the primary containment can such be collected in the annulus between 
the two cylinders and filtered before release to the stack. 

A cross-section of the reactor building is shown in Figure 5, the respective arrange
ment of the 4 divisions and the fuel storage around the containment is shown in Fi
gure 6. The arrangement of the buildings housing the safety systems is foreseen in 
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such a way, that they are located on a single ran tor seismic design reasons ana that 
at least two divisions can be protected against external events such as aircraft-crash 
and explosions waves. 
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4.5 Instrumentation and Control 

As foreseen for the fluid systems and their electrical supply system, the Instrumenta

tion and Control will be organized into four devisions ensuring a high signal reliabi

lity. 

All actions necessary within the first 30 minutes will be performed automatically. A 
fully digitalized I + C technology together with a modern cockpit-type control room 
will provide optimal information to the operating personnel. 

Conclusion 

By involving the utilities and the safety authorities, the development effort for the EPR 
has become a seal industrial project. It combines the vast experience of the French and 
German utilities and Nuclear Power Plant suppliers with innovative features for future 
PWR's and will thus be a perfectly suitable solution for nuclear projects towards the end 
of this decade and beyond. 
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REACTOR ACCIDENT RISKS IN PERSPECTIVE 
Bernard L. Cohen 
Dept. of Physics 

University of Pittsburgh 6~'o0 ooc c(£ 
Pittsburgh PA 15260 

Summary 

According to the PRAs, reactor accidents may be expected to cause about 4 
premature deaths per year in the United States. By comparison, coal burning air pollution 
kills thousands of times that number, and oil and gas, through air pollution, explosions, fires, 
and asphyxiation, kill hundreds of times that number. 

It is sometimes argued that deaths from air pollution are less important because they 
are undetectable, but the same is true for the cancer deaths from nuclear accidents. If we 
are interested only in detectable deaths, the reactor accident toll is only a few deaths per 
century. The worst accident considered in the Reactor Safety Study, expected once in 10 
million years, causes 3500 detectable deaths, a number already equalled by an air pollution 
episode from coal burning (London-1952). 

Since large consequence nuclear accidents are hypothetical (in LWRs), they should 
really be compared with hypothetical accidents from other energy sources. There are many 
examples of these that are very much worse than the worst reactor accidents that have been 
discussed. 

The biggest problem in obtaining public understanding of reactor accident risks is that 
it is irrational to treat risk questions without considering probabilities, and the public does 
not understand probability. One solution is to adopt a cut-off probability, such as not 
considering events expected less than once in 500 years. Buildings, bridges, dams, etc are 
designed to withstand a once-in-500-years earthquake, tornado, flood, etc, and smaller 
probability events are not even considered. 

My preferred approach is to convert all risks to loss of life expectancy, LLE. The LLE 
for U.S. energy sources is: reactor accidents- 0.01 days ( = 15 minutes), coal -13 days, oil -
5 days, gas - 3 days. But by far the most dangerous energy strategy is energy 

conservation, with an LLE well over 100 days. If over-zealous energy conservation 
substantially reduces our wealth, the consequences could be very much greater. 

If one believes that effects of radiation are uncertain, it is useful to compare reactor 
accident risks with other radiation problems. Radon in homes provides a 3000 times larger 
radiation risk, but arouses far less concern. 

Other risks that give us an LLE of 15 minutes are listed, such as an overweight person 
increasing his weight by 0.005 ounces, or driving an extra half mile per year. 

A bar diagram is provided comparing a wide variety of risks in terms of the LLE they 
cause. It demonstrates that the nuclear risk is truly trivial. 



REACTOR ACCIDENT RISK IN PERSPECTIVE 
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Reactor Accident Risks in Perspective 
The best available approach for estimating effects of accidents is through PRAs. 

According to NUREG 1150 ("Severe Accident Risks" - 1989), the deaths/GWe-y is about 
0.015 for PWRs and 0.043 for BWRs, including fires but excluding earthquakes. This is 
reasonably close to the results of the 1975 Reactor Safety Study (RSS) which gave 0.04 
deaths/GWe-y for both, and to results of other PRAs in the U.S. and abroad. For this 
discussion we use RSS since it contains more readily available details; it is also consistent 
with experience with commercial and naval reactors, and with information obtained from 
studies of precursors. 

For the 100 GWe of operating reactors in the United States, RSS estimates an average 
of 4 deaths per year. By comparison, air pollution from coal burning is estimated to cause 
at least 10,000 deaths per year, over 2000 times as many. Air pollution from burning oil 
and gas is somewhat less than from coal, but it causes about a thousand and a hundred 
times respectively the number of deaths from nuclear accidents. Oil and gas also cause 
explosions and fires, and gas kills by asphyxiation; in each case, these take about 100 times 
the toll from nuclear accidents. 

It is often argued that deaths from air pollution are not very alarming because they are 
undetectable and cannot be individually assigned to that cause. But the same is true of the 
vast majority of deaths from reactor accidents. They would materialize only as a slight 
increase in cancer rates. Even in the worst accident considered in RSS, expected less than 
once in a million years, the lifetime cancer risk to the millions for exposed people would be 
increased only by 0.5%, say from 20% to 20.5%. This is far less than normal state-to-state 
differences - for example 17.5% in CO and NM vs 24% in CT and Rl - which go essentially 
un-noticed. 

If we are interested only in detectable deaths, those occurring shortly after exposure 
and accompanied by symptoms clearly tied to it, the nuclear toll is a hundred times smaller -
an average of a few deaths per century. Even in the worse accident considered in RSS 

there are only 3500 detectable fatalities. The 1952 air pollution episode in London caused 
about 3500 excess fatalities in less than a week - thus the "once in 10 million years" nuclear 
accident has already occurred with coal burning. 

The nuclear accidents we are discussing are hypothetical, and if we want to consider 
hypothetical accidents, very high consequences are not hard to find with other energy 
sources. There are published analyses showing that failure of either of two hydroelectric 
dams in California could kill over 200,000 people, and indicating that accidents in liquid 
natural gas transport could wipe out a whole city. Once could go further and hypothesize 
that the many mutagenic chemicals released into the atmosphere in coal burning could lead 
to development of a virus that could wipe out humanity. If the HIV virus that cause AIDS 
were as readily communicable as influenza viruses, it could come close to filling that role. 

The biggest problem in achieving public understanding of nuclear power is that the 
public does not understand probability. It is completely irrational to discuss risks without 
simultaneously considering their probability. In fact there is no limit to how devastating an 
accident in any technology can be if we place no limit on how improbable a set of 



extenuating circumstances might accompany it. Nevertheless, the media and the public 
usually adopt the attitude that probabilities don't count. 

The answer to that problem, in my opinion, is for the nuclear community to adopt a 
cut-off probability such as not to consider accidents expected less than once in 500 years. 
This is done routinely in planning for natural disasters: buildings, bridges, dams, etc are, at 
best, designed to withstand a "once-in-500 years" earthquake, tornado, flood, etc. Nobody 
even thinks about anything worse than that. 

Actually, the PRAs must, and do, have a low probability cut-off, but it is much lower -
about once in a billion reactor years. Actually, this is probably meaningless since PRAs do 

not normally consider earthquakes, and a once-in-100,000-year earthquake may well have 
worse consequences than accidents that are considered. 

Another approach to overcoming the "probabilities don't count" problem is to discuss 
only the expected average, such as the 4 deaths per year estimate for U.S. nuclear 
accidents. This still has the disadvantage that people relate to those 4 individual victims. 
For this and other reasons, I have preferred to speak in terms of loss of life expectancy, LLE. 
For example, the 4 deaths per year corresponds to an LLE of about 0.01 days, or 15 minutes 
for the average U.S. citizen. 

This allows easy comparison with other risks in terms that people readily related to. 
The LLE from coal, oil, and gas are about 13 days (or more) , 5 days, and 3 days 
respectively. But by far the most dangerous energy strategy is energy conservation. In 
accordance with current US Government regulations and recommendations, the LLE for the 
average American from various energy conservation measures is 60 days from use of lighter-
weight automobiles, 60 days from reduced air leakage in homes (due to increased levels of 
indoor air pollution), 15 days from reduced lighting (leading to more automobile accidents, 
murders, and falls), and several days from increased use of bicycles. 

But the really big risk in over-zealous energy conservation is that it may reduce our 
wealth. Wealth makes health, and poverty kills, with and LLE of many years. 

Since some people may believe that effects of radiation are highly uncertain, it is 
useful to compare the accident risk of nuclear reactors (LLE = 0.01 day) with other radiation 
exposures. The best example is radon in homes which gives a U.S. average LLE of 30 days, 
some 3000 times larger. Radon exposures can be easily and economically reduced, but the 
public shows little interest in the problem. It is clearly irrational for them to have such 
concern about a radiation risk 3000 times smaller. 

Some may find it useful to consider other risks that give an LLE of 15 minutes: 
- a regular smoker smoking one extra cigarette every 40 years 
- an overweight person increasing his weight by 0.005 ounces 
- driving an extra half mile per year 
- walking across a street one extra time every 2 years 
My personal favorite way of making the risks of nuclear power understandable is by 

use of a bar diagram like that in Fig. 1 which shows the LLE for a large variety of risks. Items 
with an asterisk are averaged over the U.S. population, while those without an asterisk refer 
to people at risk. For example we see that being an alcoholic gives LLE = 4000 days and 
living in poverty gives LLE = 3600 days, while the 1500 day LLE from heart disease refers 
to the average US citizen. 

The middle portion of Fig. 1 has been multiplied by 20 as can be seen from the bars 
for motor vehicle accidents which appear in both. The right side portion has been multiplied 
by an additional factor of 50 (as can be seen from the bars for bicycles in both), a total 
factor of 1000 over the left portion of Fig. 1. 



The bar for nuclear power includes routine emissions, radioactive waste, etc in 
addition to reactor accidents, and is for a larger nuclear power program than is now in 
operation; if only accidents in currently operating reactors were included, that bar would be 
only one-sixth as high! 

For me, this bar diagram says it all. 
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SOCIAL AND ENVIRONMENTAL IMPLICATIONS - ECONOMICS OF 
ELECTRICAL GENERATION 

Global Perspective 
Robert J. Saunders 
The World Bank 
Washington, D.C. 

SUMMARY 

The major changes in electricity consumption over the next 20 years will be in non-OECD countries. 
Almost all of the total world increase in electricity generation will be in developing or Central and 
Eastern European (CEE) countries. Yearly growth rates of energy demand of between 5 and 7 percent 
are quite possible for sustained periods in the coming thirty years. Given this rapidly growing 
electricity demand, major financial constraints, and widespread environmental problems, developing 
and CEE countries are experiencing increased pressures to produce and consume electricity more 
efficiently. 

Experience has shown that when power sector programs and projects appear technically sound but fail 
to deliver results, the reasons in many instances are conflicting social objectives, overall weak country 
institutions, lack of an adequate legal framework, damaging discretionary interventions by 
governments, uncertain and variable policy frameworks, and a closed command-and-control decision
making process without adequate checks and balances. While all of these constraints are significant, it 
can be argued that the fundamental underlying sectoral problem relates to undue government 
interference in those day-to-day organizational and operational matters which should be under utility 
control. Such interference has undermined the accountability of those responsible for day-to-day 
management functions. It has influenced procurement decisions, mitigated against least-cost fuel 
choice, resulted in an inability to raise power tariffs to meet revenue requirements, restricted utilities' 
access to foreign exchange, mandated low managerial and technical salaries that are tied to low civil 
service levels, and promoted excessive staffing and political patronage. 

Today, these large capital investment requirements, ingrained power sector inefficiencies, and 
desperate financial circumstances of many developing and CEE country power utilities have generated 
pressures for fundamental change. New approaches revolve around a framework for addressing the 
sector's financial, regulatory, and institutional issues, and around such effective reform mechanisms as 
greater transparency and public accountability in governing power sector institutions. Various 
approaches are being discussed and adopted in developed, developing and CEE countries. Among 
these are regulatory change, organizational change, commercialization and subsequently 
corporatization, and increased private sector participation in the power sector. 

In the context of this changing industrial structure in the power sector in many parts of the developed 
and developing world, it can be argued that nuclear power will have difficulty competing with other 
energy sources at least over the next 20 year period. Even in countries that contemplate the nuclear 
power option in their electric generating mix, prospects for nuclear power are limited unless 
governments, regulators, utilities, and the nuclear industry together take coordinated action. The future 
of the nuclear industry will also depend on its ability to resolve issues such as public confidence, 
investment risk, and public acceptance of waste disposal and decommissioning plans. If nuclear power 
is to retain or obtain a role in the generating mix of countries contemplating the nuclear option, then 
the nuclear power industry must work closely with the public as well as all other concerned players. 
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The major changes in electricity consumption over the next 20 years will be in non-
OECD countries. Almost all of the total v Id increase in electricity generation will be 
in developing or Central and Eastern Ewupean (CEE) countries. 

Growing Electricity Demand in Developing Countries 

It is unavoidable that developing countries will have to increase the amount of commercial energy 
they consume in order to improve the welfare of their populations; The electric power consumption of 
the whole of Sub-Saharan Africa, for example, is less than that of New York City. Even Brazil 
consumes only about one-tenth as much electricity per capita as the United States and one-twentieth 
that of Western Europe. On average, developing countries use only 500 kWh of electricity per capita 
per year, compared with more than 5000 kWh in Europe and more than 10,000 kWh in the USA. 

Given this relatively low consumption base, the growth in demand for electricity in the developing 
countries is expected to account for almost all of the increase in future world electricity consumption. 
Tnis demand growth is driven by several related factors, including the growth of populations and per 
capita incomes; the migration to urban areas, which in many instances leads to substitution from 
fuelwood to commercial energy; and the increasing penetration of energy- using products and 
technologies (fertilizers, petrochemicals, cement, vehicles, appliances, motors). Electricity demand is 
also exacerbated by the poor efficiency with which electricity is produced and consumed in developing 
and CEE countries. 

On a global scale, the rate of growth in energy consumption in the developing countries over the 
past two decades has been more than seven times that of the OECD countries (5.3 percent per year 
compared with 0.7 percent per year). Growth in the electric power sector has been particularly 
dramatic. Now most major towns and many smaller towns have electricity from an integrated network 
that uses various kinds of large power plants developed and operated as a system. Many countries now 
serve most urban populations, and some have embarked on ambitious rural electrification programs. In 
more than 90 percent of a recent sample of 51 developing countries, installed capacity and generation 
per capita grew at more than twice the real growth rate of GDP over the 1969-1989 period. In 57 
percent of those countries, installed capacity and generation grew at three times the real GDP growth 
rate. Power connections grew at 9 percent a year, or about two and a half times the average population 
growth rate. 

The impressive physical expansion of power systems has been an important factor in the economic 
growth of many developing and CEE countries over the last several decades. Despite this rapid 
growth, still only a relatively small proportion of populations in developing countries is connected to 
electricity supply. Assuming 4 percent growth per year, developing country per capita energy 
consumption will still be less than one-quarter the level of OECD countries 40 years from now. 
Nevertheless, given the large increases in population and urbanization expected in developing 

/ This paper draws in part on a forthcoming book, Alternative Paths to Fnergv Development: Prescriptions for Sustaining the 
Environment in the Developing World. 
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countries, total commercial energy consumption in developing countries will likely be greater than in 
the OECD countries within 15 years, and more than four times that of the Central and Eastern 
European countries. 

A four percent energy growth rate assumption could in fact be quite conservative. A recent study 
of future energy demand notes that most current energy demand scenarios are not based on a careful 
consideration of" income and price effects but rather build on assumed declines in per capita energy use 
per unit of GDP as pan of an "all purpose fudge factor" which includes an unspecified combination of 
changing prices, policy measures and technological progress. Even the base cases or business as usual 
scenarios make heroic assumptions about declining energy intensities. For developing countries, the 
study then goes on to explicitly take into account the effects of estimates of the positive income 
elasticity of energy services together with an assumed likely declining price of energy services brought 
about by improvements in energy efficiency and better technology, and an increasing access to 
commercial energy brought about by rapid urbanization. In Central and Eastern European countries 
the study notes that it is the demand for consumer goods associated with housing and transport which 
will drive large increases in energy demand even with rapid increases in efficiency. The study 
concludes that yearly growth rates of energy demand of between 5 and 7 percent are quite possible for 
sustained periods in the coming thirty years. 

Financing Constraints 

Given this rapidly growing developing country demand, and widespread environmental problems, 
developing and CEE countries are also experiencing increased pressures to produce and consume 
electricity more efficiently because of financing constraints on new energy services. In some countries 
one-quarter to one-third of the public resources available for investment has intermittently gone solely 
to electric power, and these investments have still been inadequate. There are now major constraints 
on the availability of international concessionary and commercial bank finance, as well as o.1 domestic 
public resources. This leaves only the domestic and international capital markets as potential sources 
of significant new electric power investment capital. However, domestic capital markets in many 
developing and Central and Eastern European countries are undeveloped, and it will take time to 
develop strong and viable capital markets. In the meantime, for electric power supply alone, 
governments and utilities in developing countries have plans for large power investment programs for 
the 1990s and beyond, which if major energy efficiency gains do not take place will require up to $100 
billion a year over the next decade. For Eastern European and Central Asian power utilities, it has 
been estimated that more than $70 billion per year between 1990 and 2000 will be required to bring 
them up to the technical standards that existed in 1990 in the former West Germany. 

These requirements will further force governments to consider policies that encourage the more 
efficient production and end use of energy; and to seek new ways of mobilizing financial resources for 
overall energy sector development. Producing and consuming energy more efficiently, and cost 
effective f ' ""'n-hing, will have to become an increasingly important "source" of new energy 
services. 

Poor Technical Performa.. 

In spite of the success in increasing the supply of electric power in developing and CEE countries, 
strong evidence exists that since the early 1970s, both the operational and financial performance of 
power utilities in a majority of developing and CEE countries has deteriorated. The result has been 
high economic costs to the countries, the power utilities, and consumers. It has been estimated that 
older power plants in many developing countries consume from 18 to 44 percent more fuel per 
kilowatt hour of electricity produced than do plants in OECD countries. Transmission and distribution 
losses are 2 to 4 times higher than the "normal" level for an efficient utility. In fact, technical and non
technical transmission and distribution system losses in the delivery of electricity are commonly 
greater than 20 percent—occasionally approaching 40 percent. Recently, losses during transmission 
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and distribution represented 31 percent of generation in Bangladesh, 28 percent in Pakistan, and 22 
percent in Thailand and the Philippines. (In the United States only 8 percent of electricity is lost 
during transmission, in Japan, 7 percent.) These losses, the equivalent of about 75,000 megawatts of 
capacity and 300 terawatt hours (300 billion kilowatt hours) a year, represent a loss to developing 
countries of approximately $30 billion a year through increased supply costs. Worse, by the end of the 
century, given present trends, aggregate losses would double. While some of the losses represent theft 
and abnormalities in billing and collection, it is also clear that technical losses in networks are high. 

In many countries, utilities have also given insufficient consideration to opportunities for major 
plant rehabilitation and life extension projects when they have prepared investment programs. In fact, 
most utilities still have substantial scope to upgrade processes and technology to increase the 
productivity of sunk investment in existing power supply facilities. This upgrading would begin with 
better maintenance to increase plant availability, reduce technical losses, and reduce fuel consumption 
of thermal power plants. In general, the thermal efficiency of electricity generation in developing 
countries tends to be low, especially in the many instances in which such generation is based on old 
coal- and oil-burning technologies. 

Developing and CEE country power sectors, which tend to be characterized by opaque command 
and control management structures and cost-plus pricing, do not always provide for adequate 
management accountability, nor for incentives for sector agencies to consistently minimize production 
costs and operate reliably. Another problem is that the primary focus on increasing supply does not 
always give due emphasis to end-use efficiency options. These drawbacks are becoming increasingly 
serious as power systems become more important to national economies and have greater local, 
regional, and global environmental impacts. 

Deteriorating Finances 

In many developing and CEE countries, governments have been slow to adjust electricity tariffs to 
reflect higher costs from inflation, fuel, and interest charges. A recent World Bank survey of 
electricity tariffs in 60 developing countries has shown that average tariffs for the group declined over 
the period 1979-88 from 5.2 cents to 3.8 cents/kWh in constant 1986 US dollars. This put the tariffs at 
about half the OECD level. The survey also found that average tariff levels for nearly 80 percent of 
the utilities did not cover the long-run average incremental cost of supply. 

In addition to encouraging waste in energy end use, and to making many energy efficiency process 
and technology initiatives financially unattractive, these tariff policies cause financial strain on the 
sector, i.e., low financial returns on very large capital investments, and low self-financing levels. In 58 
percent of the countries sampled, net revenues were inadequate to cover debt service by a factor of 1.5 
times. Twenty percent of the countries did not even show a 1.0 times coverage; the utilities in these 
countries are, in effect, insolvent and would be unable to cover their costs without government support 
or guarantees of loans. 

A review of sources of finance for power system development in 60 developing countries has 
shown that the average level of cash generation of the utilities was only 12 percent of their investment 
requirements. This compares unfavorably with World Bank targets of between 20 percent and 60 
percent, and with 30-40 percent average levels of cash generation achieved by these utilities in the 
1960s and early 1970s. Average rates of return have also fallen from about 9 percent (1966-73) to less 
than 5 percent. As a result, in many countries, power supply, a sector that should play a major role in 
the mobilization of domestic resources, has over time become an unnecessarily large and inefficient 
component of government spending. 



-4-

Environmental Concerns 

Compounding the difficulties of meeting expanded power requirements, many developing and 
most CEE countries are experiencing power-related degradation of their environments. The main 
concerns are CO emissions into the global commons; the dislocation of peoples and the disruption of 
the environment from hydropower development; emissions and effluents near densely populated areas 
from fossil-fuel generating plants; and the use of large tracts of land to construct power generating and 
transmission facilities. It is likely that fossil fuels will continue to be the predominant energy source 
for the next several decades, and the main task ahead will be to use them in economically and 
environmentally satisfactory ways. Expansion plans for fossil-fuel power generation in several 
developing countries, particularly those based on coal, give rise to concern in the host and neighboring 
countries about acid rain from sulphur and nitrous oxide emissions. Measures to mitigate these effects 
can produce significant environmental benefits, while increasing capital costs by 10 to 20 percent and 
operating costs by 5 to 10 percent. If these higher costs were passed on to consumers, they could lead 
to increased energy conservation. There is currently no feasible solution to mitigating CO emissions 
apart from switching fuels (coal to oil to gas to hydro, nuclear, or biomass) and increasing energy 
efficiency. 

A relevant question is how best to respond to the threat of greenhouse warming. If it is necessary 
to restrict the use of fossil fuels, could the world's demands for commercial energy still be met, and if 
so, at what cost? More efficient use of fossil fuels and a switch from coal to fuels lower in carbon 
could substantially reduce emissions of carbon dioxide per unit of energy output. Beyond that, the 
options would be nuclear energy or renewable energy (primarily solar, biomass, hydropower, and 
wind). 

Nuclear power currently provides less than 1 percent of the energy used in developing countries. 
World Development Report 1992 concludes that that share seems unlikely to rise significantly in the 
foreseeable future. However, technical developments in renewable energy in the 1970s and 1980s—in 
solar, wind, and biomass energy, in particular—have led to remarkable cost reductions in these 
technologies. 

Reasons for the Problems 

Government policies in the power sector have frequently emphasized that (a) the power sector is an 
engine for promoting economic development, and therefore should be sustained through public 
investment, and (b) electric utilities can also be a tool for addressing social equity and employment 
issues and improving quality of life. While these policies have facilitated availability of and access to 
power supplies, they have also perpetuated the notion that people have a right to electric power at low 
prices. This has resulted in increasing demand on scarce public resources to fund power needs, 
continuous central government subsidies to the sector, and unbalanced investments. Social equity and 
employment objectives have led to overstaffing, subsidies to consumers, inefficient pricing, and 
inadequate resource mobilization. 

In the 1970s and 1980s, problems at the sector and enterprise levels were exacerbated by such 
exogenous factors as world oil prices, and by such economic problems as rising national debt, high 
inflation, and large and unpredictable exchange rate devaluations. As a result, many power sectors 
have experienced problems in servicing debt, shortages of foreign exchange, poorly performing state 
enterprises, a poorly trained workforce, and a weak legal system that is unable to enforce contracts. 
The foreign exchange shortage, together with protectionist trade policies which limit joint ventures and 
imports, has restricted access by many countries to the foreign capital and energy efficient 
technologies needed to develop their power supply and utilize it efficiently. 
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Experience has shown that when power sector programs and projects appear technically sound but 
fail to deliver results, the reasons in many instances are conflicting social objectives, overall weak 
country institutions, lack of an adequate legal framework, damaging discretionary interventions by 
governments, uncertain and variable policy frameworks, and a closed command-and-control decision
making process without adequate checks and balances. 

While all of these constraints are significant, it can be argued that the fundamental underlying 
sectoral problem relates to undue government interference in those day-to-day organizational and 
operational matters which should be under utility control. Such interference has undermined the 
accountability of those responsible for day-to-day management functions. It has influenced 
procurement decisions, mitigated against least-cost fuel choice, resulted in an inabili*/ to raise power 
tariffs to meet revenue requirements, restricted utilities' access to foreign exchange, mandated low 
managerial and technical salaries that are tied to low civil service levels, and promoted excessive 
staffing and political patronage. These problems have, in turn, in many cases, brought about generally 
inadequate utility management and organization; a lack of accountability; a flight of experienced and 
capable staff due to uncompetitive employment conditions; weak planning; inefficient operation and 
maintenance; high technical and nontechnical losses; and weak financial monitoring, controls, and 
collections. 

Pressures for Change: A New System of Sector Governance 

Today, the large capital investment requirements, ingrained sector inefficiencies, and desperate 
financial circumstances of many developing and CEE country power utilities have generated pressures 
for new approaches. These approaches revolve around a new framework for addressing the sector's 
financial, regulatory, and institutional issues, and around such effective reform mechanisms as greater 
transparency and public accountability in governing sector institutions. 

These reforms will usually require difficult political choices. Governments will have to intervene 
less in the power sector and allow the sector to have greater managerial and financial autonomy, while 
still requiring accountability. This implies a shift away from the state having conflicting 
responsibilities as both the owner and the operator of electric utilities, towards decentralization and 
market-based incentives. Government would, of course, retain responsibility for setting objectives, 
articulating overall policy, and coordinating sector development. It also would establish the legislative 
and regulatory framework to protect the interests of the various stakeholders and the public. 

It is clear that sound management of overall country development is critical to ensuring adequate 
economic returns and the efficiency of power sector programs and projects. Concerns extend to the 
proper role of the government, whether the power sector is publicly or privately owned; to the rules 
and institutions that create a predictable and transparent framework for the conduct of public and 
private business; and to accountability for economic and financial performance. Regardless of wh^Jier 
the ownership of power enterprises is public or private, governments must establish sector policies and 
be responsible for regulation. The utilities should be responsible for investment planning and 
financing, construction, and operation and maintenance of facilities. 

In both developed and developing countries, new regulatory, organizational, and management 
approaches, which cover a wide spectrum of ideas and concepts, are being developed. Basic precepts, 
even the view that the electricity supply industry should be a regulated monopoly, are being 
challenged. Although some of the reform proposals are not yet clearly or persuasively established, 
implemented, or operationally proven, support for change is increasing with experience. Many of 
these approaches are drawing support from recent developments in economic theory (particularly on 
the contestability of markets), which provide new insights into what constitutes a natural monopoly 
and an efficient industry structure, and into the roles that market and nonmarket institutions can play in 
improving sector development and performance. 
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Approaches to Change 

The objectives of governments in changing the way electric utilities are owned and operated are to 
(a) increase efficiency; (b) reduce the financial and administrative burdens they impose on 
government; (c) reduce the level of public sector debt imposed by the power sector; (d) reduce the cost 
of electricity by subjecting producers and distributors to competitive market forces; and (e) allowing 
environmental concerns to be better articulated and addressed at an earlier stage in the decision making 
process. 

Various approaches are being discussed and adopted in developed, developing and CEE countries 
to pursue these objectives. Among them are: 

• Regulatory change to reduce the extent to which governments micro-manage utilities and thereby 
reduce management accountability by controlling tariffs, borrowing, budgets, investment plans, 
procurement, staffing levels, and employment conditions. The dual role of government as both 
regulator and owner has drawn it into day-to-day management, planning, and staffing decisions 
which should be the responsibility of autonomous utility managements and boards of directors. 

• Organizational changes within the utility to facilitate structural change from public monopoly 
and centralization to decentralization and exposure to competition and public concerns. 
Decentralization, with more local decision making, micro-level accountability, and participation 
of beneficiaries in the design and monitoring of electricity service, is being encouraged. 
Decentralization partly requires the establishment of independent cost or profit centers inside the 
utility. Also required is the means to monitor these centers and compare their performance by 
designing objective indicators to measure management effectiveness; service quality; and 
technical, operational and financial performance. 

• Commercialization, which involves increasing the utility's business orientation, to enable it to 
operate more like a private corporation and less like a government department; and 
subsequently, Corporatization. which subjects the utility to corporate legislation and requires it 
to compete with other private companies on equal terms. 

• Increased private sector participation which can occur in many forms. This includes the sale of 
some or all assets, stock exchange listing, franchising, leasing, contracting out, and nonutility 
generation. 

Prospects For Nuclear Power 

In the context of this changing industrial structure in the power sector in many parts of the 
developed and developing world, it can be argued that nuclear power will have difficulty competing 
with other energy sources at least over the next 20 year period. Currently nuclear power appears to be 
uneconomic in most countries. In the USA and the UK electricity costs are in the region of 8-10Â 
kWh. In both of these countries, utilities also face major hurdles in order to obtain planning approval 
for nuclear plants. This in turn introduces significant construction delays, resulting in even^higher 
costs. The costs of nuclear power in France are claimed to be much lower, in the range of 5-6Â/kWh. 
However, studies that show nuclear power to be the most economic energy source are based on 
assumptions that require specific and coordinated actions on the part of governments, regulators, 
generators, and the nuclear supply industry. 

Currently, less than a dozen developing countries have power grids large enough to use even the 
smallest economically viable reactors (about 600 MW). For many countries this increment would 
represent several years of base load growth, thus implying either surpluses or shortages in supply 
(rather than a more appropriate incremental increase) over the medium- to long-term. Also, in most 
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developing countries the sophisticated technical at* •i managerial skills and the basic level of support 
infrastructure required for the successful operation of nuclear plants are not present and likely will not 
be available in the foreseeable future. 

Further considerations weigh against a significant increase in nuclear development in developing 
and CEE countries. Nuclear power generation, at an installed cost of approximately US$2000-
3000/kw, is one of the most expensive methods of power generation. In the early 1970s, nuclear 
programs were initiated in developing and CEE countries on a scale comparable to what would be 
required today in an attempted "nuclear solution" to the greenhouse problem. However, and despite 
the then easy access to financing and subsidies, in the majority of cases the programs have been either 
cut back sharply or phased out altogether because nuclear plants in these countries have proved very 
costly, slow to build, and are sometimes unsafe. Currently, large-scale nuclear investment by 
developing and CEE countries is also seriously impeded by reduced access to foreign capital and large 
debt burdens. 

While nuclear power could be used to obtain reductions in greenhouse gas emissions, a recent 
study estimated that the overall effect of a six-fold nuclear expansion on reducing greenhouse gas 
emissions is between 6-10 percent, costing an optimistic 7 trillion (1987) dollars. In contrast, 
Goldemberg and others have set out low energy scenarios based on energy efficiency gains which can 
offset almost that much at near zero real cost. Several other studies have concluded that an energy 
strategy based on increased energy efficiency can help sustain economic growth in developing and 
CEE countries, and that economic growth is not as inexorably tied to increased energy consumption, as 
was once assumed. 

Even in countries that contemplate the nuclear power option in their electric generating mix, 
prospects for nuclear power are limited unless governments, regulators, utilities, and the nuclear 
industry together take coordinated action. The future of the nuclear industry will also depend on its 
ability to resolve issues such as public confidence, investment risk, and public acceptance of waste 
disposal and decommissioning plans. If nuclear power is to retain or obtain a role in the generating 
mix of countries contemplating the nuclear option, then the nuclear power industry must meet its 
responsibilities in these areas. Particular actions needed in countries wishing to retain or include 
nuclear power as an option include: 

• Developing standardised, simpler designs to reduce lead times and construction costs; 

• Implementing publicly acceptable procedures for waste disposal and decommissioning of 
power plants; 

• Achieving health and safety standards world-wide; 

• Simplifying the regulatory regime to reduce related investment risks for nuclear stations while 
retaining safety, health, and quality standards; and 

• Enhancing public participation in transparent decision-making processes in the areas of 
investments in nuclear power, development of new electricity generating capacity, and the 
integration of environmental objectives and energy needs. 

This last point is particularly important. TheTe is clearly a strong need to increase public 
involvement in decisions to develop new generating capacity, including nuclear. The public holds the 
most important stake and should be consulted fully. Balanced, clear information is critical. Enhancing 
public processes will help integrate environmental objectives and energy demands, will improve 
understanding of the decisions made, and may reduce opposition to large industrial facilities in general 
and nuclear power facilities in particular. 
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SUMMARY 

The United,Kingdom's choice of gas cooled reactor designs for its initial nuclear programmes has 
not, in retrospect, yielded the economic benefits that were anticipated. Nevertheless, existing Magnox 
and AGR plants now provide the lowest cost electricity in economic terms on the UK network 
(excluding low cost resource limited hydropower), and it will pay the UK to keep them running as 
long as possible. 

Nuclear Electric's Sizewell B plant, a 1200 MWe PWR, is nearing completion to time and within 
its sanctioned costs, Its completion, commissioning and operation are also economically rational and 
cheaper than other potential capacity additions to the UK power grid. 

The future of nuclear power is being considered by a Government Review this Autumn. If a prompt 
restart were decided on, it would be based on a twin repeat of the Sizewell design at the Sizewell 
site. Costs for the station (Sizewell C) are soundly based on existing experience and contractors' 
quotations. These give confidence that the plants should produce electricity at under 3p/kWh, a price 
at which they are projected to be competitive with coal or gas combined cycle generation plants that 
could be commissioned at the turn of the Century. 

Additionally, nuclear power offers the UK a cost effective means of reducing acid gas and carbon-
dioxide emissions in line with the Government's environmental targets and international 
commitments. 
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INTRODUCTION 

1. The civil nuclear power development programmes in both Canada and the United Kingdom 
were initially based firmly on indigenous capabilities, and on a desire to avoid the costs and potential 
imports that were associated with the enrichment required for light water cooled reactor fuels. The 
UK's choice of graphite moderated gas cooled systems led to the technically simple and very reliable 
Magnox plants, the first of which, at Calder Hall, is still operating without problems after 36 years, 

2. The advanced gas cooled reactor (AGR) was a natural progression to higher power density, 
more compact plants, with the higher operating temperatures needed to improve thermal efficiency. 
This, combined with on-load refuelling, was expected to make them competitive with the light water 
cooled reactors being developed in the USA. 

3. A combination of factors contributed to confound this expectation. The establishment of a 
multiplicity of design consortia forfeited the potential benefits of replication. Labour problems and 
design changes during construction contributed to delays and escalation of costs for many of the 
plants. Technical concerns delayed the introduction of on-load refuelling. With these problems and 
the world-wide decline in fossil fuel prices in the mid-1980s it is scarcely surprising that nuclear 
generation from existing UK reactors has not appeared attractive when measured in full cost terms. 

4. The switch to the PWR, initiated by the former Central Electricity Generating Board, was 
intended to revitalise the UK's nuclear programme; with Sizewell B the forerunner of a series of 
replicate plants. The debate and Inquiry leading up to the decision to proceed with Sizewell B were 
conducted in the early 1980s when coal and oil price escalation were still generally expected. 

5. By 1989, when the UK Government was privatising the Electricity Supply Industry, 
perceptions about future fossil fuel prices had changed radically. This, allied with the concern in 
financial markets over the high level of waste management and decommissioning liabilities attached 
to the existing gas-cooled reactors, led Government to withdraw all nuclear plants from its 
privatisation package. Instead they were retained in the public sector, in Nuclear Electric and 
Scottish Nuclear, the former absorbing the nuclear assets and liabilities of the Central Electricity 
Generating Board and the latter those of the South of Scotland Electricity Board. 

6. At the same time, unconvinced of nuclear power's future competitiveness in the new 
electricity markets, the Government imposed a moratorium on new nuclear construction pending a 
thorough review of nuclear economics in 1994. This had the effect of loading all the launching costs 
for the PWR technology in the UK on the single approved plant, Sizewell B. 

1 



7. The newly-formed Regional Electricity Companies in England and Wales (the distribution and 
supply businesses) were obliged to take a specified amount of electricity from non-fossil fuelled 
sources - the Non-Fossil Fuel Obligation or NFFO, whilst the Scottish distributors were obliged to 
buy the Scottish Nuclear output at specified prices. This provided guaranteed markets for nuclear 
electricity until 1998. In addition, a Levy was imposed on fossil-fuelled electricity to provide funds 
to provision the historic decommissioning and spent fuel management liabilities of the CEGB. 

8. These arrangements ensure that the newly formed nuclear generating companies were 
financially viable during their early years but left them with the same incentive as the privatised 
generators to improve their performance and profitability. Both companies have responded 
vigorously and effectively. 

9. Nuclear Electric has increased its output by 29% since Vesting and reduced its manpower by 
20% In consequence its unit accounting costs have declined from 5.1p/kWh to 3.6p/kWh in real 
terms and it confidently expects to show an operating profit before adding income from "the Levy" 
by 1995-96. This improvement is due partly to cost reduction but mostly due to output improvement, 
especially AGRs where unit costs have fallen from 4.3p/pkWh in 1990/91 to 2.9p/kWh. Scottish 
Nuclear similarly have increased output and cut costs so that their unit costs have declined from 
3.Ip/kWh in 1990/91 to 3.0p/kWh real terms and are predicted to reach 2.5p/kWh by 1995 as do 
NE's. 

10. These costs are comparable to those for existing modern coal-fired stations in the UK and, 
other things being equal, nuclear power could have looked forward to a profitable future; particularly 
since its low marginal generation costs assured it of baseload operation. However, subsequent to 
privatisation, the availability of low cost gas from the North Sea and changed Governmental and EEC 
policies with regards to its use for power generation, brought a new competitor to the market. For 
a variety of reasons, not all related to costs, the generators and independent power producers (mainly 
fossil-based consortia involving the Regional Distribution Companies), rushed to order new gas 
combined cycle generating plants. 

11. This new planned capacity added to a pre-existing capacity surplus and threatened to lead to 
an excess over projected requirements of well over 50% by the late 1990s. There was belated 
recognition that the UK coal industry'» which the Government was planning to privatise, was being 
squeezed out of its only major market - not only by the advent of gas but also by cheaper coal 
imports and the growing nuclear contribution. 

12. This led to the Government's Coal Review during the winter of 1992-93 and to calls for a 
range of curbs on coal's competitors including demands that the Magnox plants be closed 
prematurely, that Sizewell B construction be abandoned and that imports of electricity via the French 
link be stopped. None of these proposals were accepted by Government. The economic case for 
continuing with the UK's existing programmes was unassailable. 

13. This case and the prospects for new nuclear construction are described below. 
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THE ECONOMICS OF EXISTING PLANTS 

14. The Magnox plants operated by Nuclear Electric and the AGRs operated by both Nuclear 
Electric and Scottish Nuclear are currently producing electricity at the unit accounting costs given 
in paragraph 9 above. These reflect all the annual costs allocated according to standard accounting 
conventions on the operator in money of the year, including payments for fuel, labour, overheads, 
allowances for depreciation and provisions for future liabilities attributable to the year's operations 
(decommissioning and spent fuel management provisions). 

15. However, the capital invested in the plant is sunk and costs such as those associated with 
decommissioning are unavoidable. Discussions on the continued operation of the plants are therefore 
rationally based on the concept of avoidable cost. This is the incremental cost per unit of output 
(kWh) for continued operation over the plant's remaining economic life, minus those that would be 
incurred if the station were shut down immediately. For existing nuclear plants these avoidable costs 
are very low (Table 1) and, in the UK, they are virtually identical when viewed from the utility's 
or from an overall UK perspective. 

TABLE 1 
GENERATION COSTS FOR EXISTING PLANTS 

p/kWh (1993 Money Values) 
8% p.a. Rate of Return 

PLANT 

Magnox 

AGR 

Coal-fired 

Gas-combined cycle 

COST 

Average Avoidable Cost 

1.2 

1.2- 1.4 

Operating Costs* 

1.9 - 2.7 

2.1 - 2.5 

* Dependent on fuel prices 

16. The numbers in Table 1 are derived on a levelised cost basis by determining the difference 
between the present worth costs (discounted at 8% per annum) of future operation minus those of 
immediate closure, divided by the discounted present equivalent value of projected electricity output. 
All money is in constant 1993 money values and the rate of return is a real rate. It is worth nothing 
that the cost streams were subjected to independent professional audit for the Department of Trade 
and Industry's Coal Review. 
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17. The avoidable costs are compared with the running costs of existing coal and gas-fired plants 
in Table 1. New plants of any description would have higher costs. 

18. Because the avoidable costs of Magnox and AGR plants are so low it makes economic sense 
to continue to run them as much as possible for as long as possible, consistent with their maintaining 
the necessary stringent standards of safety set by the licensing authority. The idea that their 
premature closure would 'save money' and create markets for coal is the opposite of the truth. The 
monies provided through the fossil fuel Levy to fund decommissioning and waste management 
liabilities would still have to be found and, in addition, the extra costs of generating replacement 
electricity in fossil fuelled plants would fall on consumers. 

19. The Government recognised the strength of the case in its White Paper, Prospects for Coal, 
earlier this year. 

PLANT UNDKR CONSTRUCTION 

20. The position with Sizewell-B is similar. The bulk of the capital expenditure is now complete 
so that completion and operation of the plant involve little more than the future fuel and operations 
costs plus the long term cost of decommissioning. 

21. Its avoidable cost as at November 1992 was 1.5p/kWh, a figure that is still decreasing as the 
final stages of construction proceed. This is well below the costs at which any other new capacity 
can be added to the system and below the operating costs of fossil-fired capacity (Table 1). On this 
basis it was logical for the Government to endorse its completion and operation. It is due to reach 
commercial load in April 1994. 

FUTURE PLANT 

22. The UK nuclear industry has been reviewing the economic prospects for future nuclear 
construction in preparation for the Government's Nuclear Review which is now scheduled for late 
1993. The industry has examined the available technical options, including plants based on a repeat 
of the Sizewell B PWR design, a stretched version of Sizewell and a range of overseas designs, all 
PWR variants. 

23. If an early start is to be made on new plant construction the repeat Sizewell B is the only 
option available. Other designs would be required to go through lengthy licensing investigations and 
would probably require adaptation to meet UK requirements. So far as can be determined the costs 
of the overseas options, based on vendor quotations against a standard specification, would not be 
dissimilar to those now assessed for Sizewell repeats. 

24. Nuclear Electric has undertaken a detailed review of the costs of building a twin plant station 
at the Sizewell site, Sizewell C, based on the existing design with output raised to 1288 MWe net 
per reactor. The investment costs per reactor would be considerably below those of Sizewell B for 
a number of reasons. All the design and launching costs have already been incurred. There will be 
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savings for a twin plant from shared facilities and from continuity of construction. The improved 
output will reduce specific capital costs (i.e. £/kWe sent out). Additionally, there should be benefits 
from multiple ordering of components and the use of contractors with the experience of Sizewell B 
behind them. 

25. Cost estimates for Sizewell C have been obtained from contractors and these yield a total 
investment cost comparable with that * xpected from the top-down analysis based on projected savings 
relative to Sizewell B. Construction schedules of 60 months per plant are confidently based on the 
practical experience with Sizewell B and the lessons learned from its highly successful programme. 

26. The plant is designed for a technical life of up to 60 years (for the pressure vessel) and an 
economic life of 40 years is adopted for economic assessment. Detailed analysis of refuelling and 
maintenance schedules and potential causes of unscheduled shutdowns leads to the conclusion that 
a plant with the inbuilt redundancy of Sizewell should have an availability of around 85%. It is 
recognised that this will be greeted with some scepticism by critics of nuclear power, who will cite 
less favourable historic experience. Nevertheless, when the achievements of modern well managed 
plants are analyzed, the targeted performance appears realistic. 

27. Fuel costs are based on internationally proven 49 GWd/tonne fuel and are insensitive to 
backend spent fuel or high level radioactive reprocessing wastes. Backend costs are built into fuel 
costs on the basis of a provisioned fund accumulated during plant operation, on which interest is 
earned at the UK real risk-free rate of 2% per annum. The fund is designed to provide the money 
necessary to meet backend costs as and when they arise. 

28. Decommissioning and the disposal of decommissioning wastes are similarly treated. The 
much higher power density of PWRs, the larger plant size and the avoidance of graphite combine 
to make their decommissioning costs a very minor part of total generation cost, unlike those for the 
gas cooled reactors. For Sizewell C the contribution is well below 1 % of overall costs. 

29. Operations and maintenance costs include insurance, grid connection and contributions to 
central overheads. They are based on a detailed review of UK and overseas experience. 

30. The overall generation costs are derived using the internationally established levelised lifetime 
cost method which derives the constant money unit cost of electricity sent out which exactly meets 
the costs of investment, operations and maintenance, fuel, decommissioning and all waste 
management and disposal and provides a pre-specified rate of return on capital. 

31. The choice of the rate of return is important because capital intensive technologies, like 
nuclear power, are sensitive to this parameter. For our purposes a rate of 8% per annum in real 
terms pre-tax has been adopted with sensitivity analysis at 6% and 10%. The 8% rate is consistent 
with values derived for a private power generator on the basis of equity market models (Capital Asset 
Pricing Model and Dividend Growth Model) which relate required rate of return to market risk, when 
account is taken of gearing (the ratio of loan to equity finance). It is higher than the rate favoured 
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by the regulators appointed to oversee other privatised industries (water, gas, telecommunications) 
in the UK, and it happens to correspond to the rate of return set by Government for public sector 
bodies trading in competition with private sector companies. 

32. The 8% is higher than the rate adopted in most OECD countries for investment in electrical 
capacity but the utilities elsewhere usually have national or regional monopolies with vertical 
integration of generation and distribution. This is not the case now in the UK, where generators have 
no assured market and are in commercial competition. (The NFFO does not apply for new nuclear 
plants.) 

33. Table 2 contains the resulting cost breakdown for the twin Sizewell C plant, 
provisional costing that may be revised as our studies proceed. 

It is a 

34. Table 2 also includes projected costs for power generation from new coal-fired and gas 
combined cycle plants that could be commissioned around the year 2000. 

TABLE 2 
GENERATION COSTS FOR PLANTS FOR COMMISSIONING 

AROUND 2000* 
p/kWh (1993 Money Values') 

8% Rate of Return 

Notes 

Investment 

Fuel 
(range)+ 

O&M 

Decommissioning 

TOTAL 

: * These figures 

Twin PWR 

1.75 

0.45 

0.72 

0.01 

2.99 

are provisional anc 

Fluidised Bed 
Coal 

1.3 

1.5 
(1.1 -2.0) 

0.7 

-

3.5 

1 may differ somewï 

Combined 
Cycle Gas 

0.6 

2.45 
(1.7 - 3.2) 

0.45 

-

3.5 

îal from the final in 
submission to the Nuclear Review. 

+ Ranges reflect market and exchange rate uncertainties described in text. 

35. The coal costs are based on British Coal plant cost estimates*3* adapted to the same life and 
load factor as that adopted for Sizewell C, and the same 8% rate of return. The fuel price is based 
on the projected costs of internationally traded coal as estimated by international agencies and OECD 
utilities(2). A major uncertainty surrounds the exchange rate for sterling against the international US 
dollar by the year 2000. Over the past year rates have ranged from below S1.4/X1 to nearly S2/£l. 
For this reason a range of coal prices has been considered. 
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36. Gas generation costs are based on recent investment cost figures assuming a 25 year plant life 
and 90% load factor. A 50% thermal efficiency (lower calorific value) is assumed. Gas prices are 
particularly uncertain. The UK position has been affected by the near saturation of domestic and 
industrial heating markets and a temporary abundance of off-shore gas. This contributed to low price 
contracts for early entrants to the CCGT field. If the UK remains an isolated market or obtains 
cheap additional associated gas from Norway, prices could remain low - perhaps something above 
£2/GJ. However, if, as seems more likely, the UK link in to the European grid, prices of around 
JC3/GJ would be expected. Even higher prices might be experienced if there were supply disruptions 
to either oil or gas from the dominant production regions in the Middle-East or Russia. 

37. On this basis it is concluded that Sizewell C will be economically competitive with 
contemporary coal-fired plant and with gas-fired plant for baseload supply post 2000, unless 
circumstances arise in which significantly higher real rates of return on capital are required or the 
UK remains isolated from the European gas grid and gains access to additional supplies of low cost 
gas. 

38. These are matters where commercial judgements will be important both in terms of the ability 
of the utilities to finance new nuclear investment and the profitability of the investment once it is 
undertaken. 

WIDER ISSUES 

39. When the UK Nuclear Review was initially announced the Secretary of State indicated that 
economic comparisons would embrace broader issues like environmental impact and security of 
supply. More recently Prospects for Coal(1) has restated Government's belief that energy prices 
should reflect the full costs of supply and that environmental commitments were to be met. 

40. At its simplest this would imply that the external costs of the different energy technologies 
should be built into the market through appropriate regulation, pollution permits or fiscal measures. 
Nuclear power has the advantage that its costs are based on strict regulator}- controls which ensure 
that they reflect the full costs, with negligibly small residual externalities, for modern plants like 
Sizewell(4). They emit no acid gases or carbon dioxide. 

41. Fossil-fired plants, even to the best modern designs, are still polluters. Coal plants emit acid 
gases and carbon dioxide; gas plants carbon dioxide alone, assuming that methane leaks are kept to 
negligible levels. There are numerous studies in progress that are attempting to put a value to the 
effects of these emissions, and some authorities, notably in the United States, are already building 
their assessments of these costs into investment decisions. 

42. Greenhouse gas consequences are particularly hard to evaluatea4) but indications are that they 
are not inconsistent with the levels of carbon tax that have been debated within the European 
Economic Community, viz S10 per barrel of oil equivalent. Should this prove correct or should such 
a tax be imposed as a pure carbon tax it would add some Ip/kWh to coal fired generation costs and 
over half this amount to gas-fired generation costs. This would dramatically improve the position 
of nuclear power and the renewable electricity technologies. 
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43. In the UK maintenance of the nuclear contribution is important to the long run reduction in 
carbon dioxide emissions. Indeed, if it were intended to stabilise emissions at 1990 levels beyond 
2000 it is essential that the nuclear contribution to UK energy supplies is increased. 

44. In the long run nuclear power can also contribute to improved security of supply and to the 
UK balance of payments. In the short term indigenous coal and gas supplies are adequate so that 
it would be difficult to claim this as a specific economic benefit for a plant to be commissioned 
around 2000. 

CONCLUSIONS 

45. In summary, the UK nuclear industry believes that it has entered a new phase. Its 
performance is improving rapidly; its existing plants are now providing the cheapest electricity on 
the grid in economic terms; it is proving its ability to build plant to time and cost; and it has an up-
to-date plant which it expects to be competitive with the fossil-fuelled alternatives at the turn of the 
Century. 

46. Additionally, nuclear power has the attraction of offering means of reducing the pollution 
inevitably associated with fossil-fuel burning and providing price stability with long term benefits 
to the balance of payments. 

47. The main problem facing the industry will be that of convincing investors of the strength of 
its case at a time when there is no overall capacity shortfall, the newly competitive market has not 
matured, and the regulatory framework is still evolving. The problems that arose in connection with 
the initial privatisation still rank highly with the media and public perceptions. The task facing us 
is not an easy one. 
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1. RETROSPECTS OF ENERGY DEMAND AND SUPPLY STRUCTURE 

The Republic of Korea is poorly endowed with energy resources. Those that 
are available domestically are anthracite coal, firewood and hydropower. Until 1960, 
more than 90% of the nation's total energy consumption was met from these 
domestic energy resources. 

Since the 1960's, the structure of energy demand and supply in the Republic of 
Korea has changed greatly along with rapid economic growth and industrialization. 
Eventually, energy consumption accelerated beyond the domestic supply in respect to 
quality and quantity as well. Energy consumption shifted from anthracite to 
petroleum. Total energy consumption also increased at an average annual growth 
rate of more than 8% in the 1960's and 1970's. 

In addition to that, the industrialization process in the 1970's was concentrated 
on heavy and chemical industries, which are relatively energy intensive. The 
increasing rate of energy consumption outraced the economic growth rate. 

Energy consumption in the 1980's showed a somewhat different pattern, still 
with an increasing trend. Diversification of energy sources must be the prime factor 
in explaining the change in energy demand and supply patterns during this period. 
Energy conservation programs ignited by two oil crises changed energy consumption 
structures of the country. Since the second oil crisis, fuel substitution from oil to 
other energy sources in the industrial and power generation sectors has been 
continued to lower oil dependency. For example, rapid expansion of nuclear power 
generation cut the share of oil in power generation from 77.3% in 1980 to 22.2% in 
1991. 

On and after 1985, the diversification of the national energy consumption and 
supply structure has been widely directed toward better quality of life in the country. 
Oil, gas and electricity became more popular energy sources for driving private cars, 
warming or cooling air, heating water and running home appliances. Consumption of 
coal and firewood by the transportation, residential and commercial sectors decreased 
from 54.6% of total energy consumed by the sectors in 1984 to 14.0% in 1992. 

As the expansion of energy consumption was led by imported energy sources, 
the overseas dependency rate including nuclear power increased from 47.5% in 1970 
to 91.9% in 1991. Because the production and consumption of domestic anthracite 
coal have declined sharply since 1986, the overseas dependency rate of energy 



consumption has riser even further. The structure of the primary energy 
consumption in 1992 is as follows •' Petroleum accounts for 61.9% of total energy 
consumption, anthracite for 3.4%, bituminous coal for 15.7%, LNG for 4.0%, hydro for 
1.0%, firewood for 0.5%, and nuclear for 12.2%. 

Electricity supply and demand in the Republic of Korea has also continuously 
increased along with economic growth and improvement of living standards. The 
capacity of electric power generation shows a great expansion. It has increased at 
10.7% per annum from 2,508 MW in 1970 to 24,120 MW in 1992. The average load, 
which was only 1,046 MW in 1970 recorded 14,909 MW in 1992, and the peak load 
increased 13 times from 1,555 MW in 1970 to 20,438 MW in 1992. 

Since the first Korean Nuclear Unit #1 went into the commercial operation in 
April 1978, the nuclear capacity as of the end of 1992 in the Republic of Korea was 
7,616 MW, representing 36.1% of total installed capacity. The capacity factor of 
Korean power reactors was maintained at the level of below 80% consecutively for 
tiie last eight years, about 10% higher than the world average. In 1992, nuclear 
power plants in Korea achieved a remarkable performance in terms of capacity factor. 
The annual capacity factor of 9 units was averged to 84.5%, the fifth in the world. 

2. PROSPECTS FOR ELECTRIC POWER DEMAND 

Following the second oil crisis, the Korean govermment has concentrated its 
energy campaign upon mainly three areas ; firstly, restructuring the nation's 
industrial structure toward the promotion of less energy intensive manufacturing 
industries ; secondly, emphasizing research and development for improving efficiency 
of energy production and use ; and thirdly, increasing the contribution of nuclear 
power to electricity generation. 

In spite of a vigorous campaign for increasing energy conservation and shifting 
the economic structure toward energy-saving industries, the Korean energy sector 
will face major challenges in the coming years. 

The annual growth rate of the total energy consumption during the past five 
years from 1988 to 1992 has been 11.3% and the ratio of energy to GNP in 1991 
was 2.62. Electric energy consumption per individual in 1991 was 2,412 kWh, still 
much lower than other advanced countries, for example, 5,331 kWh for Japan, 10,958 
kWh for U.S., and 18,263 kWh for Canada, etc. On the other hand, the ratio of 
power to GNP in 1991 was 1.64, significantly higher than others, let's say, 1.32 for 
Japan, 1.38 for Taiwan and 0.86 for U.S.A. This means that in the future high 
growth rate of electric energy consumption will be maintained but the efficiency of 
its use should be continuously improved. 

According to the long-term economic plan, the Korean government expects 
annual electric power consumption to grow at the rate of 9.4%, 6.0% and 4.5% for 
the forthcoming three consecutive 5 year periods starting from 1992. Even though 
the annual increase rate of electricity, both consumption and peak demand, is 



assumed to decrease to approximately a half in the early part of the next century, 
the power development plan requires building 60 new generation facilities of 27,920 
MWe from 1992 to 2001 and additional 25 units of 16,900 MWe from 2002 to 2006. 

Recently, environmental protection has become not a regional concern but a 
worldwide concern, and appears to be the most challenging problem in the 
industrialized society. Because of the increasing pressure to reduce consumption of 
low efficiency fossil fuels, there will be a rapid increase in the demand for gas and 
electricity. 

The Korean strategy to meet the national demand for electricity is to build more 
nuclear power plants and gas-fired (mainly LNG) units. The long-term power 
expansion plan (1991-2006) calls for a generation mix of 36.3% for nuclear plants 
and 21.8% for LNG units. 

Despite of the relatively short history of deployment, nuclear power has been 
recognized as the most reliable source of electricity production in Korea. Indigenous 
development of nuclear power technology has so far been judged successful. Unit 
generation cost of nuclear power turns out to be lower than that of alternative fuels. 
And nuclear power has contributed significantly to achieving the government's target 
of fuel diversification, energy security, and reduction of oil dependency of the country. 

By some means or other, nuclear power is foreseen an inevitable expansion as 
long as the electricity demand increases in Korea. According to the Korean 
government plan, nuclear power generation capacity will be increased to 23,230 MW, 
which is three times higher than present capacity, by the additional construction of 
18 nuclear units by 2006. Many Korean nuclear professionals consider that the 
optimal mix of PWR versus PHWR is 7 to 3, which bottomlines upon that Korea is 
proud of his uniqueness in combined experience on LWR and HWR technologies. 

Since 1987 when the LNG based turbo-generator was introduced into the 
Korean power grid, the gas turbine has been gaining popularity for an important 
electricity generation means. Because of its noticeable advantages over other 
technologies in short construction period, stable resource suppliers, and clean storage, 
LNG will be increasingly demanded for power production. 

As regards energy resources, coal has been taking a versatile role for many 
years in Korea. For electricity generation, new coal-fired power plants, mostly using 
imported bituminous coal, have been built with additional capacity of 3,700 MW per 
annum since 1985, by which their share of electricity production reached about 20%. 
In spite of increasing environmental concern, the coal-fired power plants will be 
continuously built to maintain the same level of share. Accordingly, 25 coal-fired 
plants with total capacity of 12,440 MW are planned to be built during the next 
decade and 4 units (2,800 MW) will be added from 2002 to 2006. 

Due to the increasing pressure to reduce the emission of pollutants and enhance 
the efficiency of fossil fuels, alternatives to the conventional coal-fired power 



generation will be a big challenge. The integrated - gasification - combined - cycle 
(IGCC) is a realistic option as a proven technology. 

IGCC is a desirable alternative for coal-fired power plants in Korea and its 
commercialization is expected to expand. The high thermal efficiency of the 
combined cycle and its good environmental characteristics through flue gas 
desulfurization and reduction of C02 justifies IGCC as a viable plant in Korea. 
Based on experience of gas-turbine technology through LNG power plants, IGCC is 
expected to replace conventional pulverized-coal-fired plant in the early 2000s and is 
expected to be included in the long term power development plan which will be 
revised in 1993. 

Two power generation technologies, nuclear and IGCC, will be developed 
intensively under ambitious research and development programs. Korean research 
institutes are developing advanced standardized models of nuclear power plants and 
IGCC plants. 

In previous years, the prime emphasis of the Korean energy sector has been to 
secure supplies for the increasing demand. In the coming years, however, the major 
effort will be to increase efficiency of energy consumption. In achieving energy 
efficiency, the government alone can not do it and good planning alone is not 
sufficient. Thus, the Korea energy sector is facing a need of leadership for 
rationalization movement. 

Under new democratic government, the energy sector will be free from tight 
regulation and the market forces will be allowed to determine the demand - supply 
mechanism. The electricity rate base will be more oriented toward load management 
and will also reflect social and environmental costs. Every person, every company 
and every unit of the society will participate voluntarily in the energy saving 
compaign. Government and the industry must continue to create a climate of 
awareness with regard to the economic value of improving efficiency of energy 
consumption. 

The need for new technology development will grow rapidly in areas of 
developing alternative methods as well as improving present methods. With the 
gradual introduction of solar electricity generation, wind power, fuel cells and other 
new generation technologies, the renewable energy will supply about 3% of the total 
energy by 2001. For this objective, the Korean government is accelerating R&D 
programs on new and renewable energy sources. 

The overall Korean energy strategy calls for enhanced public understanding of 
the integrated system of economy-energy-environment. For consistent economic 
development, the increase of energy consumption is inevitable and also electric power 
as a clean energy will occupy the main portion of the energy supply. However, 
electric energy generation also cause environmental problems. Therefore, our main 
concern will be how to optimize economic development, electric energy supply, and 
environmental protection so as to achieve positive synergetic effects between 



subsystems of total complex. 

With various efforts for technology development and flexible management of 
power development, public acceptance is the key for a smooth sustainable 
development of the Korean economy. By recognizing the need for public acceptance, 
Korean government and the electric power industry are making joint efforts for 
talking over the end-user benifits of power development projects. Our approach for 
this task is to familiarize the public with electric power technology and regional 
cooperation near the plant sites along with the rational planning for the future. The 
Korean energy planners recognize the importance of openness and rational 
reconciliation more than ever. 

3. CONCLUDING REMARKS 

The Korean energy sector is facing major challenges in the coming years. 
Firstly, it has to meet the rapid increase of energy demand. In spite of a vigorous 
campaign for increasing energy conservation and shifting the economic structure 
toward energy-saving industries, the electric power consumption is expected to grow 
at the rate of 9.4% per annum during the next five years. It is planned to construct 
27 new power generation plants with a total generating capacity of 12 GWe during 
that period. 

Secondly, because of the increasing pressure to reduce consumption of low 
efficiency fossil fuels, there is a rapid increase of the demands for gas and electricity. 
The long-term power expansion plan (1991-2006) calls for a generation mix of 
36.3% for nuclear plants and 21.8% for LNG units. Although coal-fired units will 
take a share of 34.1% by 2006 many will be integrated-gasification-combined-cycle 
(IGCC) plants. Two power generation technologies, nuclear and IGCC, will be 
developed intensely under ambitious research and development programs. 

Thirdly, the Korean energy sector is also facing a need for rationalization. 
The energy sector will be free from tight regulation and market forces will be 
allowed to determine the demand-supply mechanism. With the gradual introduction 
of solar electricity generation, wind power, fuel cells and other new generation 
technologies, renewable energy will supply about 3% of the total energy by 2001. 
For this objective, the Korean government is accelerating R&D programs on new and 
renewable energy sources. 

Lastly, the overall Korean energy strategy calls for enhanced public 
understanding of the integrated system of economy-energy-environment. We will 
stress the positive synergetic effects between the subsystems of the total complex. 
Public acceptance is the key for a smooth sustainable development of the Korean 
economy. The Korean energy planners recognize the importance of openness and 
rational reconciliation for the future. 
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SUMMARY 

As a c intry enjoying one of the fast growing economies of the world in the 
last decade, the installed power generation capacity in Taiwan lagged behind its 
economical growth to a great extent during this period. The reserve generation 
capacity dropped to a record low of 4.8% in 1991 and 6.7% in 1992. As a result, 
power interruptions occurred fourteen times in 1991 and two times in 1992. The 
construction of new generating units, together with improvements in energy 
management and energy conservation are among the top priorities facing Taiwan 
today in seeking for sustained future economical growth. 

To meet this challenge, the government-owned utility developed a ten year 
development plan aiming at providing sufficient, reliable and low-cost electricity 
islandwide. The program called for a best power generation mix among hydro, 
coal, oil, gas and nuclear power, considering cost, environmental and social 
issues. Upon completion, the predicted reserve capacity will reach a much 
healthier 20%. 

In this paper, details of the program in the aspects of cost, environmental 
and social implications will be discussed. Results from a multi-objective 
programming study by a local university will be briefly presented. As 93% of the 
total energy supplies are imported from abroad, the semi-indigenous energy source 
of nuclear power is particularly important to Taiwan in terms of long-term energy 
security and cost stability. However, social issues involved with the development 
of new nuclear stations have, to some extent, encumbered these advantages. 
Special discussion on these social issues on nuclear energy will also be presented. 



ECONOMICAL GROWTH AND THE ENERGY SITUATION 

Taiwan enjoyed one of the fast growing economies of the world in the past 
twenty years. The real GNP increases almost ten folds from US$18.2 billion in 
1970 to US$161.5 billion in 1990, representing an annual growth rate of 9%. The 
per capital GNP increases from the mere US$389 in 1970 to over US$10,800 in 
1993. Accompany with this economic performance is the huge increases in 
energy consumption from 10 million kiloliter of oil equivalent in 1970 to 51 
million kiloliter of oil equivalent in 1990. The average annual growth rate during 
this period is 8.5%. The per capital energy consumption increases from 697 liters 
of oil equivalent in 1970 to 2507 liters in 1990, making for an annual growth rate 
of 6.6%. Detail analysis of the energy consumption (see Figure 1) reveals that 
petroleum has been the major energy source throughout the years. Its contribution 
increases from 32% in 1970 to a high of 51% in 1979 and subsequently declines 
to 43% in 1990 after the second energy crisis in 1979. Coal accounted for 29% 
in 1970 but dropped yearly to below 12% or 13% since 1975. Nature gas 
accounted for a mere 7% in 1970 and remains low at 3% in 1990. the electricity 
consumption increases most significantly during this period, from 32% in 1970 to 
41% in 1990. 

As for the supply side, Taiwan is indeed not a well-endowed country for 
energy resources. Coal was the primary energy source (55%) before 1965 and 
since then imported oil has gradually replaced the domestically produced coal (see 
Figure 2). In 1970, oil contributed 59% of the total energy supply in Taiwan and 
since, making the island heavily dependent on energy import. Limited by the 
geographical condition, hydro power has not been contributive to the domestic 
energy supply. The ratio of energy import was 59% in 1970 and since then 
rapidly raised to 93% in 1990. In monetary term, this amounts to US$5.8 billion 
of expenditure for energy import in 1990 or over 4% of our GNP. 

From this brief economic and energy analysis, we can clearly draw a 
parallel line between our economic growth and increases of energy consumption. 
Looking ahead, it is obvious that energy security and cost stability will be vitally 
important to maintain the dynamics of our economy. While fossil fuel remains to 
be the prime source of current and future energy structure, electricity will 
continue to grow at a faster rate than other form of energy. 
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ELECTRICITY SUPPLY AND THE TEN-YEAR DEVELOPMENT PLAN 

The development, production, distribution and marketing of electric power 
in the Taiwan Area are entrusted to a sole government-owned utility company -
the Taiwan Power Company (TPC). The company is structured under the 
Commission of National Cooperates under the Ministry of Economic Affairs 
(MOEA). It is under the guidance of MOEA as established by a "Energy Policy 
for the Taiwan Area", TPC develops long term ten-year plans aiming at providing 
low cost and reliable electric power for the whole Taiwan Area. The plans are 
modified each year as required to reflect the domestic and international economic 
and energy situations. 

Figure 3 is a summary of the total electricity production from 1971 to 1991. 
The total electricity production for 1991 is 96,010 GWH. Out of which, 93% is 
produced by TPC, the remaining by private facilities and cogeneration. For the 
ten year period between 1982 to 1991, the growth rate of electric power 
production is 9.1%, match exactly with the GNP growth rate of 9% during the 
same period. As shown in Figure 3, nuclear power provided most of the power 
production increase since 1978. This situation continued through 1985 (the first, 
second, and third NPP's were connected to grid in 1978, 1981 and 1984 
consequently) and since then fossil power pick up the increasing power load. 

In Figure 4, the installed capacity of power generation from 1971 to 1991 
is presented. In this figure it is quite clear that the total installed capacity was 
almost at stagnant between 1985 to 1989. The over-capacity situation of 1986 was 
converted to a record low in reserve capacity of 4.8% in 1991 and 6.7% in 1992 
(see Figure 5). Power interruptions, or the threat of having power interruptions 
affect industrial productions, business transactions, every households and even the 
stock market at one time. Measures to improve power management such as 
differential price structures for peak daily load and seasonal load are introduced. 
Interruptable power supply agreements and power cogeneration are promoted. 
Energy conservation measures in all areas of sectoral industrial adjustments, 
efficiency enhancements and conservation promotions were interduced. In 
addition to all these efforts, the construction of new generation units is evidently 
a must and urgent, is order to provide a reliable electric power grid capable of 
sustaining the dynamics of our economy. 
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A ten-year development plan was recently introduced by TPC to alleviate 
this situation, The plan is based on a modest load predictions compatible with 
GNP growth prediction of 7.1% between 1991 to 1996 and 6.5% between 1997 
to 2001. Taking into account energy conservation, power management and 
cogeneration efforts, the average growth rate of power demand will be 6.1% from 
1991 to the year of 2001. The plan calls for additional capacity of 17,500 MW, 
almost equals to the 1991 total capacity of 18,400 MW, to be installed from now 
to the year 2001. Among this planned capacity, 12% will be for hydro 
development, 77% for fossil power, and 11% for nuclear power. Upon 
completion of this plan, hydro will contribute about 13% of the overall capacity, 
24% for coal, 19% for oil, 25% for LNG and 20% for nuclear (in comparison to 
1991 of 14% for hydro, 26% for coal, 28% for oil, 4% for LNG and 28% for 
oil, 4% for LNG and 28% for nuclear). It is goaled to have the reserve capacity 
reaching a healthier 20% at that time. 

ECONOMICAL, ENVIRONMENTAL AND SOCIAL ISSUES 

To install 17,500 MW of power generation facility in ten years on an island 
of the size of Vancouver Island is surely not an easy task. Economical, 
environmental and social issues involved are very complex and mostly entangled 
in deciding what to build, how to build, when to build and where to build even 
for a single power plant. For Taiwan, there is no exception. As a country with 
almost no energy resources to sustain a dynamic economy of energy-intensified 
export industry, the development of a reliable and cost competitive electric power 
supply is vital. Then the rational approach is to seek an optimized development 
plan that provides the maximum economical benefit and impacts the least to our 
environment and society. 

The following is a list of issues that are considered important in searching 
for an optimized development plan: 

1. Energy Security 

This is vitally important as over 93% of our energy supply relies on import. 
The current practice of stock-piling 60 days reserve for coal and 45 days reserve 
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for oil is a true reflection of this issue. Uncertainties on international politics, 
labor disputes, or natural disasters can not be under-estimated. Nuclear and hydro 
power certainly can provide a much secured power supply in time of uncertainties. 
And stock-piling for fossil fuel is costly, hostile to environment, and limiting in 
quantity. 

2. Cost 

Over 60% of electric power is consumed for industrial production in 
Taiwan. Cost of electric power will directly affects the competitiveness of our 
industrial products. The impact may be even more profound as it takes 0.5 KWH 
electricity to produce 1 US dollar GNP while Japan, say, takes only 0.2 KWH. 
Currently, nuclear power produces the lowest cost electricity in Taiwan, in 
comparison coal is 12% higher, and oil 27%, LNG 52% higher. The long term 
cost stability of nuclear fuel is another worthwhile consideration. 

3. Environmental Impact 

In international scale, Taiwan ranks 22 in the world in the per capital 
production of carbon dioxide at 5.72 ton per year (or 116 million ton nationwide). 
Nuclear power and hydro certainly will help a great deal in the future to relieve 
the pressure of meeting the Montreal Protocol requirement. An unique situation 
regarding environmental impact in Taiwan is the hign puj, ,-,,ion density and high 
level of land development in almost all coastal area. This mak. siting selection 
for any industrial development difficult and costly. Suitable sites .re hard to find 
and as such developers are inclined to built larger capacity ur.i.s. This in turn 
makes higher environmental burden per unit area and costs more for providing 
environmental protection. Waste treatment and disposal for both nuclear and 
fossil units, waste-heat disposal to the ocean, and air pollution post additional 
difficulties to an island country like Taiwan. 

4. Social Issues 

Today, policy making on major power of energy development projects is not 
solely depending on technical, economical or environmental evaluations. More 
important and sometimes decisive are the consideration of social issues. This is 

5 



also the case in Taiwan. 

Social issues seem to mean different things to different social groups. 
Flying ashes, waste heat disposal to the ocean bay, liquid waste or area radiation 
level are potentially hazardous to local farmers and fishmen on their crop and 
daily lives. Safety concerns, environmental and scenery impacts are the concerns 
of local residents. This voice is intensified somehow when land development in 
the region is hindered by the project and values affected. Environmentalists, 
politicians bring in a broader view on issues of national energy policy, directions 
for economic and industrial developments, global or local environmental concerns. 
Specific issues such as management soundness and safety culture of the utility, the 
requirement of "absolute" safety on nuclear power plants, the radioactive waste 
disposal and plant decommissioning, the long-term aftermath of a possible nuclear 
accident on a populous island like Taiwan are preferred talk piece on newspaper 
than issues of energy alternatives, solutions to these social issues, or cost and 
environmental benefits of certain type of energy source. It is often considered 
politically wise to be anti-nuclear, to be pro-environment, or even anti-
development. 

Confronted with these social issues, the promotion for TPC's ten year 
development plan can not be successful by simply putting forward the rational 
arguments of supporting a dynamic economy, providing energy security and cost 
stability or the carbon dioxide benefit of the nuclear energy. Efforts by TPC as 
well as by related governmental agencies are coordinated aiming at resolving these 
social issues. Transparency of policy making and information is the first 
recognized approach. Information regarding power generation and foreseeing 
difficulties, environmental effects and safety data of fossil and nuclear power 
plants are make public as soon as possible. In AEC, information on area radiation 
monitoring, major NPP operational events are made public instantly via a 
computer information line and area displays near NPP sites. Correct information 
on safety and environmental issues are introduced.to every level of students and 
teachers by giving seminars, workshops and invited tours. A nuclear exhibition 
center was established near one NPP to enhance public participation and 
awareness. 

For neighborhoods near power plant sites, TPC initiated a power 
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development mutual fund in 1991 to provide direct benefit to local residents. The 
program commits 1 % of the overall construction cost of any power development 
project to assist in projects of facility improvements, social activities, social 
welfare and premium electricity rate for neighboring counties. For operating 
plants, TPC will provide half a percent of the total power production income to 
this fund. For nuclear waste storage facilities, about sixty U.S. dollars will be 
contributed for each barrel stored at site. As a general policy, daily supplies for 
plant construction and operation are procured in the neighborhood as much as 
possible. 

In national scale, public communication channels are cherished in every 
occasion to provide unbiased information and data to the public. Anti-nuclear 
advocates, environmentalists are invited, as much as feasible, to participate with 
governmental policy evaluations. One example is the Environmental Impact 
Evaluation Committee for the fourth NNP as organized by AEC. A few 
outspoken anti-nuclear politician and professors were invited into the Committee. 
As a result, the evaluation report is recognized as unbiased, thorough and 
thoughtful. One of the achievement by that Committee is that many safety and 
environmental requirements were requested by the Committee during elaboration 
and committed by TPC during the EIA evaluation. Requirements such as double 
containment, advanced systems, lower core melt frequency, lower waste 
production and area radiation level, quality on design, construction and 
management of TPC, low population zone limitations, scenery and fishery 
considerations etc were all made part of the condition for EIA approval. 

THE NUCLEAR POWER ISSUE 

Nuclear power is a cost effective and secured power source for power 
generation in Taiwan. Environmentally, nuclear power has contributed a great 
deal in curtailing the total carbon dioxide discharge in the past. As can be seen 
in Figure 6, C02 discharge was maintained at almost constant level between 1978 
and 1985, coincide exactly with the period when nuclear power was replacing 
fossil power in electricity production. Looking ahead, if economical growth 
follows current prediction, C02 discharge in Taiwan in the year of 2000 will be 
at 232 million ton, or double the value of 116 million ton (or 5.72 ton per capital) 
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in 1990. Without achievements in energy conservation, or development of new 
nuclear units, we can not meet the goal set by the Montreal ^rotocol. 

An interesting research project was performed by a local university at 
Taiwan in search of an optimized power generation mix. The project uses a 
Multiobjective Decision Making Method to decide on the best mix of power 
generation by nuclear, coal, oil, gas, hydro and renewable energy source. Three 
objectives including cost minimization, reliability maximization and C02 discharge 
minimization were established in a mathmetical model along with a multicriteria 
Decision Making Model considering economical, supply reliability, social and 
environmental factors as established below: 

Economical Criteria total power production cost 
match GNP growth 

Supply Reliability 

Decision 
Making Social Criteria 

Environmental Criteria 

supply security 
fuel cost stability 
system reliability 

energy diversity policy 
public acceptance 
compatibility with public policies 

air pollution 
thermal pollution 
radiation pollution 
solid waste 

Compromised programming of the preference results represented by 32 
specialists with diverse backgrounds indicates that the optimized energy mix for 
Taiwan in the year of 2000 in term of installed capacity is 20% nuclear, 33% 
coal, 13% oil, 21 % LNG and 13% hydro. In comparison with the TPC ten year 
plan which calls for 20% nuclear, 24% coal, 19% oil, 25% LNG and 13% hydro. 
The result is interesting. 
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CONCLUDING REMARK 

To implement the ten year power development plan proposed by TPC will 
be very important for Taiwan to sustain future economic growth. Many social 
issues remain to be resolved if the plan is to be successfully accepted by the 
public. Recent poll by major newspaper reveals that things are getting better. In 
1988 only 47% of the islandwide population supports the construction of our 
fourth NPP. The percentage increases to 59% in 1990 and 66% in 1991. Our 
policy of transparency and other measures seems to work. However, for residents 
near plant site, the poll shows that less than 35% are supportive. For this, public 
acceptance remains to be a major issue for power project development in Taiwan. 
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COMPARATIVE COSTS OF ELECTRICITY GENERATION: 
A CANADIAN PERSPECTIVE 

Dr. Robert W. Morrison 
Director General, Electricity Branch 
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SUMMARY 

The comparative cost of generating electricity from different energy sources and technologies is a 
key factor in electric utility decisions on capacity additions. As they struggle with declining load 
growth and concerns about the cost of electricity, utilities themselves are naturally keenly interested 
in the costs of the supply options available to them. Since electricity is so essential to the 
Canadian, and world economies, and utility activities have such far-reaching economic, social and 
environmental impacts, a much broader audience shares this interest in the economic analysis of 
generation costs. 

This paper focuses on the internationally accepted Levelized Unit Energy Cost (LUEC) approach 
used to estimate the cost of various forms of generating electricity. It discusses the key factors 
impacting on costs of nuclear, coal and gas-fired electricity, presents some results from recent 
international and Canadian studies of generation costs and comments on the relation between such 
studies and the actual costs encountered in the real world. 

A review of LUEC studies by the Nuclear Energy Agency of the OECD, the National Energy 
Board of Canada and Natural Resources Canada (NRCan). shows that there is consistency in the 
overall relative costs of electricity from coal, gas and nuclear power plants. In Canada, as in other 
parts of the world, no one fuel will be able to satisfy all regions and all circumstances. Nuclear 
power is competitive with coal and gas-fired generation in certain regions of Canada and of the 
world and will continue to be an appropriate and economic option. The studies also show that the 
comparative economics of nuclear, coal and gas-fired stations will depend on: 

- the cost of fossil fuel and the impact of environmental policies on the LUEC of fossil plants; 

- the future price and supply of natural gas and the ability of gas technologies to compete; 

- the capital cost and performance of nuclear power reactors. 

One can conclude, on the basis of these LUEC studies and actual cost results, that the challenge on 
costs for the nuclear industry in Canada and elsewhere over the next decade will be to operate 
existing nuclear plants consistently at high capacity factors, and to build new plants on schedule 
and on budget (having first gained acceptance from the public and orders from the utilities), and 
operate them at hich capacitv factors as well. 
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Introduction 

The comparative cost of generating electricity from different energy sources and technologies is a 
key factor in electric utility decisions on capacity additions. As they struggle with declining load 
growth and concerns about the cost of electricity, utilities themselves are naturally keenly interested 
in the costs of the supply options available to them. Since electricity is so essential to the 
Canadian and world economies, and utility activities have such far-reaching economic, social and 
environmental impacts, a much broader audience shares this interest in the economic analysis of 
generation costs. 

This paper will focus on an internationally accepted approach used to estimate the cost of various 
forms of generating electricity, discuss the key factors impacting on costs of nuclear, coal and gas-
fired electricity, present some results from recent international and Canadian studies of generation 
costs and comment on the relation between such studies and the actual costs encountered in the real 
world. The area is a very complex one. in which the author does not pretend to great expertise. 
The paper represents an attempt to understand cost estimates and is presented here with the hope 
that sharing the learning experience will have some mutual benefits. 

The development of estimates of comparative costs of electricity generation between different types 
of power plants and different energy technologies is not a simple exercise. For example, plant 
capital, operating and maintenance (O&M) and fuel costs are different for different energy 
technologies. They also vary from station to station, from design to design and from year to year. 
In addition, there arc different ranges in technical assumptions (economic life, capacity factor) for 
different types of plants. Because of their high, up-front capital costs, nuclear plants are of 
particular interest in comparative cost studies. 

The problem becomes even more complex when trying to undertake comparisons between regions 
and countries. Capital, fuel and O&M costs differ between regions or countries because of 
different design standards, regulations and legislative requirements, economic assumptions such as 
material and labour costs, and other policies relating to fuel management, etc. Fluctuating 
exchange rates make comparisons between countries more problematic. 

The Levelized Unit Energy Cost (LUEC) Methodology 

Levelized Unit Energy Cost (LUEC) is one of the approaches used to estimate the economics of 
nuclear electricity relative to other forms of electricity. It provides a consistent and common basis 
to compare the economics of various stations using similar or competing energy technologies and 
serves as a useful tool for planners and decision-makvrs in the electricity field. 

The LU EC takes into account the total cost of producing the energy (capital, operation and 
maintenance and fuel costs) and the total amount of eneigy produced over the life of the plant, and 
distributes these costs over the output of the station. It defines the average lifetime price required 



- 2 -

for electricity from the station so that the present value of the revenue stream is in balance with the 
present value of total lifetime costs of the station, from construction through operation to fuel 
disposal and reactor decommissioning. 

It is difficult to use LUEC results as a basis for the marketing of different technologies in view of 
the importance of variations in design requirements, sites, factor costs and exchange rates. From a 
marketing perspective, the most meaningful comparison is one in which specific plant types 
meeting the requirements of a country or region are costed in that particular country or region on a 
common basis. 

Using LUEC, one can calculate generation costs over the expected lives of new baseload plants as 
well as costs for base-load plants on proven and on newer technologies expected to be available for 
commercial deployment within the next decade or so. However, as useful as the LUEC approach is 
for comparing various options, utilities cannot bill their customers on an LUEC basis; LUEC 
provides only part of the information a utility needs in choosing an option. In the final analysis, 
the utility must do a complete study of all cost implications of each of the viable options open to it 
and determine their impact on its ratebase in both the short and long term. 

The LUEC studies discussed in this paper are based on estimates of the various cost components 
for generating electricity from plants coming into service about ten years down the road. They are 
submitted by utilities, many of which are in monopoly situations. Independent producers might 
assign different values to some of the parameters. The estimates extend over the plant lifetime, 
another 30 or 40 years into the future. LUEC studies are one among various ways of looking at the 
economics of electricity generation. They ignore many factors that will be critical to decisions 
about adding new capacity. They are "paper studies" that cannot predict what will happen in the 
real world. Nonetheless, they provide a useful tool for comparing the costs of the different 
generation options and identifying the role of key factors that influence these costs. 

LUEC and Different Sources 

The methodology enables one to vary capacity factors, operating lives and discount rates to see the 
impact of different assumptions on costs. Changes in fuel, capital and O&M costs also have 
varying effects on costs for different baseload options. A capital cost change will have a more 
significant impact on electricity cost from nuclear plants than for coal and gas-fired plants, for 
which fuel price changes carry more weight. 

Because they are dominated by the capital costs, nuclear electricity costs are very sensitive to the 
time taken for plant construction, interest rates on borrowed funds, changes to the regulatory 
regime, and price changes for equipment, material and labour. The high up-front capital costs are a 
real problem in investment decisions, as the utility is at risk if there are delays or cost overruns. 

To be economic, nuclear plants must have relatively large capacities, which increase the financial 
exposure. During periods of low or uncertain load growth, it takes a lot of confidence to order a 
large, expensive plant that is to come into service in ten years or so. Circumstances can change 
during the construction period and. if the economy does poorly, the plant output may not be fully 
needed wher it is finished. 

Another important concern with a high capital cost station is whether it will perform well and have 
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a long operating life. Once built, nuclear plants are in principle relatively immune to inflationary 
pressures, but their costs over a 30 or 40 year lifetime will depend on their capacity factor. A high 
level of power output is needed from an expensive station to pay off the mortgage. In spite of 
media focus on the bad performance of power reactors, in most countries the recent performance 
records are quite good and generally getting better. However, the risk of a lengthy shutdown with 
high-cost repairs, particularly if it occurs early in a plant's life, does expose reactor owners to 
financial hazards not faced by owners of low capital cost stations. 

Coal and gas fired plants are less sensitive to capital costs, but must address issues of fuel price 
and availability for the plant lifetime, as well as evolving environmental requirements. The 
competition between coal and nuclear plants is fairly well understood from studies over the past 
decades. The situation with respect to natural gas is less certain. 

There is now a general expectation that natural gas's contribution to electricity supplies will 
increase in Canada and other OECD countries. Gas turbine plants are relatively quick to build, 
have a low capital cost and can be written off over shorter periods of time. However, they face 
relalively high fuel costs. The availability and price of gas over the next 30 or 40 years are matters 
of speculation in many markets. If prices do rise and gas is made uneconomic for baseload use, 
utilities that opt for gas-fired plants can still use the turbines for peaking purposes as long as they 
do not represent too large a fraction of the utility's capacity. Thus, utilities can insulate themselves 
to a degree from the risk of significant rises in future gas prices. The use of co-generation and 
combined cycles can make gas turbines even more attractive. However, the market for effectively 
utilized co-generation, while significant, will not be huge. 

All types of plant will face increasingly stringent regulatory and environmental controls. Efforts 
are underway in various fora to find ways of internalizing the costs of many impacts that were 
previously considered external. The nuclear industry believes that it has largely internalized its 
safety, environmental and waste management costs. Pressures of this kind on fossil fuel and hydro 
plants, notably climate change and land use. are not currently incorporated in the cost studies 
reported here. They could render coal and gas-fired generation more expensive. 

Studies Using LL'EC: Nuclear Energy Agency, Natural Resources Canada and the National 
Energy Board 

Several Canadian utilities. NRCan (the new name lor EMR), the Nuclear Energy Agency (NEA) of 
the OECD and the Canadian National Energy Board (NEB) make use of LUEC, as do many 
international energy organizations and utilities. 

We present here the results of recent LUEC estimates by the NEA, the NEB, and ourselves at 
NRCan. The studies use the same methodology, so feeding in the same assumptions and data 
would give the same results. Since they differ in their assumptions, their scope, their intent, the 
time at which they were done and the timing of the. projects they consider, they give somewhat 
different results. Nonetheless the differences can be understood and explained in terms of the 
factors noted. 

The 1993 NEA study, which is expected to be released shortly, will be the fourth of a series done 
roughly every three years beginning in 1983. Preliminary results of the 1993 study were reported 
in the March 11. 1993 issue of Nucleonics Week and are also being presented in a technical paper 
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to this conference by Mr. Michio Sakurada of the NEA. In the 1993 study, the NEA uses data 
provided in 1991 by representative utilities in the participating member states. Hydro is not 
considered in the NEA studies, as its costs tend to be site-specific. The results of the NEA studies 
provide an indication of the relative economics of the various generation options within and 
between countries. 

The NEA studies require participants to use similar economic and technical variables for all types 
of fuels, e.g., 75% capacity factor, 5 and 10% discount rates and 30 year operating life. Generally 
speaking, in the NEA studies there are cost differences between regions and countries with respect 
to the various fuel types because of different situations and expectations in various regions and 
countries with respect to capital, O&M and fuel cost inputs. 

The National Energy Board used the LUEC methodology for its 1992 study entitled "Comparative 
Costs of Generation in North America". The NEB undertook a comparative cost analysis of 
generation in Canada and selected regions in the USA. The objective of the NEB was to obtain an 
indication of the potential for enhanced inter-utility cooperation and development opportunities 
among Canada's electric utilities that could lead to increased economic, reliability and security 
benefits for those utilities and for Canada as a whole. The NEB included site-specific hydro plants 
in its study. In addition, the NEB assumptions were slightly different from those of the NEA. The 
NEB used different fuel price assumptions, a 6% discount rate, an 807c capacity factor and a 35 
year life. 

In its 1993 study. NRCan's reference case was based on an in-service date of 2000, a 75% load 
factor (except for hydro plants), a 30 year life (except for hydro plants) and a 5% discount rate. 
The reference case used the NEA assumptions in order to facilitate comparisons with the 1993 
NEA study. NRCan used its model to: 

(1) run Canadian utility data submitted to the NEA (baseload coal, gas and nuclear plants in 
Ontario. Alberta. Quebec. NB and NS); 

(2) run reference cases using NRCan fuel price projections (for gas, coal and nuclear plants 
submitted to NEA for the 1993 study and. in addition, hydro plants in British Colombia, Quebec 
and Newfoundland). 

(3) run sensitivities to see the impact on all plants of changes to capital costs, capacity factor, fuel 
price and operating life. 

NRCan's specific interest in using the methodology was to better understand the comparative 
economics of various sources of electricity generation, to enable a simple assessment, for policy 
purposes, of the generating costs of baseload generation options available in the medium term, and 
to facilitate cooperation with Canadian utilities and the NEA in LUEC studies. 

Results of the Studies 

The preliminary results of me 1993 NEA study show thai the estimated real nuclear electricity 
LUECs for plants to be in service about ten years down the road from the time of the study remain 
fairly steady for most countries. Coal-fired electricity LUECs in the NEA studies have 
declined due to decreases in the estimated cost of coal, making coal-fired power increasingly 
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competitive against nuclear. The price of coal and of environmental measures are the main factors 
in determining the cost of coal-fired electricity. Coal prices are expected to be in the $l-$2 (U.S.) 
per GJ range in the year 2000 and slay fairly fiai over the plant lifetime. Costs for 
desulphurization equipment are largely included. 

The fourth NEA study deals for the first lime in depth with natural gas-fired electricity LUECs. The 
key factor for gas-fired plants is the price of gas. Gas costs in the year 2000 are expected to be in 
the $3.50 to $4.50 range (prices reported by Western Canada for the study are lower) and are 
expected to increase at about 2% annually over the plant life. 

The NEA study also tries to incorporate data on other technologies such as renewables. There was 
a dearth of information on renewable sources of energy and new technologies appropriate for 
baseload generation. This reflects, among other things, the lack of experience with the 
technologies, uncertainty surrounding costs and performance, and the fact that they are not 
considered viable or realistic options for baseload supply by study participants, although they may 
be attractive for smaller applications in isolated regions. 

Nuclear power LUECs are particularly sensitive to assumptions about the discount rate used in the 
estimates. These have tended to rise in the more recent NEA studies, favouring the less capital 
intensive options. 

At the 5% discount rate, nuclear is still favoured. Coal-fired power would be 4 to 54 per cent 
higher than nuclear in eight OECD countries, and natural gas combined cycle plants would be from 
11 to 75 per cent more expensive. 

At the 10% discount rate, natural gas combined cycle and coal power is less expensive are more 
competitive in all but two of the nine countries that reported on both technologies. 

The NEA*s study shows that Canada's LUEC for nuclear power (Central Canada) continue to be 
among the lowest in the world, though, comparisons between countries should be made with 
caution. Canada's nuclear fuel costs for Ontario are also the lowest fuel costs in the world. This 
was largely due to the use of the natural uranium cycle (excludes enrichment costs) and. to a lesser 
extent, expectations of uranium prices staying low for some time. 

The NEB Lcvelized Unit Energy Cost Analysis reference case shows that the more expensive types 
of generation in Canada and the United Stales are plants using natural gas and oil as fuel. 
Ontario's best long-term economic alternative, by far. appears to be nuclear generation from a 
multi-unit station. It is aboui 30-40% less expensive than the comparable costs of new coal fired 
generation and about one-half the cost of baseload gas combined cycle generation in the province. 

At NRCan. we used both utility data and our own, possibly more recent, estimates of fuel costs. 
The highlights are as follows: 

• LUEC's are lower for nuclear than for coal and natural gas in Ontario; the ratio of nuclear 
to coal costs is about 0.80. Nuclear power loses its advantage over coal at the 10% discount 
rale. 

• CANDU 3 cost data for a stand-alone unit reflets a lower LUEC at the 5% discount rate 
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than for a coal plant of similar size in the province. 

• In Ontario, the LUEC for a gas-fired plant is well above coal and nuclear at both 5% and 
10% discount rates. It is almost double nuclear's LUEC at the 5% discount rate. 

Sensitivity studies were run to assess the impacts of changes in the standard assumptions, 
particularly that of discount rale. In addition, sensitivities were run to show the impact of a 25% 
increase in capital cost, a 25% decrease in capital cost, a 657c capacity factor, an 80% capacity 
factor, a fuel cost increase of 25% and an increase )•••> V̂ e of the plant to 40 years. 

25% Capital Cost Overrun: Not surprisingly, a 25% increase in the total capital or investment cost 
has a more significant impact on the more capital intensive options, namely hydro plants and 
nuclear plants. At the 57c discount rate. Ontario Hydro's LUEC for the 4x881 MW nuclear plant 
increases by about 19%. A 4x724 MW Hydro-Quebec hydro plant experiences a 20% increase. At 
the 10% discount rate the impact is more significant, adding over 1 cent per kwh in both cases. 
Similarly, hydro and nuclear plants benefit the most from reductions in capital cost. 

Capacity Factor. At the 65% capacity factor, in Ontario, nuclear power costs increase by 11%. coal 
by S7( and natural gas by 3% at the 5% discount rate. At the 80% capacity factor, coal cost 
decrease by 4%, gas by 1.4% and nuclear by 8%. 

Fuel Costs: Nuclear LUEC is quite inelastic in response to fuel price changes while coal and 
natural gas LUECs respond strongly to fuel price changes. At the 5%' discount rate, a 25% increase 
in uranium prices raise LUEC by less than 1% whereas a 25% increase in coal and gas prices result 
in increases of 5% to 14% in the LUECs for coal and gas-fired plants. 

Lifetime: Clearly, lifetime extension impact more heavily on the more capital intensive nuclear 
option. Capital cost decreases are preferable to lifetime extension for nuclear. 

To summarize, the results of NEA. NEB and NRCan studies do not conflict. While results are 
different when different assumptions are used, there is consistency in the overall relative costs of 
the various options. In Canada, as in other parts of the world, no one fuel will be able to satisfy all 
regions and all circumstances. Nuclear power is competitive with coal and gas-fired generation in 
certain regions of Canada and of the world and will continue to be an appropriate and economic 
option. 

Coming to Grips with Actual Costs, Uncertainty and Externalities 

What can these studies of LUEC tell us about future choices for hew electrical generating capacity? 
In particular what can they tell us about future prospects for the nuclear industry in Canada and 
around the world? 

Well, there's good news and bad news. Of course, good news for the nuclear industry might be 
bad news for its competitors, and vice versa. And for utilities, consumers and governments, there's 
good news if a broader range of competitive technologies is available to generate electricity. 

For the nuclear industry, the good news from the LUEC results is that nuclear is holding its own in 
terms of absolute costs. There are increases in some cost components, such as O&M costs in some 
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areas. and a trend to higher discount rates, but these are offset by decreases in other areas such as 
fuel costs. There's also good news in that nuclear is still competitive at the lower discount rales. 
Anything that can be done to lower the impact of interest rates, such as fast construction times and 
low real interest rates themselves, will favour the nuclear option. 

The bad news, for the nuclear industry, is that coal and especially natural gas are becoming much 
more competitive. In the case of coal this is largely due to the reduced cost of the fuel itself. In 
the case of natural gas, it is due to a combination of reductions in the cost of natural gas and of the 
escalation rate for those costs, and also to the lower cost and improved efficiency of the technology 
lor generating electricity from gas, along with heat in some cases. 

In certain areas with access to large supplies of low cost natural gas, it is likely that many utilities 
will choose gas turbines, perhaps in combined cycles, for their next round of capacity increases in 
order to minimize their risks. However, if the world economy improves and some level of stable 
load growth returns, and particularly if gas prices show signs of going up, utilities are likely to 
once more make their decisions on the basis of the best long term economics. 

Comparing these LUEC estimates with experience in the real world, one notes some disparities. For 
instance, the assumed uninterrupted operating life has not materialized for all reactors in many 
countries, including Canada. 

When capacity factors for the Ontario Hydro stations were doing well in the late 1970's and early-
to-mid-80"s. nuclear costs were significantly less than fossil stations. This advantage faded in the 
late 1980" s when plants had to be repaired, capacity factors fell, and fossil fuel prices dropped. It 
remains to be seen whether the plants can be repaired and brought back to a high level of 
performance. So far. the situation looks good. Nonetheless, the impact on LUEC of downtime and 
additional expenditures has already occurred. 

There were also significant capital cost overruns. The unit cost of power from Darlington is roughly 
dou'\.: what it would have been if the project had kept to its original schedule, although it is still 
competitive with coal and natural gas. 

It is also interesting to note that the CANDU 6 units in Quebec, New Brunswick. Korea and 
Argentina, which have all been operating for over ten years, have had very good capacity factors, 
and. consequently, very good unit costs. 

There are other limitations to the LUEC methodology in its inability to take into account the full 
cost of the options, many of which are difficult to quantify and estimate on a per kilowatt hour 
basis. The following costs arc not included: 

Infrastructure costs: assistance such as grants, subsidies, non-utility R&D expenditures, 
insurance costs borne by governments against the remote possibility of major accidents. 

Broader macroeconomic factors such as indirect impact on employment, balance of 
payments. GDP. regional economies. 

The environmental costs, such as damage costs and. potentially, climate change from the 
burning of fossil fuels, are excluded (although reactor decommissioning and spent fuel 
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disposal costs are included for nuclear plants). 

Many utilities in North America and in countries of the OECD and international bodies, have begun 
integrating these costs in costing of options to arrive at the least cost mix of resources - supply-side 
and demand-side - to meet growth in electricity demand. Some approaches rely heavily on 
guesstimates about costs and benefits, including attempts to quantify the environmental impacts of 
electric generation by assigning a value or cost to the pollution discharged into the air, land, and 
water, to the use of land for reservoirs and lo the risks of nuclear accidents. Carbon taxes 
and tradeable emission permits are also being considered as means of incorporating certain 
environmental costs. The adoption of these latter measures would render coal-fired generation 
considerably more expensive, and gas somewhat more so. 

There are difficulties with the evaluations since there is considerable uncertainty about the criteria 
and scientific evidence used. National and international bodies are working on the issue in order to 
obtain better indicators. Reasonable guidelines, if not precise numerical answers, are beginning to 
emerge. However, there are also more basic questions to resolve, in terms of values assigned by 
the public to the different options and their health, safety and environmental impacts. 

Conclusions 

Electric utilities are faced with the prospect of balancing many risks and competing interests in 
their decisions on capacity additions. There is no doubt that broader economic and socio-politicial 
factors such as regional economic development, employment impacts, public acceptance and energy 
diversity and security will have an important influence on the decision-making process. 
Nonetheless, the comparative cost of generating electricity will continue to be an essential factor in 
the decision process. 

LUEC studies by the NEA. the NEB and NRCan show that the comparative economics of nuclear, 
coal and gas-fired stations will depend on: 

- the cost of fossil fuel and the impact of environmental policies on the LUEC of fossil plants; 

- the future price and supply of natural gas and the ability of gas technologies to compete; 

- the capital cost and performance of nuclear power reactors. 

One can conclude, on the basis of these LUEC studies and actual cost results, that the challenge on 
costs for the nuclear industry in Canada and elsewhere over the next decade will be to operate 
existing nuclear plants consistently at high capacity factors, and to build new plants on schedule 
and on budget (having first gained acceptance from the public and orders from the utilities), and 
operate them at high capacity factors as well. 
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Director-General, British Nuclear Industry Forum 
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FOREWORD 

Attitudes in the Community to Nuclear Power 

The nuclear industry gives a great deal of attention to 
public opinion about nuclear power and the industry 
itself. Public opinion surveys record a high level of 
acceptance that nuclear power will be necessary as part 
of a balanced energy supply pattern, and the public does 
not place nuclear waste or other perceived pollution 
problems high on their list of unprompted concerns. 
There is a marked dichotomy between these figures for 
acceptability and the favourability with which nuclear 
power is regarded, which has been adversely affected by 
accidents abroad and more recently by the surge of 
public sympathy for the coal mining industry. 

Opinion surveys among members of key groups of opinion 
formers show that greater knowledge of energy and 
nuclear matters improves their perception of nuclear 
power. Representatives of these groups accept that the 
nuclear industry has a good record on operating safety. 
They believe that it is able to manage its waste 
successfully and expect that the waste can ultimately be 
disposed of. They also acknowledge that nuclear power 
is an important counter to global warming. However they 
need convincing that the cost of nuclear power stations 
can be justified at a time when there are adequate 
supplies of fossil fuel. 

The industry is devoting considerable effort to public 
relations campaigns. The major companies are focusing 
their attention on key opinion formers while continuing 
to promote their own corporate images and in particular 
the openness of the companies, by encouraging the public 
to visit their power stations and by providing 
information on the contribution made by nuclear power to 
the country's well-being. The British Nuclear Industry 
Forum has a substantial programme of public relations 
activities aimed at promoting the acceptability of 
nuclear power, and the industry supports an education 
programme aimed at schools. 
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PUBLIC ATTITUDES TO THE NUCLEAR INDUSTRY 

The need for nuclear electricity 

1. Research shows that there is an acceptance of the 
need for nuclear electricity. When told that 
nuclear power is used to generate approximately 20% 
of the country's electricity, nearly two-thirds of 
adults (61% ) agree that nuclear power is necessary 
to some extent in the United Kingdom. (Table 1) 

Table 1 

The necessity of nuclear electricity in the UK 

Base: all adults 680 
% 

Nuclear power is ... 
Essential 13} 
Necessary to a large extent 16} 61% 
Necessary to a limited extent 32} 
Not necessary at all 31 
Don't know 9 

Notes: 
Pieldwork:February-March 1993 
Source: Gallup 

But without prompting only a minority (28%) of the 
population is in favour of the use of nuclear power 
to generate electricity: (Table 2) 

Table 2 

Whether in favour of using nuclear power to produce 
electricity 

Base: all adults 987 
% 

Those who are ... 
In favour 33 
Not in favour 53 
Don't knows 14 

Notes: 
Fieldwork: July 1993 
Source: Gallup 

This ambivalence reflects a conflict between the 
need for secure supplies of electricity and the 
perceived disadvantages of achieving it. 
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The importance of a balanced energy policy 

2. The public is aware of the importance of not being 
too dependent on the use of any single fuel to 
generate electricity. When reminded that a balanced 
energy policy seeks to secure continuous supplies of 
electricity and to minimise the impact of short-term 
increases in fuel costs, the overwhelming majority 
of the population (95%) recognise that a balanced 
energy policy is important. (Table 3) 

Table 3 

Importance of the UK having a balanced energy policy 

Base: all adults 641 
% 

A balanced energy policy is ... 
Very important 70} 
Quite important 25} 95% 
Not very important 3 
Not at all important 2 
Not answered 1 

Notes: 
Fieldwork:February-March 1993 
Source: Gallup 

However, despite the importance of the country 
having a balanced energy policy, only a minority of 
adults (20%) believe that the UK has such a policy: 
(Table 4) 

Table 4 

Whether the UK has a balanced energy policy 

Base: all adults 641% 

Yes 20 
No 55 
Don't know 26 

Notes : 
Fieldwork:February-March 1993 
Source: Gallup 

3. The majority of adults (58%) are in favour of 
nuclear electricity making a contribution to a 
balanced energy policy, particularly if reassurances 
about operating safety and the safe disposal of 
nuclear waste are forthcoming. Indeed, if these 
reassurances were sufficiently persuasive, nearly 
three-quarters of adults (71%) would accept the 
contribution of nuclear energy to a balanced energy 
policy. (Table 5) 
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Table 5 

Should nuclear contribute to a balanced energy policy ? 

Base: all adults 478 
% 

Should nuclear have a role ? 
Yes, definitely in favour 22} 
Yes, if the following conditions are met . .. 36}58%} 

}71% 
No, unless I am assured that ... 13 } 
No, definitely not in favour 24 

Don't know 6 

Notes: 
Fieldwork:March 1993 
Source: Gallup 

Concern about nuclear issues 

4. There is very little unprompted concern among the 
public about the nuclear industry. Nuclear issues 
do not preoccupy the attention of the public. As an 
item of top-of-mind concern, the nuclear industry 
has a negligible presence in the minds of the 
public. Only 1% of adults cite nuclear waste as the 
most important problem facing Britain today compared 
with unemployment (62%), the economy (42%), the NHS 
(31%), law & order (22%), schools/education (19%) 
and homelessness (13%). 
(Table 6 : chart 2 - appendix 1) 

Nuclear issues and the environment 

5. This low level of concern is also apparent when 
people are asked to name the issues to do with the 
environment and conservation of most concern to 
them. The proportions of the population citing 
nuclear power stations (4%) or nuclear waste (1%) 
are much smaller than those who are concerned about 
problems of pollution of the atmosphere and of the 
rivers and seas. (Table 7) 

Table 7 

Environment and conservation issues of most concern 

Base: all adults 1,923 
% 

Concerned about ... 
Pollution of rivers/streams/water 16 
Destruction of the ozone layer/ 

aerosols/CFCs 16 
Air pollution 13 
Pollution (general) 11 
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Exhaust fumes from cars/lorries 11 
Litter in streets/countryside 9 
Destruction of rainforests/deforestation 7 
Pollution of seas/waste disposal at sea 7 
Loss of green belt/overbuilding 7 
Too much traffic 7 
Greenhouse effect/global warming 6 
Recycling 5 
Industrial pollution 5 
Power stations/nuclear power 4 
Preservation of wildlife 3 
Pollution of beaches/coastline 3 
Toxic/chemical waste 3 
Waste disposal 3 
Crop spraying/use of insecticides 2 
Acid rain 2 
Loss of natural resources 2 
Nuclear waste 1 

Notes: 
Fieldwork:l992 
Source: MORI 

6. When attention is drawn specifically to the subject 
of pollution, the same pattern of concerns is 
apparent. People are more concerned about pollution 
for traffic or industry than from nuclear waste or 
nuclear power. (Table 8) 

Table 8 

Types of pollution of most concern (spontaneous 
mentions) 

Base: those concerned about the environment 961 
% 

Concerned about ... 
Car exhausts/traffic 32 
Industrial/chemical pollution 16 
Air pollution 12 
Destruction of the ozone layer 10 
Sea/river pollution 5 
Nuclear waste disposal 5 
Nuclear power/radioactive leaks 2 
Greenhouse effect 4 
Acid rain 1 
Agriculture/intensive farming 1 

Others 7 
Don't know 5 

Notes: 
Fieldwork: March 1993 
Source: Gallup 
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7. When members of the public are shown a list of 
industries and asked to say how much damage each 
does to the environment, fewer refer to the nuclear 
industry than to the chemical, oil and road 
transport industries. Nuclear electricity is better 
regarded than the nuclear industry and is on a par 
with coal- and oil-generated electricity in this 
respect. (Table 9) 

Table 9 

Industries causing a major/a fair amount of harm to the 
environment 

Base: all adults 1,923% 
Industries causing harm ... 
Chemical 74 
Petrol and oil products 70 
Road transport 66 
Nuclear 60 
Oil exploration and production 56 
Agrochemical 55 
Plastics 51 
Electricity generated from coal - and 
oil-fired power stations 51 
Electricity generated from nuclear 49 
power stations 

Notes: 
Fieldwork:1992 
Source: MORI 

8. More people think that the nuclear industry is 
'trying to reduce any harmful effects its activities 
might have on the environment' than hold this view 
about any other industry. And nuclear electricity 
is better rated in this respect than coal- and oil-
generated electricity: (Table 10) 

Table 10 

Industries doing a great deal/a fair amount to reduce 
the harm they do to the environment 

Base: all adults 1,923 
% 

Nuclear 31 
Petrol and oil products 29 
Electricity generated from nuclear 28 
power stations 
Water services 27 
Oil exploration and production 26 
Gas 25 
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Chemical 25 
Electricity generated from coal- and oil-fired 
power stations 23 

Notes: 
Fieldwork:1992 
Source: MORI 

The importance of information about nuclear electricity 

9. There is much evidence to suggest that the more 
knowledge individuals have about nuclear topics, the 
more likely it is that they will be in favour of 
using nuclear power to generate electricity. This 
is the justification for the advertising, education 
and promotional activities of companies in the 
nuclear industry and of its trade association. 

10. During 1992, a sample of members of the public was 
shown a series of statements about radiation (for 
example: "Radiation causes acid rain') and were 
asked whether each was true or false. The higher 
the number of correct answers given by any 
individual, the more likely it was that the 
individual was in favour of generating electricity 
from nuclear power. (Table 11) 

Table 11 
Proportion "in favour' 
of nuclear electricity 

Base: all adults 
1,437 

% 
Level of knowledge ... 
Very high 68 
High 52 
Upper medium 37 
Lower medium 29 
Low 23 
Very low 17 

Notes: 
Fieldwork:1992 
Source: MORI 

11. Increased contact with the nuclear industry improves 
the public's view of it. Research undertaken for 
British Nuclear Fuels at Sellafield shows that 
visitors to the power station become more favourably 
disposed to the nuclear power industry after a tour 
of the Visitor's Centre. 
(50% were favourable before the visit, 69% after) 
(Table 12) 
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Table 12 

How a visit to Sellafield influences attitudes 

Base: all visitors 347% 
Those favourable ... 
Before visit 50 
After visit 69 
How favourable after visit ... 
More 27 
Less 2 

Notes : 
Fieldwork:1992 
Source: MORI 

12. When information is provided about the advantages 
and disadvantages of using coal, oil and nuclear 
power to generate electricity, more people favour 
the use of nuclear power than they do when no such 
information is supplied. 

Drawing attention to the advantages of nuclear 
power, which are not widely known, and to its 
disadvantages, which are well known, results in a 
level of favourability to nuclear electricity (47%) 
which is similar to that for coal. (Table 13) 

Table 13 

a. Advantages and disadvantages mentioned 

The questions used were as follows: 

Q. Much of the carbon dioxide, sulphur dioxide and 
other pollutants in the atmosphere come from burning 
coal and oil to make electricity. Which of the 
statements on this card best describes your attitude 
to Britain producing electricity from coal- and oil-
fired power stations ? 

Q. By contrast with coal- and oil-fired power stations, 
nuclear power stations, which make just over 20% of 
Britain's electricity, produce virtually no carbon 
dioxide or other atmospheric pollutants. They do, 
however, produce small quantities of waste. Which 
of the statements on this card best describes your 
attitude to Britain producing electricity from 
nuclear power stations ? 

b. No mention of advantages and disadvantages 
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Q. Are you in favour or not in favour of Britain 
producing electricity from nuclear power 
stations/from coal-fired power stations ? 

Attitude to use of fuel 
when information is ... 

Base: all adult 

In favour 
Not in favour 
Don't know 

Provided 

Coal 

971 
% 
50 
37 
13 

Nuclear 

971 
% 
47 
43 
10 

Not provided 

Coal 

950 
% 
53 
24 
24 

Nuclear 

950 
% 
34 
46 
20 

Notes: 
Fieldwork:May-July 1992 
Source: Gallup 

13. When presented with a summary of the advantages and 
disadvantages of nuclear power, one-third (31%) of 
the population is in favour of building more nuclear 
power stations provided that reassurances about 
safety and waste are forthcoming. A higher 
percentage (49% ) would favour building more nuclear 
power stations if reassurances on safety and waste 
were compelling. (Table 14) 

Table 14 

Q. Within the next few years Britain will need to build 
some new power stations to produce electricity. 
There is a range of views for and against building 
new nuclear power stations. Those in favour argue 
that nuclear energy is attractive because: 

- it is less polluting to the atmosphere 
- it is the fuel of the future 
- a range of ways of making electricity including 

nuclear will help to make sure we all have the 
electricity we need 

Those against argue that nuclear power should not be 
developed because of: 

- radiation and the risk of accidents 
- the problem of nuclear waste 
- other ways of making electricity are cheaper 
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What do you think about nuclear power ? Are you in 
favour or not in favour of Britain building more 
nuclear power stations to produce electricity ? 
[RECORD COMMENTS IF ANSWER: 'Yes, if the following 
conditions are met . . . ' OR: 'No, unless I am 
assured that ...'] 

Whether in favour of building more nuclear power 
stations 

Base: all adults 733 
% 

Yes, definitely in favour 12} 31%} 
Yes, if the following conditions are met . .J.9}} 

} 49% 
No, unless I am assured that ... 18} 63%} 
No, definitely not in favour 45} 

Don't know 6 

DISCUSSION 

Nuclear power is one of a number of topics which, partly 
because they are "scientific" and difficult to 
understand, are regarded with superstition by the 
public. To broaden our knowledge of attitudes to such 
topics the following questions have been posed to a 
sample of members of the public: 

Q. Science and technology are advancing all the time. 
In the next few years there will be many new 
developments in computers and information technology 
- in genetics and in nuclear energy. 

o Computers may lead to robots taking over work which 
today is done by people. 

o Genetic engineering may help to cure some illnesses 
- parents may be able to decide if their child is a 
boy or a girl. 

o Nuclear energy may become a more important source of 
energy. 

But with all such developments in science and technology 
there are risks as we move into the unknown. Someone 
has to make the right decisions to make sure science and 
technology leads to a better society. 

Q. How confident are you that developments in science 
and technology will improve the way we live in 
Britain? 
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Q. How confident are you that the Government will make 
the right decisions about the use of new scientific 
developments? 

Q. And what about scientists? Do you feel they can be 
trusted to make sure we are safe and protected? How 
confident do you feel in scientists? 

Q. When it comes to difficult decisions on science and 
technology, how much trust do you have in the 
following groups of people: politicians, lawyers, 
scientists, the media, business leaders? 

The majority of people (53%) have at least some 
confidence that scientific and technological 
developments will improve the way we live (see Table 1). 
However, a sizeable proportion (41%) clearly have some 
doubts as to the value of such developments. The young 
(under 35) and men rather than women are the most 
optimistic. Men are twice as likely to be 'very 
confident' in science and technology than women ( 37% 
versus 19%) and similarly the under 35s are more 
confident than those aged 35-54 (42% 'very confident' 
versus only 20%). The likelihood of being 'very 
confident' does not vary, however, by social class. 

There is not much confidence from anybody that the 
Government will make the right decisions about such 
issues. People are twice as likely to lack confidence 
in the Government ( 60% ) as to have at least a little 
confidence (32%). Scientists in comparison are more 
likely to inspire some confidence (52% 'confident') than 
not (39% 'not confident'), though clearly there is a 
sizeable minority who do not have much belief in 
scientists either. Once again it is men (28%) rather 
than women (13%) and the young (under 35s) rather than 
older people (29% versus 15%) who are the most likely to 
be 'very confident' in scientists. 

Table 15 

Confidence about developments in science and technology 
- in the Government to take decisions about them and in 
scientists to ensure safety/protection 

Iterelopaents in The Government will Scientists con 
science/technology stake the right be trusted to 
will improve the dec! s ions about ensure we are safe 

way wc live using new and protected 
developments 

% % % 
Very confident 26 7 20 
A little confident 25 25 32 
Not very confident 24 32 22 
Not at all confident 17 28 17 
Don't know 6 E 8 
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Scientists are also clearly the group of people most 
trusted to make decisions on such issues (see Table 2), 
while politicians are ranked bottom, far below business 
leaders, lawyers or even the media, although the latter 
also attract considerable distrust. As described above, 
though, opinions concerning scientists do vary slightly 
by age and sex. 

Table 16 

Level of trust in various groups to take difficult 
decisions on science and technology 

Scientists 
Business leaders 
Lawyers 
The media 
Politicians 

A lot 
% 

12 
3 
2 
2 
-

Quite 
a lot 

% 

36 
18 
26 
20 
9 

Not very 
much 

% 

40 
53 
44 
34 
57 

None 
at all 

% 

6 
21 
18 
40 
28 

Don't 
know 

% 

6 
6 
9 
4 
5 

CONCLUSION 

Given that scientists are more trusted than others on 
difficult issues such as nuclear power, they can claim 
the lead in helping the public to understand those 
issues. However they also have a responsibility - to 
ensure that they communicate with the public on 
difficult issues in a way that the public can 
understand. We must all therefore look for ways of 
comunicating our ideas clearly and simply so that the 
public can understand what underlies the difficult 
issues. 
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Appendix 1 

Major problems in Britain changing views 1990-1992 
Q What do you yourself feel arc the most important problems facing Britain today? 
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A VIEW FROM EUROPE 

Dr. Peter Feuz, 
Secretary General European Nuclear Society / Executive Director NucNet 

P.O.Box 5032 CH-3001 Berne Switzerland ,z //7,o Coo c 

Europe The World Nuclear Leader 

Nuclear Europe (excluding Kazakhstan) is 17 countries which between them, as at the 
end of last year, operated 217 reactor units. This is rather more than 50 per cent of the 
world's total of 424. The world has an experience profile of some 6480 reactor years 
and again, more than half of this, 3595 reactor years, lies within Europe. And within 
Western Europe this experience has been accident free. 

15 European countries now produce over 20% of their electrical needs from nuclear 
power plants and some 12 nations produce more than 30% - a figure which applies to 
the EC as a whole. Surprisingly, the number one producer in Europe today is Lithuania 
with some 88% of its needs met by one nuclear plant. France, with rather more overall 
output, is number two, at around 73%. So far so rosy. 

However, if we look at reactors under construction we find today activity in only two 
countries in Western Europe. These are Britain and France, but there are five countries 
in central and eastern Europe (in the Czech Republic, Romania, Russia, Slovakia and 
Ukraine). Britain's Sizewell B is nearing completion, so in Western Europe for the time 
being, only France is continuing with its nuclear programme. There was hope that 
Finland would get a political go ahead for the country's fifth unit, but the Finnish 
parliament put an end to this two weeks ago, albeit by a small majority. 

So, I regret to report that "Europe The World Leader" is looking rather limp. 

I now want to talk about another sort of leader. 

Europe's Industry Leaders 

If you ask European nuclear leaders why construction programmes (with the exception 
of France and central and eastern Europe) have come to a standstill, you may well 
receive the answer that it has nothing to do with public opinion. Many claim that the 
reasons are purely economic and that no important new capacities are needed anyway 
in the foreseeable future. 

There is some truth in this but only some. It is true that fossil fuel prices have not risen 
as forecasted. It is indeed cheaper, in many instances, to build a coal or gas fired 
power plant. Coal, that is mostly imported coal, is experiencing a revival in many parts 
of Europe, and gas is booming. 

While the cost of electricity from conventional power plants remains low, the cost of 
nuclear plants has been driven up by increasingly stringent safety requirements 
imposed by the licencing authorities. This is the result of public attitude. 

Licencing procedures themselves have become unpredictable. The opportunity for the 
public to intervene in the process by prolonged hearings, by legal injunctions and by 
lengthy consultations, has added significantly to the hassle of getting the job done. 
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Low conventional costs and the hassle factor now mean that utilities are reluctant to 
take an open ended risk to start new nuclear power projects, There are cases in 
Europe where the cost of new NPPs has exceeded the original estimate by a factor 2, 
by a factor 3 and in the exceptional case of the Swiss plant at Leibstadt, by a factor 7. 

This is a clear sign to us that the economics of nuclear power are directly influenced by 
public opinion. And it is thus public opinion that we must address. 

The Shaping of Public Opinion 

After the Three Mile Island incident, public opinion in Europe had just recovered when 
Chernobyl happened. The importance of Chernobyl on public opinion can not be 
stressed enough. Were it not for Chernobyl I'm sure nuclear power would be blooming 
in most western European countries. Chernobyl not only caused nuclear fallout but 
heavy political and PR fallout as well. 

In several countries pregnant women were not allowed to drink milk, and even certain 
mushrooms, nature's gifts from the forests, were prohibited. On TV we saw graphic 
pictures of hundreds of reindeer in Lapland being slaughtered, to prevent their irradiate 
flesh from being eaten. The effect of Chernobyl was devastating. Fear of accident and 
radiation increased to unknown levels. All other nuclear plants were assumed to be 
potential Chernobyls. 

In Western Europe we tried to explain. We explained that Chernobyl's design was 
uniquely bad. That it was not repeatable here. Great efforts were made to make the 
public understand that western reactors were safe. But technical expirations were not 
enough to counter the devastating imagery of Chernobyl. 

Today, some say that in Western Europe the nuclear industry would not survive 
another heavy accident. In any case it will take years for the public to live with what 
happened at Chernobyl and be comfortable with nuclear power. It will take years 
before they really believe that it couldn't happen here. 

Other Influences on Public opinion 

Public Opinion is not only negative because of Chernobyl. Chernobyl of course simply 
increased latent fears. The second majcr influence on opinion is the question of 
radioactive waste. The public is not convinced that the problem is solved. Radwaste 
raises important ethical questions. Can we really take responsibility to produce more 
and more waste to burden our children and future generations ? 

Such fears combine to make nuclear power unfashionable. The view, held especially 
by the young and by women, is no longer that high technology is good. Nuclear is seen 
as a rather fierce white elephant. To be anti-nuclear is part of the creed of today's 
young generation. And that creed starts early, as Captain Planet and his animated 
followers know only too well. 
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The Politicians 

In western Europe today it seems that politicians have become worse in the last 
decade. We have none of the leadership figures of the past. We have no active leaders 
with vision. Today's political animals are passive. They react to public opinion. They are 
influenced by it. They do not seek to change it. 

As public opinion is anti-nuclear, so politicians and their parties have become anti-
nuclear. Even former supporters are now split or avoid taking sides. Twenty years ago 
most social democrat parties in Europe were pro-nuclear. In Germany it was a social 
democrat government which launched that country's nuclear power programme. In 
Switzerland, it was a social democrat federal councillor who told the utilities to go 
nuclear. 

Today, social democrats in Germany are anti-nuclear and along with the Greens, they 
hamper progress. Social democrats in Spain have imposed a moratorium on nuclear 
power plant construction. Social democrats are losing votes to the Greens and so they 
embrace Green policies. But it is not just social democrats who are anti-nuclear, many 
centrist and agrarian parties have gone this way too. 

Significantly, it is the unions who know better than the parties what the real effect of a 
nuclear phase out would be. In Sweden, it was the unions who persuaded parliament 
to drop the date for beginning the country's phase out of nuclear power. Swedish 
industry is heavily dependent on cheap electricity and the unions realised that 
substitution with coal would be too expensive, causing the energy intensive industries 
to close and go abroad. This is perhaps the first highlight in an otherwise gloomy 
picture. 

What is important about Sweden, is that the nuclear industry did an excellent public 
information job on the unions. They had a message. The unions heard it, believed it 
and acted upon it. If it works in Sweden, it can work elsewhere. Today's passive, 
reactive politician will change his views once convinced that nuclear is good for 
industry, good for jobs and especially, good for his chances of re-election. 

Myopia - An Ailment of the Old 

Many European nuclear industry leaders are tired. They are battle-weary. Many of 
them will be in retirement by the year 2000 and their vision and planning has not gone 
beyond this fast approaching date. This battle-weariness extends not only to 
countering opposition campaigns but also a reluctance to use all the PR weapons 
available. Nuclear's positive environmental messages of zero carbon dioxide and acid 
rain gases is a red rag to the giant bulls of the oil industry. Fear of a stampede to rival 
Calgary is a major limiting factor. 

Worse, the industry has followed initiatives that are counter productive. 

Some utilities, in an attempt to prove the unviabiiity of green energy sources, sought to 
build prototypes to show they would prove insignificant in the long-run. In Switzerland, 
the utility of the canton of Berne built Europe's largest solar energy station, Mont Soleil. 
This provides a tiny output to a few hundred homes. But in a poll, public opinion still 
believed that it could replace the 322 megawatt capacity of the local Muehleberg 
nuclear plant. Utilities can contribute to nuclear ignorance. 
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Even worse, certain utilities prohibit their operating personnel to stand out and speak in 
favour of nuclear for fear of attracting political flak. This muzzle on our engineers to 
defend their cause is appalling. 

Other utilities have a conflict of interest. Those nuclear utilities that operate fossil fuel 
plants as well, are loathe to make too much of the environmental arguments in support 
of nuclear. How can they criticise fossil fuel carbon dioxide emissions when they are 
contributors to the problem? In short, nuclear utilities can be their own worst enemy. 

The Poll Truth 

In all European countries the nuclear industry commissions regular polls to take the 
pulse of public opinion. Unfortunately, many of these are designed to obtain an answer 
favourable to the nuclear industry. The polls do not reflect the real state of public 
opinion. We delude ourselves. When we do not, the answers often remain 
unpublished. Were we to ask the simple question, "Are you in favour of building more 
nuclear power plants ?", almost nowhere would we get the answer "Yes". 

Still, recent and better formulated polls, tell us that we have probably bottomed-out in 
terms of public acceptance and that we are starting to climb slowly back up. The 
reasons for this, I think, are that some information programmes are starting to work, 
there is a weariness with the repetition of green claims and an antithesis to the cult of 
fear they try to create. Moreover, the cost of green policies is beginning to be realised. 

Green Speak 

The anti-nuclear groups have been more successful than the industry in influencing 
opinion. They are more professional, more active and more engaged. They have 
passion and they have initiative. Most importantly, they have money. The Wall Street 
Journal estimated that the Rio Summit attracted environmental groups with a combined 
budget of $400 million per year. In Western Europe Greenpeace is the most active anti-
nuclear campaigner. Greenpeace Germany has over 700,000 members almost half of 
whom allow direct debit for payment of their annual fee. Further, it is not just Jo and 
Johan public who contribute. Significant players in industries competitive with nuclear 
have made generous donations. 

Bouyant finance gives these groups the resources they need. Greenpeace in Zurich 
has a staff of 50. This outnumbers several times the combined total of information 
officers in all of Switzerland's nuclear utilities. 

Luckily, the greens make mistakes. Their much publicised miltary-style invasions of 
nuclear plants have back fired. The public may have a taste for fictional commando 
raids on TV but no one wants to see amateurs trying this on a nuclear plant. If the 
public have a fear about the safety of a plant, this is not helped by seeing activists 
attacking it. 

But overall, Greenpeace and other groups have carried out their objectives more 
professionally and with better results than most of the nuclear industry. 

I say most, because there is some light. There is a Western European country which 
generates 73% of its power from nuclear. There is a country where the airport taxi 
driver is filled with pride about his country's technological prowess, where he tells you 
that the grand plan has worked. I speak of course of France. 
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France Nucléaire 

The taxi driver's opinion is formed both by his passengers and by the radio. Listen to 
French radio, or watch TV and you will see some of the best examples of nuclear 
industry adverts in Europe. The high profile of nuclear power in France is the result of 
the world's longest, best placed and most systematic information campaign, 
conducted by a specialist group within Electricité de France. EDF uses the full range of 
PR techniques. Besides their TV and radio spots, there are regular advertisements in 
newspapers and magazines. EDF's neighbourhood campaigns mean nuclear plants 
involve local children in painting competitions and other participatory initiatives. Even 
Cogema, the fuel cycle company, advertise on TV not just to promote its own image 
but to show its role in a successful, high profile industry. 

The French government operates via the French Minitel, which links thousands of small 
home terminals to a central computer, the Magnuc system. Magnuc lists, for all of 
France to see, every tiny spillage, every small incident that occurs in any of the 
country's nuclear facilities. The Teleray system informs anyone who cares to dial, the 
actual level of radiation at given points all over France and elsewhere. 

There are some problems of course, especially, with the acceptance of nuclear waste 
sites. But significantly, in France the political will is also behind nuclear. Even the 
socialists, did a 180 degree turn when they came to power and realised how 
fundamental nuclear was to France. 

Public opinion in France is increasingly positive towards nuclear. Today 64 %, 
compared with 52% in 1988, agree with the policy of keeping France around three-
quarters nuclear. 

Come and See the Rest of Europe 

In Britain too the nuclear industry has made a stand both for the future of the Magnox 
stations and especially over the future of THORP. Despite huge opposition British 
Nuclear Fuels is going all-out to succeed. Their chief executive, Neville Chamberlain, 
told me a few days ago, "We will win, it's only a matter of time." 

Scottish Nuclear, operator of two plants north of the border, has conducted a small but 
vigourous public information campaign. Their "Come and See" programme 
encourages the public to visit either plant. It has been publicised by some superb TV 
ads making use of the themes of adventure while using animals and children. Scottish 
Nuclear's TV ads have not only created a favourable public attitude but has also made 
Scottish Nuclear itself a positive brand name. 

Plant visits remove the fear, the fear of an alien and distant technology. The realisation 
that safety is paramount, that the walls are immensely thick, that there is 
professionalism the other side of the fence, changes the opinion of most sceptical 
visitors. 

Other utilities have similar campaigns (though less well promoted) and perhaps what 
we really should consider, is a unified "Come and See" campaign coordinated on a 
European scale. In nuclear open doors are the entrance to PR success. 

And a further element of PR success is information. It is essential to supply the media 
with a constant and objective flow of information. The European Nuclear Society's 
pioneering NucNet service is a step in this direction. NucNet provides the world's 
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nuclear information officers and key media services with daily faxed, accurate and 
timely, nuclear news. Today NucNet is the world's nuclear news agency. An agency 
that strongly welcomes the continuing participation of Canada. 

Conclusion 

It is proved that public relations, even in nuclear, when conducted by professionals, is 
successful, that it does achieve results and that it does change attitudes. In Europe, as 
a whole, public acceptance is just starting to turn again in nuclear's favour, but there is 
still a long way to go. 

We must not be afraid to spend money on advertising and PR. It is money well spent. 
We must not be afraid to speak out to promote our industry. The young managers in 
the industry today must show their faces to the public. They should seize every 
opportunity to speak on TV, on radio and to be quoted in the written media. Let the 
public see that they are honest, decent and everyday people. Let the engineers step 
out of their ivory towers and talk with the public. 

An industry in retreat is easy to kick. An industry which actively sells a positive 
message, an industry with self-confidence, an industry in resurgence, and most 
importantly an industry communicating that it has solutions, is a force to be reckoned 
with. 
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ADDRESSING PUBLIC CONCERNS; THE ROLE OF PAST INQUIRIES 

J.A.L. Robertson 
P.O. Box 2047, Deep River, Ontario 

KOJ IPO 

SUMMARY 

Virtually all aspects of nuclear energy have been 
the subject of more than 30 national and international inquiries. 
The resulting reports make recommendations to improve the current 
situation, often with regard to maintaining or improving safety; some 
conclude that nuclear energy is not yet needed in their 
jurisdictions; and one recommends a moratorium on new nuclear power 
plants in Canada pending agreement on waste disposal. However, the 
most striking observation is that none rejects nuclear energy, when 
needed and under stipulated conditions. 

Despite the endorsement of the nuclear industry's 
position provided by these inquiries, public acceptance has not been 
achieved. This is partly because very few people — even in the 
nuclear industry -- are aware of the inquiries' findings, but more is 
involved. Study of the inquiries suggests that the industry and the 
public are talking past each other: While the industry concentrates 
on technical questions, the public is more concerned with ones 
broadly categorized as "ethics". These have been addressed by some 
inquiries, but much less thoroughly than the technical questions. 

The irony of the current situation is that while 
members of the industry believe that for many applications nuclear 
energy is the energy source of choice, they fail to challenge the 
public conception that nuclear energy is a necessary evil. The 
obvious lesson to be learned is that the industry should devote more 
attention to what concerns the public. A recent publication presents 
the ethical case for nuclear energy from a proponent's angle. 

The inquiries can be useful both in identifying 
the ethical issues, and in addressing the public's lack of trust in 
the industry and its regulator. Instead of saying "Trust us", the 
industry should be saying "Don't trust us -- check for yourself what 
independent inquiries have found". 

Relevant Publications 

"Nuclear Energy Inquiries: National and International", J.A.L. 
Robertson, Report AECL-10768, Published by AECL Research, Chalk 
River, Ontario, KOJ 1J0 (1993) 

"The Geometry of Nuclear Energy: Getting the Right Angle on the 
Ethics", J.A.L. Robertson, Canadian Nuclear Society Bulletin, Vol. 
13, No. 3 (Fall 1992) 
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introduction 

Gaining public acceptance is vital to the 
future of nuclear energy. But if this were as easy as "clearing a 
hurdle", as suggested by this session's title, it would have been 
done long ago. A better analogy would be trying to go up a down-
escalator, where prolonged and exhausting effort can get you 
nowhere. Even when public acceptance is gained it will have to be 
regained afresh every day. 

I am not selling a panacea that will cure our 
malaise overnight. Rather, I am proposing that past inquiries 
into nuclear energy represent a valuable and largely ignored 
resource to help gain public acceptance. They can be exploited in 
two distinct ways: 

- as a source of independent Information for the public, and 

- as a source of information for the nuclear industry on 
what concerns the public. 

Past inquiries 

In discussing public acceptance, I have one 
advantage over most public-relations professionals: Eight years 
ago, when I retired, I became a member of the public, no longer 
one of the "technocratic élite of decision-makers". This has 
given me a new perspective on how the public views governments and 
their agencies; and has helped me empathize with all those who 
have difficulty making up their minds on complex public issues, 
such as the economy, education and health-care, saying "The 
experts are divided, whom can I trust?" 

During my career in nuclear energy two of my 
part-time jobs, participating in public inquiries and representing 
the industry to the public through the media and other means 
forced me to recognize a paradox. We have universally succeeded 
in convincing independent inquiries that nuclear energy is 
acceptable -- even preferable to available alternatives 
but, using the same information and arguments, we have failed 
miserably to convince most of the public. 

Pondering the paradox, I concluded that part 
of the explanation lies in what I have just written, "USING THE 
SAME INFORMATION AND ARGUMENTS". Inquiries, but not the public, 
have the resources, including time, independent expert advice and 
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the ability to cross-examine, to investigate and test the 
reliability of industry claims. in addressing the public we have 
essentially said "Trust us, trust our data, and trust the 
conclusions we draw from them", even if not using these actual 
words. 

What can be done? The industry should not be 
saying "Trust us", but "Don't trust us — check for yourselfl" 
The public should be told of the past inquiries, their scope and 
membership, and a summary of their findings, then invited to judge 
for themselves whether the findings are trustworthy. 

To assist in this process I compiled a review 
of more than 30 national and international inquiries into nuclear 
energy, now published as a 40-page AECL report (AECL-10768). 
Most of the inquiries covered are Canadian, but others are 
included where they have relevance. The survey shows that, 
contrary to some claims, virtually every aspect of nuclear energy 
has been subject to detailed scrutiny. The outstanding conclusion 
from the review is that, while the inquiries' reports include many 
recommendations on how nuclear energy can be exploited safely, 
none rejects it as an acceptable energy source when needed. 

There is international agreement that nuclear 
energy is needed, now in some countries, later in others: Not as 
a single answer to the world's energy problems, but along with 
other conventional and non-conventional sources and conservation. 
Nuclear energy and coal are seen as the two major sources for a 
needed expansion in electrical capacity over the next several 
decades. Renewable energy sources (excluding hydroelectricity 
where available and economic) are expected to make only a minor 
contribution in the same period. Advocates of the so-called "Soft 
Path" have not gained endorsement: Energy sources should be 
chosen on their merits, not as a matter of semantic dogma -- my 
Principle of Anti-Semanticism. 

Saskatchewan's Cluff Lake Board of Inquiry 
found: "We assured ourselves that nuclear power is necessary 
together with all kinds of renewable and non-renewable to supply 
the world's demand for energy because there is the spiralling 
effect of projected population growth, the need for much greater 
energy and mineral resources to increase agricultural production, 
the need for more energy resources to secure those resources from 
more inaccessible locations, the need for more energy to control 
pollution, and the need for more energy to provide those 
conditions of nutrition, sanitation, and education which make the 
global community a better place for all to live." 

Several Inquiries have compared the harm to 
worker and public health from nuclear energy and coal, to nuclear 
energy's advantage. Uncertainties in the comparison are due 
largely to a poor understanding of the effects on human health of 
coal's combustion products: The effects of ionizing radiation are 
much better understood. The U.K.'s Royal Commission on 
Environmental Pollution concluded that "it is difficult to think 
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of any other form of pollution that has had Its effects on man so 
well examined as has Ionising radiation", and it endorsed the 
International Commission on Radiological Protection as a forum for 
deriving basic standards. Similar statements can be found in the 
reports of other inquiries. 

An early inquiry, the Ontario Royal Commission 
on the Health and Safety of Workers in the Mines, constituted a 
landmark in defining the health hazards of uranium mining and 
provided means of reducing these hazards to acceptable levels. By 
1980, the Royal Commission of Inquiry into Health and 
Environmental Protection in Uranium Mining in British Columbia 
found that "with proper control, risks attendant on this activity 
(uranium exploration) would be outweighed by the benefits of the 
knowledge gained"; and considered that, subject to provisions, 
uranium tailings "could be made environmentally as harmless as are 
any other mine tailings". Across the country, the Nova Scotia 
Uranium Inquiry concluded that "methods exist by which uranium can 
be mined safely"; while across the world, two Australian inquiries 
endorsed the mining of uranium there. 

Serious reactor accidents at Three Mile Island 
in the U.S. and at Chernobyl in the former U.S.S.R. greatly 
increased the public's fear of nuclear energy. We can explain how 
the design, operation and regulation of Canada's CANDU reactors 
would prevent similar accidents occurring here, but we can never 
prove that some other, unspecified, serious accident Is 
impossible. The public should therefore be aware of inquiries 
that have examined this question very thoroughly. In 1978, 
Ontario's Royal Commission on Electric Power Planning stated that 
"in the case of the CANDU reactor we have concluded that, within 
reasonable limits, the reactor is safe". In a reexamination 
following Chernobyl, the Ontario Nuclear Safety Review concluded: 
"The Ontario Hydro reactors are being operated safely and at high 
standards of technical performance. No significant adverse impact 
has been detected in either the work-force or the public. The 
risk of accidents serious enough to affect the public adversely 
can never be zero, but is very remote." 

The disposal of nuclear wastes is another 
major public issue where we have to depend on predictions based on 
a highly technical analysis. Again, if we are to gain public 
acceptance, the public has to be aware that they do not have to 
trust our predictions — there have been several independent 
reviews. Collectively, these conclude that the safe disposal of 
the wastes is feasible; and endorse deep underground disposal in 
stable geological formations, the approach favoured in Canada and 
elsewhere. In 1988, a House of Commons Standing Committee, in its 
report "Nuclear Energy: Unmasking the Mystery", concluded that 
"thiîî technical problems of radioactive waste management are not 
insurmountable". 

The possibility that civilian nuclear energy 
might contribute to the proliferation of nuclear weapons, another 
serious public concern, has been examined by several inquiries. 
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Typical of the findings are those of the Cluff Lake Board of 
inquiry; Hwe are satisfied that a nation would not likely use its 
present domestic nuclear power reactors as its source of fissile 
materials for weapons. ... In the final analysis, the 
controlling factor in determining whether a nation will acquire 
nuclear weapons is not the ready availability of nuclear materials 
but the political will of that nation ...." 

The findings of these inquiries are 
encouraging for the proponents of nuclear energy, but they should 
not encourage complacency. While it is true that none condemns 
nuclear energy, equally, none is free of criticism, qualifications 
or recommendations for improvement. An inquiry into Nuclear Power 
Generation in New Zealand concluded that "there is no satisfactory 
case for New Zealand to immediately commit itself to a nuclear 
power programme". The Ontario Nuclear Safety Review warned of 
certain areas, e.g., the human element, quality assurance and 
maintenance, where improvements were desirable if the current high 
standards are to be maintained. Another House of Commons Standing 
Committee, in its report "High-Level Radioactive Waste in Canada: 
The Eleventh Hour", recommended: "A moratorium on the construction 
of nuclear power plants in Canada should be imposed until the 
people of Canada have agreed on an acceptable solution for the 
disposal of high-level waste." 

Nuclear proponents should not cite favourable 
quotations from inquiries unless they are prepared to acknowledge 
the qualifications and criticisms too. This proviso is 
particularly important for those inquiries composed of many 
members, often largely academics. These are characterized as 
"ambidextrous" because of the large number of statements "On the 
one hand this, but on the other hand that". On the other hand, 
inquiries headed by a judge are usually more useful in making 
clear judgements of the issues, with reasons stated explicitly. 
Also anyone using these inquiries should be aware that all the 
reports are, to a greater or lesser extent, subject to criticism 
and cannot be taken for gospel: There are times when we have to 
query or dispute some of their findings. 

Public Concerns 

I want to turn now to another potential 
benefit from studying past inquiries. So far we have seen how 
they can help the public understand our industry: Now let us see 
how they can help us understand the public. 

The inquiries have responded, directly or 
indirectly, to public concerns, sometimes through preliminary 
scoping meetings. Some of the reports reproduce or summarize 
interveners' submissions containing statements that should 
flabbergast those of us who promote nuclear energy on technical, 
rational arguments. For instance, at the Nova Scotia Uranium 
Inquiry, a dairy farmer, Ms. Jane Robertson, "had no doubt that 
her Jerseys would become an endangered species if uranium 
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exploration and mining were pursued", and Ms. Anne Bishop 
suggested that the resulting jobs would be unwelcome since "it 
gets harder to get unemployment insurance and social assistance 
because on paper the employment statistics go up". 

My contention is that our industry and the 
public are talking past each other, and that we should be devoting 
more attention to what concerns the public. For this purpose the 
inquiries can again be a valuable resource. They show that 
several serious concerns are just those already being addressed by 
the industry — fear of a major reactor accident, wastes, 
proliferation, the need for more electricity and economics 
but there is a large ill-defined area that is being ignored. 

This is what I would broadly classify as 
ethical issues, such as the philosophy of energy conservation, how 
safe is safe enough and who should make the decisions. These 
issues are usually defined by critics of nuclear energy, who 
subsequently dominate the discussion. As a result there is an 
assumption that nuclear energy may be necessary, but only as the 
lesser of several evils, and despite the ethics. 

This is completely opposed to the result of my 
own thinking over some decades that for many applications nuclear 
energy is the energy source of choice from an ethical standpoint. 
I further believe that my industry colleagues are at least as 
ethical as their critics, but much less articulate on ethical 
issues, perhaps because of a perceived lack of expertise. My 
feeling of frustration was increased by finding that academic 
ethics is little help in making practical decisions. If all the 
ethicists, like economists, were laid end to end they still would 
not reach a conclusion. I further concluded that we in the 
technical community, trained in rational thinking, are well 
equipped to reach ethically sound decisions. 

Accordingly, I decided to attempt a systematic 
presentation of my own reasons for believing that nuclear energy 
is more than just ethically defensible. This was published as 
"The Geometry of Nuclear Energy: Getting the Right Angle on the 
Ethics" in the Fall 1992 issue of the Canadian Nuclear Society's 
Bulletin. It represents an exercise in do-it-yourself ethics. I 
am not arrogant enough to think that this will constitute the 
industry's handbook on ethics, but I hope that it will encourage 
discussion of the subject resulting in a greater willingness to 
explain our point of view in dealings with the public. 

If nuclear energy is to gain public acceptance 
we have to challenge some of the assumptions that our critics have 
succeeded in establishing as near-religious dogma. 

Having grown up in the U.K. during the 
depression and wartime, I am a pre-founding member of "The 
Conserver Society". Until it was invented I was simply a mean 
Scot. Now, however, conservation has been given a bad name by the 
humbug of those who preach saving energy as religion without 
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regard to the use. They demand that vs. not use energy for what 
they regard as luxuries: They want their consciences to be our 
guides. But who decides what are luxuries? If, having earned 
money, I wish to spend it on energy, why should I be made to feel 
guilty, while someone else saves energy and uses the money saved 
to buy something that consumes energy in its production and use? 

It is waste, not energy, that is the enemy and 
waste of all resources that should be attacked. True conservation 
would use plentiful energy to save other scarcer resources. 
Saving without substitution is a palliative and not a panacea. 

Far from regarding energy use as a sin, its 
virtue should be recognized. Per person, energy use correlates 
with wealth which, in turn, correlates with health and general 
well-being. Wealth does not cause, but allows, health. 
Correlations do not prove cause, but most health-promoting 
measures need plentiful energy. General improvements in living 
standards, such as better sanitation, better housing, a readier 
supply of clean water, better nutrition and better means for food 
preservation, have been more important than medical advances. 
Engineers may have saved more lives than doctors. 

The recent cholera epidemic in South America 
was due to poor sanitation and occurred among the poor: Cholera 
is a plague of poverty. 

Electricity is a particular target of 
conserver zealots. However, two universally supported social 
objectives — reduction in unemployment and improving the lot of 
the poor -- would inevitably increase the demand for 
electricity. Furthermore, just as coal and the industrial 
revolution did more than Abraham Lincoln to free the slaves, so 
electricity has done more to emancipate women than all the 
political speeches on the subject. Ready access to electricity 
has removed much of the drudgery from "women's work", and has 
thereby made us men willing to share it to some extent. Without 
modern electrical appliances, career women would still represent 
an insignificant minority. 

Zero risk is not the Holy Grail, as claimed by 
the zealots, but a mirage. Individuals are being misled into 
believing that absolute safety is attainable and something to 
which they have a right. In fact, everything we do carries with 
it some risk. By not going to work we can avoid occupational 
risks, but if we stay at home the risk of an accident is probably 
greater. Life is a sexually transmitted condition that invariably 
proves fatal. Risks should not be judged in isolation but the 
risks of realistic alternatives should be compared. From this 
angle, nuclear energy, through its benefits to health exceeding 
any small harm, actually saves lives, again contrary to common 
wisdom. 

The need to make comparisons between viable 
alternatives leads to the realization that facts matter — and 
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figures too! We have to quantify the comparison as much as 
possible, making clear what Is unquantifiable and therefore 
subject to judgement. This approach comes naturally to engineers 
and scientists/ but is foreign to many sincere "humanists*' who 
believe that as long as one means well the outcome will be 
ethical. Good intentions are not good enough. 

As a scientist I am depressed by the hubris 
of those who take a pride in being scientifically illiterate and 
innumerate: One hears the boast "I am a technomoron". They 
remind me of a certain frog. 

Shortly after the Chernobyl reactor accident, 
while out cutting the grass, I narrowly missed mashing a frog. At 
each successive pass I found that it had moved further into the 
uncut grass, where it was barely visible. Unjustifiably assigning 
intelligence to it, I supposed that it perceived the risk of being 
caught in the open by a predator as greater than that of being run 
over by the power mower. Knowing that I would continue until all 
the grass was cut, I felt that it was making an unwise decision 
based on an inadequate knowledge of the real risks. I was greatly 
frustrated by my inability to communicate to it why, in its own 
interests, it should do the opposite of what it was doing. 
Earlier that day I had heard on CBC Radio that some Canadians were 
exhibiting fear, bordering on hysteria, of the radioactive fallout 
from Chernobyl. Despite assurances by federal authorities that 
the radioactivity, though detectable, was not dangerous, parents 
were keeping their children indoors. Apparently they were unaware 
of the fact that the radiation due to naturally occurring radon in 
the average dwelling is about a hundred times the radiation from 
fallout experienced outdoors. Prom a lack of knowledge of the 
facts, they were doing the exact opposite of what they intended. 

A related issue that divides C.P. Snow's Two 
Cultures -- the "humanists" versus us "inhumanlsts" -- Is the 
meaning of "risk". We insist on a technical, quantifiable 
definition -- probability times consequence — while the 
"humanists" do not even reject this, they simply assume that 
perception is reality. We must acknowledge that the public's 
concerns extend far beyond the technical risk, but we must also do 
more to Inform the public of the technical risk so that they may 
make their judgement on a sound basis of facts and figures. 

This point can be illustrated by reference to 
botulism. A U.S. study showed that while botulism actually causes 
two fatalities per year in that country, public estimates ranged 
from 100 to 3000. If society, knowing the fact that botulism 
causes only two deaths per year, makes the value judgement that a 
large amount of its limited resources should be committed to 
combatting this risk, I can accept that democratic decision. 
However, I would appeal the same decision if it were made on the 
false belief that botulism causes 500 deaths per year. Pacts and 
figures do matter! 

How safe is safe enough? This often asked 
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rhetorical question is central to the issue of who makes the 
decisions. As an aside, the Interfaith Program for Public 
Awareness of Nuclear Issues made this a major issue without ever 
mentioning the role of elected governments in its report. In my 
CNS paper I argue that regulatory bodies should be required to 
provide the estimated cost per life saved (or equivalent 
parameter) for any proposed measure. This would not eliminate 
judgement, but would ensure that facts and figures are not 
ignored. If this requirement had been in place the media 
ever avid to expose government waste — might have discovered 
that the money spent on some measures could have saved over a 
thousand times as many lives if spent on others. 

In my paper I have tried to apply such 
arguments to the practical question of the disposal of nuclear 
wastes, the subject of a current inquiry. Issues considered 
include matters of equity, between generations and between 
different geographic communities, whether the technology should be 
"best-available" or "acceptable", and whether any decision should 
be postponed in the expectation of a better technology being 
developed. 

Conclusion 

In conclusion, I hope that I have shown how 
past inquiries can be valuable in providing: 

a means of identifying what really concerns the public, 

and a fresh means of helping to address their concerns. 

I have argued that a broad range of ethical issues is at least as 
important to the public as the technical Issues we are accustomed 
to discussing; and I have presented my own angle on the ethical 
issues to encourage my colleagues not to be intimidated by any 
lack of expertise in academic ethics. A knowledge of the 
inquiries can help those members of the public who have difficulty 
in deciding between conflicting claims and allegations in the 
technical issues. 

Relevant Publications 

"Nuclear Energy Inquiries: National and International", J.A.L. 
Robertson, Report AECL-10768, Published by AECL Research, Chalk 
River, Ontario, KOJ 1J0 (1993) 

"The Geometry of Nuclear Energy: Getting the Right Angle on the 
Ethics", J.A.L. Robertson, Canadian Nuclear Society Bulletin, Vol. 
13, No. 3 (Fall 1992) 
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THE EVOLUTION OF PUBLIC ATTITUDES 
LESSONS LEARNED FROM A REVIEW OF OPINION RESEARCH ON NUCLEAR ENERGY 

Gene Pokorny 
Chairman, Cambridge Reports/Research International 

955 Massachusetts Avenue 
Cambridge,MA, USA 02139 lfC 

SUMMARY 

After an examination of much of the public opinion research that has been conducted on the 
issue of nuclear energy over the last few decades, what strikes the author is not what has 
changed—or evolved to a higher or better state—but rather, how much has stayed 
fundamentally the same over the years of the nuclear debate. 

The paper discusses three critical underlying patterns that exist in the data on public attitudes 
toward nuclear energy. Pointing out, where appropriate, what has changed, but also what has 
essentially remained constant over time. In addition after presenting each pattern the paper 
discusses some of its implications for those in the nuclear industry who are striving to "clear 
the public acceptance hurdle." 

The patterns are: 

Pattern #1 

Since the advent of nuclear energy, public perceptions about the technology have been a 
mixture of both positive and negative views. Whether or not, in the final analysis, the 
public accepts the use of nuclear energy in general or favors specific nuclear facilities in 
their locality is determined by the relative weightings at any moment they give to these 
various positive and negative views and beliefs. 

Pattern #2 

Public perceptions of the changing benefits and costs of nuclear energy technology have 
been dramatically influenced over the last forty years by developments and trends in the 
broader society and culture, many seemingly unrelated to nuclear energy itself. 

Pattern #3 

The public consistently finds it easier to perceive the benefits in general of nuclear energy 
to the society at large than it does to perceive the benefits of specific nuclear facilities 
proposed in their localities. 

Only by understanding these patterns and accepting their implications for nuclear 
communications and marketing can the nuclear industry hope to clear the public acceptance 
hurdle in the years ahead. 
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Early this past lanuary when I was invited to attend this Congress, I agreed to present a paper 
under the general heading of "The Evolution of Public Attitudes." In the last few months, 
however, as I've reexamined much of the public opinion research that has been conducted on 
the issue of nuclear energy over the last few decades, I've come to reconsider that title with its 
stress on the word "evolution." For what strikes me most when I review the public opinion 
data is not what has changed—or evolved to a higher or better state—but rather, how much 
has stayed fundamentally the same over the years of the nuclear debate. 

In the time we have together at this session, I can't and won't go over much of the specific 
opinion research data that I've reviewed. Much of it—particularly for the last twenty years— 
has been conducted by my company Cambridge Reports/RI in the US and by our parent 
company Research International in Europe, though other researchers have also extensively 
studied nuclear attitudes in the US and other countries. Numerous papers, reports, and books 
exist that discuss this body of research data for those of you in search of specific numbers. 

Rather than recite a lot of these numbers to you here, I'd like to step back from them. And 
instead discuss with you a few critical underlying patterns that exist in these numbers on 
public attitudes toward nuclear energy. Pointing out, where appropriate, what has changed, 
but also what has essentially remained constant over time. And in addition, after I present 
each pattern I want to discuss some of the implications I see in it for those in the nuclear 
industry who are striving to "clear the public acceptance hurdle"—as this session's overall title 
puts it. 

Pattern #1 

Since the advent of nuclear energy, public perceptions about the technology have been a 
mixture of both positive and negative views. Whether or not, in the final analysis, the 
public accepts the use of nuclear energy in general or favors specific nuclear facilities in 
their locality is determined by the relative weightings at any moment they give to these 
various positive and negative views and beliefs. 

Ann Bisconti has referred to these positive and negative views about nuclear energy as "the 
perceptions of promise and peril".1 Others talk of these varying perceptions in risk/benefit 
terms. My own preferred formulation—that I will use today—is to talk of these conflicting 
perceptions in the language of the marketing profession, particularly the language of consumer 
product marketers. 

"The Two races of Nuclear Energy: U.S. Public Opinion From the Forties to the Nineties," Dr. Ann Bisconti; US Council 
for Energy Awareness; Washington, DC; 1992. 
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While this is language we ordinarily wouldn't think applies to the nuclear industry, its 
products and services, and how we should think about the public—our customers—the 
language, in my opinion, definitely does apply. By using this language to describe public 
attitudes toward nuclear energy, we hopefully may gain a new perspective that places in a 
different light our challenge of clearing the public acceptance hurdle. So for a few moments 
here, let me use this "foreign" language. 

The best marketing professionals know their fundamental marketing challenge—no matter 
what they're selling, be it cars or nuclear energy—is to create in the minds of their customers a 
sense, a perception, that their product or service—in our case, nuclear power as an energy 
source—provides superior value. And superior value, and this is a critical point, is really 
superior perceived value—that is, what's important is in the minds of customers. And what is 
superior perceived value? 

It's the belief in the mind of the customer or the public that by buying and using your product 
or service—nuclear energy—they get a net value superior over the alternatives available to 
them. And value is the benefits consumers perceive they get from using your product or service 
minus the total costs they perceive they have to pay/ 

In the last few sentences as I defined superior value, did you notice how many times I used the 
word "perceive"? I did this consciously. And it is so important, let me say it again. Superior 
value is superior perceived value, and superior perceived value equals perceived benefits 
minus perceived costs. What this simply means is that all these concepts of value, benefits, 
and costs, and the relationships among them, reside in the minds of the customers, in the 
minds of the beholders. They are relative, not absolute and wholly objective. 

To express this concept of superior perceived value in the form of an equation it would be: 

SPV = PB - PC 
(Superior perceived value) (Perceived benefits) (Perceived costs) 

In the context of marketing nuclear energy to your various publics and customers, how does 
this superior perceived value equation help our understanding of the past, as well as the 
future? 

What it represents in a very simple formula is the essence of the process individuals have 
engaged in whether conscious of it or not, as they've thought about and evaluated the pros and 
cons of nuclear energy over the years. In terms of the opinion research on nuclear energy, the 
left side of this equation ( the SPV) is best represented by the various questions (the dependant 
variables) we and other researchers ask that measure public acceptance, favorability toward, or 
support for nuclear energy and specific nuclear plants. The right side of the equation is 
represented by the range of questions (the independent variables) we and other researchers 
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ask that measure public views on the various benefits of nuclear technology, as well as the 
potential costs—costs in this instance not restricted narrowly to price alone, but including 
other possible "costs" like safety concerns, environmental risks and other potential 
externalities. 

Looking at the opinion research on nuclear energy in the context of this equation, a clear 
pattern emerges as you analyze the data. Acceptance, favorability, and support for nuclear 
energy (the SPV) are significantly and consistently driven more by perceptions of the benefits 
of nuclear energy (the PB) than they are by perceptions of the costs of nuclear energy (the PC). 
And when you think about the equation—SPV = PB - PC—that is not surprising. Perceptions of 
costs are subtracted from perceptions of benefits. In the absence of perceptions of benefits, any 
perception of costs are too high. When it comes to nuclear risk or nuclear costs, safe is never 
safe enough if the technology has no benefits and particularly is not perceived to meet a need 
for more energy. Thus, the key to superior perceived value—in our case, the wider acceptance 
of nuclear energy—is perceptions of benefits. 

But there's yet another reason why the perceived benefits piece of this equation is the driver of 
public acceptance. Analysis of the opinion research done over the years has regularly shown 
that individuals unconsciously trade-off their perceptions of benefits and costs. That is, you 
lower perceptions of the costs of nuclear energy not by talking about these costs but rather by 
highlighting and emphasizing the benefits nuclear energy provides. If people perceive greater 
benefits to nuclear energy, their perceptions of its various costs automatically decline whether 
they're conscious of it or not. Over the years this inverse correlation between perceptions of 
nuclear benefits and perceptions of nuclear costs has led me to say—as some of you in this 
room know—that the best safety message for nuclear energy is that it is needed and beneficial. 

The implications of this pattern in the research data over the years of the nuclear debate in the 
public arena seem to me to be clear. Awareness and understanding of the benefits of nuclear 
energy have been, are, and will continue to be the foundation for expanded public acceptance 
and support for nuclear energy. This advice has always been resisted by some nuclear 
advocates who want to talk about the safety of nuclear and talk of relative risk comparisons. 
Their motto seems to be, "If everyone knew what I know about how safe nuclear energy really 
is, they'd love it." Instead their motto ought to be, "If everyone knew what I know about the 
need for nuclear energy and its other benefits, their safety concerns would go down and they 
would support nuclear more." This latter motto is as true today in some of the most recent 
opinion research on nuclear energy, as it was true decades ago in some of the earliest opinion 
research. In a world of change, some things remain constant. While the benefits and the costs 
the public perceived in nuclear energy in the 1950s and 1960s may not be exactly the same as 
those they perceive in 1993, the process through which they think about, sort, and evaluate all 
the information about nuclear energy that they are exposed to is the same. 

Pattern #2 

Public perceptions of the changing benefits and costs of nuclear energy technology have 
been dramatically influenced over the last forty years by developments and trends in the 
broader society and culture, many seemingly unrelated to nuclear energy itself. 
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While for many of you this pattern in the data is obvious, it is still worth considering here for a 
minute or two. Just as we all learned in our high school literature class that "no man is an 
island," no public policy issue like nuclear energy is considered in a vacuum. Those of you 
who are scientists may be able to isolate and study some phenomena in a laboratory vacuum. 
But those of us who study human beings and their attitudes can't do that in the real world of 
public opinion and public policy formation. 

"Let me illustrate this pattern in the opinion research data with a couple of issues—from both 
the "benefit" part and from the "cost" part of the superior perceived value equation I've just 
discussed. 

At the risk of oversimplification, the benefits of nuclear energy that the industry highlighted in 
the 1950s included things like meets our need for energy, modern technology, American, 
economical, and clean. While "clean" was one of the benefits listed back then, it was largely 
used in the narrow, strict sense of the word, meaning not physically dirty, like coal and oil. 
And the cleanliness of nuclear energy plants was illustrated by all those pictures of spotless 
control rooms and silently humming nuclear plants set in the woods by the river. Today, of 
course, the cleanliness of nuclear energy is defined quite differently in a world of heightened 
concern with possible global warming. And for many people this perceived benefit of the use 
of nuclear energy is vastly more important to them than it used to be. 

My simple point, in the last twenty years the rise of an environmental sensibility and 
environmental movement throughout the world has been a trend with dramatic implications 
for how people think about nuclear energy and its benefits. And in a similar way, we see in 
our current opinion research, and have for the last few years, that the "meets our need for 
energy" benefit is less important to many people today than it was in the mid to late 1970s 
during the various periods of energy crisis, energy shortages, and anger at foreign oil 
dependency. Developments in the world economy and energy supply situation have helped 
push to a large extent energy issues out of the public's mind right now. These developments 
can't help but impact the perceived benefits part of our superior perceived value equation. 

Turning briefly to the "cost" part of our equation, we also see that broad societal trends affect 
opinion research results and how people ultimately feel about nuclear energy. A simple 
example would be wastes. In the early days of the nuclear era, the issue of nuclear waste in 
general—let alone high-level vs. low-level—was simply not an issue for the public. Today, 
however, there's an extreme concern on the part of many people in the United States and 
throughout the world with all waste disposal issues—ranging from household garbage to 
recycling to storing spent nuclear fuel rods. So what was in the 1950s a minimal "perceived 
cost" of nuclear energy is now a far larger perceived cost. 

Two other trends in the broad society and culture over the last forty years deserve a brief 
mention since they affect many perceptions of nuclear energy's "benefits" and "cost." First, the 
well-documented decline in public confidence and trust in virtually all institutions ranging 
from government, to business, to electric utilities. Second, the decline in confidence and faith 
for many in certain elements of technology and the concept of progress itself. 

The implications of this second pattern in the opinion research data are straightforward. While 
the way people process information about nuclear energy is a constant over time, what they 
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process and the different weights they give to individual bits and pieces of information has 
changed over time and will continue to change. Thus, to clear the public acceptance hurdle the 
nuclear industry must build a clear, compelling case for the superior benefits of nuclear 
energy. But as it does this the nuclear industry must constantly measure and understand not 
only the specifics of the narrow nuclear debate, but also the larger and broader changes taking 
place in the society that impact upon the specifics of the nuclear debate. And you take your 
opportunities where you find them. 

Pattern #3 

The public consistently finds it easier to perceive the benefits in general of nuclear energy 
to the society at large than it does to perceive the benefits of specific nuclear facilities 
proposed in their localities. 

At one level this pattern in the opinion research on nuclear energy is simply an illustration 
perhaps of the NIMBY phenomenon, or "not in my backyard." For example, while in the last 
few years about 75% - 80% of Americans believe nuclear energy will be important in meeting 
the country's electricity needs and 50% - 60% favor the use of nuclear energy to generate 
electricity, only 18% - 25% would favor a nuclear energy plant in their area. 

Similar patterns can be seen in the public opinion data for all kinds of facilities. "Yes", people 
say, "the country needs sanitary landfills, but not in my town!" "Yes, it needs jails, but not 
here!" In the current national budget debates taking place in the United States and many other 
countries, there's even an echo of this same sentiment when we see the public saying it agrees 
government spending must go down, but not for my programs or we see the public saying 
more tax revenues must be raised, but not on my income or activities. 

My simple point in highlighting this pattern in the nuclear opinion research is two-fold. First 
this disjunction between acceptance in general and acceptance in the local particulars seems to 
be growing. I'll leave it to others like sociologists to fully explain it, but it is probably just 
another one of the broader societal trends I discussed earlier that affect the nuclear debate. In 
this case, a trend away from a communitarian spirit and ethic that encourages each 
individual's willingness to bear a fair share of the burdens of living in a complex society. 

Second—and more importantly for the task of clearing the public acceptance hurdle—this 
pattern in the research data is a cautionary warning. You must not kid yourselves into 
believing that 75 - 80% acceptance of the role of nuclear energy in general will translate clearly 
and easily into 51% support for a new nuclear power plant at a specific site. To use the 
language of the logician that 75 - 80% general acceptance is necessary—a basic precondition— 
for getting public support for a specific nuclear facility, but it may well not be sufficient in and 
of itself. 

The implication of this for the future it seems to me is that (to use the equation SPV = PB - PC 
one final time) you must increasingly think about creating and marketing a superior perceived 
value proposition for nuclear energy on two overlapping, but different levels. At the first 
level, you engage in a wide range of broad public activities that create perceptions of the 
general overall benefits of nuclear energy to the total society. But in addition, in the specific 
localities where nuclear facilities are being proposed another set of more immediate, and 
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directly tangible benefits must be created and offered to the local publics. These more local 
benefits can run the gamut from local jobs, to local tax revenues, to local enhanced community 
facilities and programs. And finally local involvement in the decision-making about the 
facility and its community benefits. 

These then are three of the basic patterns one sees in the body of public attitudinal research 
done over the years on the issue of nuclear energy. Only by understanding these patterns and 
accepting their implications for nuclear communications and marketing can the nuclear 
industry hope to clear the public acceptance hurdle. 
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Dinner Address to the International Nuclear Congress and Exhibition - 1993 

By Shirley G. E. Carr 

To be a dinner speaker after such a delightful meal, and during an intensive week for the 

delegates is indeed a challenge. Anything I can add to your subject matter would perhaps be 

incidental, so I shall not try to be a "know-it-all" in this industry which is so vast and complicated. 

What I do intend to touch on is the collective responsibility we all have, labour, business, 

governments, teachers, scientists, institutions and the general public at large. 

Canadians know how important this industry is, how delicate a subject matter it is, and how 

divergent public opinion has been. But we also know that with all of these factors, we have taken our 

responsibilities more than seriously. We are a protective nation in a sense. Not only in dealing with 

wars and disasters, whether accidental or deliberate, but also those who work and are responsible for 

the safe use of the materials you have to work with, and of course live with. 

Just as equality and equal opportunity for all, regardless of race, creed, or colour of skin, or 

the opening of the secrets of outer space and the universe as a whole, we have not only an obligation 

but a duty to make sure these events are accomplished without a holocaust to the whole world. 

What a horrendous duty and obligation - what a challenge we have - what a legacy can we 

leave to our present and future generations? Can we do it? Can we use what we have and know? Can 

we go into the future without wars and destruction to life, nature, health, the environment, the 

hemisphere? Can we set aside our political and economic ideals to deal with this question openly, 

setting aside any hidden agendas? 

Well, I am an eternal optimist. I happen to think we can, and not only can, but must. If we do 

not, what will be left? You tell me. The documentation prepared for your congress and the 

interventions made by your distinguished delegates and guests, I am sure, very eloquently pointed out 

the fact that we are at a crossroads, notwithstanding the tremendous challenges that lie ahead. But I 

join with you in a sense of profound optimism about the future. 

The issues you have discussed are very real, and could determine the path of peace and 

freedom for a long, long time. But as you approach this monumental task in your professions or 

chosen field, I think it is important to consider the international context that confronts the workers 

today, whether they are in Poland, South Africa, the Middle East, the Balkans, Europe, Russia, or 

Canada. The sweeping political, economic and social changes occurring today in the closing decade of 

the 20th Century constitute an unprecedented challenge to many societies. 



On one hand, one notices attempts to qualitatively new levels of competitiveness in increasing 

global markets by rapid technological progress, even while the social costs of the economic crisis are 

becoming more obvious. On the other hand, the return to democracy in countries previously 

characterized by authoritarian regimes had led to an explicit acknowledgement of the fact that 

economic change however imperative cannot be achieved without due recognition of its social 

dimensions. Such recognition ensures that the welfare of the most vulnerable groups is not lost sight 

of, and thus safeguards political stability. 

Since the ongoing economic changes demand great effort and considerable sacrifice, their 

successful application in the politically stable democratic context necessitates the working out of 

compromises and the establishment of new social contracts among the parties concerned. It also 

requires a consensus on, and deep commitment to, economic and social development as a final goal on 

the part of all concerned. Such a commitment is vital if the motivation and discipline which must 

underpin an equitable division of present costs and future btnefits is to be maintained. 

In this industry, consensus requires dialogue, and the encouragement of such dialogue in which 

"the representatives of the workers and employers, enjoying equal status with those of governments 

(and) join them in free discussion and democratic decision, with a view of the promotion of the 

common welfare". This is a key element in the mandate of the International Labour Organization. 

Conditions are not always ripe for such participation of the social partners. Stable industrial 

relations systems must be based on solid and representative parties. One might ask, can the union 

movement evolve within a difficult institutional framework which imposes too many constraints or 

obligations to organize itself in contradiction to the general economic structures. 

Over the past few years, there has been an incredible resurgence of the universal and popular 

demand for an end to authoritarian systems. In the wake of this energy, some dictators have 

disappeared, and the world has become less tolerant of those that remain. The Cold War has ended, as 

have many barriers to human contact and interaction, thus releasing new energies and aspirations. The 

political economy of the world is increasingly dominated by giant transnational corporations which 

were enormously strengthened by the years of Thatcherism and Reaganomics. 

You all know that the highly concentrated and mobile capital is driving a rapid and dynamic 

technological revolution. With banking moving rapidly by push button computer delight, money moves 

before you can blink. These forces roam the world with little regard for either national boundaries or 

social values. Tens of millions of workers in industrialized countries sit idle, with little prospect of 

meaningful work in the near future. If they did have a job, where is the occupational health and safety 

commitment? In the developing world, more than one billion people live in misery and abject poverty, 



and I ask, where are the safeguards for them? Look around you; what do you see in your country? In 

the face of these powers, people increasingly feel a sense of frustration, cynicism and even despair 

about the political institutions they have created to serve them. 

And so, ladies and gentlemen, the question of how to translate political freedom into genuine 

human freedom requires and urgent response, not only from all of us in this room or in our chosen 

field but from the whole planet. I am convinced that part of the answer lies in the regeneration and the 

pulling together of forces that are necessary to ensure that human beings have a voice and a sense of 

participation in me political, economic and social lives of their country and the world. There are 

undoubtedly any number of ways for a labour movement to approach the domestic and global 

challenges that face us in this regard, and I certainly have no magic formula to offer. But I do know 

that whatever approach is taken it will involve some kind of interaction between trade unions and 

economic and political power elites. 

1 happen to believe that this congress proves that. It proves that in some circumstances the 

approach of constructive engagement or co-operative co-determination in these circumstances may be 

appropriate. In other words, particularly in this industry we find ourselves with little choice but to 

demand our presence and participation. After all, this is our universe to protect too, just as it is for you 

or anyone else. 

However, a more basic and important question involves what constitutes the bottom line for 

workers as we try to influence events in our own country and around the world. In my view, the issues 

mat cut across all lines for workers concern the universality of fundamental human and trade union 

rights, the pursuit of full employment as an economic goal, and the building and protecting of strong 

societies and unions that have the capacity to improve the lives of their people. Ever since working 

people, many of whom have been brutally treated, imprisoned or tortured, have been drawn together in 

large numbers in employment, we have been engaged in a battle for social justice, human rights and 

equality, and a free society. 

That is why we have for many years been directly involved locally, nationally and 

internationally in dealing with this particularly difficult industry. I am proud of the women and men 

around the world who have taken upon themselves to be very deeply involved in the whole question 

of nuclear energy, particularly here in Canada, both nationally and internally. 

Our labour movement in Canada has a standing committee to deal with this question, and at 

our 17th Constitutional Convention of the Canadian Labour Congress, 1992 we adopted one of the 

most comprehensive policy statements and reports I have seen anywhere. I shall not go into this report 

in detail, but if you wish a copy I am sure it could be made available. This report had 12 sections and 



four recommendations. Hopefully it will be well read and could be used as a model for those who are 

attempting to deal with this complicated subject. We also play a major role in the international trade 

union movement, both in tripartite forums and with our international trade union secretariats. 

I am also pleased to make you aware of the Nuclear Workers Council that has been 

established in Canada by the unions here. There are 19 unions involved in this council. They meet 

three or four times per year, and of course you can imagine what they can and have accomplished, not 

only for themselves but for their enterprise and their communities. They are a proud group, and they 

say, "The most important thing for us as employees of the nuclear industry is to be proud of what we 

do. We are on the leading edge of technology and are second to none in the world." I agree with them. 

Recently I was privileged to meet and to hear Prime Minister Gro Brundtland when she 

addressed an international free trade convention in Latin America. She said, "Everything we do will be 

futile if we do not succeed in financing sustainable development. We must seek new ways to ensure 

better access to environmentally sound technology. Governments have to create incentives and a 

framework to facilitate technology transfer and co-operation. Industrialized countries must assist 

developing countries in improving their ability to assess, choose and utilize new technologies." I 

happen to agree with her very much. 

She also reminded us that developing countries must also help themselves to gain access to 

technology. Many developing countries have imposed bureaucratic restraints on technology acquisition 

such as import duties and prohibitive regulations. Access to unpatented technology can be achieved if 

developing countries themselves allow their experts more of a free hand in their exchanges with the 

outside world. 

It is my opinion that, together with capital and technology, trade is a key driving force of the 

world economy. In GATT for instance, there should be discussions on how to deal with the complex 

relationships between trade and die environment. There are still conflicting views on how this 

relationship should be dealt with. Imagine that in the year 1993 there still seems to be a few who feel 

that environment concerns will be used as a new screen for protectionism even though countries know 

very well that they cannot be excluded from environmental evaluation. 

How does one compete in the global economy when you know that you may face a dilemma 

where products manufactured in countries where environmental standards are low compete wim 

products from countries and companies which have made large investments in safe and sound modern 

production equipment? Those who work in state-of-the-art production plants will be unlikely to 

understand why competing products are allowed to endanger their jobs when the competitor does not 

have to take environmental considerations into account. 



I must say that many international companies today do operate by the same high 

environmental standards regardless of country of operation. However, there are a number of free 

riders, and their activities actually threaten free trade as a global economic system. In fact, they often 

locate in countries that would suffer immensely if the system of free trade is not upheld. 

I believe Prime Minister Brundtland when she stated that we need a shared global vision on 

this subject, so that we can gather our fragmented efforts into a focused effort to save our common 

future. Our aim must be nothing less than the overall direction of the world economy. 

I also happen to believe that the system is too slow. When at the global level they have not 

even come near to what they could, and far too often international negotiations proceed at the pace 

dictated by the slowest wheels on the wagon, the least common denominator. It is difficult to see how 

decision-making in international institutions can become effective unless we introduced new elements 

of supranational rule. Countries have sovereignty over their national resources, but decisions on 

emissions as well as the use of toxic and hazardous substances which affect us all will be illusory if 

we can only move forward at a snail's pace decided by the most reluctant movers. 

At the intergovernmental level, we have a great institutional capacity at our service in all of 

our countries. We need to realize that all human activities are relevant for sustainable development. 

Environment and development issues are not merely additions to existing or ongoing affairs. They 

should not be dealt with by "some sub-committee somewhere" by the top operationally-responsible 

people in every country and organization. 

I know the United Nations has been busy these days internationally on this particular subject. 

But the United Nations is in my opinion the agency that must focus more strongly on the environment 

and take it seriously, and develop issues and place it front and centre on its agenda, since access to 

and use of scarce resources may become a more dangerous source of international tensions. Peace, 

environment and development must, together with human rights be our agenda towards the year 2000 

and beyond. The overall responsibility for co-operation of all activities of the U.N. system should 

perhaps be in the hands of the Secretary-General in the truest sense for unified global action. 

Mass media brings into our homes today the images of a new global reality. It provides almost 

instant coverage, 24 hours a day. But these are fragmented images, offering only part of the new 

reality surrounding us. When we see the ravages of earthquakes, wars, nuclear bombs, forest fires, 

these are the bewildering array of options for escape from the ugly aspect and visions of reality from 

the environment of our planet. When images of dying children in Africa and elsewhere in the world 

flicker across our TV screens, when we see the massive destruction of primeval rain forests, we have 

the possibility of escape by switching the channel. What we need is a global organization to counteract 



this fragmentation. We need caretakers of solidarity and social responsibility. Ultra-liberalism and 

irresponsible economic operations designed to optimize short term profits would be easier to pursue if 

the free trade unions of the world were week and fragmented, but this is not die case. 

We in the trade union movement are concerned with democracy; we are concerned about the 

environment. We are concerned about development. That is why we are here. That is why we insist 

that governments and bureaucracy treat us with respect and allow us to use our knowledge and 

resources to work together. What we need is peace in this highly explosive and difficult field. 

We have an enormous job to do. The process of change is in itself a dynamic restructuring 

process which requires economic activity at a high level. There will be a need to replace capital stock 

at a high rate to promote energy efficient technology. Investments in infrastructure will be required to 

meet an entirely new model of future activities. Consequently, the private sector, trade unions and 

governments should recognize the great opportunities for investments and for employment created by 

the need for change. 

The future generations are already knocking at our door. The living conditions of our children 

and grandchildren are being determined now. Since they cannot take care of their own destiny, we 

must do it on their behalf. Are you prepared to do this? 

Again, to quote Prime Minister Brundtland, "The day must come when people look back on 

our generation and say, "Faced with the challenge, they managed to upgrade human civilization"." 
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WASTE MANAGEMENT 

DR. E. ROSINGER (Director General, Canadian Council of Ministers of the Environment) (Vice 

Chairperson): Good afternoon, ladies and gentlemen. I think we are ready to start the session, the round 

table on Social Issues and Environmental Implications: Waste Management. 

It gives me pleasure to introduce to you the Chair of today's panel, John Hollins. Doctor John 

Hollins is the Science Advisor at the Canadian Department of the Environment. He served as Chair of 

the OECD group on energy and environment through much of the 1980s. Today, he is the Facilitator and 

Chair for this round table at INC93. 

John. 

DR. J. HOLLINS (Associate Science Advisor, Environment Canada) (Chairperson): Thank you very 

much, Eva. Welcome to the afternoon round table. This is INC93 and my job, as someone from an 

environmental ministry, is to make sure that there is just a touch of green in that INC. 

This, we intend to be a round table not like the others that you may have generally known, unless 

you were fortunate enough to have been at WEC - World Energy Conference 13 - in Montreal, in 1989 

and we are going to use the George Pon technique this afternoon that was first used and perfected there. 

This was inspired in particular by some T.V. debates out of Washington. The key is short 

intervention and constructive argument amongst my distinguished colleagues up here, your panel for the 

afternoon, whom I will introduce very briefly as we go along since we only have 85 minutes left and this 

panel is not restricted to those of us who are trying to see you through these very bright lights. The whole 

room is our panel this afternoon and 1 invite you to join in with this one simple rule: if you cannot say 

it in 90 seconds, do not bother. 

The mandate which the organizers gave us this afternoon was 90 per cent about public trust, the 

human dimension and 10 per cent, technology or technicalities and we intend to respect that. 

A brief overview to set the stage. We have heard this morning, even those of us from 

environmental ministries, that nuclear is very much a fact in this world, 420 reactors and counting. There 

is clearly a lot of rad waste, the focus of our afternoon, that has to be dealt with, whether one likes nuclear 

or thoroughly detests it. But perhaps more importantly than that, strategically speaking, as Bob Skinner 

pointed out, there could be a substantia] role for nuclear in a sustainable world. 



The management of radioactive waste, our focus this afternoon, is critical in that equation, and 

your organizers and this panel agree that the dimension of what will it take to secure the public trust to 

deal with this particular issue in the broad context of nuclear energy in general and the national global 

energy equation overall. 

Our objective is very simple. We would like, with you, to make a little bit of progress, maybe 

not so great, but we would like to try to make a little bit of progress down this path of securing a greater 

level, of trust so that society at large can make some really sound decisions. 

We are going to spend most of our time on the human dimension, but we really felt that for 

perhaps the non-nuclear specialists like me in the room, it would help if we just spent a few minutes at 

the outset establishing the minimum technical basis for our discussion this afternoon. 

I would like to introduce Doctor Kenneth Hare as our First panellist to speak this afternoon. 

Doctor Hare is a geographer, atmospheric scientist and general scientist of all kinds by training. 

Introducing him in Toronto, I think the proper thing to observe, that he was the first provost of Trinity 

College at the University of Toronto who was not a cleric, not even an arts man. I have it on good 

authority, however, that his urbane and humane qualities were rapidly accepted and it is in that capacity 

I would like to invite him to reflect that, in an earlier existence as a commissioner dealing with this 

subject more than 15 years ago, he observed that the technical question is tractable. 

What did you mean by tractable, Doctor Hare and is that still your view today? 

DR. K. HARE (Chancellor, Trent University and Chair, International Program Board, University of 

Toronto): Well, it is still my view today but first of all, may I revert to the round table because it 

occurred to me as you were speaking that Claude Bissell, when he was President of the University of 

Toronto, attacked the concept of the well-rounded man. He said the trouble with well-rounded men is that 

they get to be damn nearly spherical. And I think there is a profound message behind those words. 

I got into this business by being telephoned by the Deputy Minister of the Environment, as he was 

in those days -1 am sorry - of Energy, Mines and Resources, Gordon McNabb and he said, "Would you 

tackle this?" And I said, "Look, I am an environmentalist, and I have always said that nuclear waste was 

the Achilles' heel of this industry, and here you are, asking me to conduct a study group into this." He 

said, "That is why we want you. We want to persuade you that perhaps there is more to it than that." 

So I took it on, and I have to admit that, at the end of what was a very brief, very quick and dirty study, 

I did come to the view that it was indeed technically a tractable issue. It might be socially very difficult, 

but it was technically tractable. And that is still my opinion, you will be glad to hear, John. In other 

words, we do not have to go home at this moment. There is still hope for the issue because it is tractable. 

The question is: Are people tractable? 



CHAIRPERSON: Thank you. Jean Pierre Olivier is Head of the Radiation Protection & Waste 

Management Division at the International Energy Agency and in some of the messages that you sent me 

before this session, I got the sense that you felt there was some real room for technical improvement. 

Did you share Doctor Hare's view? 

MR. J. OLIVIEK (Head, Radiation Protection & Waste Management Division, OECD Nuclear Energy 

Agency): Yes, I do. 1 think we have made a lot of progress and the question is still tractable today. I 

think in a way, the progress is that on all possible grounds, regulations, objectives and criteria for disposal, 

etc., all these technical things which we like, we scientists, progress has been made, and we can say today, 

even stronger than what we did before. It is a tractable issue, no doubt about it, 

CHAIRPERSON: And I do not think we are going to get a whole lot of argument from the technical 

people in the room, but may I turn to our political scientist, Professor Michael Kraft from the University 

of Wisconsin at Green Bay, a professor of political science and of environmental studies. 

Michael, tractable? 

DR. M. KRAFT (Professor of Political Science, Herbert Fisk Johnson Prof, of Environmental Studies, 

Department of Urban and Public Affairs, University of Wisconsin): I think, technically, the problem is 

tractable. My objection is not to the technical capabilities of dealing with the waste issue. It is, as most 

of our panel will deal with this, the public recognition of that and with the kind of standards that are set 

in the United States anc rther countries for meeting the technical objectives, that it is with the 

environmental expectations over a very long period of time. So the problem of disposing of waste may 

be tractable, it is awfully hard, however, to assure people including sceptics that one can go ahead and 

meet the environmental expectations that exist over a 10,000 year period. 

Because of that very long time span, I have questions about tractability and tend to favour a 

shorter term storage until we can either revise the long-term standards or better assure that we can meet 

them. 

CHAIRPERSON: Susan Wiltshire is a mathematician by original training but she is, I think, a political 

scientist by avocation. She told me that she had learned a whole lot from her four children and some 

grandchildren, and Susan has been very active in community, municipal and state affairs and on several 

federal bodies in the United States. 

With your community social hat on, what do you think, Susan? 

MS. S. WILTSHIRE (J K Research Associates): I like the word tractable. Unfortunately, that was not 

the word that was used. The word has often been used as it is not a phrase, it is not a technical problem, 

it is a social-political problem, and when people hear that, they think what the folks in the field are telling 

them is that there are no technical difficulties, that there is learning to be done, that we can go out and 

immediately implement a program. 



Tractable sounds to me as if what you are proposing is we go through a careful process of 

research, development and then, pilot-testing and then, implementation, a careful process. That is fine. 

But people are reacting to the expectation that the technical issues have all been resolved. I think what 

we hear with the word tractable is that we know how to approach the technical issues and the scientific 

issues and by careful program, we can resolve them. That is not what people have been told by the short 

hand if it is not a technical problem, and therefore they wonder why we are spending all this money on 

research and development and why we are making no progress and why they keep hearing of new things 

to learn when they have been told it is not technical. 

I believe it is a technical process which is well understood by those in the field, not a technical 

problem that has been solved. And that is a matter of language which has been misused. 

CHAIRPERSON: If anybody out there would like to come and join our panel, there is a microphone 

just in front of the camera in the middle. If you have got something to say on this subject or any other 

or want to introduce a new idea, please do not hesitate to come up or wave your hand at me if you would 

be more comfortable with that. 

Jean Pierre, we heard this morning from our friends in the U.K. for example that actual operation 

of a waste facility, a disposal facility can wait 40 to 50 years. Is there any urgency to get on and settle 

these things, or have we really got some time? 

MR. J. OLIVIER (Head, Radiation Protection & Waste Management Division, OECD Nuclear Energy 

Agency): I think we have got some time strictly from the technical standpoint. We are dealing with 

waste which is physically hot, and everybody has an interest until this waste is a bit cooler to simplify 

the technical issue. So there is no urgency from the technical standpoint. 

From the safety standpoint, the urgency is limited as well because we can afford to control 

properly in an interim way all the waste we are facing. However, the problem is perhaps more urgent 

from the political standpoint, and this is perhaps an issue we have to debate. 

CHAIRPERSON: Everyone here, I am sure, is comfortable with the technical tractability. The notion 

as to why we need to keep on pouring R&D effort into this if we have it already technically tractable is 

a little bit puzzling, I might say, for, I think, many ordinary people and politicians, and I wonder if there 

is anybody out there who would like to speak to the ongoing need for research in this area. 

Please, from the very back, would you kindly come right down to this microphone just in front 

of the middle camera and introduce yourself please. 

MR. M. McNEIL (U.S. Nuclear Regulatory Commission): I would just like to offer one perspective. 

I attended a federal management symposium some time back with a member of the Food and Drug 

Administration who said one of their problems is as follows. What is an acceptable level of mouse shit 

in your oatmeal? In fact, it is impossible to keep all animal waste out of food, and the public does not 

really understand the second law of thermodynamics and has this perception that you can totally eliminate 



leakage, totally eliminate waste from everything, and that, I think, is a psychological problem that leads 

to a need for - and now I am speaking for myself personally and not for the Commission - sometimes a 

bit of technical overkill. 

MS. S. WILTSHIRE: I have had a great deal of luck in speaking with people in small conversations 

about issues of radioactive waste management in a very frank way. They say, "Well, it might leak or the 

repository might leak." And I said, "Of course. Eventually, radionuclides will be released from their 

repository. The question is when and where, and what will the effect be." Then you can start a 

conversation. You do not have to start a conversation with nonsense. You say, "This is what occurs." 

The question is: Does it matter? And the same thing with information. When we try in the U.S. to 

overkill by learning everything that we could possibly know because we have enough R&D money and 

a lot of scientists interested in it, the question of what matters gets lost, and I think conversations about 

such issues that revolve around acknowledging first the fear and then say: Is it justified? And sometimes, 

it is quite well justified, and sometimes it is a matter of misunderstanding. So how do you converse is 

what we all need to learn. 

CHAIRPERSON: The gentleman from the front row please. 

MR. J. ROTHSTEIN (Ohio State University): At an earlier session this morning, I brought up the 

question of the Oklo reactor and talked to people and was surprised to know that many people, even at 

this Conference, seemed not to know about it. So in about 20 seconds, this is the story. 

At Oklo in Gabon, there was a big deposit of uranium and the French, at the time, said, "This is 

great. We will just get this uranium." Unfortunately, when they analyzed it, they found there was no 

U235 there. It had all gone. How? Well, it turned out that nature had set up, millions of years ago, 

hundreds of millions of years ago, a natural reactor which gobbled up all the U235 and the U238 was 

there with all its fission products sitting there for half-a-billion years or so, and it had not even migrated 

meters from it, and nature had not taken any precautions to make sure that the fission products would not 

migrate. And it seems to me that the man on the street could understand that what they are worrying 

about, nature already did an experiment and with minimal safeguards against the spread of the fission 

products, there they were, doing no harm at all. And I cannot understand for the life of me why it is not 

the case that all the proponents of nuclear energy have not trumpeted Oklo. 

CHAIRPERSON: Are you a proponent of nuclear energy, Jean Pierre and are you prepared to take your 

trumpet out? 

MR. J. OLIVIER: I think 1 can give some answer to the question he asked as far as nature analogues 

are concerned. Oklo is one example. This is perhaps the First which came to the surface and which was 

known by a relatively large public at the time. We are still working on it. Actually, next week in 

Brussels, there is a meeting on the Oklo reactor. 



The point is that it is perhaps more useful to scientists than to the general public, because they 

are looking with a microscope as to what happens there in very much detail, and this helps them with 

codes, validates their models, etc. So this is not a forgotten issue. It is used a lot today, this example and 

the Siga Lake reactor for instance, not reactor, Siga Lake deposit. But it is not something which we use 

for public consumption because it is a bit too difficult. 

CHAIRPERSON: Michael please. 

DR. M. KRAFT: I am going to offer an academics/social scientist perspective on this. There were some 

colleagues who finished a new book, Public Reactions on Nuclear Waste, and it is easy to misunderstand 

the kind of concerns the public has and to propose if only the public had more information, if only the 

public understood the way reactors operate, the way a repository would work, it would be different. 

I think what we are missing here - and my familiarity is mostly with the United States - is that 

the public is also making a judgment about the performance of policies and institutions, and the public's 

concerns are real and probably their fear of nuclear waste is deep enough that new information is unlikely, 

in the short term, to make a dramatic difference. In particular, we found across a range of studies one 

common finding, which is that perceptions of the risks of a high-level waste repository are closely tied 

to trust in government and implementing agencies, and I am afraid until we can rebuild that trust, it is 

going to be difficult to alter or improve those perceptions. The mere provision of the information will 

not do it. 

CHAIRPERSON: Ara Meradian is at the mike please. 

MR. A. MERADIAN: I have a two-part thing I would like to address to the panel. The first is we need 

some definition of the two terms, management and disposal. Because if we are talking to the public about 

disposal, how do we technically define that and how do we perceptionally define that? That is the first 

part of the question and related to it is: What impact does the panel think our debates on waste disposal 

will have on the mining industry that has to deal with elemental poisons such as arsenic, selenium, silver, 

copper, mercury, lead, etc., all of which never die? 

CHAIRPERSON: Kenneth please. 

DR. K. HARE: I think the distinction between management and disposal is obviously a key one and it 

is one in which I have rather changed my own mind over the years. To be frank, in 1977, when I and 

my colleagues submitted the first report to the Canadian government on this, on which the government 

has subsequently acted, we thought that what the public would want would be disposal in the sense of 

putting the stuff away in a repository and locking the key and burying the hole and forgetting about it. 

In other words, the abandonment concept of disposal. 

But the subsequent public hearings that have been held over the last decade in one form or another 

have suggested that is not at all the view the public prefers. The public wishes to know that the wastes 

are being: one, managed; two, monitored; and three, looked after in the sense of being secure, but there 



is apparently no insistent demand for that last stage in the disposal process which I and my colleagues 

thought was inevitable 15 years ago. And I think that there is an actual shift in public opinion. It is 

because there has been, in spite of ail appearances to the contrary, some gain in trust in the concept of 

management of these things, and I say that in the face of the fact that we are still in the ground-swell from 

the Chernobyl event which obviously was a major failure in management, in this case, of reactor safety. 

So on the whole, I would say, let us accept the public's definition of management. It is that, from 

the time the waste comes out, I think we have to keep our hands on it, measure its performance, accept 

responsibility for it, and that is what I personally mean by management. 

MS. S. WILTSHIRE: There has been a definite change over the years I have been involved in that issue. 

When I first found out that radioactive waste existed, it really entered my consciousness, was 1978 with 

President Carter's agency review group process and people then were very concerned that we discharge 

our obligation to future generations. These were mostly people in public policy positions at the national 

level, environmental organizations, national organizations and others, talking in a very principled way 

about our obligation to future generations, and that we, in this generation, need to dispose of it, to have 

the final solution to the problem, and so, disposal was the end in a geologic repository. 

Then, the discussion moved out into a broader public and we began trying to implement it, and 

we found the people who were less interested in a high-minded discussion and more interested in the 

practicalities of what is it that human beings actually do. Bridges sometimes collapse. The concrete in 

the side wall cracks. Things do not always work as we hope they will, and the very practical real world 

sense of human limitations have led, I think, to this change, but it is very real and now, people all say, 

I mean, the public seems to be in general saying, "You need to continue to monitor, do not aim for closure 

in a repository quickly, keep your monitors on and your retrievability fairly easy and expeditious because 

we may make a mistake." And that is our obligation to future generations, is not to foreclose options and 

not to make an irretrievable error. 

CHAIRPERSON: Thank you very much. 1 would like to move the agenda a little bit towards the human 

dimension more. We have talked about public this morning and this afternoon and to change the flavour 

just a little bit, 1 would like to introduce my colleague on my right-hand here, Eva Rosinger, an engineer 

by training who is currently the Director General for the Canadian Council of Ministers of the 

Environment in Winnipeg. 

Who are we talking about in public and players here, Eva? 

VICE CHAIRPERSON: Well, I think as we are taking the step and we move from discussing the 

research and the technical aspects and are they tractable, and we move to implementation, we have to start 

thinking about the major players in this whole game and the reference was made today here, shall we be 

explaining to public more and more about the technical aspects. So is it a matter of trust, as our social 

scientists are saying and telling us. 



And if we reflect on this morning's presentation by Doctor Colin Allan, where he listed the parties 

and participants, the players who are going to be involved in waste management decision-making and 

moving from the research to implementation, he mentioned the list, as you say, as you might recall. First 

of all, waste management agency, then, there is the technical community, then, there are regulatory 

agencies, then, there is the host community and there are politicians, and then there is the society at large. 

Each of these parties, each of these players will play a very important role, and in fact the decision on one 

level will be influencing the decision-making on other levels. 

So where does it leave us now? Is that the way, how we will come to the decisions and further 

addressing of the waste management issue. 

CHAIRPERSON: Colin Allan, I wondered if I might invite you to just come up. There were many 

more people in the room this afternoon than there were in our workshop this morning. You talked about 

building confidence, and you made a reference to building confidence up a chain and I was not quite sure 

whether you meant from the society, public at large, up through the regulatory agencies or the other way 

down.. Would you just care to capture that in a few words? 

DR. C. ALLAN (Vice President, Environmental Sciences and Waste Management, AECL Research): 

Thank you, Mr. Chairman. I am Colin Allan. I am Head of Environmental Sciences and Waste 

Management in AECL Research and 1 have responsibility for nuclear fuel waste management program in 

Canada at the present time. 

I certainly see the waste management program as a question of building confidence and 1 see it 

as moving ahead, opening doors to continued progress but not closing doors behind you as you move 

ahead. And in this moving ahead, there are many publics, many constituents, many stakeholders that have 

to be convinced that it is appropriate to move through the next door, and I have listed a number of these 

constituents. And my sense is that any one of them can close the door on you and prevent you moving 

ahead. All of them must concur that it is appropriate to move ahead. And there is a consensus building 

amongst the communities, and in a large part I think that there is a certain level of this consensus building. 

If the waste management implementing agency is not convinced of the safety, is not convinced 

of the appropriateness, then how can it hope to convince other stakeholders? So I would say first and 

foremost, the agency having responsibility for safety of the operation, for the environmental efficacy of 

the operation must be convinced. It must then work with the technical community and bring the technical 

community on side. 

We have said that the problem is technically tractable. It does not mean that all technical issues 

have been resolved. There will be outstanding technical issues that must be debated. In the end, the 

technical community must be comfortable, and if they are comfortable, then the regulatory agencies have 

an easier chance of agreeing to the decision to be taken. 



Similarly, if a community does not see that the agency, the technical community and the 

regulatory agencies are convinced that it is safe, how can they have a conviction to proceed? So 1 do see 

that you do need agreement by a number of communities to enable other communities, other stakeholders 

to agree. 

CHAIRPERSON: Thank you. Susan Wiltshire, you have been a student of these matters in the United 

States. Is the United States program in these matters on the right track? 

MS. S. WILTSHIRE: No, it is not on the right track for many reasons. It is in a muddle, I would say. 

Is that correct? 

DR. M. KRAFT: I would certainly agree with that. 

MS. S. WILTSHIRE: It is in a definite muddle. As we have spoken before, I think that the beginning 

of the muddle was our decision to put a governmental agency in charge of implementing the program 

rather than have the government be the regulator and some other body be the proposer. I think that is 

much cleaner, and that is what occurs in many other countries. But we have the Department of Energy 

in charge of disposal of spent fuel, civilian spent fuel and we have, of course, the Nuclear Regulatory 

Agency as the regulator. 

The Department of Energy, as you all realize, its main task over many years was building bombs, 

and they did so in a closed environment in what we now understand a way that put production first and 

the environment second, and as that complex has opened up and people see more and more the 

consequences of that, which is very much a lot of sites that need cleaning up, people say, "These are the 

people you are going to trust with the environmental long-term safety of the nuclear waste program." "Oh, 

well, that is a separate part of the Department", they say. You cannot expect people to separate that. So 

there is a real reason for the trust and lack of trust and confidence, and I think we put the fox in charge 

of the henhouse, but that might be too radical a way to put it. 

CHAIRPERSON: That is a nice phrase. I do not know if there is any media here but that would be 

suitably juicy, I think. 

Michael, can we have an argument between U.S. citizens here or you are just going to agree? 

DR. M. KRAFT: Not on this issue, we cannot. I am entirely in agreement. Again to refer back to the 

studies that a number of us did, one of the most consistent findings across a variety of methods, a variety 

of geographic areas, was that one of the most powerful explanations of public opposition to repository 

siding, both in Nevada and nationwide, was lack of confidence and trust in the U.S. Department of Energy 

for a variety of reasons. 

The trick here, I think, to go back to the perspective that Colin Allan was offering is that we have 

to find, I think, some different ways to involve certain constituencies that hold such keys. It is not enough 

to call for public involvement. It is not enough to follow the conventional mechanisms and say, "Let us 

hold a hearing. Let us have an enquiry of some sort." That works with some constituencies on our list 



of segments of the public. It will not work with many other people, and I think we have to begin a 

genuine search for new ways of building a fruitful dialogue between the technical community and the 

public. 

If the public is deeply fearful of waste and waste repositories, we have to find some way to 

address what our genuine public concerns, however much we may think they are not justified, and there 

are many issues, I think Susan and I would agree, many issues where the public concerns are real, 

appropriate and legitimate and simply must be involved in a process, a dialogue that can help build that 

confidence that is so lacking in the United States, if not in other nations. 

MS. S. WILTSHIRE: Speaking of dialogue, is there a reason the lights are down? I cannot really 

converse with people I cannot see. It is very difficult. 

CHAIRPERSON: Could the floor manager put the room lights up if he or she is listening? Thank you. 

MS. S. WILTSHIRE: This is one problem with communication. You do have to look people in the eye 

and you have to see, by how they are shifting around, when they agree and disagree and ready to get 

angry. It is a help. 

CHAIRPERSON: I want to come back to one of my panellists up here about whether there are fears 

that lack of trust is just a lack of understanding or whether there is some cultural differences and 

differences in values. But first of all, I would like to go out to the floor and I think we have Doctor 

Bernard Cohen from the University of Pittsburgh. 

DR. B. COHEN (Professor of Physics and Radiation Health, University of Pittsburgh): It seems * •> me 

that this whole problem is just blown way, way out of proportion. Let me try to explain it in a very 

simple way. 

Now, what we are going to do presumably is convert this waste into a rock -1 think everybody 

realizes, recognizes we can do that - and put it 2,000 feet underground, let us say. Now, we know all 

about how rocks behave. For example, you can easily calculate what is «he probability for an atom in an 

average rock, 2,000 feet underground, to get out and get into a person's stomach. It turns out that 

probability is one chance in 10 trillion per year. This is something which is very easy to calculate, can 

be calculated many different ways and so, that gives you the risk. Once it gets into somebody's stomach, 

very easy ' '">,i.„r> what the risk is of getting a cancer from that. 

So it is ali , 'Iculable thing and the way it works out is that if you bury it at a random 

location, that is take the U.S.. ••• ' ^ntion, close your eyes, point to a map and say, "Bury it there, 

2,000 feet underground", it turns out that the effects will be to cause .01 cancers per gigawatt electric year. 

That is waste from one power plant. This is over millions of years; it will eventually kill .01 people. 

Now, is that not simple enough? Can somebody give me an argument against that? I must be 

insane because I cannot understand why that does not convince everybody. 



CHAIRPERSON: We have a special audience, Doctor Cohen, who I think is probably sufficiently 

mathematical literate, even of those of us up here, that we can understand what you are saying. The 

question to one of my political science friends is I was trying to establish who is this public that we need 

to reach a consensus with. Are they mathematically literate like Doctor Cohen? Can he hope to 

communicate with them on that basis? Or is there some other basis? 

DR. M. KRAFT : The problem is it is what social scientists refer to as the technical definition of this 

versus the cultural. What you are saying is perfectly appropriate for an audience like this. We can 

understand that risk is a product of probability times consequences. The public tends to wrap the entire 

subject to risk in its own understandings, perceptions, fears, concerns that may bear little relationship and 

I am afraid it is hard to get a dialogue going if the position is, "Well, the public is wrong and they will 

have to be patient and listen to us, to correct them." 

If we stan with the presumption that we are going to inform the public of the true risks and this 

will bring us to a position of consensus, I am afraid it will not work. The technical community and 

implementing agencies dealing with waste have to stretch beyond that and find a way of genuinely 

engaging the concerns that the public has and if we start by saying the concerns are not real, therefore, 

the public does not belong in a genuine dialogue, I am afraid we are not going to win them over. 

DR. B. COHEN: You cannot use probability? But if you cannot use probability, anything in the world 

would then be ...(off mike)... 

DR. M. KRAFT: You cannot stop at probability because many people would not understand that, and 

their conception of risk which some of us believe is a legitimate conception of risk involves more than 

that. 

For example, they may focus more on the consequences of a catastrophic accident than on the low 

probability of its occurrence. And that is the case with the reactor safety. It does not do any good to tell 

them, "Yes, yes, but the probability is so low, the consequence will not really happen." 

DR. B. COHEN: Well, that is true of anything. Any technology can kill everyone in the world. 

DR. M. KRAFT: I would say anybody who does not understand, cannot talk probability, has no right 

to be in any kind of discussion of this sort. 

CHAIRPERSON: I think you possibly won an intellectual argument. The question is whether you can 

win a political argument that way. 

Susan Wiltshire and Kenneth Hare, have you got any commentary of how one might help the 

audience as represented to some extent by Doctor Cohen with a particular kind of training, with a 

particular mental model, bridge at least partly towards the people, Susan, that you deal with in your 

corr^nunity and I deal with my municipal council? 

MS. S. WILTSHIRE: I would start the dialogue as a dialogue, by listening, by explaining my own view-

but perhaps changing, getting the mathematics out of it and using words. You can get them out in the 



sense of not using the numbers. You can get the concepts into words and then, find out why that is not 

the complete explanation that satisfies and listen and then, see if you can iterate and understand what it 

is beyond what you have just said that still worries people. 

1 cannot tell you what it is you are going to find. I cannot anticipate. But what you can do is 

discuss it rather than tell, listen. There may be a concern that you can answer but there will not be an 

answer if you cut off the discussion by saying, "My answer should satisfy you." Then, you will not find 

out what the problem is. 

CHAIRPERSON: 1 did not realize I had an ally in the floor manager who turns off when you have been 

speaking for 47 seconds. 

DR. M. KRAFT: Incidentally, what Susan said, that is why public hearings or formal structure to this 

dialogue is not as good as having some smaller group discussion because I think it is very hard to listen. 

MS. S. WILTSHIRE: And if you were there, because people like to talk to scientists who will speak 

to them. I have seen it. It is very effective when you can have someone who really knows their field. 

There is nothing more interesting than listening to someone who really knows something, talk about it, 

if they can speak in words you can understand. That is why we have all those science programs on public 

television. People love to hear someone who really knows something if they can speak in terms that 

communicate. So that dialogue is really interesting to people but you have to find out what they need to 

know and they have to understand what it is you answer and you build on it. It is not easy. 

MS. S. WILTSHIRE (J K Research Associates): You are not hearing. You are listening but you are not 

hearing. We should go together sometime and I will see if I can translate. I think we could do it. 

CHAIRPERSON: Doctor Hare please. 

DR. K. HARE: Well, I was wondering what to say, but I do understand probability, Doctor Cohen. I 

know about basic statistics, and I know about that sort of stuff and I think I reject it when it gets out into 

very big numbers. I feel very satisfied with being told that a risk is one per cent per annum, or perhaps 

one of a thousand per annum, but when I am told that two technologies are separated by being with a risk 

of one in 10 million per annum and one in a hundred million per annum, I say, "Well, who the hell 

cares?" 1 mean, out of that end of this thing, it does not mean anything to me as a scientist. 

Actually, what I think we do with probabilistic risk assessment which, after all everybody in the 

room knows, is our standard operating game these days, is to use it ourselves to assess the relative 

attractiveness of two proposals, but I made the conscious decision in each of the three nuclear inquiries 

I have chaired not to use probabilistic language in talking to the public because my instincts told me that 

the public will not buy them, that they do not certainly understand them, Doctor Cohen, because they do 

not bother to understand them. They do not think they are worth understanding. And I think it turns them 

off to do it. 



But when it is a question of choosing between two alternative gadgets on a reactor, then, to the 

technical community, namely ourselves, they are excellent bases for choice, and may I say this is just as 

true in the Field of waste disposal, in my opinion, as it is in the field of - shall we say - safety analysis, 

say with respect to a reactor operation. 

CHAIRPERSON: Thank you. May 1 try to go through the three people who have come to the 

microphone fairly quickly, four actually? Michael Folger from UK Nirex, I think, is the first one. 

MR. M. FOLGER (Managing Director, UK Nirex Ltd.): Thank you, Chairman. Two or three comments. 

Firstly, as managing director of a non-governmental company charged with developing repository, I am 

grateful for Susan Wiltshire's vote of confidence in our abilities and the degree of public trust that is 

placed in us. 1 would just say that in the United Kingdom, the whole environmentalist critique is that this 

whole problem should be solved by government rather than by the industry. But I happen to agree with 

her that a very careful distinction between poachers and game-keepers is very important. 

A second reflection and just picking up one of your remarks of 15 minutes or so ago, yes, of 

course, in the United Kingdom, as elsewhere, we have got plenty of time to deal with high-level waste 

and indeed, the spent fuel, if the UK comes to dispose directly of spent fuel. That is a nice, neat waste 

form. It is physically hot. You have to let it cool down. But in the UK and in some other countries and 

the military side of the USDOE, we do have big volumes of trans-uranic wastes which do demand an 

earlier solution because they are more problematic in surface storage. They are involved and mixed with 

organic materials, and let us not forget that piece of the technical jigsaw. 

Lastly, I would just like to agree very much with Professor Kraft on the question of high 

consequence events. As I said in the workshop this morning, I think it is very important to help the public 

understand that a worse case scenario for someone resident on top of a waste repository is nothing like 

living downstream of a dam or having a 747 fall out of the sky on to you on the approach to an airport. 

It is a very valid human perception that we just have to deal with. Thank you. 

CHAIRPERSON: Thank you. May I invite you to make a short intervention, sir? 

MR. F. LANGFORD (Saskatchewan): I have been involved in the uranium industry there and I have 

been on the losing end of many nuclear debates, not because my facts were in error, not for any of thos. 

reasons, but because it was a case of reasoning with the public and I was very much taken with Ms. 

Wiltshire's remarks, particularly on the fact that when you are dealing with the public, the perception is 

the reality, not the other way around. It is entirely what they perceive to be. 

One of the loaded guns that you carry with you all the time is your vocabulary. Every word you 

mention to the public carries a message and you must be very conscious of that and I keep listening today 

and I say to myself, "Every person here who talks about nuclear waste is courting disaster when he faces 

the public." You can talk about spent fuel, you can talk about used materials, but waste conjures up an 

image which you will find very, very difficult to contradict, and when you put on top of that a nuclear 



waste dump, you are finished. There is no more debate left, so that you must be very conscious of the 

words you use. 

I would always recommend one uses the term repository. It has no bad meaning to the public. 

In fact, most of the public do not really know what the hell it is. On the other hand, you come to that 

other point where we were talking about disposal being a tractable issue, technically tractable. 

To me, it means something like we are not trying to introduce perpetual motion or something 

which is scientifically possible. We have problems that we can solve. But the public does not know what 

the hell tractability is. So you do not use that. You tell them that we have problems, we can see the light 

at the end of the runnel, we can solve them. They are not bad things. We can handle them. 

Professor Hare mentioned the problem of this idea of burying the stuff and getting rid of it. Well, 

I have done my own polls in the province too and I came to the same conclusion. The public feels that 

if you sweep it under the rug, it is going to come back up and haunt you. And for that reason, I have 

even gone to this case here where I think that really what we should be selling is perhaps long-term 

surface storage. We emphasize the fact '.hat it is reusable fuel and then, we do have time eventually to 

develop proper disposal. But to jump off the cliff into the deepest part of the water, I think we are doing 

ourselves a disservice. We have to look, not at what is necessarily the technically cleanest solution but 

what is politically the most acceptable solution that also buys technical acceptance. 

The other thing is Professor Cohen here was talking about probability. I think the real place 

where people run into trouble in trying to sell probability is the quid pro quo. You can talk about people 

having a great deal of risk when they drive a car, thousands or hundreds of times the risk of a nuclear 

accident, but they still want to drive the car because they get down to the store. When you talk to them 

about the risk of nuclear accident, what are they gaining for undertaking that risk? We have never really 

sold that part, that for this bit of risk, you get this much benefit. That is the source of the argument. 

Thank you. 

CHAIRPERSON: Thank you. Sir. 

MR. E. FRECH (Atomic Energy of Canada Limited): Thank you. I have spent many years prior to my 

present job in communicating with the public about this very issue and it strikes me that we are missing 

the point if we do not define it as the public does, which is to say the nuclear waste problem, and I really 

disagree to some extent with Doctor Hare when he thinks the public's definition of the problem has 

changed. The public that we responded to 15 years ago by bringing into effect the present programs 

demanded that something be done about the problem. You cannot build all of these reactors unless you 

know how to take care of the waste. And that is still the expression of the problem today. 

It was industry and governments who came forward with the perfect technical fix and said, "Do 

not worry about this problem. We will take care of the waste in such a way that nobody will ever have 



to worry about it again, and we will be able to prove it to you mathematr^lly and probabilistically and 

through good engineering and science." 

Well, the people who raised this issue in the first place are still facing us today and I suggest to 

you that one of the problems is that we have not really got a public dialogue on this issue. What we have 

got is a public debate between the scientists and engineers on the one side and the people who have faith 

and fear on the other, the people who are very much opposed to building and operating nuclear power 

plants and who raise the waste management issue as one impediment to continuing with the nuclear power 

program. That is what really got everyone's attention back 15 years ago. 

Now, let me suggest to you that these people are not going to be easily mollified by engaging 

them in a dialogue and getting their opinions, because they have a fundamental conflict of interest. They 

want the environment protected, yes, but not at the expense of continuing nuclear power. Therefore, they 

will oppose vehemently every effort to manage the waste and to solve the waste management problem. 

We have seen this in Canada at the public hearings that were held by the Environmental 

Assessment Panel to scope out the issues. They came out publicly and said, "Look, we think you should 

keep this stuff beside Highway 401 so that everybody can see it and it is in full view for everyone. 

Everybody will realize what a terrible mistake we all made, and we think that you should stop producing 

this material. And that is the solution to the waste management problem." 

So 1 do not know how you engage these people in a dialogue. Perhaps members of the panel 

might have some ideas. I would be very happy to follow them up. 

CHAIRPERSON: Doctor Hare, you have been a Commissioner more than once. What public are we 

talking about here and is it the right public or all of the public? 

DR. K. HARE: 1 do not think it is all of the public. 1 think it is a very small pan of the public that is 

actively engaged in this, at least it is as long as the issue is generic. That is to say as long as we are 

talking about the validation of a concept, to use the jargon which we all use about this, as long as we are 

talking about the feasibility and the acceptability of specific proposals as far as technology is concerned, 

just the general technique of coping with the waste problem, then I think in those circumstances, the body 

politic divides itself into two parts: the small group of us who are associated with the industry itself on 

the one hand, and the opponents who, as our friend just said, are irredeemably opposed to the use of 

nuclear energy and believe that the right way to solve this problem is to cut it out altogether by just not 

making it. 

And to some extent, it is a dialogue of the deaf because if you hold public hearings - and I have 

not held public hearings but my friend Arthur Porter did for years and years - what happens is that the 

same group of people turn up at every hearing, wherever you are. They commute around by buses and 

make the same speech and it is a dialogue of the deaf. No one hears anything at all. 



But you have come up with a specific site proposal and you say, "We have discovered the 

particular granite batholith in which we expect we shall be able to inter the wastes," and then, several 

hundred people will turn up. 

Mr. Chairman, just let me say one last thing. 1 belong to a very expensive club. I could not 

possibly afford to pay the dues myself but my employer did pay them and I am a member of this 

expensive club and most of the very wealthy people in Canada belong to this club. There are 600 

members. The average attendance at an annual meeting was 10 or 15. But one day, the club management 

announced that they were going to install elevators and it would cost everyone of us $4,000 each. The 

next meeting had 175 people turn out, including three of Canada's richest men. See what I mean? 

MS. S. WILTSHIRE: When your interests are engaged, you respond. 

CHAIRPERSON: Let me just go to the two gentlemen on the floor quickly and then, I want to try and 

get into what public should we be trying to reach and how we might do that. 

MR. P. GIROUARD (Nuclear Energy Agency): I have a two-part question, but first, I will say 

something about probability. Like a lot of people, a lot of engineers here have done fault three analyses 

and calculate probabilities and in spite of all that, 1 still buy lottery tickets. And that is probably how at 

least part of the public thinks. It is a shame that we sort of lump all the public as one big mass out there. 

It should be divided somehow. 

My question is really a two-part. First, it seems that the public would be more interested in 

having something shown, something existing. What would be the impact if there was one active 

repository, even if it is only one fuel bundle somewhere in the world? And the question is, assuming it 

is not in the U.S. for example, what would be the impact on the U.S. public? 

The other question: Assuming that the impact would be fairly positive, is there enough incentive, 

given that there is no physical or economic requirements right now to build a repository, is there enough 

incentive around the world to actually move one ahead to build it earlier than necessary? 

CHAIRPERSON: Jean Pierre, would you care to? 

MR. J. OLIVIER: Well, I can try to give an answer. Some 10 or 15 years ago, there was big 

international pressure to develop some kind of demonstration facility for the sake of, at least demonstrated 

that we can make it if not demonstrating that we can make it safe. People realized very quickly that it 

could not be done because of the safety aspects which are not demonstrable in a short deal of time of 

course but also because perhaps people would realize that it would do nothing at the end. And actually, 

this is what happened to some extent, because there was such a facility that was in the U.S. where 

substantial elements were buried into the ground. For periods of time, they had a lot of visitors there at 

this place and then, they decided that perhaps there was enough and they removed the spent fuel and that 

was it. That was a climax time actually. So I think in two places, it did not demonstrate anything and 

today, everybody has forgonen about it. 



Now, the second question perhaps about the possibility to finance something to help the country 

to speed up its program, I think it is very difficult because in this field of waste management today and 

waste disposal particularly, everybody is left on his own as far as operations are concerned. People are 

afraid that if you start implementing your repository earlier than the others, perhaps you will in both ways 

and that is a very basic issue which people are confronted with and which they do not like. 

However, this being said, some countries - and I have Sweden in mind for instance - are trying 

to have a soft - let us say - implementation process calling to which they do not commit themselves to 

go the full speed up to the total implementation of their system, but rather have a soft process which 

consists in saying, "I will put some waste in this place if you agree with the local communities of course 

and then, no matter what can happen, if you are not happy with it, I can remove the waste and go 

elsewhere, hoping of course that the site is going to be acceptable." 

This is one way to proceed which is perhaps going to help at the national level, and of course, 

maybe because people will look at it from outside in other countries as well, but I think suggesting that 

we could proceed in some kind of international effort, consider to go in this direction, that is very difficult. 

MS. S. WILTSHIRE: I agree that we would not demonstrate anything by putting some spent fuel in the 

ground because we have assured everyone that the problems, if any, are so far in the future that we have 

to be able to maintain the integrity of the repository over so many tens of thousands of years. So you 

would not demonstrate anything a few years. 

If a repository of some kind were operating, however, you could help people feel more 

comfortable about the operational aspect, for instance, transportation which is always a big issue and then, 

whether or not employment is a benefit to the community and what a facility is actually like when it is 

operating. That is very helpful to people to see something like that from an operational community impact 

effect, but not safety of the long-term containments. You cannot demonstrate that. 

CHAIRPERSON: 1 felt that Madame Colette Lewiner, this morning, in one of the paper sessions made 

a very telling point with her experience from France, that the recycling that the French authorities are 

doing is an established working process, a mature technology which you cannot say for storage or 

disposal, at least that was her view. She is unfortunately not with us this afternoon. 

After my next colleague from the floor speaks, if David Leroy is in the hall, I would like to come 

back to something he said in a session this morning. 

Sir, the microphone, please. 

UNIDENTIFIED SPEAKER: I would like to make two points. One is who is the public, secondly, 

about waste disposal. Some years ago, as the manager in Hydro, I was dealing with one of my 

confederates at head office and he was telling me he had a problem dealing with the public to initially deal 

with some nuclear fiasco in one of our plants and it was a minor problem. So I asked him, "Well, who 

is the public?" and he said to the newspaper reporter that very question, "Who is the public?" And the 



newspaper reporter said, "1 am the public." And today, when I listen to you, I get the feeling you are 

talking maybe of 27 million people but you are really not. You are talking about nobody, but you keep 

conjuring up this idea the public is somebody. Who in the hell they are, I never knew. Is it one guy in 

one city who yelJs his buddy's head off, or some 50 people in Toronto, or two million who yell their head 

off? We keep worrying about these public and I keep listening to you about that. 

I have spent many years in the nuclear power program, a lot more than you have, 32 years, and 

I keep listening to this whole problem of waste disposal. It is tremendous. I keep wondering whenever 

we are going to solve it and I keep saying to myself, "What the hell are you doing? You have a lot of 

people just having a lot of employment, getting very high wages, doing nothing because the waste disposal 

is a very simple problem. Put the bloody thing in the ground." And you might say, "Well, you know, 

you cannot put it in the ground. You have to talk to all those people over there and all those people over 

there." 

But I have one advantage over all of you. I spent eight years of my life in the beginning at 18 

underground as a hard rock miner in one of the best mines in the world in Western Canada and they had 

stopes there. 1 do not know if you know what a stope is. It is a piece from the footwall to the back. It 

stands at 250 feet. From one side of the pillar to the other side, was a couple of hundred feet and it ran 

back a couple of hundred feet. You could bury all the waste in Canada in that bloody one stope. And 

how many stopes did they have there? They had hundreds of them and one of the best mines in the world 

is called Cominco Watkin, Timberlea, British Columbia. You could bury all the waste in North America 

in that one mine. 

"Oh", you say, "but the water would go through it and it would trickle down to all those people 

in dear old America." There had not been a drop of water when I was there for eight long years, trickling 

through that mine, but there may be today, 1 do not know. 

But you say, "Well, you know, maybe in 250,000 years from now, somebody may go through that 

mine. There will be a gremlin. He will get radiated and he will blame us." 250,000 years. You can bury 

all the waste you have. 

1 have gone through Northern Ontario more than any of you have many times driving and there 

is empty land you could bury all the waste there that is in North America for the next 100 years. Why 

the hell do we not get off our rear and do something? 

CHAIRPERSON: I think, sir, this audience understands your technical proposal and maybe we can ask 

to see if this panel can help us understand the people we need to get to in a parliamentary democracy to 

allow what is undoubtedly a sensible technical proposition to be realized. 

May I get Michael Kraft first? 

DR. M. KRAFT: I think we all recognize that the public is not a monolith, or many different 

constituencies or communities we have to deal with, but the one point I want to make to give everyone 



a chance to get in on this which gets to the core of our concerns is decision-making on this issue is 

obviously not easy. 

It is also in the 1990s not what it was in the 1950s and the 1960s for all sorts of reasons having 

to do with public trust or lack of trust in government, wuh what some call a decline of deference to 

experts. We simply cannot today use the decision-making procedures and the same institutions we used 

to, and we had better get used to that idea. We have to think more creatively about how to deal with the 

issues as they exist today, and a simple technical solution that we in this room might agree to, will not 

fly if significant members of the public, whether they are environmental groups or residents of local 

communities where a repository is being considered, if ihey object - and I know best the United States -

they have many, many opportunities through the legal process and through public media sources to drag 

things on for so long you will have wished you pursued a different course of action. 

CHAIRPERSON: Kenneth Hare please. 

DR. K. HARE: 1 am tempted to say that maybe we should be disposing of the public, because that would 

really solve the problem, but I do not really think that is what we came here to do. 

CHAIRPERSON: Just a busload maybe. 

DR. K. HARE: The other point I wanted to make was that in the first place, I am very sympathetic to 

the views just expressed. In my cynical moments, I say, "Yes, by all means, let us put all the waste, lay 

it on the floor of the St. Lawrence opposite Kingston, and it has to dissolve within about six weeks in 

order to raise the concentration of any radionuclide in the entire collection above international drinking 

water standards in the city of Montreal downstream and the life expectancy of those bundles under those 

conditions are probably of the order of a million years." 

But nevertheless, public anxiety is a reality. We are dealing here with a public perception. We 

have no choice but to do these things, I feel, although, as I said, I felt all kinds of sympathetic chords. 

One last point, of course, 1 would like to say. 1 always say in my technical writing and so on, 

"repository", and if I give a press conference when I publish or report something of that kind, 1 always 

say "repository" and when it is written up, the editorial writers always cross the word "repository" out and 

put in "dump". If you think you can get around that one, John, you have got another thing coming. 

CHAIRPERSON: I would not even try. I mean, I consult with those people on the bus who know all 

about using words in a political setting. 

Susan, we talked about the poles. Kenneth Hare as a Commissioner, Chairs of environmental 

assessment panels that I know in Canada have referred many times to getting the two poles, the 

proponents who understand the technicalities of whatever it is being proposed, whether it is an airport in 

Vancouver or deep disposal concept, and the busload of people that Ken likes to talk about. 



What about the 99 per cent of us who are somewhere in the middle? Do we need to reach some 

or all of those? If we do, how might we start doing that to build the basis on which elected politicians 

can make sound decisions both technically and politically? 

MS. S. WILTSHIRE: If I knew a short 90-second version. 

CHAIRPERSON: I will give you 150 seconds. 

MS. S. WILTSHIRE: First, I want to take a cut at who the public is. I have sometimes said that the 

professional public, those people who are, say, the executive directors of major national organizations, 

environmental organizations who are paid to be the public full time, they show up. They are your busload 

of people. But attentive public, people who read the paper, who join those organizations, who pay 

attention, who are interested in public policy, who are always following the debates, imported audience. 

And the general public who are busy with their lives and only pay attention when they know that their 

own interests are engaged. They are affiliated through kinship, through churches, through networks of 

all kinds. So they have connections and when they begin to feel through their way of getting information 

that their interests are now engaged, they become part of the attentive public that is paying attention to 

a particular issue. 

Now, why should any of us pay attention to radioactive waste management issues when we have 

to make a living and raise children and deal with a mother who is ill and whatever, you know the whole 

problems of living and having to work two jobs and so forth? We Tation our attention and naturally 

choose those places where we are going to pay attention. So you cannot say we are going to educate the 

public on this issue. People learn what they need to know. All of us do that. We choose unless we will 

read anything. I read the back of cereal boxes. I will learn anything. But not everyone does that. 

So the public you need are the public whose interests are now engaged or will be, and I think the 

thing we have to figure out is who needs to know because their interests are going to be engaged. Who 

is going to be affected by a decision we make, and try to be proactive and helping them understand before 

a crisis arrives or the pin is on the map, that their interests are engaged in this problem-solving and that 

means thinking strategically about who needs to understand the nature of the problem, the nature of the 

solution that is being proposed. Whose interests are finally going to be engaged and who need to be part 

of it, a part of solving the problem? Which brings me to the point that I really want to make. 

We have learned a lot about how to engage the public. We have learned a lot over these years 

when you have been learning a lot technically, and I think we know how to think strategically about this 

problem. But people who know about it are not really allowed the resources or the time to work through 

the process that might lead to the dialogue. 

1 am brought in when there is an emergency. I get a call when things are already intractable to 

solve some problem. Someone has gotten into a difficulty with the public. We need the resources at the 



front, when you begin planning a technical program strategically thinking through this tractable problem, 

how you will go from defining the problem to going through the research to solving it. 

You need to bring in people who understand the other dimension so they can think about who 

needs to be engaged, who needs to know that their interests are going to be involved, how do you begin 

strategically to start the dialogue while it is developing. Even with that, you are going to have explosions. 

Even with that in the technical program, you are going to have surprises. We have surprises on our side. 

You have surprises on your side. But we. may solve some problems if we get the thinking going together 

as an integrated program, the institutional and the technical working together with the same length of time 

and with the same level of attention and good solid, strategic thinking, rather than emergency response 

when that busload of people shows up with the sign, and it is too late to engage then, and it is too late 

to get the attentive public up to speed so they can counter some of the people who made nuclear power 

their reason to stop you. There may be others who say, "Wait a minute. We want to solve the problem 

and help you put this aside." You cannot get that kind of help if you have not built it strategically all 

along. End of 120 seconds or whatever. 

CHAIRPERSON: That is fine because I think we have 50 years if I understood the beginning of this 

discussion properly. Let me go to the floor please for a moment. 

Sir. 

UNIDENTIFIED SPEAKER: Being a physicist and knowing something about PRS, I am quite 

convinced that the problem of that waste -1 am sorry - spent fuel is manageable. So it is no problem. 

The risk is so low. But you often mention, John, the word dialogue and when I have to have a dialogue, 

there needs to be at least two people or two groups of people who want to communicate. And if the 

answer of the counter-party is no and nothing more, there is no dialogue. So we have to find a way to 

reopen the dialogue and maybe, though I am convinced that the vitrification of spent fuel is a perfect way 

to handle it, maybe the possibility of transportation of the minor actinides is a way to reopen the dialogue. 

It will not solve all the problems. It will clear a lot of problems. But maybe it is a way to reopen the 

dialogue. 

CHAIRPERSON: Thank you. As an amateur political scientist, my observation is that the most 

important thing is how you get a subject on the agenda and so, to build the mutual trust which will allow 

you to set a common agenda in a very important first step. 

Colin Allan, are you going to help me a little bit, talk about principles of fairness and so on and 

whether we should start in meetings like this or start coffee parties so that we can reach the wide sweep 

of the Canadian and publics of all the countries who are represented here? 

DR. C. ALLAN: Thank you, Mr. Chairman. I think that it is unfair of you to try to put words in my 

mouth like that. 



What I had wanted to comment was to offer a bit of a perspective on a slightly different view on 

storage versus disposal. One person asked the question, what do we mean by disposal? And I generally 

understand it to mean a long-term method of waste management in which there is no intention to retrieve 

the waste and in which to the extent possible, we do not rely on institutional control. That does not mean 

that we cannot use institutional control. In fact, I suspect society will continue to try to use institutional 

control. It does not mean that we cannot retrieve the waste if we so desire or some future society so 

desires. It means that we are not putting the waste away with the deliberate intention of retrieving it. 

Storage, on the other hand, is a system that does rely on institutional control to maintain its 

efficacy. Our present methods of managing nuclear fuel waste, be it petrified waste or spent fuel, is 

today's storage. It relies for safety on institutional controls. It is safe. It does meet the fundamental 

objectives of protecting the public and protecting the environment but it does rely on institutional control, 

and society has concern about the continuity of institutional control. We see examples every day where 

we lose this continuity. We see it in warfare, civil war, insurrection. We see it in more simple matters. 

For example, in Brazil, a number of years ago, a spent radiation source was abandoned. That was a loss 

of institutional control and it led to consequences. 

So I view disposal as a somewhat likely application of a layer, as low as reasonably achievable 

but in this case, providing a degree of protection and safety towards future generations in a sensible and 

cost-effective manner, so that we can meet our responsibility to these future generations by putting the 

waste in a format, in a facility so that if institutional controls are lost, we have done our very best to 

ensure that there will be no untoward consequences to future generations. 

We measure our ability of fulfilling this by comparing a predicted performance with regulatory 

requirements and a regulation is very much, in a sense, a means of making a judgment. Are we, in fact, 

doing what we can to ensure that the waste, if we lose institutional controls, will not lead to consequences 

on our children and our grandchildren and so on? 

So thank you, Mr. Chairman. 

CHAIRPERSON: Your words are better than the ones I was trying to put in your mouth. Any reaction 

from here? 

Michael Kraft please. 

DR. M. KRAFT: 1 think the distinction between storage and disposal is an awfully important one for 

what we are discussing today because if we run into not a technical tractability problem but a social and 

political feasibility problem, I think there is a message there and that is - and I will not speak for the rest 

of the panel - there is no urgency to go to what most of us would say has to be the long-term permanent 

disposal solution. 

The danger in pushing quickly with early deadlines to get to that permanent repository is you run 

the risk of public opposition which could severely limit your ability to move ahead as you would prefer. 



Fortunately, we can continue to store waste as we are. We can use dry-cask storage which is used at 

several plants in the United States. I think we are going to ask David Leroy to comment a bit and maybe 

he can speak to the monetary retrievable storage facility as an interim measure. 

Many students of U.S. radioactive waste policy are coming to the conclusion, and it may be 

unique to the U.S. situation, that because of the lost confidence in the Department of Energy's program, 

that maybe we need 50 to 100 years to rebuild institutional trust and in the meantime, there are ways to 

handle the waste. That does not eliminate the need for the permanent disposal but at the same time, it 

is a mistake to rush to a permanent disposal and invite the political conflict that we have seen in the 

United States. There certainly are some lessons to be learned, I think, from our experience and the 

fallback position is short-term storage with institutional controls that we have proven able to use. 

CHAIRPERSON: Thank you. Eva. 

VICE CHAIRPERSON: We have about 10 minutes left today in this discussion and I think so far, we 

have reached the consensus that currently, there are problems communicating with public. Sometimes, 

there are even problems determining who the public is. And they stem from the situation that Doctor Hare 

identified, dialogue of the deaf or as our social scientist over there was pointing out, this really decline 

of deference, the fact that government institutions and governments in genera] are losing trust, are not able 

to communicate and convey their intentions. 

So perhaps it is time to reflect on the whole issue and say: Are there new ways of doing things? 

Do we need new processes? Dc we need new institutions to address the problem of radioactive waste 

disposal? 

There was some indication this morning when there was talk about the experience in the U.S. and 

now in France, in appointing the chief negotiator and the voluntarism process. There are other indications 

of greeting new institutions and 1 would like to open to both the panel now and to the audience to address 

that issue. 

What are the new ways of doing things? If the old ones do not work, let us make a quantum 

jump. Let us look what else can be done to address the issues. 

CHAIRPERSON: Susan. 

MS. S. WILTSHIRE: You referred to the U.S. negotiator. David Leroy spoke this morning about his 

process to find a volunteer site and that was a very important program he established. He started out, as 

he told us mis morning, by spending six months learning about what had been tried and what worked and 

did not work and then, very deliberately fashioned a program which he felt would have accommodated 

the way the political process and people who make decisions actually work. 

And I think that is an example of what I was talking about, of getting the understanding of the 

political public process, the decision-making process ahead of the program that you are trying to 

implement. So that thoughtfulness in bringing in what we now know into the process is important. 



I do not have any magic new organizations. I think what we need to do is to build on what we 

now know. The Canadian program, from hearing about it this morning, is interested and considers itself 

a learning organization, learning in both dimensions and I think about the willingness to understand that 

the public has changed and has new requirements. So die discussion may change over time. And to be 

learning organizations, learn new ways, we can only do it incrementally and there may not be a magic 

solution. 

CHAIRPERSON: We are close to being out of time. I want to allow each of the panellists to just take 

a few seconds because I am afraid I am going to strand everybody except the first person at the mike there 

as we are approaching 3:30. 

Would you like to make your point now, sir? 

UNIDENTIFIED SPEAKER: I am a member of the municipality of Darlington Community Liaison 

Group which sits in between the siting task force which is a federal body charged with the responsibility 

of removing the historic low level of radioactive waste which was generated by the company, El Dorado 

Nuclear of Port Hope in Ontario. 

The DLG sits between the siting task force and the local town council and the public in the 

township and its function is to liaise between the various organizations and essentially, to carry 

information to and from the public to the other bodies. 

It is interesting that 1 am also a member of the technical working group that the DLG has, which 

is currently working towards the definition of clean-up levels for the radioactive waste of Port Granby and 

the other sites. The two other sites are Welcome and the township of Port Hope. I am particularly 

interested in the Port Granby site. 

For my pains, I am a member of a sub-committee of three which is charged with looking at 

pathway analyses to derive clean-up criteria. The other two members of the committee are ordinary 

people, ladies with no technical background who are struggling very hard to understand the technology, 

the terminology and the jargon associated with this task. And it was interesting when we had our first 

preliminary meeting with a consultant who was charged with helping us with our task, the consultant 

talked to the two ladies and realized that they are both sort of very - what is the word? - environmentalists 

in the real sense of the word. And he suggested that these two ladies should do something about losing 

their baggage. 

The response was: What about your baggage? And I have since come to learn that in fact, people 

like ourselves do, in fact, take a considerable amount of baggage into these kinds of meetings with us 

because, for example, we are rational. We like scientific data to back up our decisions. We are liberal-

minded. We do not want government interference if we can avoid it. We want to take advantage of 

economic benefits as and when they are available. Thirdly, we are all pro-technology. We want to use 

technology as far as possible to solve our problems. 



In fact, each of these value systems predisposes us to what might be called a risk-taking mode 

when viewed by ordinary members of the population who have different value systems. For example, 

another of the ladies on our committee. 

CHAIRPERSON: Sir, I am sorry to interrupt you. Could you just bring your remark to a close please? 

UNIDENTIFIED SPEAKER: One more comment, and that is that this other lady on the committee is 

very concerned about cancer in the people living around these waste sites and she is telling me about this 

family and the other family that she knows personally who have members that are dying of cancer. I go 

home and talk to my wife and my wife says, "Well, we live in a subdivision of 25 homes and in the last 

10 years, there have been at least five cases of cancer." And the problem is that members of the public 

are unable to differentiate between the perceived risks as they see them in terms of the incidence of cancer 

and places like where 1 live, not too many miles away, where we have a similar incidence of cancer but 

it is not blamed on a radioactive disposal site. Thank you. 

CHAIRPERSON: Thank you very much. I think that those were, in fact, very valuable closing remarks 

because they remind us that we each carry a set of values and a culture, and when somebody else seems 

to be doing something really stupid, it may not be just the facts but the difference in culture. 

May 1 just take a couple of minutes and see if any of my colleagues up here have a final word 

they would like to share with this audience? 

Jean Pierre first. 

MR. J. OLIVIER: Yes, Mr. Chairman, I think we may have given a fairly pessimistic view of our 

situation here and I would like to submit that of course, this type of dialogue, we would like all to 

promote. It is a difficult and lengthy one, but it is not a desperate one, and if I take the example of low-

level waste sites which have been implemented recently and started operation recently, in a number of 

European countries, in Japan as well, 1 think we have reasons to be optimistic, and I think the dialogue 

existed and works in that special case. There is no reason why it should not work. 

CHAIRPERSON: Kenneth Hare. 

DR. K. HARE: We have an election going on in this country at the present level and 1 do not think any 

of the Canadians present in the audience would say that we are exactly in an optimistic situation as far 

as trust and faith in government is concerned. But nevertheless, I would like to leave as my final thought, 

in Canada at least and in most other countries by omission if not by commission, nuclear energy came 

to be used for developed power, for public electricity supplies as the result of public action. Nuclear 

power in Canada is a public enterprise at the power generation level and at the regulation level. 

I wish I could say that I thought that the parent governments had tackled the issues that we have 

tackled here this afternoon with courage, resolution, good reason and good faith. They have not. We 

have been neglected. This field has been neglected by the top levels of government because they have 

not got the guts to do anything. 



CHAIRPERSON: Michael Kraft, how would you have them get the guts? 

DR. M. KRAFT: Well, I wanted to make one reference which no one here has so far. We just had a 

report issued in the United States from the Secretary of Energy's task force on radioactive waste 

management after a two-year study which concluded that there is, not surprisingly, a widespread lack of 

trust in the Department of Energy's radioactive wasie management activities which, however, it 

characterized as "not irrational - not a manifestation of NIMBY". 

I would use those observations to reinforce the point several people have made here and in this 

morning's session. The public fears and perceptions of radioactive waste are real. We deal with that 

reality not necessarily with the quantitative probabilistic estimates. 

I think we are in agreement that some different kinds of public involvement and dialogue are 

essential that go beyond the conventional public hearings. The form, the extent, the timing of public 

involvement are terribly important. We have to rebuild that trust. We have time to do that. There is no 

urgency to building a waste repository and putting the stuff in the ground. We have to do it right. 

CHAIRPERSON: Susan Wiltshire. 

MS. S. WILTSHIRE: I share the optimism expressed here that we can find solutions. I think we learned 

a great deal about how to work through a process and a dialogue together. I like the list of adjectives you 

used, the courage, the resolution that is needed to do that. We need leadership. In the final analysis, we 

will need decisions made by someone who is the decision-maker but it has to be backed up and supported 

by the attentive public who is engaged in a dialogue with technically competent people to solve problems 

and I think it can be done. It will not be without alarm and excursions and some anger but we will get 

there, I believe. 

CHAIRPERSON: Eva. 

VICE CHAIRPERSON: I too am optimistic and I think we need to deal with reality as it was pointed 

out several times today and 1 think we also have to keep an open mind and to paraphrase and punctuate 

what I said before, I think to paraphrase Albert Einstein who said: "We cannot solve the past problems 

by thinking the way we did when we created them." 

CHAIRPERSON: Thank you very much, members of this panel and of the extended panel out mere. 

I invite the audience to show their appreciation for this effort. 

There is another round table that starts in exactly 25 minutes from now in this room. 

A D J O U R N M E N T 
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REACTOR SAFETY 

MR. G. BROOKS (Chief Engineer AECL CANDU) (Vice Chairperson): Good afternoon, ladies and 

gentlemen. Firstly, let me welcome you all to this session this afternoon on a perennial subject for 

conferences like this, that is reactor safety. 

My name is Gord Brooks and I have the privilege and honour of serving as your Vice Chairman 

today. So without further due, I will hand over to your Chairman for this afternoon's session, Professor 

Mike Golay from MIT. 

Mike. 

MR. M. GOLAY (Professor, Department of Nuclear Engineering, Massachusetts Institute of Technology) 

(Chairperson): Thank you, Gordon. As with the preceding round table, although it looks more like a 

hockey stick to me, we have a topic before us which I am sure that we are not going to be able to resolve, 

and so rather, I would say that our goal mis afternoon is to try to have a discussion of the nuclear safety 

issue which will be sufficiently stimulating that you will feel that it is a good investment of your time to 

participate and hopefully to contribute to from the floor. 

Our title today is "Social Issues and Environmental Implications: Reactor Safety" and there is a 

lot under that heading, and fortunately, we have a very capable panel who can address many aspects of 

it. 

What I would like to do now is introduce them, and then describe the format which we have 

collectively decided to use in the latter half of the afternoon. 

So starting down from the end of the table, we have K.C. Liu who is Vice Chairman of the 

Taiwan Atomic Energy Commission and former Director of INER, the Institute for Nuclear Energy 

Research in Taiwan. 

Next to him is Kenneth Rogers who is a Commissioner on the U.S. Nuclear Regulatory 

Commission. Prior to coming to the NRC, he had been at the Stephens Institute of Technology as a 

Professor and ultimately, as President. 1 presume that their set-up is like that at MIT where when you 

become the President, you cease to be a Professor and if you want to go back on the faculty, you must 

be voted back. So we will see what happens when he leaves the AEC. 

Next to him is Howard Ris who is Executive Director of the Union of Concerned Scientists in 

Cambridge, Massachusetts. 



We have Roger Mackenzie next to him who is Vice President at New Brunswick Power 

Corporation and as part of his responsibilities there, had been the Station Manager at the Point Lepreau 

Station. 

Next to him is Jon Jennekens who has had a career for 25 years as a Commissioner on the Atomic 

Energy Control Board of Canada, and then that was followed by a stint as the Deputy Director General 

at the IAEA with responsibility for nuclear safeguards. 

Next to him is Terry Rogers, Professor of Mechanical Engineering at Carleton University in 

Ottawa and also a member of the Advisory Committee on nuclear safety, advising the Control Board. 

So that is our panel. The format that we would like to use this afternoon is to first have an 

overview of the nuclear safety question, whatever that is, but at least one statement of it by myself, 

followed by statements by the panel members with response from other panel members on aspects of that 

and then, to open it to the audience and use the remaining time with give and take, between the audience 

and panel, somewhat along the lines of what we did in the previous session. 

So in trying to structure the problem, this can be very important because the question that you try 

to answer depends upon what you say the problem is or the issue is, and we are having this session today 

because the question of nuclear safety is one which is very controversial, where reasonable people can 

disagree on what is meant by safety and how well it is achieved. 

By its very nature, the term safety has a social implication. That is, it implies a judgment for 

society regarding what is acceptable in terms of a human activity and that is important. We are not having 

this session today on the problems of fuel management, precisely because it lacks that social contribution, 

and so it is only natural that will be an integral part of what is discussed today. 

In setting that up, part of why this is such an interesting question is that it is so complex, that is 

the social aspect of discussions of proper levels of safety can come in a broad variety of ways, some of 

them having nothing to do with the nuclear hardware. For example, in some countries, we have seen the 

phenomenon of people becoming interested in the safety question as a means of attracting attention to their 

own agenda, perhaps because a better forum for doing that does not exist. It can range from a mixture 

of personal motivations having to do with feelings concerning what is the proper nature of society and 

individual responses to helpless situations or one where some kind of redress is intermingled with the 

judgment concerning hardware or how the hardware is used, and finally can go to very detailed 

disagreements regarding whether the hardware or its procedures are properly understood and being 

exercised. 

Because of this important mixture of social and technical questions, it sometimes can be very hard 

to resolve technological controversies relating to safety. One of the things that is notable is that the 

nuclear community has largely accepted the terms of debate offered by its critics. One can have a very 

mixed agenda actually being pursued but always posed in terms of a question regarding hardware or the 



uses of hardware. The nuclear community has tried to respond with what I will call technical arguments 

and at times, been frustrated when that response has not led to some sort of conclusive agreement. 

I want to suggest that perhaps a major factor in that is that the question being answered was not, 

in fact, the one which was at the heart of the debate. 

1 would say that it is widely recognized that if nuclear energy is to have a future, it is going to 

be necessary for it to have a good operating record. Much of nuclear safety today is concern with either 

achieving good operations with the existing reactors in the industrialized countries or in the former Soviet 

sphere of influence. And I separate them that way because again I think there is a consensus that the 

nature of the problems being faced are sufficiently different in those two portions of the world, because 

of cultural conditions, that they do constitute separate problems. 

In recent years, a lot of the discussion on nuclear safety has, in fact, focused on reactors that have 

not been built, being the so-called advanced reactors. These have been responsible for a lot of thinking 

about what is possible if one tries to improve the hardware and perhaps also improve the people using it. 

So, we really have a three-part question regarding how improvements in safety can be made, being two 

parts on the existing reactors and one part on what we might build in the future. 

There is also, related to that, the question of what the different constituencies want who will judge 

whether nuclear power is acceptable for future use. Different interpretations would say that they want 

perfection, they want improvement, or they want someone in charge that permits them not to have to think 

uDum ii. Depending on what you decide is the right answer, again, the way that you go about trying to 

achieve a satisfactory safety record becomes quite different. 

I would say that one of the things which has emerged most clearly from the work on advance 

reactors is the recognition that there are fundamental limits to how much you can improve nuclear safety, 

and these are primarily not to do with the hardware but rather the three are human errors involved in use 

of the nuclear technology, and these range from individual errors, say in a control room or in a 

maintenance task, to the function of management at individual facilities, and finally, institutional 

behaviour. These are all different versions of ways in which opportunities for human errors are presented. 

A second has to do with the role of common cause failures in electrical-mechanical systems. 

These types of failures are easy to recognize but very hard to show that you have provided assurance 

against them. 

And finally, the role of external events as they are called, things like earthquakes, aircraft crashes 

and fires and things of that sort. Again, showing that one can have a system which is sufficiently immune 

to the effects of such events, I think, is turning out to be a daunting task when people really have taken 

it seriously. 

So this ultimately leads then to the question of how good is good enough in the face of the fact 

that we are not going to be able to achieve perfected systems. How do we set up institutional procedures 



to assure that what we are doing is good enough? That leads to the question especially of the role of 

nuclear safety regulation and how it is able to provide siding with the assurance that it is demanding, but 

in a way that does not end up simply saying that the only acceptable operation is no operation. 

The role of trust came up in the previous session. I would say that it has been identified as also 

being important here. One version of the question of what is acceptable safety is to have a solution where 

the man in the street does not really have to have an opinion about it because he knows that someone else 

is doing a good enough job. 

The fact that people have been unwilling to delegate that responsibility in recent years in many 

countries may be an important aspect of why it is hard to gain consensus regarding acceptable nuclear 

safety. 

So with that, I would like to turn things over to my fellow panellists to explore some of these 

issues more and also, to bring up the things which I forgot. 

So who do we have that is willing to go first here? Commissioner Rogers. 

MR. K. ROGERS (Coh;missioner, U.S. Nuclear Regulatory Commission): Well, let me just say a few 

words about safety regulation. The regulation of nuclear safety is really a solemn public trust, and it has 

to be carried out in a way that gives confidence to the entire affected community. Of course, we have 

learned from the earlier session this afternoon, and we know that community is made up of many parts. 

Let me just indicate the parts that come to mind that I think are relevant to our activities. 

There is the broad general public and its representatives through the public interest groupa, 

environmental groups and so on and so forth. There are the public bodies in the United States, typically 

state public utility commissions that set the rates which the operators of nuclear power plants can charge 

to get a reasonable return on their investment. There are the owners and operators of the nuclear plants 

themselves. And of course, there is the broader financial community that involves the insurers and the 

investors in this. All of these really are part of the public that is affected by regulation. 

They are interested in different aspects of how a regulatory body functions. Of course, first and 

foremost, has to be nuclear safety. But there are other aspects as well which affect them that they are 

interested in. 

I think it is very important to define what you mean by safety, how can one measure nuclear 

safety. The NRC, some years ago, chose to establish certain safety goals. They were statements of what 

we considered to be an adequate safety objective for nuclear power plants. I will not try to recite those 

goals for you today, but I think most of you may be familiar with them. 

In addition to those goals, those safety goals that are to be achieved by U.S. operating nuclear 

power plants, we decided that it was necessary to establish some principles to guide our regulatory 

activities which could be transmitted to the more than 3,000 employees of the NRC, so that we were all 

working essentially on the same basis. We established five principles of good regulation, and I will just 



very quickly recite v hat they are: independence, openness, clarity, reliability and efficiency. And I think 

you can imagine what each of those relates to in some way. I can elaborate on them further if you 

choose. 

We found, of course, that we do not always follow those or we have not always followed those 

good principles in our activities, and part of the work of the NRC today is to try to review what we have 

done in the past and how we should act in the future in a way that is consistent with those principles of 

good regulation. We find there is a great deal of work to be done. 

Of course, while not explicitly stated as a principle but implicit in the principle of openness is that 

of communication. It is very important that we try to communicate to all of these publics why we are 

doing what we are doing. We need to listen to them and to hear their concerns, particularly as they affect 

nuclear safety but also in light of the principle of efficiency that our safety requirements are what are 

necessary to establish a record of safety. 

We have learned very much that the greatest challenge really to a regulatory body is the avoidance 

of what I will call runnel vision. Tunnel vision has been sometimes called the curse of the professional. 

All of us see what we are interested in, and we think that is the most important thing. Of course, as 

regulators, we see our regulatory activities as most important, and we sometimes lose sight of the 

consequences of those activities. 

We have come to understand quite broadly that increase in the higher degrees of regulation do not 

necessarily result in higher degrees of safety, and they can, in fact, decrease safety. These are some of 

the thoughts and principles with which we are working day in and day out in NRC, and I think I will just 

stop there. 

CHAIRPERSON: With that, I would like to turn to Mr. Jennekens who has played a somewhat parallel 

role in Canada to see if there are nuances that are perhaps different. 

MR. J. JENNEKENS (President, AECB - retired): Well, thank you, Mr. President and because Canada 

is a bilingual country, it would be better if I called you Mr. President rather than Mr. Chair. 

Commissioner Rogers has referred to the problem of communication, and there is no question, in 

Canada, we have had a problem with communication. I think those of you who were fortunate to be here 

for the previous round table would agree with me that discussion was particularly helpful in setting a 

framework for this round table discussion. The comments that Doctor Kenneth Hare and Ms. Susan 

Wiltshire from the table and Mr. George Harry from the floor made about who was the public, I thought, 

were particularly enlightening. 

Well, we really do not know what the public view is on these matters. There are three 

spokespersons for the public: our elected representatives, self-appointed representatives and then, the 

media. Well, one of the most profound problems, I think, in resolving this nuclear issue as you outlined 

it, Mr. President, is the profound ignorance of our political masters. 



In my 35 years as a public servant and six years as an international public servant, I have been 

struck almost on a daily basis by the very great lack of understanding and knowledge on the part of 

elected representatives. Now, that is a euphemism, of course, for ignorance. 

What is perhaps more difficult is the unwillingness of our elected representatives to face that 

particular issue. We have, as Doctor Hare mentioned, an election under way in Canada, and who is it that 

will become the principal advisors to ministers? The people who are technically knowledgeable in the 

energy field? Or the people who help them get elected? Well, it is obviously the latter. 

In the eight-and-a-half years that I served as the President of the Atomic Energy Control Board, 

I reported to six different ministers, one of them for a period of two years. I never once met with that 

minister, because that minister - and I will not say he or she - but that minister, who is now a senator, 

comes from British Columbia and is the gender opposite to my gender, she refused to meet with me. 

Instead, I had to meet with her assistants who always said, "Well, the minister's view is...", or "The 

minister wants you to...". I never really knew what that minister's view was. 

So we have this problem of the lack of understanding and somehow, we must address it. Do we 

do it through the self-appointed spokesmen for the public? I think the answer is no because they have 

their own agenda, largely hidden. And how about the third spokesperson then, the media? I think therein 

lies the key. The media really is the most important, most influential body affecting the public view on 

subjects. So somehow, we have to make an effort to help our media colleagues understand what the issues 

are and do it in a way, of course, which would be acceptable to them, but we must realize this basic 

problem of our political masters. 

Thank you, Mr. President. 

CHAIRPERSON: Thank you. I would like next to turn to Howard Ris. 

DR. H. RIS (Executive Director, Union of Concerned Scientists): Thanks, Michael. I do not know 

whether I should give my five minute response to the two presentations or my two-minute opening 

comment, but maybe I will do it all at the same time. 

I guess I was asked to come to this Conference because I am called a responsible critic. I may 

be the only one here out of six or seven hundred people or whatever. 1 think we are all probably 

responsible. I guess I am probably the only responsible critic. So let me try to play that role as best as 

I can with an emphasis on the responsible. 

Listening to comments, it was very reassuring to hear Commissioner Rogers' statements on what 

he called five principles of good regulation, and I think, from what we have seen in the last several years 

in the United States, that NRC is definitely, I think, on the right track in many respects towards 

implementing those five principles. 

But looking ahead, I think the future of nuclear power faces a real dilemma, and it is a dilemma 

that goes as follows. As I see it as a responsible critic, I think the industry needs 10, 15, maybe 20 years 



of good, solid, what the current science advisor of the present, Jack Givens once said, "Ho-hum operation 

of nuclear plants to regain the public trust." And then after that 20-year period, it needs another seven 

or 10 years to build any nuclear plants whose designs might have evolved at that point in time, assuming 

somewhere in the middle of that period, a utility or an independent investor in the United States is able 

to find a site and get it permitted. 

So I think if it takes 10 or 15 or 20 years to build the trust by good performanc ;, good regulation, 

good monitoring, good surveillance, good diligence, etc. and then, another 10 years to build a plant, we 

have a 30-year period where a lot of other things are going on in the world that is going to make it more 

and more disadvantageous for nuclear power plants to be built. 

Number one, we have heard it often today, there is the possibility of an accident in the former 

Soviet Union which I think is extremely great. We heard a very dim, pessimistic view this morning of 

the possibility for fixing or shutting down many of those plants, and as we all know, in watching the 

developments over CNN this morning in Moscow, whatever happens in those plants will be brought into 

every living-room in America instantaneously. So irrespective of whether those accidents may occur three, 

six or eight thousand miles away, they will happen right here because they will be on everyone's 

television. 

There still is a substantial risk of an accident in the United States, at least we, some of the 

responsible critics would believe. I think Doctor Kouts, in his presentation this morning, gave a very good 

overview of some of the age degradation problems that exist in some of the plants in the United States, 

and it is clear that NRC has a building research program in that area, but I think there is also a big gap 

between identifying a problem and fixing it. 

He also alluded in his opening comments this morning to some of the problems of lack of data 

and documentation on the configuration and design of many plants, and, lacking that, it makes it very 

difficult to implement some of the solutions and repairs. 

So there is still, I think, a substantial risk of an accident in the United States again over that 20-

year period, and I am sure we would all agree if that happens, that will put the future of nuclear power 

in this country in very great doubt. 

There is a possibility of major accidents, spills and other kinds of disasters at the DOE nuclear 

weapons plants, which we all know are a terrific mess, and it is very easy to say that is the military side 

and that is separate from the civilian industry. But unfortunately, the public does not make those 

distinctions, and the reality is that many of the same industries and corporations are involved in both the 

DOE weapons facilities and the civilian side. 

Over 20 years, a lot can happen. The current estimates are $100 billion needed to clean it up. 

We all know that S100 billion does not exist right now. So a lot of the risk will remain at those sites for 

many years to come. 



CHAIRPERSON: And there is also the question of whether $100 billion will actually be enough. 

DR. H. RIS: Something I have not heard today, it bothers and worries me terribly, there is a possibility 

that a terrorist will set off a nuclear weapon in the next 10 or 20 years. We currently now have 12 to 15 

states with a nuclear capability. It is not inconceivable to me that some form of terrorist threat will be 

credible in that time period, and again, if it happens, it will be brought into everyone's living-room via 

CNN, and the public will have a hard time distinguishing that event between the risk of a nuclear reactor 

accident, no matter how different the technologies may be. 

Increasing doubts from Wall Street, I think, will only grow over the next 20 years. I do not know 

if any of you saw in the last six months, there have been two major reports, one from Shearson Leaman 

where they projected that 25 of the 110 remaining existing reactors in the U.S. will be shut down by the 

year 2000. That was followed last April by a report from Moody's Investor Service where they rated 

$115 out of $143 billion of utility nuclear debt as - quote - significant risk for their investors. So again, 

over this long 10 or 15 or 20-year period of confidence building where that trust needs to be repaired, I 

think the industry is losing the confidence of Wall Street. 

Finally, a lot can happen in terms of other technologies that will compete with nuclear reactors 

over the next 20 or 30 years. I was talking to one of my staff members just a few minutes ago who was 

in Savannah, Georgia at the Annual Convention of the National Association of Regulatory Commissioners. 

They are talking solely about demand side management, base-load, gas, combined cycle systems and 

renewables. Nuclear reactors are not even on the radar screen in that state regulatory environment. I think 

it is clear that DSM has a major role to play in the next decade, that gas is already playing that role and 

will grow, and then, I think renewables which are going to come on much stronger than any of us can 

imagine during that 20-year period. 

So, just to pose that dilemma and put it on the table, I think 20 years oi ' t building is needed, 

but over that 20-year period, the obstacles and the barriers and the competition • going to increase 

dramatically. 

CHAIRPERSON: Thank you, Howard. I would like to turn to Professor Rogers now. 

DR. T. ROGERS (Professor, Mechanical Engineering at Carleton University, Ottawa): Thank you, Mr. 

Chairman. My firm belief is that nuclear power reactors at present are, in general, adequately safe, and 

I think the fact that regulatory agencies all over the world are continuing to permit them to function, 

implicitly saying they are adequately safe, is proof of the statement. 

Technical improvements can continue to be made of course to reduce predicted frequencies of core 

melt and of large releases from containment. Nevertheless, 1 believe that the likelihood of severe accidents 

in existing plants is continually decreasing in response to appropriate feedback of operating experience 

from around the world and research on reactor safety. Incremental improvements are made in plant design 

and operating procedures. 



In any case, the operation of advanced reactors will still be in the hands of human beings and 

human organizations, irrespective of how passively safe die designs ma;- be. To ensure that the benefits 

of nuclear power can be achieved in the future, the emphasis, rather ti^n solely being on technology, 

needs also to be on improving the safety culture of all organizations involved with nuclear safety, 

including the regulators. 

I think that the statements we have heard up to now have emphasized this aspect of the problem, 

that it is very much an institutional problem rather than a technical problem and I believe that is true. 

Thank you. 

CHAIRPERSON: We have heard so far from panellists, all of whom are informed concerning the 

nuclear technology but in total quality management, there is the concept of the voice of the customer and 

we have only one customer represented on our panel. So I would like to turn to Mr. Mackenzie because 

ultimately, it is the utility who decides what is acceptable with a lot of input and help from the rest of 

society. 

MR. R. MACKENZIE (Vice President, Engineering & Construction, New Brunswick Electric Power): 

Thank you, Mr. Chairman or Mr. Président. I am intrigued by the layout of this panel. As it was 

mentioned in the introduction, I was station manager at Point Lepreau for 14 years. I see I am surrounded 

by regulators and critics, which is the normal situation, I might say, for a station manager. 

There are certainly members on this panel who are much more knowledgeable on safety analysis 

and safety issues than I, and they have been speaking to them, and I am sure they will speak some more. 

However, as has been said, 1 am the only one on the panel who works for a utility, a utility that operates 

a very successful nuclear electric generating station, and we are the people who have to decide whether 

to build more plants. 

NB Power, my employer, has had an extensive plant-building program over the past five years, 

and we are one of the very few utilities that have been building plants m this period. We have built 900 

megawatts of new plants for a utility whose peak demand is only about 2,500 megawatts. None of mis 

plant is nuclear. 

In our selection process, we carefully evaluated a second nuclear unit at Point Lepreau, both 

CANDU 3 and CANDU 6 and we built a coal-fired unit of 480 megawatts instead. 

The economics about broke even, but we found the risk unacceptable. Utilities hate risk, and they 

will go many extra miles to avoid it. But I hasten to say that the risk I am speaking of is not safety risk. 

I have never had any concern about my personal safety at Point Lepreau or any of the other three nuclear 

plants where I have worked. The utility's concern is uncertainty on cost and economic performance. We 

can build a coal-fired plant with a cost uncertainty of less than 10 per cent. Point Lepreau cost more than 

twice its original estimate. 



We see cost uncertainties as due mainly to licensing issues, and licensing issues are a major worry. 

The question we ask is, can we get a plant license for a new plant? Will the ongoing licensing issues over 

operating life make uneconomic a plant originally evaluated as economic? 

We have to factor risks like these in our assessment of alternatives, reduction of economic risk 

as another major impact. We would rather build an old design, such as a copy of our successful Lepreau 

reactor, because we think we know the economic risks. We are convinced that the safety of this plant 

design is quite adequate. This means new improved designs will be hard to develop, because few, if any, 

utilities will want to pay for it or take the economic risk of building and operating it. 

However, in conclusion, I share the view that another serious accident would destroy the industry. 

Also, those closest to the tree may not be able to appreciate the forest. So we must steer a course between 

the Scylla of reducing accident risk and the Charybdis of too much regulation. Thank you. 

CHAIRPERSON: Thank you. Now, one thing that we will notice, that most of the people in this room 

and most of the people on our panel are from the industrialized countries, and I mentioned at the very 

beginning that the way in which the question of adequate safety and the need for preferring one 

technology over another is judged differently from one society to another. We are very fortunate in 

having Mr. Liu participate with us, because one of the things which I think everybody recognizes is that 

much of the growth of nuclear technology used today is occurring in the countries with rapidly expanding 

economies, where Taiwan is a perfect example. So I particularly would like to have his contribution. 

DR. K. C. LIU (Senior Vice Chairman, Taiwan Atomic Energy Council): Thank you, Mr. Chairman. 

Thank you for giving me the privilege to speak last because I can say, I agree with them all, everybody. 

Well, even the gentleman from UCS, I still agree with him. I also thank everybody, because in our 

country, all of the nuclear technology, the nuclear power plants, the training of operators and all the 

regulatory guidelines are all from the U.S., even the anti-nuclear people. 

CHAIRPERSON: Would you like us to start up a group in your country? 

DR. K. C. LIU (Senior Vice Chairman, Taiwan Atomic Energy Council): I would appreciate it. Frankly, 

if our anti-nuclear people were like those in the UCS, we would be satisfied, because your people, even 

the anti-nuclear groups, seem to be rational, but not in our country. 

As for safety, I think safety, economy and ecology have to be linked together. We cannot just 

talk safety. Of course, the most safe reactor is the shutdown reactor. That is no use at all. It has no 

economic value. We cannot ask for absolute safety, and also, we cannot sacrifice safety because of the 

importance of ecology. 

So as a regulatory body in Taiwan, we cannot say a nuclear power plant is absolutely safe. 

However, we know that nearly everybody buys a car. We know the car is basically safe. Watching 

people driving it, they follow the rules of the road, and they follow the basic check-up. So this is what 



we have to do as a regulator. I know the car is safe. I also know the reactor is safe. But how we 

regulate it, how we watch the operator, this is what our responsibility is. 

So I think I would like to give more time to the gentlemen and ladies in the audience for more 

questions that we could answer. Thank you. 

MR. G. SIMPSON (AECL): There was a session this morning, one of the parallel .ions which dealt 

with report papers on safety. The first one discussed the situation in Eastern Europe, in the former USSR 

and the problems with the reactors there, and the competition between the need to keep the power running, 

and the safety side and the safety questions. It presented a fairly dismal picture of the safety situation. 

Then, the last paper by Professor Cohen discussed essentially relative risks of operating reactors 

versus things like driving a car and smoking and drinking too much alcohol. The risk of operating 

reactors, in that scale, came two or three orders of magnitude below the things that we accept or retain. 

So I would like to enquire as to their view as to where on Professor Cohen's scale of risks an 

RBMK or a VVER reactor might be. 

MR. J. JENNEKENS: Mr. President, the International Atomic Energy Agency has been very active, as 

I am sure you know, in working with the newly appointed licensing authorities in the 15 newly emerging 

states in the former Soviet Union. I agree very much that the paper by Doctor Claus Berke this morning 

was excellent. It really lays out the realities in that situation. 

There is a parallel here in Canada. Most people do not understand the relationship between health 

and wealth, nor the relationship between energy and wealth and once again, our elected representatives. 

We need energy in North America. We need energy in Canada. Those 15 newly emerging states, 

they desperately need energy. A colleague of mine this morning mentioned that he is going to Armenia 

very shortly. Typically, they have only two hours of electrical energy per day. Now, I travelled in many 

of those republics during my six years with the agency and the situation there is almost indescribable. 

Factories shut down because of no raw materials to produce manufactured goods, no energy to operate 

the factories, and the state of the public health is rapidly deteriorating. Without energy, you do not have 

wealth. Without wealth, you do not have health. 

So there is a very serious issue at stake here, and it is going to take the concerted effort of not 

only the G24 but of other nations of the world community to help our colleagues in those republics. 

CHAIRPERSON: Professor Rogers. 

DR. T. ROGERS'. Yes. If I could add something to this. 1 think it is very important to recognize that 

in many of those countries, many of those new countries, they have decided to let the reactors operate, 

to continue to operate even though it is accepted, even by the nuclear authorities there, that these reactors 

are less safe than would be desired. This brings out the importance of balancing risks against benefits, 

and I think this is what Jon was referring to when he talked about the need for electricity, for a good 

standard of living, for health, etc. 



So I cannot answer specifically the question that was raised; where do they sit on this risk scale 

compared to the western reactors? I think it is important to recognize that, "how safe is safe enough" 

depends very much on many factors that have to be taken into account. 

CHAIRPERSON: Actually, while we are on the subject of East Bloc reactors, I want to go back to Mr. 

Jennekens in a moment after I make a comment. One of the things which is very striking here is that it 

is obvious that the nuclear organizations of the industrialized countries have a tremendous stake in the 

success of what goes on in the East Bloc. Yet, what one beholds appears to be a type of cognitive 

dissonance where one may rationally acknowledge a set of facts but not translate them into the required 

actions in that the actions of the G24 or the G7, or whatever other G one wants to take, so far have been 

characterized more by lack of results than anything else. 

Yet, when we look at the individual countries, at least so far as I can tell, we do not have the 

nuclear industries lobbying in an urgent way, reflecting any evaluation that their survival depends upon 

success and actually helping the reactors in the East Bloc. Rather, it is, I think, seen as a business 

opportunity, and it tends to be handled that way by the governments. 

So 1 would like to pose a question for the attendees here, which is, how do you explain this if, 

in fact, one's survival, that is the careers of most of the people in this room, is so closely linked to dealing 

well with the reactors over there. Is it simply that one is helpless to do something about it at a personal 

or an organizational level? Or is there some other factor that is not being brought into this? 

What I would like to do is turn back to Mr. Jennekens to see what is his view of the reality of 

the situation there in terms of what is being done to remedy what is widely acknowledged to be a very 

dangerous situation in many dimensions. 

MR. J. JENNEKENS: Mr. President, thanks to Sweden and thanks too to a very important extent to 

Canada, to the province of Saskatchewan and to a lesser degree, the province of Ontario, the Baltic states 

are receiving some very important assistance, direct material assistance, assistance in the form of the 

human resource. Mr. Arvo Niitenberg, of course, soon to retire Senior Executive Vice President of 

Ontario Hydro. So the Baltic states are doing not too badly. 

Ukraine is in a very difficult situation. Most of the personnel that operate nuclear power reactors 

in Ukraine are actually Russian. Those who are Ukrainian speak Russian because they were trained in 

Russia. Ukraine probably will survive over the course of the next couple of years, provided it continues 

to get the kind of assistance that has been promised, but as our President has said, there has been a lot 

of talk and not too much action. 

The unification of the two Germanies provided a very illuminating example to the world. First 

of all, the optimists underestimated by a large degree the amount of money that would be required to bring 

East Germany, what was the former East Germany, up to a reasonaDle standard of living. But 

nevertheless, they are essentially coping with the problem. 



There is an excess generating capacity in Western Europe, primarily in France but also in 

Germany and to a certain extent, in Switzerland. By the building of transmission mines into Poland and 

into Czechoslovakia, some of the situation in those two countries could be alleviated. Sorry, I should say 

the Czech Republic. The Slovak Republic is a little more problematic, because it is further east of course. 

But for Russia itself, again I refer to Doctor Berke's paper this morning, there is a very intense reaction, 

negative reaction in part of many of the Russian authorities, simply because of the way we have gone 

about it. We, the western world, went over there to say, "Well, we will show you how to do it. As a 

matter of fact, we will do a lot of it for you and hopefully - again as our President says - we will make 

a few dollars on the transaction." And of course, there is a tremendous reaction by them. 

CHAIRPERSON: Is there anything mat another panelist would like to add concerning the East Bloc 

reactors before we turn back to the audience? 

MR. K. ROGERS: Well, I think there is a big difference among those different reactors. I did not hear 

the talk this morning. 1 was in another session. But the problem seems to be that really, the reactors of 

principle concern, the RBMKs and the VVER 440-230s are very important for electricity generation, and 

early on, there was an acknowledgment of some design deficiencies in those reactors. Unfortunately some 

of the present government officials are denying that now, asserting that these reactors are just as safe as 

anybody else's reactors, and that it is just a kind of a badmouthing of their technology. That is a very 

dangerous situation. 

But again, the problem is replacement power. I think the U.S. position early on was one that 

seemed to try to encourage the shutdown of those reactors as rapidly as possible, not to really give much 

help for any of those but only towards the more promising, safer designs. In my view, that was a mistake 

because I think that those reactors are going to be run. The decision to run them or not would be made 

by the people who need the power, not whether they want to be safe or not, and that is exactly what has 

happened. 

NRC does try to assist with the training of reactor operators, particularly in Russia, but also in 

Ukraine, and we have had a great deal of effort going into that. Our difficulties are that we really do not 

have the funds to support a very big effort. There is a serious safety culture problem. The lessons that 

should have been learnt from Chernobyl were not learnt even at Chernobyl by reactor operators who 

apparently did not learn from that horrible experience. And so, it is a very, very tough problem to deal 

with. It is the problem of creating a safety culture, and that is extremely difficult in some situations, but 

not everywhere. 

The reactors that I have seen and visited in the Czech Republic, I was quite favourably impressed 

with. I was certainly very impressed with the performance of the Hungarian Paks site. So I think that 

there is some possibility of some help coming from those Eastern European countries backwards into some 

of their colleagues in Ukraine and Russia. I do not know how that could be effected, but I think there 



is more likely, just by the close geographic proximity, some possibility of some assistance with things like 

safety culture, not with hard cash. 

CHAIRPERSON: Thank you, Commissioner Rogers. Let us turn back to the audience now. 

MR. P. LAFRENIERE (Hydro-Quebec): Our collective memory appears to be good but just a little 

short. I am referring here to the recent Gulf War, maybe back a few more years, the Suez Canal War. 

I would like to suggest something, that it is intellectually dishonest to separate public safety as far as 

nuclear reactor is concerned from national security, referring specifically to the source of energy supplies. 

I would like perhaps the panel to play with that one and maybe Doctor Ris. 

DR. H. RIS: Let me just respond to that quickly. I think it is important to remember that only 5 per cent 

of the electrical generation in the United States comes from oil. So there is not a direct correlation on 

that national security issue between the need for nuclear to offset oil. I think it is a rather very weak 

argument. 

Now, if we continue to electrify at the rate we are going and bring on electric vehicles and a lot 

of other things, it may be vastly different, and then I would be more sympathetic to your point of view. 

But with only a small amount of U.S. electrical generation dependent on oil right now, there is not a direct 

relationship in terms of national security issues. 

DR. K.C. LIU: But in our country, on the contrary, 95 per cent of our energy is imported: coal, oil, gas, 

everything. So we have to rely on nuclear. 

CHAIRPERSON: I think we also saw this reflected last year with the furore that rose concerning the 

plutonium recycled shipments from France back to Japan, and in effect reflecting the fuel situation of 

many countries in East Asia, but Japan particularly. The willingness to go through with recycled fuel 

cycle as a means of having a secure fuel supply, I think, was clearly reflected in that episode and poses 

a dilemma, I would say, to the Japanese. 

MR. P. LAFRENIERE: I was just going to suggest perhaps to Doctor Ris that this is an issue where 

you cannot look at it locally. You have to look at it globally. 

DR. H. RIS: Absolutely. I was speaking only for the United States. Absolutely. 

MR. A. ROBERTSON: Eight years ago, 1 retired and became a member of that hypothetical public. 

I would just like to stress here the importance, I think if we are talking about real safety and not just 

regulation, of the safety culture and the institutional behaviours that panel members have talked about. 

I think this is relevant to the Eastern Bloc that we have talked about, that you introduced, Mr. President, 

in as much as perhaps that has not been given enough attention yet and might be more quickly 

implemented than changing the hardware of a reactor. But I think it also applies to us here too in the so-

called developed world. 

Recently, some of us, including two of your panel members, have been discussing just why it is 

that a small utility, New Brunswick Power, has been so successful, both in operation and safety. Last 



month, I was down in New Brunswick. I was asking people there, not in the New Brunswick Power but 

also in the academic community too, and the answers I get are fairly simple but very difficult to apply. 

They are that a clear authority and delineation of responsibilities and acceptance of one's limitations are 

needed, so that one knows as a small utility that if you do not do it yourself, no one else is going to do 

if. attention to maintenance, good housekeeping maintenance, attention to detail and insistence on these. 

Just as a close, the importance of single individuals and leadership for which one cannot legislate, 

the name that I kept on being told about is somebody that I have not met before, who was one on your 

panel, Roger Mackenzie. It was his leadership that seemed to set the tone. I believe it is important in 

an organization to find individuals like that, but I do not think we can regulate them. Thank you. 

CHAIRPERSON: Do you have anything to add, sir? 

MR. A. MACKENZIE: Only that I can only agree very wholeheartedly to everything he said. 

CHAIRPERSON: We will make that unanimous. Let me make one remark that is relevant to that. 

In the late '80s at MIT, we had a study, in which I participated, comparing operation and nuclear 

power plants in several industrializer' countries, and they included Sweden, Switzerland, France, the U.S., 

Japan. At the end, we asked ourselvi'. What did it all add up to; that is, what really would explain good 

operation or the lack of it?" And I would say it was what the previous speaker delineated in the New 

Brunswick example, which wa? management acknowledging the responsibility for everything that 

happened in the plant, saying thai we may not have the internal resources to deal with everything, but 

everything that happens is our problem, and we have to find the resources to make sure that we anticipate 

and deal with them and to communicate that down the line and to get the communication back up, that 

the required things were b;ing done. 

1 would say we were in unanimous agreement on that, and we saw it in all the countries which 

we looked at. S- I thank you for that contribution. 

MR. K. ROGERS: I would just like to add something to that because it is my perception from the 

regulators' point of view, that is extremely important, that what regulation does to increase a sense of 

ownership and responsibility leads to safety. What regulation does to decrease that and take that away 

from the operators ultimately creates an unsafe situation. So 1 think that regulation has to be done 

skilfully. It has to try to encourage the good, to create a sense of ownership and responsibility and to 

back off when further regulatory attention really produces a negative rather than a positive result. 

We have seen in the United States that those plants that have that sense of integrity, whether they 

are small or large and in fact, stand up to the NRC when they feel that the NRC is not correct and do take 

that responsibility, not only operate more safely, they operate more economically. Safety, good reliable 

operation and safe operation does not have to cost a lot of money. The high-cost plants in the U.S. are 

the ones which have a lot of scrams and are not really well managed. The well-managed plants are the 

most economical plants. 



MR. T. CHURCHILL (World Bank): I was a member of the steering committee in the Bank that 

reviewed the studies for the IEA and the World Bank on the safety, the problem with the reactors in 

Eastern Europe and the former Soviet Uruun. 

We went through, country by country, reactor by reactor and looked at the alternatives. The 

question put to us: Is it possible to close these reactors that many of us consider unsafe? The answer we 

came back with and we presented to the G7, the Summit meeting in Tokyo this year, was that it is 

technically and financially feasible to close down those reactors. Not only was it technically and 

financially feasible, this was a good time to do it because you are in a period of declining demand. 

Building the alternatives requires less. It could be done. 

The costs, as you heard Bob Skinner say today, were somewhere in the neighbourhood, between 

$10 and $20 billion. Now that sounds like a lot of money. But he put it another way. It is five bottles 

of beer for each Western European for the next five years. It is not a lot of money to solve a problem 

which may result in anywhere from a $50 to $150 billion accident. The issue here is political will. 

I am not surprised that Canada does not lead the charge or the United States, but what surprises 

me is the lack of political will and commitment on the part of the Germans, the French and others who 

live right next door to these plants, and I think that is the issue here. Thank you. 

MR. MICHAEL: Just to add a comment. I think perhaps one of the reasons that might help that 

political will, you mentioned, Michael, earlier why has the industry not come out strongly enough and 

expressly enough to provide aid and help. You said it is in their own self-interest to do so. I think we 

ought to remind ourselves that there is perhaps an even more important reason, that is human lives are 

at stake. There are great, deep, humanitarian reasons why we should be providing much more vigorous 

help either to fix those reactors or provide alternative power. And that is because human lives are at 

stake. 

MR. F. BOYD: Like Archie Robertson, I am a member of the semi-retired public. Under the aegis of 

the IAEA, there is a major exercise on how to develop a safety convention, an international convention 

on reactor safety. My question to the panel really is that: Do you believe that this will actually improve 

safety in any fashion or is mis largely just a public relations exercise? 

CHAIRPERSON: Do we have a participant in the audience who is involved in this activity? Is Herb 

Kouts still here? Well, perhaps Mr. Jennekens by default. 

MR. J. JENNEKENS: Mr. President, I think everyone knows that in the six years of my service with 

the International Atomic Energy Agency, I was concerned entirely with the matter of safeguards, non-

preparation matters. But of course, because of my long involvement in reactor operation and regulation 

here in Canada, I could not help of course but to take every opportunity to try and stay abreast of what 

was going on in the Department of Nuclear Energy and Safety. 



Doctor Kouts, I think, as many if not all of you know, has played a leading role in the work of 

the International Nuclear Safety Advisory Group. INSAG was set up following that tragedy on the 26th 

of April 1986. There was considerable consternation as to whether or not SAG, the Senior Advisory 

Group on quotes and standards which guided the Nuclear Safety Standards Program, was really a futile 

exercise, to use Fred's words or something like that. 

I firmly believe that this international safety convention will serve a very useful purpose. Now, 

its implementation, of course, is entirely a matter for government action. However, I do believe that it 

is a useful exercise, and 1 wonder, Mr. President, if 1 could take issue or at least, state a contrary view to 

what Doctor Howard Ris had said earlier. He mentioned that a ho-hum period of 10, 15, 20 years of safe 

operation is necessary. Well, we in Canada have benefited from over 31 years of ho-hum operation. NPD 

approached initial criticality in April of 1962. We have not had the type of failures - and I always use 

the word failures, because for me, anyone who refers to April 26, 1986 or 28th of March, 1979 as 

accidents, Chernobyl and Three Mile Island, they do not understand those events. 

The tragedy at Chernobyl, of course, was because the series of failures was much greater, much 

more complex and had terrible consequences, whereas TM1 was a financial tragedy, but it was not a 

humar; tragedy in terms of injury to the public. 

So we have had ho-hum operations. So have the Swiss. So have the Swedes. So have the 

French, So have the Japanese. Around the world, there are excellent examples. Unfortunately, they are 

not very well-known, and hopefully, they wilt become better known. 

But one point in which I agree entirely with Howard is the point of proliferation, the proliferation 

risk. Currently, the agency is under-staffed and under-funded. As a result of the failure, of the collapse 

of the former Soviet Union, the agency's budget level went from 100 per cent of that approved by the 

Board of Governors in their general conference to 87 per cent, a 13 per cent-shortfall concurrent with an 

increase in workload in South Africa, in Iraq and in the Democratic People's Republic of Korea. 

So the agency is in financial stress right now, but I am pleased to report to you that because of 

the dedication and perseverance, the sense of responsibility that was referred to earlier that is essential and 

that is prevalent here in Canada on the part of nuclear reactor operators, also characterizes the actions of 

the agency secretariat. But how long can this go on? How long can 12 to 14-hour days, sometimes 7 

days a week, how long can that last? Well, as those of you who have had some experience with working 

hours like that know, not very long. So we must do something. 

The agency has an ongoing function, a long-term monitoring program. If and when the agency 

leaves Iraq, if Saddam is still alive and perpetrating his world-class criminal acts, there is no question in 

my mind that he will once again turn on his own people and extract from the Iraqi economy whatever 

resources are necessary once again to begin a weapons program. 



Kim-Il-Sung, for his perhaps somewhat different views, has been very much bent on a weapons 

program. That is now known. There is no question about it. But as Howard said, there are other 

proliferation risks around the world, and so this is not the time for member states of the agency, 114 of 

them, to be a little less than generous in making up not only for that 13 per cent shortfall that the former 

Soviet Union is no longer contributing but adding to the agency's resources for the additional workload 

that it has incurred. Thanks, Mr. President. 

CHAIRPERSON: Thank you. I would like to address a question to Mr. Liu in the context of the 

previous question from the floor regarding the value and action toward creating international safety 

standards and perhaps a safety convention. 

You had mentioned that in Taiwan, the U.S. regulations were taken as the basis for your 

regulation, and I would like you to comment on whether you feel that having an international consensus, 

some form of convention, would be an important improvement or whether the current situation is 

satisfactory from your perspective. 

DR. K.C. LIU: Thank you, Mr. Chairman. To answer this question, I think it is both yes and not very 

much, because the safety issue is not only a purely technical issue. We have communication among 

countries worldwide. It does help us to understand a lot of technology, learn a lot from the other 

countries, but safety is also a social problem and a political problem. So to that extent, really these kind 

of gatherings are not really much help to our country for instance. Technically, it is really helpful, but 

politically and socially, 1 do not think so. This might be helpful in this country but not in our country, 

because in this country, though there is some anti-nuclear sense, as a whole, it is still very rational. You 

might think your systems are not very good, not perfect but you look at our system. You should feel 

lucky. 

CHAIRPERSON: I think everybody from every country probably feels that way about what happens 

outside. With that, I would like to recognize Manning Munsink. 

MR. M. MUNSINK (United States): Mr. Chairman, I have been sort of associated with the nuclear safety 

convention indirectly as Chairman of the International Nuclear Society's Council. We believe it is a very 

good concept. We filed comments with Mr. Don Marotski in the committee. We support it strongly from 

a technical viewpoint because we believe that it does help to spread a safety culture throughout the world, 

and it is not just Taiwan, it is Indonesia that is emerging and it is the FSUs in the Central Eastern 

European countries. 

I do want to just take one point of sort of difference with Mr. Jennekens for whom I have a very 

high regard. I believe that the key to the convention is its implementation, and I believe that the key to 

implementation is not the government. In fact, I think that the place where the implementation should 

come from is the technical community, and in fact, i!.. <eer assessment and the peer reviews should come 



out of the technical community and not the political community. I think, in fact, the credibility will be 

good, public acceptance will be high, and that the success would be much greater. 

MR. J. JENNEKENS: Mr. Chairman, if I could just say, Manning has clarified the point very well, and 

I thank him for that. What I was trying to do was differentiate between national and international 

responsibility for implementation. Manning is entirely correct. It is the national, and once again, because 

of the frailty to our political masters, it has to be the industry and others that do it. 

MR. P. GIROUARD (Nuclear Energy Agency): I would like to support what has been said, but I would 

like to throw a slightly different spin on it. I think there are many countries which explicitly or implicitly 

recognize that another country's standard is equivalent to theirs. Signatories to different conventions 

where there is third party liability or to be in a convention essentially recognize that the safety of other 

countries' reactors is essentially equivalent. There are other countries which very explicitly recognize 

these standards, either of the U.S. or of Canada, like Korea for example where reactor license in that 

country is licensed in Korea. 

That being said, there is another very important aspect. The nuclear industry cannot support 

producing 15 different models of essentially the same thing to be adapted to every different country. 

There is not enough demand for reactors right now to support all these different types of reactors, and an 

industry which cannot support itself, cannot keep its manpower, cannot keep its expertise, cannot support 

either the safety of those reactors. There has to be a maintenance of expertise and knowledge, and 

hopefully, a consensus on what types of safety requirements will certainly ease that aspect. 

CHAIRPERSON: Thank you. The thing I would like to draw attention to in light of the recent trend 

of the discussion in this meeting has been to me kind of a surprise and an interesting one, which is the 

focus on institutional arrangements: a surprise, because it is not common in my experience to have things 

go that way. 

And I just want to make sure that we review the alternatives that people have looked at for 

improving safety, which have ranged from things like advance reactor concepts which are primarily 

improving the hardware, institution of vigorous safety research programs, dear to the hearts of national 

labs and universities, requirements of backfits and tougher regulations as often comes after a headline-

creating accident, creation of new institutions such as with INPO and WANO, and finally, international 

intervention and peer pressure, where we have emphasized the last in the recent discussion. 

But I am wondering if people in the audience or on the panel feel that there are important 

opportunities in some of these other things which we have not discussed quite so much. Commissioner 

Rogers has been very clear that tougher regulations by themselves will not do the job if you do not get 

buy-in from the organizations which were operating the reactors, but we have hardly discussed the advance 

reactor concepts or the role of safety research, for example, or the role of INPO and WANO in improving 

safetv. 



Does anybody want to address any of those subjects? 

MR. K. ROGERS'. I would like to say a little bit about the safety research. I think there has to be an 

ongoing critical look at nuclear reactor safety in an objective way, and I suppose one might call it 

research. I come from an academic background that tends to be very careful about what it puts a research 

label on, but I would say that an intellectual activity that is constantly looking at questions that probably 

need to be looked at a little bit more closely and understood a little bit better is something that I 

personally believe should be sustained. I do not think that the conclusion that what we have today is safe 

enough is really a basis for stopping to learn, to continue to learn about what we have. 

We find constantly that in individual plant examination programs in the United States, that owners 

of plants are finding out things about those plants that they never knew, even though the plant may be 25 

years old, and that is a very useful activity. So I think that the emphasis on self-examination and self-

analysis with some kind of generic approach to codifying these things is an ongoing activity that should 

be sustained. Even though one might say that what we have today is safe enough, that does not mean that 

we should stop looking at it and understanding it. It does not necessarily call for expensive backfits unless 

something appropriate is found, but I think that there is still a lot to be learned about how to run a nuclear 

power plant safely and where to look for difficulties, that ongoing research, even with the current 

generation of reactors, is called for. 

I must say I find it difficult to see just how we are going to get to a totally different next 

generation of reactors. I find it a little dismaying in a certain sense from the standpoint of one who is 

interested in technological change. I cannot quite see the path that is going to take us from where we are 

today to a totally different kind of reactor in the future, even though there may be wonderful ideas for 

such designs in the heads of people like Mike Golay and others and his colleagues. I just think that there 

has to be a period of stability in operation. 

I would not necessarily agree with the time scale that Doctor Ris has suggested of 20 years. I do 

not know what it is, but it seems to me that 20 years is a long time, and I think that some confidence can 

be built in a shorter time. I do think that a decision to go to something totally different when you have 

arrived to a point of confidence based on the good operation of what you have looks to me like a difficult 

kind of decision to make. 

CHAIRPERSON: I would like to turn to Mr. Mackenzie because ultimately, as I have noted before, he 

is the one on the panel who has responsibility for making this happen. 

MR. A. MACKENZIE: Just one small correction. I am not any more. I have been moved into a 

different area but I did have a lot of experience. I was at Point Lepreau when INPO and WANO were 

formed, and I think, as the Commissioner has said, that they are extremely valuable organizations. INPO 

made a huge difference in the United States to the standard of operation of their plants, and to only a 

small lesser extent, I think it made a difference to us in Canada. 



There is no question that we do not always agree with outsiders coming in, looking at what you 

are doing and making suggestions, but they are very valuable nonetheless. People should recognize that 

even though we try very hard to train our operators, we give them simulated testing and so on, that they 

have to operate these plants hour after hour, day after day, for Point Lepreau's case, perhaps a year 

without any trip or even a reduction in load. 

Before we had our simulator which we got, just after I left but for which I was one of the 

instigators in getting it ordered, 1 used to say to people, "How would you like to fly in an airplane from 

Saint John, New Brunswick where 1 live to Toronto, in an airplane where the pilot had not taken it off 

or landed it for the last five years?" Because we had operators that had not started our plant up or shut 

it down for five years because it only shut down about once a year. So obviously, even though we think 

the operators that we have at NB Power are very good operators and highly trained, it does not hurt to 

check all the things that they can do and all the tilings that they are doing with outsiders having to look. 

So I fully agree that 1NPO and WANO form an extremely valuable element on information 

exchange and on exchange visits and exchange of experience. 

CHAIRPERSON: Thank you. I would like to rum to Professor Rogers because in the service with the 

control board, these questions must also come up. 

DR. T. ROGERS: Yes, they certainly do. I certainly agree with Commissioner, my fellow, Rogers with 

respect to the need for continuing research on safety and on severe accidents but I go back to my opening 

remarks where I think that current reactors are in general safe enough and we are improving them all the 

time, but we have to learn about what might be possible to happen. We have to then, once this research 

is done, apply the knowledge with common sense. 

Several of us have referred to safety culture, and 1 think it is important to recognize in the 

definition of safety culture - and just let me read it so I can make this point - that a safety culture "is an 

assembly of characteristics and attitudes in organizations and individuals which establishes, as an 

overriding priority, that nuclear plant safety issues recei e the attention warranted by their significance". 

And I think "warranted by their significance" is a very important part of that definition, that we have to 

recognize to a greater extent that is done now, I think, in the regulatory agency of Canada, the use of 

probabilistic risks to evaluate safety issues and to make decisions on them. I think a lot of decisions are 

still being made in a more or less intuitive matter on such points. 

CHAIRPERSON: Thank you, Professor Rogers. With that, I want to make a charge to the panel which 

is going to address public acceptance tomorrow, where we have a consensus expressed here that the level 

of safety which is attained is good enough, and I interpret that in the sense that a friend of mine who has 

nothing to do with nuclear energy once put it, that he is willing to believe that if well-trained people are 

involved in the industry, that a safety record as acceptable as that of the airlines can reasonably be 



achieved, that going beyond that, that probably does not make sense, but that it is a feasible thing to try 

to achieve. 

So the question that I want to put to the next panel is essentially that: if this is true, men how 

come there are all these people who are giving us such a hard time? We have to have some theory to 

explain that, or else it is going to be a perpetual problem for us, but I do not want our panel to try to 

solve that problem today although I invite others to make contributions before we quit. 

We are nearing the end of the time. So what I want to do is have one last contribution from the 

floor and then, go through the panel for final remarks which they would like to make and I think we will 

conclude. 

MR. I. SMITH (External Affairs Canada): Thank you, Mr. President. I would like to perhaps reinforce 

a point from Roger Mackenzie, from Professor Rogers and from several people in the course of today, and 

I would like to come back to the Eastern Bloc reactors and our concern over them. I have been in the 

business of east-west dialogue trying to transfer technology, and I cannot agree with one of the earlier 

comments. Technology is transferred from head to head, eyeball to eyeball, nose to nose, and Roger 

Mackenzie is one who has first done an extremely great job in this respect. 

I should introduce myself as Ian Smith, presently with External Affairs and having had some 

connection with the G7 and G24. I would like to come back to your earlier challenge mat says why are 

we not moving fast enough. 

I think the west is smug. I think the west is arrogant, and they have not taken the time to even 

stop to listen to who they are trying to help and I think that we have come a long way in the last year to 

year-and-a-half by stopping trying to tell other people what to do and listening a little bit to what it is that 

they have done in terms of improvemev.s, in terms of recognition of the errors which have been made in 

the past. 

I have had the good fortune last year to lead the Canadian delegation see what we should be doing 

from a Canadian perspective, and one of the things which surprised me most of all, and which was a very 

positive aspect, was the feeling of ownership over what had to be done and the way in which it was being 

done. I think this is the most encouraging sign, because I think the success right now in terms of what 

we are trying to achieve in nuclear safety is going to be through people. 

I for one am not saying it is the only way, but I believe this. Mr. Mackenzie has said that the 

plants that we have are plants that we know. We should build on that, so we should now concentrate on 

people. 

But dealing with the east-west relationship, I think that our advance now is going to be through 

the transfer of technology, the transfer of people by people working together, east and west, and I think 

the safety convention is one which brings these groups together in terms of the spirit here. So I think that 



I am not suggesting for a moment that these plants are safe, but I think they are perhaps on their way to 

being safer than what they were yesterday. 

CHAIRPERSON: Thank you. With that, I would like to review the remarks of the panel. I will begin 

with Mr. Liu and work our way down the table. 

MR. K.C. LIU: Thank you, Mr. Chairman. The last word I want to say actually is in our country, all 

the technology is from the U.S. So we look for U.S. and Canada in this area as the originator of nuclear 

power. So if you do anything wrong, it will affect us very badly. So I hope you can shake up yourselves 

and order some reactors. 

CHAIRPERSON: Thank you. Commissioner Rogers, 

MR. K. ROGERS: Well, just on the role of the regulator» it seems to me that our first point, principle 

of good regulation, independence, was something that was mentioned this morning by another speaker as 

important, and I think it is very important that regulatory bodies be independent of the development 

activities in every country. That is not the case everywhere, and it is something, I think, that is terribly 

important. Regulation must be independent. It must be credible. I think it is absolutely essential for 

public acceptance of nuclear power. It is not the only criterion for acceptance. I think a credible 

regulatory body must be capable professionally, independent of external pressures and self-interest, and 

can be tough when it has to be tough, and there are times, unfortunately, when it is necessary to be tough. 

1 think that is a very fundamental requirement for the acceptance of nuclear energy anywhere in the world 

and its perpetuation. 

CHAIRPERSON: I would like to take advantage of those remarks to ask one question, and that is the 

reason that we have regulatory agencies is essentially to act on behalf of the citizenry, and from your 

perspective, what do you feel are the essential conditions required such that the actions of the agency are 

seen as being taken in that fashion? Often we will have calls for oversight committees, for example, or 

interviews by congressional committees to inquire into this or that, reflecting in some way the view that 

role is not being discharged from the perspective of at least some segments of society, and that is how 

does the agency try to make it clear that they are trying to act in that fashion. 

MR. K. ROGERS: Well, I think the credibility of the regulatory body, in a sense, depends upon the 

performance of its licensees. After it has done all that it can and should do, if its licensees do not 

perform, it will never be seen as performing. So in a sense, its credibility depends on the performance 

of its licensees, and therefore when its licensees fail, it has failed, whether it should have changed its ways 

one way or the other or not, I think that is just part of the process or part of the cost of having regulation, 

that you have to go after the regulators when their licensees fail to perform, and I think that is part of the 

price cf being a regulator. 

DR. H. RIS: 1 will answer the question and help if I may. I think transparency of decisions is very 

crucial, Michael, to ensuring the integrity of the regulatory process, absolutely essential. As many of you 



know, we were involved in the Yankee Rowe situation a year or two ago in Massachusetts, and mere was 

a period of time about halfway through the process where all of a sudden, our fax machine started 

receiving all of the documents from the NRC. From that point on, I think the level of trust that we had 

with the agency increased a factor of a thousand-fold, so transparency was absolutely crucial. 

My closing comments, it seems to me safety standards are one thing, implementing them is 

another, and I would say that if we leave with some consensus that the standards may be on the right 

track, I still think we have a ways to go in terms of implementing them. I also might suggest for the 

industry as a goal, there have probably been 400 conferences in the last three or four years on the future 

of nuclear power and how it is going to respond to the greenhouse crisis, etc., and how will we revive the 

nuclear industry. Maybe we ought to rethink or you all ought to rethink that goal. The goal perhaps 

should not be how do we revive the industry but how do we be sure it is run as safely as possible and 

how do we fix the plants in the Eastern Bloc, and put off the discussion of how we are going to bring the 

industry back and build new plants a little bit farther out into the future. It sounds like we do not have 

enough money to do that right now. 

MR. A. MACKENZIE: Well, Doctor Ris has given me an opening. I think we have a lot of competency 

in my utility. It is only a small one, but we have a lot of competency. We are not planning at the 

moment to build another plant for some time. We would be very interesting in helping where we could. 

We, for example, have trained 90 operators from Rumania for the Chernavoda Plant in the last 

two years. We have 25 people in the commissioning team over in Chernavoda from our nuclear plant. 

I am sure we could do this, and if we added Hydro-Quebec and Ontario Hydro, I expect we could put up 

quite a bit effort in this way. The problem, of course, is money. NB Power is not able to do this for 

nothing. So somebody has to be able to find the money to pay for a team. But if we are not going to 

'•uild plants, and I think we are in a quiescence stage, maybe we do have the resources necessary to go 

over to Eastern Europe and help them over there to get their plants in better shape. 

MR. J. JENNEKENS: Mr. President, it is amazing. Roger and I have known each other and worked 

with each other for 31 years, and we have had a great deal of commonality of thought. There are 15 

national flags here in this room, representing and indicative of the truly international clarity of this 

conference. With the possible exception of Doctor Liu's country and maybe the Republic of Korea, all 

of those countries have a problem which is perhaps the most pressing Canadian problem, and that is 

ripping the tears and shreds in our social economic framework. And we cannot do that without energy. 

Canada has managed, in spite of the governments of the day over the years, to holding itself 

together. We are mending those rips and shreds in our economy, but finances, financial resources, as 

Roger has said, are limited. Now, Doctor Rogers, in one of his earlier interventions, mentioned the subject 

of the allocation of resources. We must maintain our vigilance as both Commissioner Rogers and Dr. Ris 

have said. We must continue to strive to maintain our existing high-level of standards of reactor 



operations and improve them on the basis of our improved knowledge, increasing knowledge, but we 

should not be chasing the shooting stars of ultimate safety in the operation of nuclear reactors. 

We have this limitation on finances. We must make sure that we allocate our Financial resources 

to where the best benefit will accrue to the Canadian public. 

DR. T. ROGERS: Well, it is quite a privilege to have the last word for my distinguished colleagues here. 

I would just like to reiterate what I said and I think it is very interesting that we have had this hour-and-a-

half discussion, making no comparisons of passive safety with active safety and hardly any technical 

references at all. 1 think this emphasized what I said at the beginning and which has been echoed time 

and again, that safety is really more of a human factor, a human institution problem than a technical 

problem. Thank you. 

CHAIRPERSON: Thank you. Well, it is my easy task to try to summarize, and it is easy because I 

think we have reflected some consensus here in that the major factor which comes to be identified as 

probably the most important focus for improvements in safety have to do with human activities, and this 

is quite a contrast, as Terry has said, to the focus on advance reactors which have been primarily 

concerned with improvements in the hardware. 

I would not be a professor of research university if I did not then conceive of a proposal where 

the thing that is interesting about human error is actually how little it is studied. That is, if one goes into 

the literature and tries to form a body of lore that can be transmitted to designers or to people operating 

hazardous facilities, it turns out that there is a large literature, but it is not well focused. This is a topic 

which is ripe for a lot of research, and I am not being facetious about this. 

There is sort of a Gresham's law that operates with research, in that people tend to pursue 

problems that they can solve, as opposed to pursuing problems on which they can make progress. The 

understanding of human error in complex machines is an example of this, where we know much more 

about the critical heat flux at this point, which is a tough but tractable problem, and our funding on the 

human topic has, in fact, been much less. Not reflecting this priority, we may recall that the Nuclear 

Regulatory Commission, during the late 1980s, for example, shut down its human factors group, despite 

the Kemeney Commission having said that problems in the control room were paramount in terms of 

man/machine interface. 

So in fact, I think that there is a tangible outcome that can come from today's discussions, 

providing the will is there to undertake it. It is a little bit like engaging in taking up the first spade in a 

campaign of trench warfare, in that it may be long and slow and it may not be a lot of fun trying to get 

all the answers you need, but I think that the ideological imperative is fairly clear. 

A D J O U R N M E N T 
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DR. A. BRUNEAU (Chairman, President & CEO Fortis Inc.) (Vice Chairperson): Ladies and gentlemen, 

I would like to bring the meeting to order. My name is Angus Bruneau. I am pleased to welcome you 

to this afternoon's session. I have served in the capacity of Vice Chairman of this session and will 

introduce the Chairman, Doctor Tony Churchill, who is Principal Advisor to the World Bank on Private 

Sector Financing. He has had a long history in energy related matters and we are delighted to have you 

here to lead tht panel this afternoon. 

DR. A. CHURCHILL (Senior Advisor, Office of VP, Finance & Private Sector Development, The World 

Bank) (Chairperson): Thanks, Angus. Let me start by first iterating what we see as the purpose of this 

discussion here, talk a little bit about some of the rules for the discussion and then, launch right away into 

the panel. 

Those of you who attended this morning's sessions on the economics of electric power, I think, 

got a good feel for what are the major issues out there. We see this, the electric power industry, as one 

undergoing fundamental changes all over the world, where on the technological side, we are dealing with 

competition or a new set of plants where size is less important, new technologies coming along every day, 

where most governments wish to shed themselves of the obligation of looking after this industry and being 

responsible for its financing, in other words, privatization, and even more important, where the 

combination of technology, the willingness of government to shed itself of this business means that it is 

now possible to introduce competition into the industry. And I suspect that more than privatization is the 

fundamental change ahead of us. Is the industry ready for competition, and what does this imply for 

nuclear power? 

We also have a set of environmental and social issues, many of which have been raised in recent 

years such as concerns over greenhouse gases. But all of these result in an industry that today is quite 

different than it was 10 years ago, and I suspect -1 will make a projection - that 10 years from now, we 

will not recognize the industry that we have today in what we will see 10 years from now. 

Well, let me say a little bit about the rules for this and then, introduce the panel members. We 

are going to do this a little bit differently. In order not to interrupt the flow of the discussion, I am going 

to ask the members of the audience to participate and to provide feedback to the panel through the use 

of written comments or questions. We have some people with forms here - if you do not have one - who 

will be happy to pass one to you. If you pass them to the people walking down the aisle, they will bring 



them up here. I will look at them and direct the questions or summarize the feedback that is coming in 

to encourage the members of the panel to take up those issues. 

If somebody really is pressed and they want to get up and say something, we will try and make 

some room for that too, but the idea is please pass in your comments and I will use this to direct the 

panel. 

Let me introduce the members of the panel. We have starting over there on my far right, Allan 

Kupcis, who represents probably one of the world's largest public monopolies. 

We have, next to him, Don Lawson, whose neutrality on the issues of nuclear power are well 

established. 

Next to him, we have Jacek Makowski, one of your competitors. Like some of the members of 

the pane) who believe in nuclear, he believes in gas. 

And then, we have Hans Arnold, who represents, I think, some of the finest traditions of the 

nuclear industry and operator of a nuclear plant. 

And then, we have already heard from Mike Kirwan this morning, who is firmly convinced that 

nuclear power is an economic proposition and will explain to us why nobody wants to invest in it. 

Let me lay out where my prejudices are. Somebody asked me last night: Do I believe in nuclear 

power? Now, I thought that was a funny question to put to a banker and let me tell you a story to 

illustrate. There was this developer of a nuclear plant who came in to visit his Swiss banker, asking for 

a loan to build his plant and after much weeks of long negotiations, many numbers exchanging hands and 

so on, he was eventually turned down. The banker called him in and said, "I am sorry, the risks are not 

commensurate with the rewards." And he looked at the banker and said to him, "You have a glass eye, 

do you not?" And the banker said, "Yes. How did you know that? I went to the finest producers of glass 

eyes in the world, and I was assured nobody would ever know that I have a glass eye." And the power 

operator looked at him and said, "It is your right eye, is it not?" And he said, "Yes. Amazing! How can 

you tell?" He said, "I thought I detected a glint of human kindness in that eye." 

We bankers are interested in profits. Whether you generate electric power with nuclear or gas or 

whatever exotic fuels you have in mind, our responsibility is to provide a return to our shareholders and 

our bondholders. 

Well, let me start by asking a question of Allan who, as I said, represents one of the largest public 

monopolies in the world. You have heard people talk about how this industry is developing, what 

directions it is going in. First, would you agree that is indeed what is happening and what are the 

implications of that as far as Ontario Hydro building more nuclear plants? 

DR. A. KUPCIS (President, Ontario Hydro): Well, first of all, I thank you for being so kind as 

describing us as a public monopoly. They usually call us a dinosaur. The question really relates to a 

vision of how much we, particularly in Ontario Hydro, might be in tune with the clearly developing issues 



around the world and die changes in the utilities with respect to competition, deregulation, unbundling, 

etc. 

I personally firmly see that as a future in North America. I see it as a future for Ontario Hydro. 

I think there is îess and less reason of public policy to have a public utility as there has been in the past, 

but I think that is going to be a public policy debate as opposed to what I think, in this province 

particularly, and even if that debate takes longer and in that regard, one, in the utility and governments 

try to resist those changes, I think those changes are going to be inevitable. 

Driven largely by the environment that we particularly find ourselves in, in Ontario and many 

other countries in the western world and those are, as you said, we are very heavily a public debt utility. 

Equity is an issue for us in the long term. We are into a low growth, even negative growth scenario. We 

have a current surplus. We have costs in the nuclear technology that have escalated. And we have to deal 

with those issues. 

Given that, and not debating the history of where we came from, but given the future of an 

investment in the mid-term in nuclear technology, I would suggest that nuclear would have to be 

competitive because there are alternatives for a utility to meet its customer value needs today in Ontario 

in a different competitive market with different alternatives. 

CHAIRPERSON: Well, let us turn now to a quite different sized utility and let me draw in my Vice 

Chairman. Angus, your utility, a small privately owned utility, you have seen the figures on the 

economics of various alternative power generation. Would you contemplate your utility ever buying a 

nuclear power plant? 

VICE CHAIRPERSON: 1 think you would find in the regulation or the record of regulation in 

Newfoundland that I have suggested we should look very carefully at it as a possible source on the island 

of Newfoundland which is a relatively small, insular system. However, I am going to address only one 

issue and it is one that Allan Kupcis has already addressed or mentioned, and that is that in a time of low 

and uncertain demand growth, any technology which is high capital cost, which has long project lead 

times and generally provided large scale plant is at a great disadvantage. 

I cannot take the risks, whether it be nuclear or any other source, with those characteristics in the 

kind of uncertain market that we see looking at demand. 

CHAIRPERSON: Well, let us turn then and ask this question of one of die other utilities represented 

here and that is Mike from the U.K. You are firmly convinced that nuclear power is cheaper. How do 

you respond to what we have heard, two utilities telling you there is no way, no how? 

MR. M. KIRWAN (Executive Director Finance, Nuclear Electric pic): I would like to start by saying, 

with respect to the Chairman, that I think you are putting words into my mouth. I very carefully said that 

my figures showed that nuclear was potentially competitive and I also ended up by indicating why, despite 



that, I said it was still an open question, whether private finance would ever be raised to build new nuclear 

plants in the foreseeable future in the U.K. 

As a representative of a utility currently publicly owned but working hard to become floated and 

privatized along with its competitors, but one that is at the moment totally dedicated to nuclear power, 

I inevitably start with the desire to be able to put what are our existing core strengths to the best possible 

profitable use. I am well aware that private investors who do not share the same support for nuclear 

power, as you have already indicated, Chairmaii, will take a different view. That has not yet been put to 

the test in the U.K., because the institutional structures are not there to allow it to happen, but I have to 

say that I am not at all convinced that investors would support the argument that nuclear power can be 

commercially attractive in the U.K. at the present time. 

CHAIRPERSON: Let us turn now to the U.S. and ask Jacek whether you as a - how do we say? -

representing, competing fuel here, do you think you have any competition in the nuclear business in the 

next decade? 

MR, J. MAKOVVSKI (J. Makowski Company Inc.): I do not believe so. All the projects that we have 

started and have developed have to compete too with alternate power for the market and there are two 

really overriding criteria. We have to be the lowest cost producer, and all our projects are financed on 

a non-recourse basis, and I do not think that as of now and into the foreseeable future - and by that, I 

mean certainly until the end of this century - nuclear power - of what I know of and I am not an expert -

can compete with fossils fuels, whether they be gas or coal on the one hand, and on the other hand, I 

agree with Mike that financing one on a non-recourse basis at this stage of the game is pretty much out 

of the question. 

CHAIRPERSON: Well, let us turn to our final panel member here and Hans, when we talked earlier, 

you mentioned how you thought that nuclear power was possible, provided what you described of as the 

boundary conditions are right, that the political atmosphere of the decision on national security grounds 

or other grounds that yes, under those conditions, that it was possible. 

DR. H. ARNOLD (President, Joint Dutch Nuclear Power Plant, N.V. GKN): Well, we have to construct 

some new power plants in the Netherlands and a couple of them to be built in 2008 to replace all the 

plants. So we have to make a decision to built nuclear or any other kind of power within a couple of 

years. 

It is the decision of the Dutch Electricity Generating Board, which is my stockholder, to divide 

the production, one is a natural gas, one is a coal. Before we can effectuate that decision, we need the 

political will to make a decision that nuclear will be supported in the Netherlands. That is a boundary 

condition which must be fulfilled before we can talk about the economics of it. Nevertheless, I will say 

something about economics, and that is that the biggest nuclear power plant we have in the Netherlands -



I am thinking of 50 megawatts pressurized water reactor - is cheaper than the gas or coal-fired plants per 

kilowatt/hour. So there is some economics in it. 

CHAIRPERSON: Yes, but let me ask the question to any panel member who would care to answer it: 

Why does the nuclear power industry require public support? 

DR. H. ARNOLD: Because it became a political question, and politicians do not dare to make a decision 

unless they know the majority of the population will be favourable for it. Otherwise, they have a look 

for four years and no longer, not a month longer. They want to be chosen in the next elections. 

So there is a circle between political decision and the opinion of the population. 

CHAIRPERSON: But how did nuclear get itself into the situation where whatever it does requires public 

and very Visible, strong public decisions? 

DR. H. ARNOLD: We did not manipulate ourselves in that situation. We have been manipulated in that 

situation partly because there were some awful accidents, partly because people say that some problems, 

like the waste problem or the spent fuel problem, have not been solved. I can tell them in a technical 

way, it has been solved, but in a psychological way, they do not accept this and that is the way we have 

to behave ourselves, sometimes with our backs against the wall unable to attack. 

CHAIRPERSON: So you have been picked on by the public and the politicians? 

DR. H. ARNOLD: Like a fish on a fishing rod. 

CHAIRPERSON: Would you agree with that, Allan? 

DR. A. KUPCIS: Well, I think this may be the simplistic answer to the question you put there, is that 

the projects today in today's context, taking something for a 30 or 40-year lifetime based on forecasts, 

are not bankable in a bank in a traditional equity financing sense. I think that is maybe a simplistic 

answer, but I think there is something in that, and it gets to perception of risk and a sharing of societal 

risk for some benefit. There must be a public policy, a kind of public acceptance that benefit is there 

against whatever they perceived that risk to accept it because it is at the margin today at a cost equality 

with other options. You are just not going to move unless there is public policy support for it. 

MR. M. KIRWAN: You asked the question why the government is involved, and I think the answer to 

that is history. The whole development of the feasible uses of nuclear energy started with government 

decisions going back to the days of President Eisenhower and his "Atoms for Peace Movement". So right 

from the start, it became a program which was being developed by governments, being developed and 

pushed by governments, and this was seen not only as an appropriate technology and peaceful use of the 

atom but also as a strategic basis for having alternative fuel sources. I think in some of the papers this 

morning, we saw a very clear strategy, where you could see that you had energy resources there which 

could last through quite a turmoil in the energy supply industry, whereas coal and oil were very sensitive 

to disruptions in supply. 

So I think historically, that is where it has come from. 



CHAIRPERSON: So what you are saying is that it sold itself as a strategic good? 

MR. M. KIRWAN: No, I think it was there as a potential development to be an economic source. I 

think I would like to find out what is the real definition of an economic source, because in several of the 

papers, we hear people saying that when you look at the lifetime energy cost, nuclear is cheaper than the 

other options. In the papers this morning, we had those figures quoted from Korea, from Taiwan. I think 

the OECD/NEA papers, it shows clearly that there are a lot of countries in the world where nuclear is 

cheaper than coal, and I think in the problems here in this province, nuclear is still, on a cents per kilowatt 

hour basis, cheaper than coal. 

So when I hear the World Bank statement that currently, nuclear power appears to be uneconomic 

in most countries, I think I need a definition of what uneconomic is. 

CHAIRPERSON: Well, that is a good question. It is only fair. Meaning that there are lower cost 

alternatives. 

MR. M. KIRWAN: When you are looking at the lifetime unit energy cost on the conditions. 

CHAIRPERSON: You are looking at the lifetime unit energy costs because it is not lifetime unit energy 

cost that you need to focus on. It is on the returns to capital. And if you are looking at a typical, say, 

customer of ours which is a developing country where a 10 per cent discount rate is probably a minimal 

discount rate - it is probably much higher - then there is no way that a capital intensive technology can 

compete. Added to that, the problems we have had with the construction times, one year of interest on 

the construction -1 do not care what rate of interest you use. The plant is six months late or 12 months 

late. It wipes out any kind of advantage. 

And as financiers, we look at those kinds of risks and what we are saying in most of the world, 

that there are cheaper alternatives, less risky alternatives, and we cannot get our shareholders to support 

nuclear power. 

Well, we have got a number of questions coming through from the audience, and very interesting 

ones. Several of them address the issue of safety and have we spent too much money on safety? Is this 

what is driving the cost of nuclear power so that it is not affordable? 

Anybody care to answer that? 

DR. H. ARNOLD: There are two aspects of safety. The first one is the risk to the population when a 

nuclear accident happens. The second one is the safety which you need for perception. When you 

consider the probability for a nuclear core melt which are the consequences and the probability is one or 

two-tenths to the minus five or something like that, that is a very low risk. The consequence is high, I 

know it, but the risk is small. 

When people, also politicians, say, "Well, of course, it is a small probability but it can happen 

tomorrow", you have to secure the utmost safety which is possible, and the utmost safety means in the 



first place that you have to make plans as good as possible, obeying all the principles, and that means that 

your availability must be high. 

So the safer the plants, the higher the availability and the higher the economic value. So it is 

good to have safety for those reasons. 

CHAIRPERSON: Yes, I certainly would not dispute that, but I am bothered. If I go out and buy a used 

car and the used car salesman spends the whole time telling me what a wonderful, safe machine this is 

that I am buying and he says it a lot and he sells me on the virtues of what a wonderful, safe machine 

this is, I am going to get a bit sceptical. Has the public not been hearing for years the nuclear industry 

beating its breast all over the safety issue? You expect people just because you have said it over and over 

again, to believe you? 

DR. A. KUPCIS : In a sense, I think that maybe that is a red herring of a question, because the issue of 

safety is clearly not for us to define whether it is too much or too little. It is for the regulator through 

the public process who is supposedly reflecting the public concern to deal with that issue, and I know a 

lot of people in this room will say, "Well, maybe, you know, that has not been exactly the way to 

behave", but to sit here and beat our own breast, that somehow as an industry where costs were being 

imposed on us that are unfair and with respect to any other industry through the regulatory process, I 

think, is irrelevant to the publics we serve and the customers we serve. 

CHAIRPERSON: Good answer. One of the questions that come up in various forms from the floor is 

if you are talking about, as we have heard in some of the sessions this morning, the virtues of diversity, 

stability, national security and so on, and the question has been asked: "Well, how do you evaluate that 

and how do you deal with this in a competitive industry?" 

My own inclination is that when anybody starts talking to me about it being good for me for 

national security reasons, I usually find the hands on my wallet somewhere. But that is just a personal 

cynicism here. 

Do you really believe that say here in Ontario, that you are better off because you have a diversity 

of supply, or in the U.K.? 

MR. M. KIRWAN: I think in the U.K. and I imagine in other countries, there have been examples 

already of where a diversity has demonstrated its value. In the U.K., we had a long coal miners' strike 

but the lights did not go out because we had nuclear power and some non-coal generation as well. 

The insurance policy procured by building nuclear plants certainly benefitted consumers at that 

time. What nobody has ever done is to see whether the premium was actually worth the benefit and that 

is a different matter. 

CHAIRPERSON: Do you mean it might have been cheaper to pay off the coal miners? 

MR. M. KIRWAN: No, 1 would not agree with that. Can I pick that up again, the second question? 

CHAIRPERSON: Yes. 



MR. M. KIRWAN: It is a little bit an argument in the U.K. that the British government has been very 

nervous of, that the supporters of nuclear power have argued in favour of diversity because of the 

dominance hitherto of coal-fired generation and coal almost wholly mined in the U.K. 

The current government policy is very interesting, is one that argues that privatization and 

competition will secure its own diversity. So in a market which is divided between at least three, maybe 

more competitors, each of them have their own interests to ensure that they have diverse supplies, and 

their very existence as separate companies ensures diversity. The U.K. government policy now is that they 

themselves have no role in assuring diversity. They have achieved it by privatizing the industry. It is 

now up to the market, and they are convinced that the market is capable of meeting whatever consumers 

may need in that respect. 

CHAIRPERSON: Here is a relevant question, I thought,: If bankers make decisions on real interest 

rates, i.e. ignoring anything beyond 10 years, that is the answer to why government should control energy 

supplies. 

Anybody care to bite? Angus? 

VICE CHAIRPERSON: I have to go to the market without a provincial government standing behind 

me, and what I have to do in that market place is to put before them the proposition which is competitive 

with all the other parties competing for capital in that market, at comparable risk. While it may be facile 

to say, you know you are earning too much at 12.5 per cent after taxes for the common equity for 

somebody to put their money into Newfoundland, that is what it takes. 

Now, if the provincial government were standing behind me, it may nominally look less. I would 

not need the equity. I could do it with debt, but our schools, our roads, our hospitals all get a little more 

expensive, and the cost of capital is the cost of capital. 

CHAIRPERSON: Let me put it another way, that perhaps the issue here is what does that 10 per cent 

real interest rate represent. It represents the costs of the alternatives foregone. If I build that plant that 

is more expensive, it means I do not have money for educating children. Now, that is a real choice in 

the countries that I am dealing with, where there is not the wealth to do a lot of expensive things. The 

choice does come down to: Do you spend that public money on this technology or do you spend it on 

educating another generation of children? The costs we are talking about here are of that sort of order 

of magnitude. Those are the real choices, and that is why they are telling us that capital is expensive, 

because it has a very high pay-off and doing many other things. We ought to keep that in mind when we 

rail against high interest rates. 

Another son of related question that has come up from a number of people on the panel and that 

is with respect to what you might call the technical risks. If, for one reason or another, perhaps the 

meanness of the bankers, we do not continue to develop the nuclear industry, what are the chances that 

we will wind up 10 to 15 years from now without the technology when we need it? What are the 



alternatives out there? On the other hand, what are the technical risks of putting a lot of money into 

something that may be surpassed by an alternative technology 10 or 15 years from now? 

Perhaps, Jacek, we have not heard much from you. What do you think of the sort of technical 

risks out there on this? 

MR. J. MAKOWSKI: Well, I am a chemical engineer and I cannot talk about nuclear technical risks. 

CHAIRPERSON: As an investor? 

MR. J. MAKOWSKI: Alright. I also would like to pick up on the previous question which is the 

security of supply and diversity question. There are issues of national strategy and there are issues of 

economic policy, and I do not think one should confuse the two. I think the power should be costed at 

the cost of capital and the cost of fuel at a particular moment of time when that decision is made and 

based on projections which are best available at the time. 

And I think at that time, the government must decide whether it wants a strategic oil reserve; does 

it want to have a strategic inventory of nuclear capacity which is impervious from oil embargoes, coal 

strikes or whatever. 

And I think in the same way, it must make a decision whether it wants to foster a technology 

which may be, or probably will be, in some way useful in the future but for which there is not an 

economic justification to continue it at this time. 

1 think it is the duty of the government at that stage and its proper role to fund, on the basis of 

national security, projects, whether they be nuclear projects to foster the industry or research, oil reserves 

as we have done in the States, or for that matter, strategic gas storage if you are importing very large 

volumes of gas from politically unstable countries and you want to be able to last through the winter if 

that supply is cut off. I think that clearly belongs outside of economic policy and in the sphere of national 

security policy. 

CHAIRPERSON: Allan and then, Don. 

DR. A. KUPCIS : Yes. I might just add that there also could be a strategic desire to offset their 

emissions with the technology in a particular country, and that is another one of those reasons that you 

might do it. 

But in that whole area, clearly 1 do not think we should get too hung up about what Ontario is 

seeing right now or indeed, the western world in our environment. There is another environment in those 

countries, in developing countries, and as we heard it in some of the papers this morning, that positions 

this issue in an energy policy sense where nuclear, has been decided, will have a role and clearly can be 

a bridge or an opportunity to a bridge to a longer term decision to return to the technology. 

CHAIRPERSON: Don. 

MR. D. LAWSON: I think, in terms of technology, one can look at, for example, U.S. market and ask 

the question: Is nuclear dead? And one can answer it in both ways, yes and no. If you are talking about 



new construction, yes, there is no new construction going ahead. If you talk about the infrastructure of 

the nuclear business, there are some very successful businesses just to keep that 20 per cent of the supply 

of electricity going throughout the country. 

So I believe that because of the need to make sure those existing nuclear plants operate well, that 

in the time frame you are talking about, 10 to 15 years, I do not see any danger of nuclear technology 

disappearing. 1 think what we are looking at is a longer-term future, and when you look at some of the 

longer-term energy predictions, then that is the period when maybe the gas bubble has burst and the 

technology is needed. So we would be looking for that time frame. 

CHAIRPERSON: One question has come up again and directed at you in various ways, Allan. I assume 

that since this is your home territory, that you are getting a lot of the questions here. This is with respect 

to Ontario Hydro and nuclear power. The questions that 1 have got here, a number of them, essentially: 

What will be the effect of privatization of Ontario Hydro on the nuclear part of the industry? 

DR. A. KUPCIS: We might start the public debate here about the big P word. I think the effect, the 

potential effect, if indeed that is a direction that this province is going to follow at some point down the 

future, is not dissimilar from what the U.K. experience was in their efforts in privatizing the old CEGB 

in a sense. I think Nuclear Electric is an example of a company that has been set up with some 

intermediate guarantees but clearly with a desire to move in its own cost structures, operating what it has 

got in existing plants, and showing it to be competitive and making the case for future investments in that 

area. Let us say a good a scenario as any other one. 

CHAIRPERSON: A number of the audience have asked us to take up the issue of global warming and 

can nuclear power be seen as an answer to the concerns for global warming? Are we prepared to pay the 

extra price to avoid global wanning? 

Anybody care to answer? Hans. 

DR. H. ARNOLD: I think nuclear power is not the only answer on global warming, it is one of the 

answers. Two weeks ago, I was in Japan and there, someone said, "When you have to avoid global 

warming by building nuclear power plants, you have to construct one power plant per day." Well, that 

is completely impossible. But let us construct one power plant per year. In the meantime, we develop 

solar, we have some saving of energy, and all these parts together will help to solve the problem much 

more than if we have only coal-fired plants or gas-fired plants. 

So when we want to reach our goal and diminish the amount of carbon dioxide in the atmosphere, 

we will have to do something, and doing something means spending money. So it may cost a little bit 

more and I say a little bit, not trillions. 

CHAIRPERSON: Billions though. 

DR." H. ARNOLD: Somewhat more than coal-fired plants, and we from the nuclear industry have to do 

our utmost to make a plan design, to make the operation and all the things concerned for this so it is more 



or less compatible, and you see from the U.K., you see from many more countries that it is compatible. 

So we have to continue to follow that way in the future. 

CHAIRPERSON: There have been a lot of questions directed at me, essentially asking what sort of 

weight does the World Bank give to global warming in its considerations of investments in power plants. 

Let me answer that by pointing out in the World Energy Congress study, the new study just come 

out from the WEC which actually went out and surveyed a bunch of regions and countries and asked them 

what they thought were the priorities for the energy sector, and global warming came out way down the 

list, at the bottom of the priorities. One can understand that, when we go out, say to a place like China 

which is building a 1,000 megawatt coal-fired plant or its equivalent every month, the big issue there is 

particulates in the air, and removing those particulates has got to have the highest priority. 

If you are concerned with environment, some of the local issues there have to do with water 

supply and sanitation, a far higher priority than global warming. It is difficult for us as a bank, because 

after all we lend money and it is their money - they are borrowing it - to persuade people to essentially 

take on something that they see as a very low priority, and as you know, of course, we do not have no 

way of quantifying what those benefits are and what those benefits would be to those people concerned 

who are paying for it. 

Some would say none. On the other hand, the evidence is mixed, and at the same time, if it costs 

real money to do something about it, there are very high priority alternatives for that money. We are not 

seeing tremendous demand to alleviate global warming coming out of the developing world. The only 

region that it was a concern was the European region. The rest of the world does not seem to consider 

it quite so important. 
\ 

Would one of our Europeans likj? to comment on that?. 

MR. M. KIRWAN: Yes. The views of the European community as regards actions to be taken with 

environmental benefits do not get a lot of support in the U.K. Jit the present time, and the U.K. is not 

supporting the idea of the environmental tax that I talked about this morning. Obviously, in the nuclear 

industry, we totally support it, except that it is: a) too low; and b) should not be weighted so much 

towards the non-carbon factors which are totally irrelevant. 

But in fact, I think that it is possible to envisage a fiscal structure with environmental taxes on 

the basis of polluter pays, which adds very little to the overall cost to the economy by virtue of 

substituting taxes based on environmental measures for other forms of raising revenue. The market 

consequences automatically adjust themselves by the pricing structure which leads to the investment 

decisions you are trying to achieve. But I think we are a long way from seeing that happening in Europe, 

I am afraid to say. 

CHAIRPERSON: You are afraid to say? 

MR. M. KIRWAN : I am afraid to say. 



CHAIRPERSON: What about you, Hans? Do you think we should have more taxes in Europe? 

DR. H. ARNOLD: When I have to pay them, no. 

CHAIRPERSON: I think that is the dilemma here, that if you look at the public surveys, particularly 

in Europe on the questions of carbon taxes and others, there is a strong suspicion from most of the public 

that these are just simply another form of tax, and there is considerable resistance to increasing taxes 

which are already very high. 

We continue to get a lot of questions on what I would see as fairly elementary capital cost issues. 

For example, how is power based on cost plus profit better than cost of power at - quote - costs? What 

about our investor over there? Do you want to answer that? 

MR. J. MAKOWSKI: Are you talking about cost plus regulation versus allowing competition to set 

market rates? Is that the issue? 

CHAIRPERSON: That could be one. That is certainly one of the issues. But I think behind this is the 

idea that if somehow, the public sector does it, it does not require a profit, and therefore, it will be 

cheaper. 

MR. J. MAKOWSKI: Well, I think we could spend the rest of the week on this one. I think that 

anything that is cost plus tends to get abused. I think we have seen that; there are lots of examples, and 

I do not think I have to go through that. 

The risk has shifted to the ultimate user, and when it is a decision, should I put it in the rate base 

or not, the economic drive is to put it in as long as the regulator does not take it away from me. And I 

think that is very unhealthy. 

I think that market price type regulation set by competition is healthier because the drive of the 

individual organization, be it large to smallest, is for higher efficiency and higher profits, given that you 

have maintained the licensing and legal requirements and the mission standards. 

I think that the interminable hearings before the federal in our case, or provincial in your case, 

or state in our case, regulatory bodies is just self-defeating. I think if you have a situation, for instance 

a co-generation plant, if that is the case, where you can take advantage of a steam load or some heat load 

and achieve very superior efficiencies and the individual doing this takes on certain risks, whether they 

be capital cost risks, whether they be operating cost risks, whether they be the availability risks, by God, 

he should be rewarded. And if he is successful, he will probably try it again and enhance the competitive 

juices, and a much sounder, lower cost economy is going to result, because i think it is going to keep 

costs of power in that regional economy far lower than on a cost plus basis. And this is true for gas 

industry, this is true for telephone industry, it is probably too much true of the airline industry, but I think 

it is true of the electrical industry. 

CHAIRPERSON: Well, maybe since this is a very Canadian question, perhaps we should ask Angus 

to elaborate on that as well. 



VICE CHAIRPERSON: Well, I wonder if behind that question, there is a notion that somehow or other, 

there is no profit using that word when a crown corporation with the guarantees of the state behind it 

provides the service. 

In our province, there is both a public and a private sector utility that must earn a return on equity. 

That profit is, in fact, I sometimes think that the rate payers in Newfoundland, when I see it reported in 

the press, believe that when we get that profit, we go out and have one marvellous big party. In fact, it 

is like paying for your mortgage. That is the price of the capital that we employ that belongs to the 

shareholders. 

In the crown corporation, they earn what is euphemistically called an interest coverage. Now, it 

is profit. It does provide some protection from risk within that institution. One can say that the cost of 

capita] is lower when you take the cost of capital to the utility with that guarantee, and consequently, you 

may see it as being lower, but you have to understand that the fact that the guarantee applied to that large 

chunk of capital increases the cost for capital employed for everything else within that society. 

So I am not sure that there really is a substantial difference if you could, in fact, contribute all 

costs to what you call the cost in a crown corporation. 

CHAIRPERSON: Well, I would go even further than that. 1 would say that they are really positive costs 

to structuring particularly electric power as a public monopoly, and that is just simply based on the facts. 

If you look at the performance of public monopolies around the world as we have done, you find that for 

example, Ontario Hydro - maybe it is not quite the same today but it certainly was true a couple of years 

ago - had twice as many employees as the typical private utility in the United States, And as you went 

through the statistics on performance on a number of physical characteristics, you could see the same very 

strong difference. 

We have done this in the developing countries and we have found that ownership makes a 

significant difference in terms of efficiency, and I would argue that there is a very high cost in many 

societies of maintaining electric power as a public monopoly. 

Would anybody disagree? 

VICE CHAIRPERSON: I would like to add a couple of points to that. You quoted a benchmark of 

twice the number of people and so on. Clearly, I do not have the numbers, whether that is true in the 

overall utility sense. It is certainly not true in the nuclear sense. Our nuclear plant benchmarks with 

respect to people or dollars in a comparison with top seven American utilities and so on are very 

favourable and lower in most cases. 

However, what is fundamental here is the decision-making behaviour throughout the organization 

that is driven by a different focus and is driven differently. And I think that is what gets you into perhaps 

building structures and cost structures into a public monopoly integrated utility that are just called costs 

but are never challenged as to value to customer. It is clearly one of the reorientations we are trying to 



make in the corporation today, is to look at those issues and try to unbundle the various technologies and 

generations to understand the true unit cost so that management at all levels can focus on the challenge 

that they have, when you put a unit/cost challenge and a return on asset or return on equity challenge. 

I think that is an important piece. 

CHAIRPERSON: I think that is very true. You see a different pattern of behaviour given a different 

set of incentives. I always put it very simply. If the politicians own it, politics will dominate me 

decision-making process and I think we have seen that all over the world. 

Here is a question I thought interesting. Given that the poor track record of banks in identifying 

good long-term investments, for example the real estate fiasco of the last decade, is a degree of humility 

not in order on the part of bankers in choosing good monetary investments? 

Yes, certainly, but I always believe too much humility in a banker is unbecoming. But bankers 

certainly have made mistakes and their shareholders have paid for it. On the other hand, bankers do not 

deliberately go out and set out to make mistakes. We are certainly not infallible but we do try and guard 

our shareholders or our bondholders' money very carefully and we are not about to put money on 

something that we see as producing too little profit for the risk-taking. 

And I would maintain the issue of nuclear power is not so much the cost because after all, we 

have seen lots like Mike's figures and others all saying that the costs, if you do it right, should be not too 

different than anybody else's costs. I would not necessarily dispute that. But what I would dispute is 

what are the risks. Maybe we could have some of the panel members comment a little bit on the risks, 

not in the sense of the technology or safety of those issues, but looking at, as we have a number of 

managers of utilities here, just what are the risks in making those kinds of investment decisions. 

Angus. 

VICE CHAIRPERSON: I mentioned earlier that the high capital costs and long project lead times and 

large scale of plant introduces risks that I am not prepared to accept in an uncertain demand growth 

period. But I think in addition to that, unless a government does so, I do not see that I can get a 

guarantee or a lump sum price for a turn-key project on a nuclear plant. I can looking at alternatives. 

There is a risk there. 

The risks associated with regulation and changing requirements of regulation or licensing for 

ongoing operations are real and 1 would sort of lump them into the category that we have talked about 

as almost a boundary condition. If there is not the political will and then, legislative and regulatory 

follow-through supporting the political will, I face, based on what I have seen, a very uncertain future. 

When 1 am talking to people I am saying, "Give to me, and I will be a good custodian of your money", 

I cannot accept those risks that I see. 

CHAIRPERSON: Allan, would you say that applies to you too? 



DR. A. KUPCIS: Well, I guess I would ask a slightly different question there in the sense that we are 

coupling that together with what we today perceive or see as the cost of a future nuclear edition in relation 

to alternatives. 

If - and we talked about this earlier - the cost of nuclear today was half that of alternatives, that 

risk issue with respect to the investment would be perceived very differently. But I think added on to the 

unease around the risk, I am saying that well, it may be a little bit more or a little bit less than another 

alternative, it puts it in a different perspective to make that decision. 

CHAIRPERSON: That is a good point then to introduce. What would we think - let us put a more 

positive spin on this - would be required of the nuclear industry for it to be competitive and for people 

like you to purchase its products? 

Anybody want to start with it? 

DR. H. ARNOLD: That is why we need to answer it, I suppose. To make the risk lower, you should 

spend less capital per project. It means do not build those huge units, build smaller units, the same sire 

as coal-fired plants, 600 megawatts or something like that. 

Then, what you need is standardization. When you have a standardized product, you can have 

a license for the type of that product, just as a Chevy is licensed to be sold and driven. 

So when you have that standardization and you have a combined construction and operating 

licence, you can limit the construction time of the plant. You can continue to build, and that means that 

you can make such a project in four years and not like some plants in the United States of up to 16 years. 

And that makes a lot of difference. 

Furthermore, I think you can make the risks smaller by certain types of operation, smaller numbers 

of people walking around in a regulatory position, but when I compare 150 to 200 men in the plant in 

Borssele compared to 1,000 men in U.S. plants, it makes a lot of difference. 

So you can make the risks much lower just by using your brains. 

CHAIRPERSON: Well, what you are arguing though - and if I can combine it with what Allan said just 

a minute ago - is that if nuclear was significantly cheaper, that it would have a better chance of competing. 

Now, significantly cheaper, meaning lower capital costs, but you have also mentioned you achieve that 

through standardization or other measures. 

But let us ask Don. Do you think that you can get those nuclear costs down to a point where they 

would become interesting for public bodies, for the public to be willing to undertake the risks that they 

perceive? 

MR. D. LAWSON: 1 was trying to be humble and as a supplier, wait for the potential customers to give 

their views first and then, add to that. 1 agree with all the comments that Hans has made and that is why 

I believe we are successful with the CANDU-6s, particularly in Korea where the latest figures show that 

it is very economic compared with larger competing units, and we have also been developing a smaller 



CANDU-3 because we believe that trying to get the smaller unit fits with all the requirements that Hans 

has mentioned. 

The earlier point of the risk that you take if you have a long lead time is one that we have been 

looking at, and that is why we believe that there is a need to get the construction time down to a very 

short period of time. With the current plants, we are looking at five years, and we still feel that is too 

long. I think it is an achievable target to try and get down to a construction period of three years, and 

even that is going to not be as good as it should be, to be able to compete with some of the very fast 

construction projects. That not only reduces some of the risks to the utility, it also reduces the interest 

during construction as we]]. So I believe that those are directions in which we can go. 

The other part of our engineering now broadens into: can we convince the regulators to give 

licenses to products up front instead of having to wait right through the process? That is potentially very 

damaging when you are never sure, even when you have completed a project, whether you would be given 

the licence to operate. So 1 see that as part of the supplier's task, to convince the regulator and to help 

obtain the political will that Angus is describing. 

So I believe that there are quite a number of things that the industry itself can do to try and meet 

the changing world of the utilities. 

CHAIRPERSON: But would the industry be prepared to offer a utility a turn-key plant, guaranteed 

price, guaranteed delivery time without the government guarantee by using government capital? 

MR. D. LAWSON: In terms of our export sales, we have been prepared to, and have put on the table, 

firm price turn-key jobs with fairly severe penalties to us if we are late in delivery. I should say that firm 

price normally excludes gambling on the escalation. That is one item that we have not taken a risk on. 

But in terms of saying, "There is the price for a unit, and here is a firm delivery date with penalties if we 

are late", that is something we are prepared to do. 

I think there is another aspect that we have not talked about which does have a significant effect 

on the economics, and that is the operating performance. When you go, I think there is in one of the 

exhibits that shows a range of performance from about 90 per cent to 20 per cent capacity factor and 

clearly that is over four times impact on the cost of your product. 

One of the things that we have in the industry, both the utilities and the suppliers, is to get that 

capacity factor up to a much higher level than it is at present, and I see no basic reason why all nuclear 

plants could not be operating with 90 per cent capacity factors. 

CHAIRPERSON: Well, then let me put it another way. When Ontario Hydro gives up its monopoly, 

would you be prepared to get into the electric power business and sell electric power in competition? 

MR. D. LAWSON: That depends who our shareholders are at the time. 

CHAIRPERSON: But I think it is a good question. Particularly in the U.S. now and other places, we 

are getting a more competitive industry, which means anybody can build a power plant and sell electric 



power. Why is not the nuclear industry coming forward and building those plants and being willing to 

sell electric power? 

MR. D. LAWSON: Well, Mr. Chairman, could I address some of those points? 1 think you seem to be 

working on the basis that the average of the industry in the past and some of the problems of the industry 

in the past in various parts of the world is going to continue in the future. The utilities themselves, as 

we have been hearing, have gone through fairly massive changes. Now, everyone does recognize the 

nuclear industry is a fairly slow-moving industry or has been. 

But we also can watch very carefully what is happening in our main customers and I think there 

are quite a number of things that can be done to try to improve the overall economics of the plant. As 

I have said, trying to get them built faster -1 think Hans did cover it - getting the capital down, building 

smaller standard units, standardized, getting the licensing done up front, helping in the operation of the 

units, increasing to very high capability factors, building smaller standardized units, getting the licensing 

done up front. 

The other thing we noticed by our export successes is that, building more of the same type of 

plants and getting more of that business, you get a reduced cost because of the volume of business that 

one can obtain. So we have a challenge to be able to move and react as quickly as the changes in our 

customers. 

CHAIRPERSON: Yes, but if I hear what your customers arc telling you, they are saying that they are 

not prepared to put equity into this, that they are going to ask somebody else to put equity into the 

business. And what I am asking is, is the nuclear power industry, whether it is in this country or 

anywhere else, prepared to put up the equity capital. Can it attract equity capital? 

MR. D. LAWSON: Well, I have heard examples where suppliers have been prepared to put up some 

equity in power plant. 1 think this is a new area that we will have to see how it develops. But clearly, 

the initial pressure is going to be on looking at rewards commensurate with risks, as you said yourselves, 

the bankers and that you have to equally apply for the suppliers themselves. And do not write off the 

industry yet. Wait and see what we can do to respond to the changing utility situation, because in the 

past, as 1 mentioned earlier, a lot of the decisions in utilities have been made on lifetime unit energy 

factors, and as you can see, the nuclear industry has been able to respond to those with cheaper electricity 

from nuclear than coal. 

CHAIRPERSON: Yes, but let me ask this more directly to you, Michael and I think this is a good 

question. Nuclear Electric has recently applied for the right to sell electricity directly to large industrial 

consumers. At present, they only sell to the wholesale pool. Will they sell it prices less than the nuclear 

levy? Will they be truly competitive? How will this affect Nuclear Electric's profitability and 

attractiveness for privatization? 



MR. M. KIRWAN: Perhaps I ought to just explain for members of the audience who are not fully aware 

of what this change means. The license that Nuclear Electric currently has allows us to sell only to the 

regional electricity companies who are themselves wholesalers. We are not able to sell directly to end 

consumers. 

This, however, is something that our competitors, the fossil generators who are already privatized, 

are at liberty to do. We are therefore competing with one arm behind our back. All we are applying to 

do in the change is to be put in the same position as they are, to allow us to sell directly if we wish and 

if our industrial consumers wish, to them. 

Clearly, we will only do this from our point of view if the prices we receive are attractive to us 

if they are better than the prices we can already obtain by selling into the pool. Equally clearly, these 

customers would only buy from us if we can offer something in our contract terms that they find 

attractive. 

There was a reference in the question to the nuclear levy which is, in fact, totally irrelevant to this. 

The nuclear levy has nothing to do with the trading in the pool. We compete on selling price on normal 

arm's length basis. The levy happens to be paid to us on the basis of what we generate, but it is no more 

than cash that we need to fund backend liabilities that we have inherited from the past. It in no way 

affects the way in which we price our bids into the pool. 

CHAIRPERSON: Well, I will not quarrel with you on that. There have been some questions raised 

along the line that the minute you introduce capital costs and the risks to capital that the investment will 

always go to the project which has the lowest capital cost. In other words, you are shifting the risk from 

the investor to the consumer when you go for projects with low capital costs and high fuel costs. 

Perhaps, Jacek, you would like to take thst one up. Do you think that is correct? Are we shifting 

by going to low capital high cost, high fuel price projects, shifting the risk to the consumer? 

MR. J. MAKOWSKI: Well, you can answer it two ways and I will try to do both, alright? 

CHAIRPERSON: You must be an economist. 

MR. J. MAKOWSKI: I have been around enough, thanks. 

Well, I think the general statement is that risks should be born by those people or by tiiose 

involved who are in the best position to bear it. If you are talking about fuel cost variations, if oil will 

go for the moon like it did in the seventies, I can assure you that if that was born by the utilities, they 

would all be bankrupt. Whether the housewife in Toronto should bear that risk and that benefit when fuel 

prices are low, I think that the basic answer is that the fuel cost variations, fluctuations, up or down, are 

best passed on to the ultimate consumer, because otherwise, the premium that he would have to pay for 

stable energy prices - and I mean stable, I do not mean low - would be horrendous. 

The people who would be in this business would be the oil companies, and they would charge the 

maximum, because they would be integrated from wellhead down to the burner tip in the cooking stove. 



So I think that you should remove the fuel from the equation in assessing, in answering that question, the 

fuel risk. 

In terms of building a high-cost, high capital cost plant with presumably a lower fuel cost which, 

let us say, a coal plant as opposed to a gas plant which has a higher fuel cost but a lower capital cost, I 

think the answer comes down: What are your overall economics and what are your expectations about 

the escalation of coal prices into the future if you are comparing the two vis-a-vis gas prices into the 

future? 

In the States, over the last few years, you could almost tell in these solicitations that were put up 

by the utilities, what type of plant would build a solicitation. I am talking about Massachusetts right now 

where each utility makes its own fuel forecast. 

Based on the type of escalation that the utility used, coal versus gas, and over the last few years, 

gas has won because the cost of capital, the capital cost of the plant and die cost of capital was sufficiently 

lower than coal that it more than offset the differential in price between coal and gas at that particular time 

and as projected into the future. 

So I do not think you can look and answer this question outside of the context of die differential 

between fuel oil prices and the cost of capital issues. 

CHAÏRPERSON: So it is a matter of calculation of those and what you perceive of as the possible 

changes in those, 

MR. J. MAKOWSKI: That is right. 

CHAIRPERSON: It comes down to arithmetic. 

VICE CHAIRPERSON: And I would add that the decision is also conditioned by the certainty and scale 

of your demand forecast. Obviously, in a very uncertain world, you will minimize the capital. 

CHAIRPERSON: Well, that raises an interesting issue and it reflects a number of questions we received 

from the floor. We have mentioned a number of times uncertainty of demand. Would anybody care to 

comment on that? What is driving that? Why are we all of a sudden becoming very aware of demand 

when it did not seem to bother us a few years ago? 

MR. J. MAKOWSKI: Do you want me to handle it again? 

CHAIRPERSON: Alright, and then we will ask Allan down there. 

MR. J. MAKOWSKI : Well, I will give you an example out of Jife. Before the oil shocks in New 

England, you could take a log graph and draw a straight line, which was essentially a 7 per cent load 

growth, and that was true year in, year out, or five years in, five years out until oil went to $36 per barrel, 

and then, the load growth actually became negative. It took a nose dive. It fell for a couple of years, men 

it flattened out and then, it grew in spurts with great uncertainty. 

In other words, there is a fair amount of elasticity to the price of electricity. One of the reasons 

that the nuclear industry got into trouble in the States - and I think New England is a good example, 



because many of the nuclear plants got into trouble there - is because of the long lead time for plants, and 

after demand took a nose dive, there were a lot of plants on the books which: a) were very expensive at 

that stage of the game for all the reasons that you know better than I do; b) the demand was not there any 

more, plus the recovery of that demand at that time was uncertain and; c) the regulators went out to take 

a slice out of the hide of the utility stockholders, which happened. 

So you have had an unfortunate experience on the part of the stockholders. You have had an 

unfortunate experience on the part of the regulators. And people are very shirty about believing in 

forecasts. 

CHAIRPERSON: Well, 1 can understand that. We did a study not so long ago, looked at a bunch of 

projects worldwide and the demand forecast that had been used in them and I think the figures, as I recall 

them, in 80 per cent of the projects, demand was over-estimated by a factor of 50 per cent or more. 

In Ontario, would you see the uncertainties of demand driving some of your actions now? 

DR. A. KUPCIS: Well, there is no doubt that it is a big issue with respect to looking at flexibility of 

response options that one has in the current environment. But let us go back to Ontario's history in 

demand. 

We are currently in our fourth year of year-over-year decrease in demand since 1989. That has 

never before happened to the demand curve in Ontario. There has been a one-year or two-year plateauing 

in the 1971-1972 and 1981-1982 period but we have taken a decrease. Through the 1982 recession, as 

I said, a one-year plateau. Some people say, "Well, we just got a bigger recession in Ontario." 1 would 

suggest that there is something much more fundamental in the structure of our economy in Ontario that 

is taking place. I do not think in this recession, people are turning off the lights in the factory, waiting 

for the economy to improve to come back and turn them back on. I think they have taken the lights and 

the motors and gone somewhere else. There has to be some element of that major change in the structure. 

So that decoupling -1 do not know how long it lasts but it is rather major - and every year since 

1989, we have said, "Okay, we have a little bit of a slowdown but it will be a percent-and-a-half again." 

It has just shown the bankruptcy of being able to forecast in what is happening in today's environment 

for us, in this province, right now. 

In a sense, you can say, "Well, we are not in a bad shape". And it is quite true. We have a 

surplus of generation capacity today. So we have a bit of a luxury and say we do not have to declare 

what we are going to do. We are going to take some time. We are going to see how this sorts out and 

maybe one gets back to two, three, four, whatever percent growth, and you get back to the old paradigms 

of utility planning. 1 am not at all sure that you will return to that kind of planning scenario. 

CHAIRPERSON: So you think there has been a fundamental shift in demand structure, and I would 

argue that is correct but it applies largely to the OECD countries. You look at the developed world. 

Growth of demand has become uncoupled from growth of GNP, and all these improvements in energy 



efficiency, lowering intensity of production are all showing up in lower rates of growth in electric power 

demand. 

That is something that for the nuclear industry, is an important fact, because if the demand is 

going to grow and grow only very slowly, the temptation on the part of all utilities is to add small 

increments and that means more plants. It means more diversified plants, shifting the plant to different 

parts of the system. And you wind up with very small orders for base load which, of course, is where 

nuclear is best. 

Before we finish up and our time is running short, let us spend a little time speculating about the 

future, not just in looking out at the next five or ten years, but let us look out a little further than that and 

look not so much at nuclear power but at the electric power industry and what is likely to happen. What 

are the sort of demands that are going to be placed on the industry in the future, and then maybe come 

back and take a look at the implications of those large base-load plants in nuclear power, in particular? 

And let me just ask the panel's opinion on one thing we discussed earlier this morning. What 

happens if the electric car becomes a commercial feasibility? What will that do to the electric power 

business? 

Anybody care to speculate? 

DR. A. KUPCIS: Well, it certainly changes your shape, demand shape cutve. If it really becomes a huge 

commercial practicality, it becomes, in a sense, an electricity storage option. It might be for a short time 

but for the first time in that sense. So the speculation of how it might affect the operation of the power 

system, what you need in terms of supply and capacity reserves are all open to understanding, I think, in 

the context. 

CHAIRPERSON: But it could make a traumatic difference in the sense that you have a load that you 

can store, which means, I suppose, in one sense, base-load plant becomes much more profitable because 

you can run it longer by just storing batteries for cars. 

At that point, of course, one of the other technologies that is out there somewhere in the future 

is solar power. At the present moment, of course, the costs are too high. One of the problems with solar 

has been the storage and the need to store that power for when it can be used. Now, what happens if you 

introduce the electric automobile and all of a sudden, you have a ready-made demand for electricity that 

can be stored? Would that change the equation in terms of the competitiveness of solar energy? 

DR. A. KUPCIS: It has got to. 

CHAIRPERSON: How likely do you think it is that we do have some of these technological 

breakthroughs coming out in the future? Anybody care to speculate? 

VICE CHAIRPERSON: 1 am never afraid to speculate a little on things like this. 

CHAIRPERSON: Except with your shareholders1 money, right? 



VICE CHAIRPERSON: That is exactly right. I think the electric automobile, with the implicit large 

storage, has all kinds of implications obviously, but I suspect the things that will have the greatest 

influence on our system when I look out more than a couple of decades are things that will be in some 

respect surprises, although 1 am almost certain that we will, by that time, begin to see a significant amount 

of hydrogen into the system. Although 1 find that it is the economics of electrical generation that this 

panel is about, I cannot resist making the observation that we use extraordinary technical capability and 

a very elegant technology associated with efficient to make steam. 

It just seems to me that there are a lot of other things we can do, and that I wonder whether or 

not, when I look at a system with smaller and diversified units, whether you should not be looking at 

products other than just electricity from those units, and maybe even direct hydrogen generators. 

CHAIRPERSON: Well, that is an interesting thought. I know our time is running up and I am not 

going to try and summarize the discussion here. What we have tried to do here is bring out the different 

groups. We have both the producers of nuclear units represented here and we have the people who buy 

those nuclear units. 1 think we have heard something from all sides about what this market looks like, 

what they expect it to be in the future. There are, of course, some disagreements on whether the 

costs are this or that. V/e also have a big issue as to what degree should the public sector be involved. 

Of course, the minute you invite the public sector in, the minute you belly up to the public trough, you 

have to expect all sorts of things to happen like regulation and get into the public debate that everybody 

else who is at that trough. 

We have not solved any problems today. I hope we have enlightened both ourselves and the 

audience here on some of the issues that have come up. I would like to thank in particular the members 

of the audience. As you can see, the pile has grown and grown, of the questions here. Clearly, we got 

everybody's interest. 

There have been a lot of interesting questions. I was not able to address all of them to the panel. 

I tried to synthesize a few of them, and I apologize if I did not get around to your questions. But at this 

point, all that remains is to thank the panel members and thank the audience. 

A D J O U R N M E N T 
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ROUND TABLE 

CLEARING THE PUBLIC ACCEPTANCE HURDLE 

MR. J. REID (President, Canadian Nuclear Association) (Vice Chairperson): I am the President of the 

Canadian Nuclear Association, and I have the delightful privilege of introducing the Chairman for this 

afternoon's session. I asked him to give me a bibliographical sketch and he said it is not necessary. So 

I will tell you that he is the former, retired Chairman of Scottish Power and his name is Sir Donald Miller. 

SIR D. MILLER (Former Chairman, Scottish Power) (Chairperson): Thank you, John. There are 

occasions when the least said, the better and I think this is one. 

First of all, I would like to welcome you to this round table number four. We have got the 

stimulating subject, Clearing the Public Acceptance Hurdle. 

First of all, I would like to introduce you to the members of our distinguished panel. On the far 

right, we have Kiroko Tezuke who is Chief Engineer, the Test Analysis Group, Systems Safety 

Department of the Nuclear Power Engineering Corporation Japan. 

Next to her, is Françoise Guenette who is Vice President, Corporate Relations of AECL. 

I will backtrack a little to Mr. Simon Rippon who is European Editor of Nuclear News. 

And then, coming too on this direction, we have John Cheung who is Director, Public Affairs, 

Korea Atomic Energy Research Institute. 

And then, we have Margaret Ryan who is Chief Editor of the bible, the Nucleonics Week. 

And then, my Deputy Chairman, I think I must introduce him as the Honorable John Reid who 

was for 19 years, 1 think, a Federal Member of Parliament and the Minister responsible for 

Federal/Provincial Relations. 

Well, as I said, I think we have a key subject to deal with, because public acceptability or the lack 

of it has bedeviled nuclear power and that is in spite of all our efforts to explain the benefits, in spite of 

nuclear power meeting more than 50 per cent of the electricity supply in many countries, including my 

own in Scotland, and really an excellent working performance over more than a working lifetime. 

It is a key subject, because no matter how convincing our arguments and however strong the case 

may be, the proper contribution from nuclear power to our energy needs can only be achieved if we can 

capture and hold the hearts and minds of the public at large. We live in a democratic society. 

To succeed in this, we need to be clear on what the product is that we are offering. We need to 

be clear on the advantages and perhaps we should start here by asking ourselves: Do we really need 

nuclear power? 

Well, however I look at it, I can come to only one answer. Those of us - and I am one - who 

have had something to do with the under-developed world must be acutely aware of the vast perspective 



energy requires in the developing countries. The minimum requirements, even to achieve tolerable 

standards of living are enormous. 

Now, this has been put in very stark terms by the recent World Energy Commission Report which 

was presented at the 1992 Madrid Conference and has been referred to here at this Conference by Mr. 

Ager-Hanssen in his paper. But two facts from this report stick in my mind. The first was that, even well 

into the next century, only a minority of the world population will have access to an electricity supply. 

And secondly, in many countries today, people typically walk six miles a day just to gather firewood for 

essentia] cooking. And that is not one day, that is every day of your life. 

Well, perhaps you might say in spite of all the evidence, even the World Energy Commission's 

modest estimates of energy requirements per head in developing countries may not materialize. I myself 

do not believe that is true. But if it were to be the case, then surely we are heading for civil disorder and 

human suffering on a scale which is unknown today, even in the world's troubled spots, and a situation 

in which none of us in the developed world could possibly stand idly by. 

But if anything like these estimates do materialize - and 1, from my own experience, have reason 

to believe they will - no amount of energy conservation or demand management will allow these demands 

to be met unless we are in a position to use all available energy sources, and that must include nuclear. 

And the proper place to use nuclear is in the developed world. 

Well, if governments and the public at large have yet to grasp the scale of this problem, we should 

perhaps not be surprised of failures to take essential decisions. Your panel, in discussion, have identified 

three key aspects of this problem, and there may be many others which you will want to raise, but I would 

like to mention these in case they should help to focus our discussion today. 

Firstly, recognizing -1 think most people do - that increased energy demands are inevitable, there 

is still a large sector of our public, sometimes recently well-informed people, who refuse to focus on the 

need for nuclear, because they believe that conservation and greater emphasis on renewables will be 

enough. I am sure that many of us have met this situation. 

Well, if they do not believe, if they will not believe the facts unless they see them, perhaps we 

should be thinking about taking more steps to physically demonstrate the limitations of conservation and 

renewables. 

And the second aspect, if we have had only partial success in securing acceptability of nuclear as 

a clean, safe and viable energy source, and that is in spite of massive efforts over the years, what new 

initiatives can we consider? What new approach? 

And thirdly, even when we have secured a fair degree of general acceptability of the public at 

large about the need for nuclear as a part of our energy sources, we still, we suspect, have an enormous 

gap to jump in securing positive decisions. As it is mentioned here often in this Conference, if the 

primary reasons are strategic, then you can defer that decision until next year at the very least. 



So should we be thinking as an industry of new and innovative measures in order to make it easier 

for politicians to take these essential decisions? 

These then are the three principal aspects that your panel have focused on, but I am sure you will 

want to put many other aspects to them, either within this framework or outside it. 

I would ask you please to keep your interventions short, and I am sure the panel will be equally 

brisk in their answers. There is a microphone here in the middle aisle and anybody wishing to speak 

should please come there at the appropriate time. 

Well then, let us then proceed with the questioning. If, as I have indicated, the impression is that 

we can solve these problems without nuclear, perhaps we should ask colleagues from Asia to say why it 

is that apparently they do not have this problem or have not had this problem in Korea, in Japan and that 

people there apparently, as an observer from Europe, see that they do accept that you cannot solve these 

problems with renewables. 

Could I ask you, John, if you would like to pick up that ball? 

MR. J. CHEUNG (Director, Public Affairs, Korea Atomic Energy Research Institute): Thank you, Mr. 

Chairman and it is really my great pleasure to be here today. Before beginning my comment, it is my 

pleasure also to inform you again of the fact that in my country at the moment, we are constructing three 

more CANDU units beside four more PWRs, so a total of seven units are under construction in addition 

to the working nuclear power stations of nine units, sharing almost half of the total generating capacity 

of the nation. 

So 1 think that Korea is one of the actual countries in the world to implement the nuclear power 

programs, and according to the recent government medium or long-term plan for the energy, we need at 

least 14 or 16 more nuclear units within ten years. My country has a scarcity of natural energy resources. 

So we totally rely on nuclear power. There are no alternative energy resources available, and nuclear 

power is a necessity, not an alternative to our country. 

We also have many opposition groups coming with the so-called democratization at the end of 

the 1980s, and at the moment, we have about 70 to 80 individual opposition groups. Some of them are 

very active, some of them are supporting some of the expressions of consolidation. The general public, 

including our service, the nuclear family members, as far as the opposition clusters, are all aware, I 

believe, of the necessity not to waste valuable energy resources just for power generation. 

Instead, we all understand totally the need to develop renewable energy sources for practical use. 

On the other hand, we all also recognize the fact that what is called a renewable energy sources such as 

solar wind power are not practical enough to supply necessary electricity in a reliable and economical way. 

The point, I would say, is that, not only most of the opposition groups but also a large proportion 

of the general public, including the politicians are fully aware of this fact. But some of the opposition 

groups have been constantly arguing that if we have invested such a tremendous amount of money which 



has been used for the development of nuclear power technology then, by now, we could have benefitted 

from renewable energy. That is the traditional argument everywhere in the world. 

The opposition groups in my country are also raising this argument. However, they do not want 

to be contradicted by the fact that the use of solar or wind power energy is not technically efficient and 

economically feasible. They only suggest the total energy available from the amount of solar heat landed 

on the surface of the earth. 

Anyway, regarding these arguments, we do explain that if we generate electricity by solar energy 

for certain cities such as Seoul, the capital city of Korea, then we might need to cover the whole city with 

solar panels and what would be the resulting environmental and ecological impact of life under a solar 

panel umbrella. In addition, we explain to the opposition the coal required to make the solar panels. Then 

we should not ignore the amount of industrial waste coming from manufacturing solar panels, which will, 

of course, cause other environmental problems. 

This is also very desirable in this context that, just as we are in agreement with the nuclear 

families, we must, I think, agree with the opposition sector on the optimistic use of renewable energies 

some day in the future, and demonstrate every possible endeavour for research and development of what 

are called the renewables energies, in the same way that we oppose the proliferation of nuclear weapons 

that the opposition groups are concerned about. 

Well, insisting on the use of renewable energies by opposition groups, I think, merely is an excuse 

to keep up with their anti-nuclear campaigns. My experience in communicating with the opposition 

leaders in my country shows that they also sometimes completely understand the practical use of nuclear 

energy is basically difficult. 

They insist on renewable energies in an effort to keep informed the general public of their 

opposition to nuclear energy. It is quite interesting to know the fact that many of the anti-nuclear 

followers are upset by the present need for nuclear power for the nation's economic development and for 

improving people's living standards. 

So my suggestion is we should avoid such an unnecessary and sometimes expensive debate with 

the opposition about renewable energy. Instead, we have to try to reach to the silent majority and to 

promote better understanding of our nuclear energy. At the same time, we have to try to improve energy 

efficiency of nuclear power plants and also for conservation. Conservation is also a very important task, 

a responsibility that nuclear family members, nuclear including the industry should follow up. And also 

for support, I think we should not oppose other forms of fuel generation. Total generation should not 

come from nuclear only. 

Anyway, our nuclear power plants are operated with a good record, about an 80 per cent of 

capacity. So in this way, to create, to build up credibility and reliability, we can escape from this 

renewable energy debate. 



CHAIRPERSON: Thank you, John. I suspect that many of the audience are wondering, like me, just 

why it is that people there are so more rational in being prepared to acknowledge the limitations of 

renewable energy. I myself had the experience last week of speaking to a young engineering student 

studying engineering and I asked him what he is going to do and h& said he was going to concentrate on 

renewable energy. And I thought, "Well, he still has some time to go before he graduates." 

Now, Japan also, Hiroko, we get the impression that there is a much more rational approach. 

Would you like to tell us your views? 

MS. H. TEZUKE (Chief Engineer, Test Analysis Group, Systems Safety Department, Nuclear Power 

Engineering Corp. Japan): Thank you, Mr. Chairman. 

In Japan, we have very few energy sources. So the basic policy of energy development is: to use 

any kind of available electricity sources; and to have a balanced energy for energy security. We need oil, 

gas, coal, water and why not nuclear power? And why not renewables? 

Regarding renewables, we do not yet have commercialized renewables. Even if they are not 

profitable in Japan, we never stopped the investigation or development of renewables. Japanese people 

know well that we are very poor of energy sources and that we need many sources of energy. 

In this point of view, it might be easier in Japan to get the public acceptance. In fact, now, Japan 

is now one of the largest countries in the world on the capacity of nuclear electricity and on the number 

of nuclear power plants. I could say public acceptance programs have nearly succeeded, but public 

acceptance and public opinion polls say, "Yes, we are to meet nuclear energy necessity but we do not 

want nuclear power plants because we are afraid of accidents and afraid of radioactivity. We prefer 

renewables." 

So in my personal opinion, we can convince such people who already recognized nuclear energy 

matters, but when I think about the general public, I am afraid you are not the general public. So I 

suppose the greatest hurdle of public acceptance is a great hurdle of noticing electricity in daily life. 

Thank you. 

CHAIRPERSON: Thank you. Well, the panel will be interested to hear from the audience as to how 

you think W2 should get a more rational appreciation of the contribution of renewables. 

Perhaps I can turn now to our second aspect, which is winning the hearts and minds of the public 

at large as to the safety and viability of nuclear power. And who better to answer for observers in the 

newspaper? Well, I will ask Margaret if you would give us your views on this. What are we doing 

wrong? 

MS. M. RYAN (Chief Editor, Nucleonics Week): Well, if I knew that, I could make a lot of money. 

I think from particularly what 1 heard here just in the last couple of hours, long before you get 

to the hearts and minds and the media and so on, you really have a much bigger job ahead and that is to 

get to the people with the money. It was perfectly evident from what you heard on the last panel and I 



think it is evident for any of us in current western society that it is extremely difficult to find capital that 

is willing to invest on something like a five, ten or longer year span before there is a real return on the 

capital. And it really does not matter what it is. We have become a very short-term society. 

If I were in the business of giving advice, I think my number one priority, if I were in your shoes, 

would be to get the time it takes to get a nuclear facility on line producing and paying back down, and 

the only mention I heard of it was Don Lawson's mention of attempting to get the CANDUs down to a 

three-year time scale. We were speaking about it afterwards, Simon recalled that is how long it took in 

the sixties when experimental reactors were being built and this was all new. Somehow, these time scales 

have ballooned way out of control. 

I think that the financial community, if you all can put a viable project in front of them, is one 

of your best natural allies, and the U.S. politician.': are led around by their campaign contributions. In 

most countries, the people with money are very important in political decisions, and if they want to invest, 

if they see something good, you will have an incomparable natural ally, and if they do not, you are 

floundering. 

So I guess my first priority would be to get something that really attracts the investment 

community, because until then I do not think you would go anywhere. 

CHAIRPERSON: I am conscious that even when you have done that, sometimes you cannot get 

government support. I seem to remember that our colleagues in Belgium wished to build a new nuclear 

plant because of very good experience, and under government pressure, they were forced to build coal. 

So certainly, one has not got a good starting position, you cannot justify it economically, but there do 

seem to be fundamental difficulties even when you have gone that far. 

Simon, how would you assess the situation? 

MR. S. RIPPON (European Editor, Nuclear News): Well, I think we ought to be talking a little bit about 

communication to the public, and 1 am afraid, like it or not, one of the main ways of communicating with 

the public is through the media, through the press. Also, like it or not, it does not matter what you do 

in the nuclear industry, just at the moment, you are going to get a lousy press. 

1 go to press briefings frequently. You have very, very good presentations of facts and figures 

from the nuclear industry. I then go home and read my newspaper the next morning and think what I 

have to say in meeting. So you then come to the question that you are asking, what can we do about it, 

and I am hearing that more and more. What can we do about it? What can we do to make them love 

us? 

One of the first things is to say, "Stop apologizing." The industry and the public information 

people have been saying, "Oh, we did it all wrong in the past. We will try and do it better." They seem 

to think and keep talking about a terribly secretive industry in the past. That is absolute nonsense. I have 

been reporting the nuclear industry for 30 years, and 1 can tell you from a journalist point of view, it is 



a mugs game. It is one of the most open industries. Indeed, that may be why it has such a high profile. 

One could almost argue that it might have got on better if it had a lower media profile. 

However, having got the high profile, for goodness sake, do not try and lie low, which I have 

heard suggested. Lie low for a while and wait until they come back to us and say, "We love you." I 

think, exploit the high profile that you have got, keep on doing the same things because they have not all 

been bad things. I think a lot of them have been good, but you just have to go on doing the same things 

and a bit more. 

If I can think of any new ideas of what might be done to catch attention, the media is very much 

a thing of fashion. At the moment, the fashion in the media is a very destructive mood. Whether it be 

a royal family or a THORP reprocessing plant, they want to kill things off. They will give you a lovely 

obituary when they have killed you off, but on the basis that you do not actually want the industry to be 

killed off, then 1 think you have to start fighting, and 1 think we have to go out in a much more positive, 

fighting mood, if necessary, knocking the alternatives. To hell with this idea that you must not say 

anything nasty about coal and who is the biggest enemy of them alt, gas. Well, let us go out and really 

knock gas. It is a horrible dangerous thing. I: blows up, it comes in leaky pipelines from Russia with 

the ethane gas going up, and it is one of the worst greenhouse gases. 

So that would be my suggestion, come out fighting. 

CHAIRPERSON: Okay, there you are, there is a recipe. Never apologize, do not lie low and come out 

fighting. 

MS. M. RYAN: But I would add one thing here. 

CHAIRPERSON: Please. 

MS. M. RYAN: I think this has been a continuing problem, at least in the United States, and other 

people have to speak to other countries, that the same people who build and run nuclear plants also build 

and run coal plants and gas plants and so on, and they really do not, for obvious reasons, want to say, 

"Look at that filthy coal plant down the road" because it is theirs. And there has been a real limit. Even 

the vendors who make nuclear plants will sell you a turbine for your coal plant too. 

So I have always had difficulty identifying who the nuclear industry really is. Who are these 

people who can come out swinging, who do not have interests in the other camp as well? 

CHAIRPERSON: I recognize the situation. You are striving oh it too well. We used to try and deal 

with it by saying that we needed nuclear for base-load and coal was ideal for median load and that sort 

of thing. But it is a dilemma. You cannot win. 

Well, I am sure you will tell us where you think the panel have got to run and what more 

suggestions you have. We would all be interested to know. 

Let me now touch on the third subject, which has bedeviled all of us when we want to actually 

do something. It is one thing to get the hearts and minds. It is quite another thing to get positive action, 



and when you are dealing with governments in particular and there always will be a nuclear power, that 

is sometimes a very big gap. 

So Françoise, I am sure that this is something with which you have to wrestle in your day-to-day. 

MS. F. GUENETTE (VP Corporate Relations, AECL): I think we have to wrestle with more than just 

governments and people and hearts and minds. I think we have to wrestle with ourselves. I look around 

this room and I would like a show of hands if possible. I would like to know how many CEOs and senior 

executives of the member industries are in this room today. Can I have a show of hands? One, two. 

Very interesting. I think we are paying lip service to the public affairs and communications activities of 

this industry. 

In my own observation with qualitative research and stats, they all tell the same story and they 

tell us that we fail as an industry when it comes to generating stakeholder understanding because we fail 

to communicate what the industry means, not to us but to them, the people out there. And that is the 

people, the public and the politicians. It is men and women who, by gender alone, have very different 

triggei responses to what we -say and how we say it. 

How many people do you think realize that every time they pop raw food into their microwave, 

that current that cooks their dinner is likely to be generated by a nuclear power plant somewhere? How 

many of them think about the source of power that lets them wash the dishes or iron the clothes, which 

nobody likes to do, or even watch television, which is enjoyable, all at the same time? How many think 

that this comes from a nuclear power plant? 

How many are aware of the number of lives that are saved each year through the intervention of 

nuclear medicine? According to the therapists and the technologists in the hospitals, most patients are not 

aware at all. 

And in these tough economic times, how many politicians have been told about the very well-paid 

and the number of very well-paid long-term, 21st century type jobs that our industry continues to create? 

Not too many. Darn few, as a matter of fact. 

So we have a lot to say for ourselves but we really have not said it, well, said it right. I think 

what we have said is that we are committed to communications but how willing we are to discuss what 

is important not to us but to the beneficiary and the end-user of the technology, I am not sure about. 

Within our own organization, on any given issue, the very often reactive discussion ranges from 

"Oh, well, it does not matter because it is too complicated, nobody will understand it" to the kind of 

techno-babble that proves to people out there that we really do not care what they want to hear, and about 

what they want to hear, and what they want to know. It is what we say they should hear, and they should 

know about that counts. And this is called self-serving. It is self-serving resistance and self-serving 

resistance to openness, and that is why we have the appearance of not being open. We may be open, but 

we give the appearance of not being open. 



So I cannot help but conclude that, before we clear all these external public acceptance hurdles, 

there are a lot of tall, internally-basrd hurdles that we have to overcome. So one of my public affairs 

officers said to me just before I c ome on this panel, "Are you going to tell them how good we really are?" 

"Well, yes, why do you not let them do their job?" Thank you. 

CHAIRPERSON: Thank you, Françoise. One of the problems, having been in this industry a long time, 

is all the younger members tell you, you have got it all wrong. I am getting quite used to this. Maybe 

it is even true. 

John, you have had a special perspective on this as a government minister. What can the industry 

do, assuming that they have got, as I expressed it, the hearts and minds of the public at large, the media? 

How do you get ministers, governments to take these decisions, that we are actually going to do 

something? 

VICE CHAIRPERSON: Well, you must remember that when you are in politics, it is like being in 

business, but your bottom line is not making a profit, your bottom line is being re-elected. And therefore, 

politicians, when they make decisions, always try to make them on the basis, "Will this help me get re

elected? Will it help my party get re-elected? Will it help me accomplish some other objectives?" 

The other thing is that politicians are people who have extremely little knowledge of technology 

and science. They have probably less than some of the media that we like to castigate. The problem for 

politicians is I have to deal with very complex subjects all the time. I have to boil them down so that 

people can try to understand them, so even I can try to understand them as minister and then, I have to 

make long-term commitments of very scarce resources, and 1 have to be able to carry the burden of being 

able to defend those, so that 1 can turn it into an electoral asset. And that is the problem facing ministers, 

and it is the problem facing members of Parliament. 

The other thing to remember is that the society that we live in is going through profound changes. 

Everybody forgets that we have just had a great victory. The war between Russia and the United States, 

between capitalism and communism, is over and the result of that war has been not the great peace 

dividend that we anticipated, but tremendous uncertainty because we now have more wars going on 

everywhere in the world that we ever had before. The question of nuclear proliferation is an issue that 

never was as intense as it was before, and we are going through the trials of saying, "This is not what the 

whole thing was about." 

My son just came back from Asia. He wants to go back to Asia. He said, "Dad, in North 

America, we do not want to do anything. But in Asia, they want to build and they want to grow, and I 

want to go back and be a part of that." 

If you take a look at North American society and European society, what you basically see is a 

society that has gone through a long confrontation. It is over and now, it is trying to figure out what to 

do next. We are going through an economic slowdown, because we are dismantling an awful lot of war-



based industries. We have not been able to make those conversions, and it is tough for us to sell nuclear 

power on the basis of need, because as we undo a lot of things that we did before, need itself is not there. 

And so our challenge with the politicians, with the decision-makers is to say, "What do we need to keep 

the industry alive?", because we will not forever be going into the slump. We will come out at some 

point and we will develop and we will need power. 

But the human being is very much a pack animal, and once we get an idea in our minds and 

particularly with television and radio and the media being so all pervasive, those ideas get fixed, not only 

in a given society but in many societies, and if you read the papers everybody assumes that we are going 

to continue to decline, but at some point, we are going to come back. And the danger we have now with 

the government people, the politicians and the bureaucrats is to ensure that they make no stupid decisions 

which they are inclined to do, and that is what our goal is. 

The thing to remember is that we have changed too because the anti-nuclear groups are, in effect, 

businesses themselves. I mean, in Canada, they just love to see a public enquiry coming along. These 

are profit centres for them. 1 have always believed that the fund-raising activities that they do is based 

on anti-nuclear activities because that brings in the biggest number of dollars. It has nothing to do with 

rationality or honesty but it certainly does bring in the dollars. 

I was out at the Royal Commission that was looking into new uranium mines in Saskatchewan 

and the chairman said that of the $1 million cost of this, which by me way the proponents of the mine 

had to pay, 25 per cent was given to the anti-nuclear intervenors. Those are big bucks, And as a little 

group, you can do very well. 

And yet, as Archie Robinson demonstrated in his paper today, there has never been in Canada, 

in the United States and I think anywhere else in the world, where an independent commission has looked 

at nuclear power uranium mining but have said it can not be done, it cannot be done safely, it cannot be 

done economically. There is no other industry that really has had that kind of enthusiastic support from 

almost any group that has looked at nuclear power and its derivatives. 

So we have a product to sell. We have an idea to sell. We are one of the first industries of the 

new information age. But our problem is to make sure that in this hiatus that we are going through in 

North America and Europe, that we put the effort into making sure that both the population knows that 

are here and what we are doing and to ensure that the decision-makers know that we are here and what 

we are doing and support us. And it can be done. 

CHAIRPERSON: John, I want to ask you a question. If I was chief executive of a utility here in 

Ontario and 1 wanted to build a nuclear power station and I had overcome these problems that Margaret 

was talking about and you were the minister for energy, what should I be doing to get a positive decision 

out of you now or in the next year or so? 



VICE CHAIRPERSON: One of the things that does not take place in our system is that government 

relations is not the purview of chief executive officers who are skilled in that activity. One of the things 

that I noticed as a politician and as a minister is that inevitably, the wrong people came to see me, and 

secondly, they came ill-prepared. 

One of the great tragedies in many places is that chief executives get to where they are going 

because they know how to operate a company. What they do not understand is that one operates a 

company with a license, a permission from society as a whole, and a large part of a chief executive 

officer's duty has to be to deal with the public and the decision-makers. Right now, what we see is that 

with the restructuring that is going on in Canada, chief executive officers have less and less ability or time 

to do this and they are spending more and more time on their companies, but they are letting go on 

opportunity that they should be taking advantage of right now. 

My feeling is that we have to get the upper echelons far more involved. It is far more effective 

for the chief executive officer to go in and see a minister than it is for the vice president or the 

government relations people. 

CHAIRPERSON: Okay. I get my nuclear power station obviously. I go myself. 

Well, there you are. There is how the panel see it. Do you agree with them? I do not see a cue 

yet at the microphone but it is open for business anytime. 

Would you please be good enough just to identify yourself? 

MR. R. SILVER: I am a very rash fellow. I work for Margaret Ryan and I am going to raise a very 

evil word, Hiroshima. 

I have been covering this nuclear field in Canada since 1952 and eight, nine years before mat, I 

was paid by the government to drop bombs on Germany, conventional bombs. Out of that, my whole 

generation got a very guilty feeling. 

This is one of the elements of what I call the Hiroshima complex. Guilt, fear, awe and this 

apprehension with which the western world has confronted the aftermath of a bomb in which the nuclear 

technology was not borne but in which it matured. 

It is further interesting that the young lady from Japan talks about their fear, but they have this 

fear based on very real background. But I suggest that the psychological climate in which all of you 

people and we have been operating nearly half-a-century now is the awe, fear, incomprehension and guilt 

with which we have perceived the birth of the nuclear industry. 

And you have on the other hand these professional doom-sayers that John Reid has referred to. 

You have these people who earn their living by scaring the hell out of the public and then, asking them 

for money to say a novena. 

1 think that you people must be more realistic in facing the very psychological problems that 

confront the industry, that confront the media, that confront the government, where you must face up to 



the fact that you are dealing with people's minds and you are also dealing with a half-a-century in which 

the majority, the vast majority, of the post-secondary school graduates have come out of the arts society, 

the soft end of the humanities and have gone into the very profitable business of environmentalism and 

anti-nuclearism and scaring the hell out of people, and there are less and less people who have come 

fhrough the sciences and the technologies and the engineering. 

I would like to know, I would like to hear some of the opinions of this panel on whether they 

have really confronted this vast psychological battle between the people who are applying a proven, 

economical, environmentally viable technology and the people who are doing this professional doom-

saying. Thank you. 

CHAIRPERSON: Thank you, sir. Françoise. 

MS. F. GUENETTE: I would like to take an excerpt - this is just a very small excerpt - of a piece of 

research that we did and we went through the Canadian public. We did some focus groups and we asked 

them some questions and I have just taken two, three things out of there and then, we went to the 

executive from our industry and members of our industry. 

We asked the Canadians, "Tell me if the Canadian nuclear industry were a car, what kind of a car 

would it be?" And this is one of the answers. There were many otiiers but I will just give you a few. 

They said, "Well, it is a car that would have dark windows and it would be armed with security alarm 

devices." But they did say, "It would be safe, depending on who is driving." 

Then, we also asked them if it were a house, what kind of a house would it be? They said, "Well, 

it would have lots of grass and flowers in the front but huge garbage cans in the back." 

But then, when we asked our own people, members of our own industry, if the Canadian public 

were a book, what kind of a book would it be? And this is how they answered - and Ray, this answers 

your question in a way. They said, "It would be a thick book, very hard to read, hard to figure out and 

no continuity between the chapters." They said, "Some chapters would be contradictory or written in 

different languages and each chapter - mind you, somebody had some perception there - would have to 

be read differently." 

So there is some hope here in both of those sentences but we do not understand each other yet. 

CHAIRPERSON: Thank you. Sir, yes. 

MR. T. CHURCHILL: I was struck, the last couple of days, of listening to the complaints here about 

how you handle the public and manoeuvre the public and so on, mat I wonder, have any of you ever tried 

to sell a sex education program to your local school board? 

If you are going to feed at the public trough, you are going to have to play by the rules, with 

everybody else who is around the trough. And the problem with the nuclear industry is that it is looking 

for public support and to get that public support requires a set of rules. And if you have ever lobbied for 

a sex education program, you know exactly what you are up against. The problem here is you are an 



industry and you want to belly up to this public trough, whether it is for guarantees or insurance or money 

or whatever it is, and you are competing with everybody else who is there, and there is a different set of 

rules when you are in that kind of business. I do not think the industry has realized it yet. Thanks. 

CHAIRPERSON: Thank you. Yes, I think you are right, that we tend sometimes to think that the 

nuclear industry is in a special position, and there is a lot of evidence that it is not and certainly where 

I come from, a lot of other industries and developments have failed to get consent, partly because of 

public pressure and have not even pursued to planning application to the point of a formal enquiry. So 

I think that we must not think that we are entirely alone in this. 

Who would like to respond? Simon. 

MR. S. RIPPON: Well, I was just going to say that as far as rules and we are talking about the public, 

I am sure the public would not be too happy if the world was run entirely by banking rules, and the 

bankers have had, as somebody mentioned at the previous session, a rather shocking record over recent 

years, and I think the message that the industry has got to get across is that nuclear is good for them. 

Following on too from Ray's point and this business about not apologizing, I think the record of nuclear 

industry in turning swords into ploughshares is absolutely unsurpassed. Let us be proud of it. Let us tell 

people what a good job we have done and to hell with the bankers. 

CHAIRPERSON: John, you would like to add a comment. 

VICE CHAIRPERSON: Yes, 1 was just thinking about Mr. Churchill's remark and I think there is a 

fair amount of validity to it, that if you are looking for that kind of public support, then in fact, there are 

those kinds of rules. And then, the next thought that came to me is that how do you judge an industry's 

successes and how do you compare industries? 

For example, if you take the Canadian banking community in the last five years, there has been 

an unmitigated disaster from the point of view of the losses taken in real estate, and in point of fact, if 

the nuclear industry worldwide had ever performed that badly, we would have deserved to have been put 

out of business a long time ago. 

CHAIRPERSON: The bankers are getting it. 

MS. H. TEZUKE (Chief Engineer, Test Analysis Group, Systems Safety Department, Nuclear Power 

Engineering Corp. Japan): I would like to make a small comment of nuclear bombs. So I think this is 

a question of policy if we use nuclear for bombs or to generate electricity. For example, I think about 

alcohol. So if we take a little bit of alcohol, it is very good for our health. It helps our blood circulation. 

But if we take too much alcohol, it is not good for our health. So I think how we use nuclear is like this. 

CHAIRPERSON: Thank you. Yes, sir. 

MR. A. ROBINSON: I will try to be constructive. I have been here two days now. I have been trying 

to listen and a broad generalization with all the dangers of such generalizations and I have heard fellow 

scientists and engineers talk about this problem. They seem to use words like: "We must do better 



informing the public". "We must communicate better to the public." I could have heard that, I did hear 

that 10 years ago, 20 years ago. We do not seem to have done it or if we have done it, it does not seem 

to work. 

But when I have listened to the perhaps few token outsiders that we have had speaking, not 

scientists or engineers, I hear them using words like, "Perhaps we should communicate with the public" 

or "Perhaps we should have a dialogue." I would encourage all of us in the industry to take this to heart 

and to try and find out a bit more as to what really interests or what is the public, because I do not think 

we are hitting it in all our technical issues. 

And perhaps illustration of that, I am a veteran of the same generation as Ray Silver. I have 

regrettably to agree with him that I think that probably does represent a psychological aspect of me public, 

but, however irrelevant the weapons are in a rational sense to nuclear energy now, and I think we can 

support that argument. But I would also point out even in that connection that I and perhaps a million 

others are alive or I am alive today, others have lived because of these bombs. So I do not share Ray's 

guilt on that. I think they did achieve something, but I think that it is rationally, totally irrelevant to the 

argument of nuclear power today. 

CHAIRPERSON: Well, if we are to take some other injunctions from the panel seriously, we must not 

apologize anyway, and we have to argue positively, I think, that there are enormous benefits from nuclear 

power which simply cannot be obtained by other if we abandon it. 

Would any other? Simon. 

MR. S. RIPPON: I was just going to take up the point of all this communication. As I said before, I 

do not think the industry has done a bad job. It is just a terribly difficult one, and I think in trying to find 

ways of doing better, look at the areas where we have not got the message across, the difficult technical 

messages, I think in waste management, we have not, just not been able to get across to the public the 

ideas of different levels of waste or quantities of waste. In radiation, we have failed completely wim the 

confusion of units and tremendous muddle there. We have to find more imaginative ways. I know people 

have talked about cigarette smoking in comparison with that. But we just have to work harder on that. 

On safety and risks, we have to again find simple ways of putting it to the public, but there has 

been quite an interesting development in the international nuclear event scale, which has provided 

journalists with a way of at least putting a sort of a Richter scale on incidents and accidents. It is not 

perfect. It needs a lot more work done, I think. 

The other idea that came to me from this morning's session when we were being told that benefits 

must be pushed rather than trying to minimize perception of costs. The perception of benefits, I have been 

applying that to the other thing that we heard yesterday where communication is failing a little bit, this 

idea that probability cannot be accepted by the public. I love probability. I thought it was going to be 

the best thing ever. But I wonder whether applying these two ideas, putting probability in the form of 



benefit. In other words, Bernie Cohen was talking about the loss of life expectancy if you have coal or 

if you have nuclear. You could turn that on its head and say if you have coal instead of nuclear, sorry. 

If you have nuclear instead of coal, you will gain so many days on your life expectancy and applying that 

on all the other comparisons with all the other things, we will almost be able to get ourselves immortal. 

CHAIRPERSON: Do you mind if I ask the lady? I know madam has been waiting quite a while. 

MS. E. LAMOTHE: When I stand here as a scientist, I think, "Wow, we are good!" Our industry has 

taken tremendous strides, and I am extremely proud of what we have accomplished. I am also extremely 

optimistic as to the role that die nuclear industry has to play within society. But I also have two very 

small children and 1, like everyone else in society, want what is best for my child. 

When I was pregnant and standing on top of a research reactor, people would look at me and say, 

"Lady, you are twisted." But I believed in the technology and I believed then, as I do now, that we can 

make it safe. However, not everybody who has children is a scientist or understands our techno-babble, 

and when we go and talk to them, we immediately revert to what we are comfortable with. 

The other point that I often make and I cannot insist enough on its importance is that we have 

forgotten the humanity. We keep telling the people that the nuclear industry, this is good for you. Well, 

my mother used to tell me that cod liver oil was good for me. The public does not believe it any more. 

We have to bring humanity back to our industry. When I go to a hospital for whatever scan, I 

see all these huge machines and then, they tell me, "Do not hug your child for three or four days." And 

we wonder why is the public so afraid. 

Please, ladies and gentlemen, when you are deciding on policy, when you are developing 

marketing strategies, do not forget the humanity. The public is not dumb, and they are only doing what 

they can in order to survive, to understand and to try to make an informed decision. 

CHAIRPERSON: Well, 1 guess there are a few good points there. 

MS. F. GUENETTE (VP Corporate Relations AECL): We are down on ourselves a lot, and I myself 

did it at the beginning, but I do not think we have done such a bad job, because why else would the 

majority of the public in North America and anywhere else keep the nuclear option open as an insurance 

policy for the future. It is because they do not perceive the need right now, but they know they are going 

to need it later, and the majority of the public anywhere - and the stats prove that - say we are going to 

need it then, keep it around. They are not that dumb. 

Right now, what they do not perceive is the need, and they do not understand the time frames that 

are required between decisions and delivery. But that is where we have to do another job. 

CHAIRPERSON: We have quite a few contributors here. 

UNIDENTIFIED SPEAKER: I do not have too many comments that the panel has not already made 

but I would like to emphasize a couple of things. One is that I think we have to learn that the audience 



should have some ownership over the message. We should not be telling them. We should be working 

some kind of a process that gets them involved in the kind of decision-making that goes up to this. 

I work very much with students. We need to get a more positive attitude. There is a lot of 

alienation out there. There is a lot of depression amongst young people. They do not need more bad 

stories, not in our society and just to end up in a kind of a happier note, it can be done. 

I just got back from Edmundston, New Brunswick. AECL ran a program up there. They had 35 

senior academic students looking at all aspects of the industry, including the renewables and those 

students, at a meeting in a town hall, concluded that nuclear should be a major part of the energy option. 

They were making the decisions just like you would expect to find a sensible parliamentary committee 

or a government committee do it. 

I think we can have some faith in people. We have also done tests in school on secondary 

students in three schools, and you can give them the kind of scientific information if it is given in a way 

that they have a sense that they are controlling some of the decisions, that they trust that you are helping 

them arrive at a decision rather than putting the decision on them. 

Anyways, I think there are some positive signs out there. 

CHAIRPERSON: Right. Well, that is a hopeful message. 

MS. M. RYAN : One thing, I think someone mentioned yesterday, brought up this point yesterday, about 

going out and educating the public and to me, that is always a red flag, because people are not boxes to 

be stuffed. Lots of professional educators use this type of terminology and I personally have no use for 

them. I think I am getting a load of barn-yard manure as soon as I hear it. 

You have to remember that people learn, they learn some surprising things, and you are not going 

to get anything across to them if you work from the end. We are going to educate them. We are going 

to stuff them full of what we want them to know. You do have to approach it from an attitude of respect 

of the people you would like to communicate the message to. 

CHAIRPERSON: So it has to be done very sensitively. 

MS. M. RYAN: Or you are not going to get it. It is not going to work. Anybody who has raised a child 

knows you try to educate them, but they learn what they are going to learn. 

CHAIRPERSON: John, did you want to comment? 

MR. J. CHEUNG: If 1 may add some comments, somebody has commented how to persuade the general 

public. I totally agree with her that the public is not dumb but is very smart. 

Our policy in my country changed a bit, to not try to persuade the general public but just to 

provide information, to never try to persuade them. They will not be persuaded; we just want to provide 

the yardstick. That is the change of policy. And the content of the message is there have been changes 

during the past three decades. During the seventies, our messages mainly focused on the technical or 



scientific matters, the theoretical matters. In the eighties, our messages changed to safety after Chernobyl 

or TMI in a way. But now, our message is primarily focused on the value system. 

I totally agree with her that education to the next generation, what we can transmit to our next 

generation, what will be the nuclear role to the nation's prosperity, to the peoples* living standard 

improvement enacted. The value system to just providing that kind of information is, I think, much more 

desirable than previous messages. Thank you. 

CHAIRPERSON: Thank you. Yes, sir, could we have your contribution? 

MR. J. ROTHSTF'N: I am a retired professor from Ohio State University. An astute American 

politician, many years ago, said, "Do not under-estimate the intelligence of the American voter but do not 

over-estimate his information." I think we make a mistake in thinking that we should always talk down 

to the dumb voter. They understand a heck of a lot more than they usually are given credit for, and they 

know after all about, say, the atmosphere being polluted. After all, they have squirted stuff at bugs and 

watched them drop dead. They can get the idea of the icebergs melting and flooding things. The 

newspapers have been full of news about floods. They have all seen ice melt. And that is registered. 

The new generation that has been coming along has been exposed to an awful lot of pretty good 

T.V. programs of science and so on, and I think one should not take a pessimistic point. I think that the 

time is coming when people will figure out a few things, whether or not we tell them incidentally. If we 

tell them, maybe it will be a little faster and that will be to the good. 

And I think they are going to demand more and more that their representatives speak sense and 

vote a little intelligently about some of these issues. Of course, it may be I am a cock-eyed optimist. I 

have always been something of an optimist. But I think basically civilization has progressed, and one can, 

I think, draw an optimistic lesson from that. After all, in the last three centuries, we have made more 

progress as far as knowledge and control over nature is concerned that had been made in the past three 

million years. And I think that is a pretty accelerated rate of progress. 

So I do not think we should act all the time as if we are licked, we cannot communicate, we 

cannot do this, we cannot do that. Why can we not? We are not dummies. We know how to talk to each 

other. Why can we not learn how to talk to Joe Six-Pack? He is not an idiot. People, say in advertising, 

have manipulated him, but what is the result? He has now developed a tin ear to a lot of ads because he 

realized he was being manipulated. Now, to say that the profits of gloom and doom and so on are 

stampeding them like cattle, well, what is going to happen? The profits of gloom and doom are going 

to be discredited. 

All we have to do is just let nature takes it course and help it a little bit by giving them the 

straight scoop instead of all that baloney, and I am sure it is going to register, and I do not think it is 

going to take an infinity of time for it to register. Thanks. 



CHAIRPERSON: Well, I think that is a very interesting point of view and I can think of two recent 

illustrations in my country that under the new market arrangements, the government calls for tenders 

periodically for new chances of renewable energy. They recently called for tenders for wind power, 600 

megawatts, whatever it was and the lowest price that gets in is the price paid to everybody. The price 

currently stands at 11 P, 11 pence per kilowatt hour. This is more than three times the cost of energy 

from nuclear power and it is a pretty hard job for the ami's to fight that war. It is an open-market 

attempt. 

And in fact, we had in case in Wales recently where one of the main protagonists of wind energy 

was also the principal objector to a project for wind power. It happened to be by sheer coincidence, I am 

sure, rather near to his house. 

Any of my colleagues? 

MR. S. RIPPON: I just had a comment on this question of the public is not dumb. An experience I have 

had when sort of actually meeting with members of the public sitting beside me in airplanes or on ski lifts, 

and they get to ask what you are doing and yes, you have something to do with the nuclear industry. And 

in they come with all the familiar "what if..., what about...," arguments. 

These arguments that they are presenting are very complicated, technical arguments, and they are 

all straight from Greenpeace and Friends of the Earth. So I tried this on a social scientist who was one 

of the recent nuclear waste composite: Why will the public or quite a lot of the public - let us not 

generalize too much - listen to Greenpeace and Friends of the Earth and their arguments and take them 

in, very difficult concepts, but they will not listen to all the very good technical arguments to come in 

from the industry? 

I have not got an answer to that except to suggest that the public liked to be frightened a little bit 

when they read the papers, not too much but a little bit, and sure enough, Greenpeace and Friends of the 

Earth, anything which comes from there is frightening. And so, when I talk about going out on the attack, 

let us frighten people about the dangers of not going nuclear. 

CHAIRPERSON: Yes, I am sure that in spite of all our efforts, we have not made enough of the 

implications of energy shortages on a world scale. Perhaps it is difficult to get people to focus on this, 

but it is a big message and I suspect that if it is put over clearly enough and frequently enough, that it will 

be come accepted. 

Yes, sir. 

MR. G. EVANS: I teach engineering at the University of Toronto here and I wanted to redirect things 

just a bit towards how the change in the generation may affect the public's acceptance. In particular, the 

students I see nowadays are very aware and are very interested in the environment. However, since the 

recession has hit us, their main concern is ever having anything like the opportunity of life style that their 



parents have had, and 1 see this right through to the high school students who come in, who I give talks 

to. 

I am wondering if that is going to have a large impact on the acceptance in that they will see 

nuclear and all other forms of electrical generation as a way to prosperity, and really it is just going to 

be a question of time. I am wondering if you have any information or any statistic to show that there is 

a change going on amongst people. 

MS. M. RYAN: One thing you can say is that in parts of the world where people are living with less 

surplus and with no surplus energy, look at the former Soviet sphere of influence, even in Ukraine, a place 

that has reason to have fear of nuclear power in a way no other place can claim, their political leadership 

is facing keeping Chernobyl units on line because they need the power so desperately. 

When people have to choose between the risks of nuclear and the certainty of not having any 

electricity, the choice is very different than when we are sitting, taking tenders for the next 100 megawatts 

of peaking power. I think it is just to say that is what human beings do, and I do not think your students 

are going to be any different from anybody in the rest of the world. 

When you are building your infrastructure for the first time, such as Korea, you are building an 

enormous increase in capacity that Korea has never had before. In the United States, we are looking at 

replacing old plants. We have grown up with the expectation of, when we pull up that switch, electricity 

will be there. 

I think one of the things that is not getting discussed at all in any of the talk about privatization, 

is that implicit in any market theory and in supply and demand, is that at some point, the price will be 

too high and someone will stop buying. Under the old utility-regulated utility scheme, someone is legally 

responsible to keep that power coming to the switch, and when you get into privatization, you are already 

there essentially in the U.K., there is no one who has to supply it. 

If the transmission company decides that the charge from the generating company is too much, 

we will not buy it today. It is going to be a long time coming to that point, but that possibility is certainly 

there in the restructuring of electricity to a more competitive enterprise. Everybody likes words like 

"market competitive", but it has a down side that is not being discussed either, and it is your students who 

are going to face it. 

CHAIRPERSON: I would have to say though, Margaret, that there has been no sign in the U.K. - and 

there are a lot of weaknesses, 1 think, in the system - but the one weakness that has not advanced is the 

unwillingness to produce capacity, and our problem in the industry is that too many people offer you 

capacity now. Whether that will change, time will tell. 

MS. M. RYAN: I was not suggesting it had happened. I was saying that side, when you have a market 

operating, the price goes to a certain point and the theoretical possibility at least is there and I have heard 

it raised in privatization debates. I did not make it up myself. 



CHAIRPERSON: Please, sir. 

UNIDENTIFIED SPEAKER: Mr. Chairman, I am a visitor here and not part of the majority of the 

community, but I am a bio-physicist, ecologist by training, so I have some sense of statistics and 

probabilities. But I would like to speak as a student of community and political affairs. 

I find myself in a gathering which seems desperately keen to sell me something. It seems to be 

doing that from a defensive position and has got as far as gauging what I think through public opinion 

polls and you want to talk to me. 

I suggest if you want to talk to me, you start by listening, and you had better understand that my 

mental model, my paradigm, my mind-set is not the same as yours. It is not going to get either you or 

me very far if we just rail about the difference. We probably can meet in the middle if we are both 

willing to go that way. 

Now, as a member of the public, I do not give a damn if you will allow, sir, whether the energy 

required for those two services that I want is made from electricity or natural gas. If it were electricity, 

I do not care whether it came from falling water, burning coal or nuclear. And yet, I have heard advice 

here this afternoon to the friends in the hall, "Let us get out there and fight the coal industry, and the 

natural gas industry." And I suppose if you thought beyond the supply sector, you probably want to take 

on the energy efficiency people too. 

Now, let me just observe from ecology. There are two things which happen at the same time in 

an ecosystem. There is competition between species and between individual members, but there is more 

than that. There is co-operation. Bees pollinate clans as well as foxes catching rabbits. 

Now, I would like to make an observation that when I think about rad waste which was a subject 

we were talking about yesterday, I like to think of it in the context of the whole nuclear cycle, and I like 

to think about the nuclear cycle in terms of balancing national and global energy projects and meeting 

other social requirements at the same time, like controlling acid emissions. 

In my society, in my country of Canada, sir, we have had a number of environmental assessments 

of all kinds of things, although half of them have been energy related, and there is a very distinctive 

feature which happens in any of those. If you talk to a member of any of the environmental assessment 

panels or chairmen or staff, they are always concerned that they hear from what they would describe often 

as two poles. This room, sir, represents one of the poles. The other pole are die folks from Greenpeace 

who were referred to in less than complimentary terms right now, just now. 

There are an awful lot of people in the middle. I think that this community here should be trying 

to reach a significant part of that middle in the broad context of balancing energy budgets in u socially 

ecologically responsible manner and rather tlian fight the oil industry, Sir Donald, I would suggest that 

at least in Canada, our nuclear industry take a leaf out of the book of the petroleum industry. 



Two decades ago, the petroleum industry in Alberta was having serious problems, because farmers 

did not like people going through putting pipelines under their fields, and environmentalists were up in 

arms about all kinds of stuff. You will find, if you examine Alberta today, that there are excellent 

relations between the farmers and the natural gas industry and even most of the time, with what some of 

you might think, rabid environmentalists. They have done one or two neat little things. They set up a 

foundation called Seeds and I cannot quite remember what that stands for. 

VICE CHAIRPERSON: I want to say that the CNA and the CNS have started a little program we call 

Outreach. We have taken three groups of people. We have given them some training and we have begun 

to reach out to other groups. There is a group of university women, I believe, a church group and an 

engineering group, and we are trying to do what has been suggested, that is to listen and to pay attention 

to what is being said and not to say anything back. 

This is a very difficult thing for us to do but we are beginning the process of trying to reach out 

to others and we are beginning to apply that discipline of paying attention to what is being said so that 

we can try to find where those middle grounds are. 

MR. E. JELINSKI (Ontario Hydro - Darlington): Thank you. I also serve on the community liaison 

group for dealing with the pro-grand historic waste. One of the issues I see most common facing us in 

die nuclear industry was exemplified earlier this afternoon when bankers complained about, I guess, 

financial people. It was obvious that there were some problems making decisions about real estate or 

Financial markets and investments and so on, five years down the road. I think the key issue with the 

public, as I see it, is a question of how is our crystal ball better than anybody else's. 

CHAIRPERSON: Well, as I said before, I think we are facing a strategic problem, and I do not believe 

that the industry has made enough of this. 

1 myself spent many years working in the under-developed world, and I am very apprehensive. 

Unless more can be done to raise the living standards there, I feel it is inevitable that we will see more 

of the situations that they are facing in Sudan and elsewhere. 

1 think this is absolutely inevitable and it places a very heavy burden on the west to raise dieir 

standards of living, and that simply cannot be done in any significant way unless there is energy made 

available at the right price. 

So this, 1 think, is- something that is not appreciated, certainly mat the industry has not focused 

on this in a way, 1 believe, they had to in the past. 

If I were a proper chairman, I would be able to summarize this discussion for you and to enable 

you to go away with a clear message. 1 think it is almost beyond me. In fact, 1 am sure it is beyond me. 

But I do think that you will probably go away from this discussion with a feeling of confidence that we 

have not got it all wrong. 



There are grounds for hope that we will get the message through, but we are certainly going to 

have to continue to work at it in a very sensitive way. The point has been made very clearly that we have 

to understand other people's point of view, and they come at it from a vei7 different quarter than we in 

the industry have been used to. 

So I think the key word for all of us is to go forth, spread the message in a very sensitive way 

and with that, I will thank you for coming along today and with members of the panel, having such a 

lively discussion. Thank you. 

A D J O U R N M E N T 
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MR. D. ANDERSON (Chairman, INC93 Organizing Committee): Good afternoon, ladies and gentlemen 

and distinguished guests. On Monday, we started our program on time and we plan to finish the way we 

started. So it is just 2 o'clock and we will get this last afternoon of our Congress under way. 

Our Chairman this afternoon is Doctor John S. Foster. John has been in this industry for 40 years. 

He started in 1953 when he went to Chalk River to put into practical engineering the dreams of Canada's 

first group of nuclear pioneers. From that day onward, John has played a major role in the development 

of CANDU technology as we know it today. 

He led the nuclear engineering teams that completed the NPD plant, the Douglas Point plant and 

the Pickering A station. He also played a lead role in the first Bruce A station, the units that we built in 

India. And he began the work on the 600 megawatt units that later were built in Quebec, New Brunswick, 

Argentina and Korea. 

He was also responsible for the management of engineering and construction of the Bruce A heavy 

water plant and the first 1,000 megawatt phase of the Nelson River high voltage DC transmission facilities 

in Manitoba. 

In total, John was responsible for 11 major engineering projects, all on the frontiers of technology 

where very few engineers have set foot before. For these and other accomplishments, John has been 

awarded two honourary doctorate degrees and the gold medal that is the highest award of the professional 

engineers of Ontario. 

In the past decade, at a time when many of us associate with retirement, John has carved out a 

whole new career for himself with the World Energy Council. He has been Chairman of the Program 

Committee for six years, Chairman of the Executive Committee for six years. He was the President of 

the World Energy Council for three years, and he is now an Honourary President'of the World Energy 

Council. 

I can think of no one more suited to chair this final session for us this afternoon as Doctor John 

Foster, and I now give you John and I leave this session in his hands. Thank you, John. 

DR. J.S. FOSTER (Honourary President, World Energy Council) (Chairperson): Thank you, Dave. Well, 

we have had a very good conference. We started with four very good keynote addresses on the subject 

of energy needs, energy in the environment, economics and financing and technological developments. 

Since then, there have been several sessions on the nitty gritty, which have been very interesting for me 

and several other friends I see around here in learning the innovative ways people are finding to operate 

the things that we build. 

Yesterday, there was a session on looking at the close-in prospects for nuclear power. Today, we 



are going to be looking at the longer range prospects for nuclear energy. In this connection, I would like 

to congratulate the organizers of this Conference for the selection they have made of the people who are 

going to give the talks this afternoon. 

One of them is from the largest, most highly advanced industrialized country and the other, from 

one of the largest and highly advanced so-called developing countries. But more than that, their individual 

qualifications make them particularly able for this discussion this afternoon, because there are three aspects 

of any of these undertakings: the knowledge that underlies it, the commerce or business that is associated 

with it, and the social and political will. Each of our speakers this afternoon has been involved in the 

technical side, in business and in government. 

Now, just before we begin, I would like to say what the format will be. Each of our speakers will 

give their talks, and then we will throw the session open for discussion from the floor. The discussion 

mainly will be from the floor but we will not preclude discussion between the two participants, and I 

might even allow the Chairman to intervene. 

Our first speaker is Ken Davis. The Honourable W. Kenneth Davis served as the U.S. Deputy 

Secretary of Energy from 1981 to 1983. He was a Corporate Vice President of Bechtel from 58 to 81. 

He has been a Professor of Engineering at various ranks at various times at UCLA. 

Now, to put some of this in order, Ken graduated with a B.Sc. and M.S. degrees from MIT in 

chemical engineering in 1940 and 42. He worked for several years in process design and development 

for Chevron Oil, and then as Associate and full Professor of engineering at UCLA. Following this, he 

served as Manager of Development and Engineering on a large classified project which was the origin of 

the Lawrence Livermore National Laboratory. 

In 1954, he was appointed Deputy Director, and from 1955 to 1958 was director of the reactor 

development division of the U.S. Atomic Energy Commission. I might just remark on the side in 1955, 

at a Canadian Electrical Association meeting in Vancouver, Ken described the Shippingport project, and 

I described the NPD project. 

He joined Bechtel in 1958 and for 23 years, played an important role in the company's nuclear 

and other activities at home and abroad. Ken is Past Chairman of what is now the U.S. Energy 

Association which is the American member committee of the World Energy Council and is an Honourary 

Vice Chairman of that body. 

He has served the WEC in many capacities down the years and was Chairman of its Program 

Committee from 1986 to 1992. So he played a big part in the World Energy Congress that was held in 

Montreal in 1989. 

PRESENTATION BY THE HONOURABLE W.K. DAVIS 

THE HONOURABLE W.K. DAVIS (Consultant, Battelle Memorial Institute; Chairman, World Energy 

Efficiency Association; Honourary Vice Chairman, World Energy Council; Former U.S. Deputy Secretary 



of Energy; Former Corporate VP Bechtel Group; Former VP U.S. National Academy of Engineering; 

Former Professor of Engineering UCLA; Former Director of Reactor Development, USAEC); Well, 

thank you very much, John, for that rather fulsome resume of my somewhat erratic history. It is a real 

pleasure to be here, and 1 feel greatly honoured to have been asked to participate in this session. 

I believe that this has been a really very good congress and that it lias been unique in my 

experience, and it has been a lot of fun. I have enjoyed being in Toronto again and I am certainly pleased 

to participate this afternoon. 

It is a great pleasure to see you all. I would start, I think, by saying that the organizers of this 

Conference have posed a very formidable challenge to Professor Goldemberg and me. The only certainty 

is that whatever we say will be wrong. However, it is a useful and necessary exercise to look at the trends 

which can be expected to shape our society and the critical role of energy in it over the next century. The 

key question also is role of nuclear energy in meeting the needs of the 21st century. 

There are at least two perceived classes of future worlds. One is what we might generally agree 

is highly desirable in terms of worldwide social and economic progress, including protection of the 

environment, conservation of natural resources for future uses and freedom from worry about dramatic 

future adverse changes and the worldwide economic and environmental situation. 

The second perceived world is that which we might realistically expect to evolve, even though 

we may agree on the same objectives. As an engineer and business executive, former academician and 

sometimes, senior government official who has had to endure the political system, I must conclude that 

in the real world, we can only accomplish some of our goals, certainly much less than we would like. 

We should strive for our objectives, realizing in establishing our strategic plans that we cannot 

count on many of them actually being achieved in the real world. The difference in perceptions often 

leads to what might be called the What-If Syndrome as the basis for future projections, and these have 

assumed that everyone behaves in a rational manner and is driven by worldwide social rather than personal 

objectives. They generally ignore such critical questions as: how do we get there from here; and who can 

and will make the proper decisions and make sure they are implemented. They also fail to account for 

the operations and limitations of democracies, competitive market forces, domestically and in international 

trade, and adherence to international agreements. 

Thus, we face the problem of trying to examine the future as it affects energy, the environment 

and social and economic progress in the real world. While we should not fool ourselves into believing 

that we can predict what the world will be like during the next 100 years, I believe we can identify trends 

and changes which will surely affect the situation for many decades into the future. 

It is sobering to look back to 1893 and see how well anyone might have predicted the present 

situation or even come close to it. It was clear even then that science and engineering was starting to 

change our society, and that we were, in fact, becoming industrial rather than agrarian societies in the 



developed countries. 

How much of today's civilization can be related back to the trends and scientific knowledge of 

a century ago, there certainly was no concept of the present transportation systems, air as well as land, 

today's communications development, the modernization of agriculture, the population explosion, and the 

turbulent and often devastating political events of the past century, not to mention the past few days and 

weeks. 

So what about atomic energy? I would like to quote something which is somewhat of an 

exception to what I have just said. What I would like to do is to read to you a rather extraordinary final 

paragraph of a book called A First Course of Physics - quote: 

"The most vitally interesting question which the physics of the future has to face is: Is 

it possible for man to gain control of this tremendous store of sub-atomic energy and to 

use it for his own ends? Such a result does not now seem likely or even possible. And 

yet, the transformations which the study of physics has brought in the world within 100 

years were once just as incredible as this. In view of what physics has done, is doing and 

can yet do for the progress of the world, can anyone be insensible, either to its value or 

its fascination?" 

This book was by Robert Nelligan who later won a Nobel Prize and Henry Gail. It was published 

87 years ago, in 1906, without knowledge then of Einstein's theory which emerged much at the same time. 

While we have indeed made great progress, there is still a challenge. There are several important 

factors which I believe will inevitably affect the supply, demand and uses of energy in the decades ahead. 

These include first, the population growth, particularly in the developing countries. While some countries 

such as Communist China have been able to diminish somewhat the rate of population growth through 

strenuous measures, it still continues to grow. The United Nations predicts the world population will 

double between 2000 and 2100 A.D. to 12 billion, with more than 90 per cent of the increase in the 

developing countries. There is reason to believe that higher standards of living will lead to reduced rates 

of population growth, but this will take a long time to affect the world's population. 

Secondly, I believe that we must conclude that the developed countries will develop. While this 

will be an uneven process, it will continue, particularly in some of the very large developing countries 

such as China and India as well as Southeast Asia and other areas. 

Thirdly, the combination of population growth in the developing countries and the increase in per 

capita energy consumption to support increased standards of living in these areas will increase the world's 

total energy consumption dramatically over the next several decades. The largest part of the increase will 

be from fossil fuels well through the next century. 

Fourth, while significant improvements in the efficiency of production and use of energy as well 

the utilization of energy facilities will surely come about, this will be hampered by the economics, 



difficulties in financing and the need for education which is a prerequisite to technological advancement 

and effective technology transfer. 

While efforts need to be made to increase efficiencies, it is unrealistic to expect that they will 

offset the growing demand by any substantial fraction during the next several decades. 

Fifth, as the developing countries become developed, they are much more likely to increase their 

energy efficiency, as has happened in the developed countries where increases in energy efficiency have 

often more than offset population growth rates. Thus, it is possible that we may see by the end of the 

next century a levelling-off in population and energy use, albeit at far higher levels than today. 

The sixth point is that what we now consider to be energy reserves, energy sources which can be 

recovered at current cost levels and with current technology, will be largely consumed during the next very 

few decades, even coal. This will lead not only to the use of new recovery technologies but also higher 

recovery costs and energy prices which, in turn, will translate into economically driven improved 

efficiencies. 

The resources which will thus be transformed into reserves of the future will generally be poor 

in quality and more troublesome from the environmental point of view, requiring greater investments, 

manpower and materials for their use. Such sources include heavy oils, including the vast deposits in the 

Venezuelan Orinoco basin, Chile oils, tar sands such as the Athabasca tar sands, tight gas deposits and 

possibly, drastic measures such as mining to increase oil recovery from depleted fields. 

Many of the new reserves will also be on locations remote from the point of use, tiius leading to 

increased transportation requirements and costs and decreases in overall efficiency. 

Seventh, the inevitable expanding use of fossil fuels will increase the concentration of carbon 

dioxide along with other greenhouse gases in the atmosphere. While it is not possible to predict what the 

effect on the climate will be, particularly in specific areas, emphasis will surely increase on adaptation 

measures as such changes are observed or subject to better prediction, along with continuing efforts on 

mitigation. 

If there are going to be significant impacts from changes in the atmosphere, they cannot be 

avoided. Even if the rate of greenhouse gas emissions is stabilized, they will have to be dealt with. 

Eighth, concern about the environment will not only continue but probably increase, although 

perhaps with more of a sense of priority and perspective than today. While not usually noted, it has to 

be said that most measures taken to predict the environment decrease energy efficiency either directly or 

indirectly. 

Ninth, one change that seems important and inevitable to me, even if slow and halting, is the 

emergence of a much stronger role for the United Nations in dealing with matters of international 

importance, including energy and environment. This will surely involve agreement on international laws, 

resolutions, monitoring by appropriate agencies and most importantly, by exercising sanctions where it 



is determined that international laws have not been complied with. 

The United Nations Security Council, at the first meeting, where the representatives were entirely 

heads of states and governments, unanimously approved a very strong statement on die control of weapons 

of mass destruction. This statement issued on January 31, 1992 specifically included nuclear weapons. 

This statement has received little attention and implementation has been slow. Nevertheless, the trend 

seems clear, and I would expect to see it affect nuclear non-proliferation as well as other weapons, trans-

boundary pollution, global climate change and perhaps even such things as drug trafficking. 

Tenth and I think importantly, it appears likely that democracy will spread and flourish, 

accompanied by increasing reliance on market forces. Central planning and government intervention will 

diminish, which will make governments much more dependent on the will of their people, and the markets 

will have a strong focus on prices and competition. 

This trend is of great importance in considering future realities and the processes of accomplishing 

various goals in a democratic, economic and timely manner. 

One consideration relating to alternative energy sources, particularly the various uses of solar 

energy, are the resource requirements, dollars if you will, but much more importantly, the manpower and 

materials needed to provide the facilities, including transmission of energy, usually as electric power. The 

investment presumably should include the energy required to support the manpower, but more usually, 

the question is the amount of energy required for producing and installing the equipment as well as 

operating it. 

Some years ago, a number of studies of this were made, and these demonstrated that the time 

required to return the energy required to provide the facilities often could take many years and in some 

cases, five and ten years or more, for some alternative energy sources. 

This also raises a question, important but seldom considered. It is: What is the true energy 

efficiency if this initial energy input is taken into account? Also, there will be environmental impacts 

from the production of materials and equipment needed and its installation. So the energy payback period 

for nuclear plants in these studies was somewhere between one and two years. 

A large fraction of the hydro-electric power likely to be economical in the developed countries 

has already been constructed. In addition, they encounter extreme opposition from the environmentalists 

for the reservoirs, the plants and the transmission lines. 

While very large hydro projects are possible in many of the developing countries, they are 

constrained by: first, the large capital and resource requirements; second, the lack of adequate, initial 

demand to justify the projects, if of economical size; and thirdly, a growing environmental opposition to 

hydro in many countries with support from worldwide environmental groups. 

The recent World Energy Council report, Energy for Tomorrow's World, suggests that it would 



be difficult to have as much as 10 per cent of the world's energy coming from alternative energy sources 

aside from hydro by 2020. While this fraction will surely increase by the end of the century, I would 

think that 20 to 30 per cent by the end of the century would be optimistic and involve huge investments 

in manpower and materials, not just money. 

We will turn for a moment to energy efficiency. Increasing the efficiency of the production, 

transport, conversion and especially the use of energy is a highly desirable objective, but it has its 

limitations. Even in the developed countries, there are many opportunities to improve efficiency which 

are economically desirable. Considerable progress has been made but experience shows that just because 

an energy efficiency project is economic does not necessarily mean it will be done. 

There are often shortages of funds, more attractive uses for funds, limited management 

perspectives or capabilities, long replacement time for adjusting equipment, shortage of enterprises to carry 

out such projects and so forth. The result is that a fairly large fraction of the potential savings will not 

be made. 

The problems are more critical in the developing countries and often revolve around: poor and 

corrupt government and industrial management structures; a lack of educated individuals; and a lack of 

ability to attract investment funds, which are usually available but require a favourable investment climate. 

My conclusion is the contrary perhaps to conventional wisdom. A most important technology 

which needs to be transferred to the developing countries is management, and education to support it, and 

not technology per se. 

Increasing real energy prices will certainly increase the number of attractive economic energy 

efficiency projects. This cannot be expected to be important, as energy reserves are consumed and new 

and more costly resources must be utilized over a long period of time. 

The most important set of tools used by democratic governments to influence energy efficiency 

as well as other energy market decisions is to change the ground rules for operation of the market. This 

includes legislation and regulations, tax rates, interest rates and all kinds of financial constraints. 

However, in a democratic society, these types of intervention must be supported by the public and through 

all the vagaries of political changes. 

It must also be noted that specific projects to improve energy efficiency are essentially one-time 

changes which can and will reap future benefits but not necessarily on an ever-increasing basis. I 

thought I should mention fusion, since the question seemed certain to be raised, and it is an interesting 

possibility which can probably, with enormous effort, be achieved. However, it has not been really 

demonstrated from a physics point of view. The material requirements are challenging almost beyond 

belief. Fusion has had variable attention, and the potential economics are almost wholly speculation. 

While I can see some possibility for the use of fusion in the last half of the 21st century, I must 

confess that I am not very optimistic on it. 



A further point on fusion which should be noted is that, contrary to popular opinion, the number 

of high energy neutrons produced per kilowatt hour is several times as large as that for fusion and will 

surely lead to the production of large amounts of radioactivity in the plant and not in the fuel. In addition, 

almost absolute 100 per cent containment of the large inventories of tritium will be required. 

I would like to turn now to the specific subject of nuclear energy, the future use of nuclear power 

to help solve our energy problem. I must be very clear that I do not believe that nuclear power is the 

solution, but I do think it is a practical way of producing a significant fraction of the energy needed for 

the next century and a source which will be needed desperately. 

While projections of energy used by the end of the next century are highly debatable, the total use 

is not unlikely to be three or four times that at present, even with all practical efforts reducing demand 

and improving efficiencies. With increasing growth in the fraction of energy used as electricity and an 

orderly and feasible program involving nuclear power plants, perhaps some of them may be used for heat, 

it would, in my opinion, be quite feasible to produce 20 to 25 per cent, perhaps more, of the world's 

energy demand from nuclear energy by the end of the next century. 

Despite the generally negative view of the situation in the United States, they are producing 22 

per cent of our electric power, more than the total power produced by most countries by nuclear power 

or nearly 8 per cent of our total energy use. 

I also wanted to stress that the reason no nuclear plants have been ordered in the United States 

since 1973, which have been or are being completed, at least until recently, was for the simple reason that 

none were needed. For the many orders in 1973-74, half of which were never completed, and the sudden 

decline in the rate of growth and demand for electric power by more than half of what the utilities had 

planned on from 1973 on, there simply has been, until the present time, a lack of need. When that 

changes, 1 think the whole psychology is going to change. 

The present stagnant nuclear situation in the U.S. is a result of several factors. The utility 

economics are regulated by the States, not the federal government, and the utilities have had very bad 

experiences with construction costs being disallowed by state regulatory agencies after plants have been 

built and put into operation. 

Second is the restructuring of the utility industry, partly as a result of the Energy Policy Act 

passed last year, and the related expectation that independent power producers will construct new 

generation facilities so that the present utilities can buy and distribute the power from them. I must say 

1 think this is, to some extent, unrealistic. 

Third is the evident lack of support from the new administration. There is the campaign for using 

natural gas being waged by the Department of Energy as well as the gas industry. There is also the failure 

of the Department of Energy to get on with the waste storage repository, a non-technical and 100 per cent 

political problem, or to undertake temporary storage. And of course, we have continuing opposition from 



the anti-nuclear elements. 

We in the United States sometimes seem to believe that if the United States does not get on with 

nuclear power soon, this will kill nuclear worldwide. I think this is a delusion of grandeur. With three-

fourths of the world's nuclear plants in other countries, many of which have developed indigenous 

capability to design, build and operate efficient nuclear power plants, most placed on designs originally 

coming from the United States, there may be some loss of momentum, but in the end, what the U.S. does 

or does not do may be irrelevant, except for the U.S., which will suffer whatever consequences this brings. 

I do not believe it is necessary to discuss the economics of nuclear power, since there is much 

evidence that it is competitive in large parts of the world, even at prevailing energy prices and will be 

more so at the future higher real energy prices. 

While one could devote considerable time to discussing nuclear reactor safety, it seems to me that 

the accident at Three Mile Island, costly as it was, demonstrated as nothing else could the inherent safety 

of the light water reactor power plants and simpler, cheaper and still safer designs have been developed 

by the U.S. manufacturers. It should be noted that Japan is constructing two new GE, advanced design 

BWRs, and ABB Combustion is building new PWR designs in Korea. 

There are, however, some serious issues which do need to be considered in thinking about the 

longer term future of nuclear power. There are large uranium reserves for larger potential resources, 

especially at higher prices. If nuclear power flourishes at some point, perhaps in three or four decades, 

it will be necessary to start some slow reactors capable of using some 50 per cent of the energy in 

uranium instead of the present 1 per cent or less. The technology for doing this, the liquid metal-cooled 

fast reactor is, in fact, already well developed and demonstrated. 

The principal problem today is the cost, which is 40 per cent or so higher than for light water 

reactors. Substantial work is under way at the Oregon National Laboratory in the test facility at Hanford 

to develop a simpler and less costly fast breeder utilizing metal rather than oxide fuel. The new 

administration has proposed to kill these programs, and I believe that this would be a tragedy in the long 

run. 

This prospective use of breeders raises questions about the reprocessing of nuclear fuel done in 

France, the ' " • 1 'non on a large scale in Japan but not in the U.S. This is needed to produce the 

plutonium inventor) . -nrl to recycle the breeder reactor fuel, and it raises questions about the 

safeguarding of large amounts u , aim and nuclear weapon proliferation in general. 

While it had been assumed that these issues would be worked out during the intervening period, 

this is no longer possible as a result of the dismantlement of nuclear weapons in the former Soviet Union 

and the United States. Quite large amounts of plutonium as well as highly enriched uranium will be 

recovered, and these will have to be disposed of in some manner soon, and not several decades from now. 

The highly enriched uranium can be mixed with depleted or natural uranium to produce the 3 or 



4 per cent enriched fuel needed for power reactors. This can be accomplished readily, and other effective 

safeguards which presumably would be administered by the international atomic energy agencies. 

However, this will have an adverse effect on the demand for uranium enrichment services during the next 

decade or two. 

The problem of dealing with the recovered plutonium is more difficult. Whatever plan may be 

adopted should take into account the future need for breeders, both with respect to conservation of the 

plutonium resources and the safeguards established to prevent proliferation. 

In Japan and Europe, recovered plutonium oxide from fuel processing is mixed with uranium 

oxides to provide a mixed oxide fuel for power reactors. This recovers much of the energy value of the 

plutonium, although it does not provide breeding. It was originally planned to process fuel in the U.S. 

and use mixed oxide fuel. 

A regulatory proceeding called Gizmo was nearly completed to license the use of mixed oxide 

fuels in the U.S. The proceedings were terminated by President Carter, who also continued the prohibition 

of reprocessing nuclear fuel. This was reversed by the Reagan administration. However, the economics 

of fuel reprocessing are not attractive today in the U.S., and in addition, it would be necessary to complete 

the Gizmo licensing process. 

However, with the advent of large amounts of plutonium from weapons, the practical choices are 

to permanently dispose of the plutonium in some manner which would be an enormous waste of valuable 

energy resources and of fuel which will be needed for breeders. Alternatively, it can be stored in what 

has been called a "plutonium Fort Knox", under international supervision, again presumably by the IAEA 

and at a substantial expense. Or the plutonium can be used in mixed oxide fuels, which would recover 

a substantial fraction of the potential energy and reduce the storage and safeguard's costs. I myself am 

very much in favour of this third alternative as a practical way to deal with the problem. 

Less practical suggestions have been made to build specialized fast reactors or accelerators to 

destroy the plutonium, with or without some recovery of energy. Inherent in all of these plans is the 

necessity for strengthened safeguards against proliferation by any countries under the supervision and 

control of the IAEA and the United Nations. This is an important aspect of what I said at the beginning 

about increasing alliance on the United Nations and associated organizations to make international laws, 

establish regulations and particularly, to enforce them. 

In conclusion, I would like to say that it seems clear to me that seeking to foresee a practical and 

realistic future is more instructive and useful than considering only an ideal future world. There are likely 

to be very substantial social changes during the coming decades, of which the most important will be 

increased democracy in worldwide free markets as well as some sacrifice of sovereignty to the United 

Nations to assure law and order in vital international areas, many affecting energy. 

It also seems clear that the basic energy strategy must include all realistic possibilities. Even then, 



it will surely be a difficult problem to provide the energy needed by a growing and developing world 

population over the coming century while preserving the environment and the resources needed by future 

generations. 

One critical unknown is the effect of inevitable changes in our atmosphere. While some 

mitigation of the rate of change will be feasible, the emphasis will be more and more on practical 

measures to adapt to climate changes which cannot be avoided. It is also my conviction that science will 

surely lead to some dramatic changes which cannot be envisaged today, during the next 100 years. 

However, in the search for realism, we cannot count on things we do not know about. We must plan as 

best we can based on what we can foresee now. 

My conclusion with respect to nuclear power is the same as 1 started with, which I assume is no 

surprise. I believe that nuclear power is an absolute necessity to help meet our needs for energy and 

protection of the environment in the 21st century, and that it can meet needs far beyond that time frame. 

I must conclude it is going to be extraordinarily difficult to meet our energy requirements in the 

21 st century, even with a maximum reasonable use of nuclear power as well as other realistically available 

sources of energy. Thank you. 

CHAIRPERSON: Well, thank you very much, Ken, for that excellent perspective and your keen insights 

on what may lay ahead in the field of energy and there is always room for some different ideas on a 

subject as broad and uncertain as this and we are very fortunate this afternoon to have Professor José 

Goldemberg with us to give us another point of view. 

Professor José Goldemberg has served as Secretary of Education in his home state of Sao Paulo, 

and as Secretary of Science and Technology and Former Secretary of the Environment and Minister of 

Education in the Government of Brazil in the past few years. 

He is a former Rector and full Professor of the University of Sao Paulo and has also served as 

President of Sao Paulo Power and Light and the Sao Paulo Gas Company, and he was a member of the 

Board of Electrobraz, the national power company, from 1983 to 1985. 

So like Ken Davis, he has had experience in all fields of the government academia and business. 

To put this more or less in order, José has done so many things at one time, it is not easy. He 

graduated with a B.Sc. from the University of Sao Paulo in 1950 and did graduate work in the Physics 

Department of the University of Saskatchewan in 1952-53 and at Illinois in 54, getting a Ph.D. from Sao 

Paulo that year. 

He has a long and distinguished academic career. I will mention only a few highlights: Research 

Associate, High Energy Physics Lab. Stanford, 62-63; Associate Professor, University of Paris in 64; 

Visiting Professor of Physics at the University of Toronto in 72-73; Research Associate, Princeton, 77-82 

besides a continuing academic career at the University of Sao Paulo. He is again a Professor giving a 

course in Princeton at this time. 



Besides the positions I have already mentioned, José has been Head of the Nuclear Physics 

Division of the Brazilian Atomic Energy Institute, President of the Brazilian Society of Physics and the 

Society for the Advancement of Science and has been since 1988 a member of the Board and Executive 

Committee of the International Foundation for the Development and Survival of Humanity. 

José has published many works. His most recent book is Energy for a Sustainable World, in 

collaboration with T.B. Johanssen of Sweden, A.K.N. Redi of India and R.H. Williams of the United 

States, which was published in 87. 

He received the 1989 Award for Outstanding Contributions to the Profession of Energy Economics 

and its Literature from the International Association for Energy Economics. He is i. co-recipient of the 

Mitchell Prize for Sustainable Development, the U.S.A. Prize and an Honourary Doctorate from the Israel 

Institute of Technology in 1981. 

It is my pleasure to introduce Doctor Joré Goldemberg. 

PRESENTATION BY DR. J. GOLDEMBERG 

DR. J. GOLDEMBERG (Professor, Universidade de Sao Paulo Instituto de Electrotécnica e Energia; 

Former Secretary of State for Science & Technology Brazil; Former Secretary of the Environment, Brazil; 

Former Minister of State for Education, Brazil): I was asked to answer the following question: What 

strategies could meet global energy needs in the 21st century, consistent with the environmental and 

resource imperatives? What role for nuclear energy? 

I did prepare a paper for this Conference, which will be distributed to you later on. So I will not 

bore you with a number of tables and figures that you will find in that paper, but I will try to concentrate 

on the fundamental points that have to do with the policy. 

These (referring to overhead. Ed.) are the energy sources in use in 1991. This is primary energy 

in megatons of oil equivalent in which all forms of energy have been converted into oil equivalent. You 

see oil here represents 38.2 per cent; natural gas, 21.6 per cent; coal, 26.6 per cent; nuclear, 6.2 per cent; 

and hydro, 7.2 per cent. The numbers in megatons of oil equivalent are here, leading to a total of 

approximately 8,000 megatons of oil equivalent, and if you wish, you can multiply that by 1.3 and get 

a number in terawatts which might be more familiar to some of you. So the world energy cons"mption 

in 1991 was approximately 8,000 megatons or 11 Terawatt/years per year. 

As you can see in this transparency, nuclear energy represents as much almost as hydro. So it 

adds a sizeable contribution to the total energy supply of the world. In addition to that, a lot of energy 

is used in transportation. As you know, about a third of all energy used in the world is used for 

transportation, and electricity has not been contributing so far at all to transportation needs. Electricity 

consumption has been growing, and I do think that looking at those numbers, you could really not 

complain too much about the success of nuclear energy in picking up a share of the world's energy 

consumption. After all, hydro power took about a hundred years to get 7.2 per cent of the total 



consumption, and nuclear energy took approximately 20 to 30 years to be approximately in the same 

category. So that is what we have in the present. 

There is no immediate danger of exhaustion of such energy sources, the conventional ones. Coal 

reserves are known to be large and should last for quite a while. Problems do exist with the geographical 

distribution of fossil fuels, but international trade has been able so far to cope with this problem, although 

the main result is that wealth will continue to be concentrated in some countries rather than others. This 

is an important problem in international affairs that can lead to very serious disagreements and eventually, 

to war. 

New findings of fossil fuel are taking place and have affected the real cost of oil. It has shown 

a dramatic reduction in the last few years. It indicates that most people do not expect shortages to occur. 

The emerging problem, however, with meeting global energy needs in the 21st century is, in our view, 

the environmental problem. The costs of coping with this problem can be high, and sometimes they can 

be infinite. This is the case when the regulatory process becomes very cumbersome or when certain types 

of energy activities are a simple ban by people who vote, as it happens with nuclear energy in some 

countries. 

Now, as societies become more wealthy and consume more fossil fuel, technologies are developed 

that can reduce considerably emissions responsible for local positions, and there is a very clear distinction 

that should be made between local pollution and global pollution. Local pollution can be handled quite 

well. Costs can be high, but not unduly so, and experience shows that most countries can cope with it. 

These are graphs that indicate the reduction in emission of pollutants which have a great 

importance in local pollution. Here, you have the urban concentrations of particulate matter which are 

produced by burning coal mainly or other fuels. You have here the per capita income. So on the left 

side, you have the poor countries. On the right side, you have the rich countries. And here, you have 

the micrograms per cubic meter of air and you see that as countries get wealthy, they produce more urban 

concentrations of particular matter, but then, technology takes over and you can reduce considerably local 

pollutants. 

On urban concentrations of sulphur dioxide that are closely linked to use of coal, the same thing 

happens. You have here the per capita income growing to the right, and these are the micrograms per 

cubic meter of air. So poor countries need little because they use little energy, then they go through a 

peak and then, that goes down. 

So you see that local pollution is a well-known problem. Sometimes, local is not so local because 

it has to do with regional pollution, and you have this problem with the United States as you all know. 

So this encompasses local and regional pollution. 

Now, what we do not know exactly is how we are going to solve the problem of greenhouse 

gases, and the evidence for the warming that is produced by greenhouse gases is contested in some 



quarters, but there has been an enormous amount of work evidence 'hat this is a problem that has to be 

ïaken seriously. There was a climate convention signed last year by over 150 countries which has been 

ratified already by more than 30 countries, and it will take effect sometime next year. The climate 

convention has decided - and that is a decision of the government - that preventive measures are to be 

taken and so the adoptive strategy, which is a possible strategy, has not been favoured by the countries 

that signed the climate convention. 

Now, the problem is that people do not know exactly how to deal with the problem. So what I 

will do is try to indicate what are the projections for energy consumption in the first part of the next 

century and then, try to understand what can be done to minimize the environmental global problems that 

have to do with greenhouse gases. As you know, of course, energy is responsible for approximately 57 

per cent of all greenhouse gas emissions due to carbon. 

These are the greenhouse gas emissions in the vertical axis and this is the year 1990, 2050 and 

2100 year. This, of course, is a sketch but it is an enlightened sketch. The proportions here mean 

something and before commenting on that graph, let me tell you the following, that most of the predictions 

on how much energy is going to be consumed, let us say in the year 2020, has been analyzed in great 

detail by the report of the World Energy Commission which was presented to you in the first day of this 

Conference. 

And I do think in effect that the several scenarios that have been studied by WEC encompass in 

effect the range of what is considered reasonable by most people and as you might remember from the 

presentation of our colleague, Henrik Agger-Hansen, on Monday, the WEC report presents four scenarios 

which range in energy consumption from 16 terawatt/years to approximately 24 terawatt/years. So the 

maximum scenario envisaged by WEC predicts a doubling of energy consumption in the year 2020. And 

the lowest scenario, which is called ecologically driven scenario which takes ecological considerations 

seriously into account, predicts approximately 16 terawatt/years, which is approximately the number that 

was accepted in the discussion of the climate convention. 

So people predict that there will be growth in energy consumption from 1990 to the year 2020 

of approximately 50 per cent. Now, that growth will not take place in the OECD countries, and I think 

that is very important point that I would like to stress. 

In the OECD countries, energy intensity has been going down approximately 1 per cent year, and 

that is due to two effects: saturation effects, i.e. because there are enough cars in the OECD countries; and 

energy efficiency measures which were introduced in the 1970s. The energy intensity of advanced 

societies has been going down systematically. The overall growth in energy consumption in the OACD 

countries has been practically nil in the last ten years, and all indications are that it will not grow. The 

growth will take place in the developing countries, where three-quarters of the world population lives, and 

countries in which the population is growing on the one hand and where there are great efforts to get 



access to more amenities. 

And therefore, I think we should be prepared for events which will lead to a greater importance 

of developing countries in the competition for energy resources. Of course, these developing countries 

are the ones that are going to contribute significantly to greenhouse emissions, because most of the coal 

in the world is located in places like China and India which have immense populations, and they are 

embarking effectively on programs that will lead to growth. 

Now, this, 1 think, gives an idea that the people that were deeply involved in the climate 

convention see the problem. This is the growth of greenhouse gas emissions. In 1990, carbon emissions 

amounted to approximately six gigatons. This is, of course, not only carbon, but carbon represents a good 

fraction of this. 

On the business as usual scenario, that means nothing is done. The emissions are going to grow 

with consequences that the governments decided are dire. And you know, most countries, including the 

United States, are preparing plans to reduce their emissions in order to reach in the year 2000 the same 

emission level as 1990 and as far as 1 understand, Canada has also embarked in that activity. 

CFCs phase-out is going very well as you know, and the Montreal protocol has been very 

important in that. Energy conservation programs have been quite efficient in the OECD countries, and 

that is one of the reasons why energy consumption has not been growing :n those countries any more. 

Another reason is new and renewable energy sources, and I would like to say a little more about 

this later. 

A third C02 fixation and reutilization technologies which are being developed. They are not in 

place yet. They will come later. A fourth is reforestation, stopping desertification and enhancing 

oceanic sinks. Reforestation is a very important activity which will take place in developing countries, 

and it will be a great help in reducing the presence of carbon in the atmosphere. 

A fifth strategy for reducing greenhouse gas impacts are the future energy technologies, such as 

nuclear fusion maybe, although I agree with the remarks made by Ken, two minutes ago; space solar 

power generation, which are sort of more futuristic technologies. And my view is that we should look 

at a graph like that which is a qualitative graph, but the sizes of activities represent approximately what 

most people consider a reasonable future. And I think we should take it seriously and take the attitude 

towards these new options in the same spirit as the sort of 100 flowers bloom that Mao Tse Tung became 

famous for quoting. 

I do not think there is any exclusiveness in these solutions. All these solutions are quite 

reasonable. Some of them are not quite competitive, but nuclear energy is considered non-competitive 

by some too and rewewables are here to stay. What has to be done, however, is that access to many will 

have to be equalized. As usual, the present systems have an advantage over new systems, because 

financing a given technology is not as well entrenched as old systems are. For example, hydro is very 



well entrenched. There are wonderful systems, banking and otherwise, for getting money for hydro

electric power projects. It is more difficult with nuclear but not so difficult. It is more difficult even for 

photovoltaics or for wind. 

The idea oF deriding these new technologies is counter-productive. In some places, they are 

meaningful. They might be site-dependent, but we have the example of California in which some of these 

activities are being conducted by commercial enterprises and apparently, they are not losing money, or 

if they are losing money they are not losing enough to lead them to bankruptcy. 

So what I think is that the right attitude to take in this case is a philosophical attitude, a neutral 

attitude towards these new technologies to let them compete. 

In the state of Vermont, for example, other states in New England, 1 am told that electricity 

generating plants using fuel wood residues have won auctions against hydro or coal or coal-burning, and 

of course, the demand-side management has a large role to play in many, many places. 

So there are these sort of basically untapped facilities, and new initiatives like the one taken by 

President Clinton the other day on cart, is likely to have an important impact. The proposal of the 

administration which was signed -1 do not know how much of that is lip service or not, but it was signed 

- by the three big automakers in the United States to produce in 10 years a car that will use a third of the 

fuel per mile needed today, which means a car which is three times more efficient and which will conform 

to environmental regulations. 

This points strongly to electric cars, and if electric cars become important, then electricity 

production will have a new market that it has not had so far. Transportation represents approximately one-

third of the total energy that is used today in most countries. Electric cars will need electricity if they use 

batteries or if they use fuel cells; they will use electricity to produce hydrogen that we will use in fuel 

cells. 

So 1 think that renewables offer a great opportunity, and I think we should take them very, very 

seriously. 

The last transparency compares two scenarios. It compares the WEC scenario C which is the 

ecologically driven scenario, which is the lowest of all the scenarios of WEC. It is 11.3. These are 

gigatons oil equivalent. You remember that in 1990, this number was approximately 8. So there is a 50 

per cent growth here. And solid fuels which are basically coal, 2.1 gigatons oil equivalent; liquid fuels, 

2.7; gas, 2.4; nuclear, 0.4; and large hydro, 0.9. New renewables means the use of bio-mass using 

modern methods, modern technologies, such as producing ethanol from sugar cane and others in which 

you do not use the bio-mass in old fashioned methods but you transform bio-mass into modern fuel. For 

example, there is a project going on in Brazil, funded by the World Bank, to gasify wood and generate 

electricity, driving a aero-derivative gas turbine with an efficiency of approximately 45 per cent which is 

about twice the present efficiency of fuel wood burning stations. And then, traditional bio-mass in this 



WEC scenario remains as 1.1 because of what is going on in Africa mainly. 

Now, there is another scenario which is called the renewables intensive scenario, which sort of 

sets up the upper limit. This scenario has been developed by a number of our colleagues, and it tries to 

tell us what are the maximum amounts you could get from renewables. So it is sort of an idealization. 

It is sort of more of a demonstration proof, an existence proof more than a reality but at least it sets up 

some limits, and 1 think we should compare these two. 

Coal, oil, gas and nuclear are not very different. Even in this extreme renewable scenario, they 

are not very different. Hydro is a little less than the WEC. Then, new bio-mass is very, very important 

and intermittent renewables, which is wind, photovoltaics and so on, are quite important. 

In this scenario, WEC renewables altogether - that means hydro, renewables and traditional bio-

mass - represents 30 per cent of the total. And in this scenario which can be considered a bit extreme but 

at least points out possibilities, renewables represent 45 per cent. 

Now in both scenarios, as you could see, they preserve nuclear, and I would like to conclude 

making a few comments on the case for nuclear energy. 

The contribution of nuclear energy, the energy needs in the year 2020 seem, therefore - if you 

look at these several scenarios - between 400 gigawatts, which is close to what we have or a little more 

than we have today, to 1,000 gigawatts. It is, in effect, between these two scenarios, which means that 

all the existing scenarios preserve the role of nuclear energy and even the extreme, the enthusiasts on 

renewables, realize that nuclear energy is making an important contribution to environment. 

As you know, the reactors which operate today are responsible for avoiding 0.5 gigatons of carbon 

per year being thrown in the atmosphere. The total amount of carbon thrown in the atmosphere per year 

is 6 gigatons approximately. So it is making an important contribution, and this contribution will remain. 

Now, to reach the upper target which is 1,000 gigawatts in the year 2020, which is somewhat in 

the boundary of the possible, would mean that one reactor would have to be put into operation every 

month, and if you settle for 400 gigawatts which is a little more than we have today, that means one 

reactor every two months which is, in my view, not so bad. 

Now, what has to be done to achieve such goals - and I will conclude with that - first, and this 

has been discussed here and you are all very well aware of these things, plants have to be built more 

rapidly than they have in the past. Second, they have to operate well, because if they do not operate well, 

if their load factor is not larger than 70 per cent, they have a hard time competing economically with other 

sources. 

And then, according to what I told you, the reactors have to be adapted for developing countries, 

because that is where the growth is going to take place. Except for some special cases like Japan or 

Korea, most of the expansion will take place in developing countries. There are more than 120 developing 

countries in the world. Most of them are small. Brazil, China, India are large, but the others are small. 



They do not have grids that will support, that will allow one-gigawatt reactors to be put into place. So 

moving into smaller reactors, which would probably be safer anyway, is probably an important trend to 

penetrate in the third-world market. 

In countries such as France and Japan where plants have been standardized, nuclear energy seems 

to be holding its ground, and under the above-mentioned conditions, I think that nuclear could compete 

with coal and renewable energy sources such as photovoltaics, wind and thermal energy, for which costs 

will undoubtedly come down. The great hope of people working in renewables is to find methods of 

supporting their work as successfully as nuclear energy has been able to secure in the initial phases of the 

industry. 

People that work in these areas complain always that nuclear energy was strongly subsidized in 

the beginning and therefore, one should do the same thing for photovoltaics, at least while the industries 

are infant. And therefore, there is, I think, good chances that nuclear energy not only will hold its ground 

but will probably have the possibility of doubling. I do not think that it could do more than doubling, 

which is still, I think, pretty good. 

My last comment is about public attitudes, which were discussed yesterday here. I was going to 

give my opinion yesterday, but I did not because I had the opportunity to do it today from the podium. 

And what I have to say is that my impression from what I heard is that in reality, the people in the nuclear 

industry are using arguments that indicate clearly to their opponents that they are running scared. Their 

arguments are frequently patronizing. They claim that people do not understand what they are doing, that 

they are technically very good. 

Being a nuclear physicist by training, I am familiar with these arguments. I think that argument 

is not a very convincing one, because the truth is that every source of energy or every device that we use 

today is dangerous and we should not hide the fact that nuclear energy has its own dangers. Trains are 

very dangerous. Automobiles are very dangerous. Planes are very dangerous. 

The other day, we had this accident, the Amtrak accident in the United States, and 42 people died. 

We never witnessed a nuclear accident in which 42 people died, you know, in a minute and still, there 

were no cries in the United States to ban trains in the United States. There was absolutely no mention 

of that and the reason, I think, is a very simple one. It is that in the case of planes, cars, trains and even, 

refrigerators - refrigerators can kill also if you are not too careful - in every case, you can see immediately 

what the benefits are. You know about the risks. You read about the risks in the paper. But you know 

immediately what the benefits are and you balance. 

There are people that do not drive because they think that is too dangerous. But the great majority 

of people drive because of the conveniences of driving. And in the case of nuclear energy, people have 

been putting a lot of stress on the fact that nuclear energy is not dangerous which, I think, is the wrong 

direction to follow. 



What I think people should do is to explain what are the benefits of using nuclear energy, and one 

of the benefits, of course, is to avoid emission of greenhouse gases. 

Therefore, to conclude, I think that there is reasonable room for nuclear energy. I do not think 

you should be defensive about it, but you should keep a very open mind to other emerging technologies 

that are coming, that will compete with nuclear energy. Since the energy growth is going to be reasonably 

large in the future, there is going to be room for all of them. Thank you. 

QUESTION PERIOD 

MR. J. ROTHSTEIN (Professor Emeritus, Ohio State University): I have a disagreement with both the 

speakers, but I think they would both wish that I am right, and that is that I think that they have under

estimated the potential of renewables, and that includes wind energy and possibly hydro and solar. 

And another thing that goes with that is that the so-called hydrogen economy, I think, is essential. 

I think by making hydrogen electrolytically, we can overcome geographical and temporal mismatches 

between the pattern of generation and the pattern of use. Hydrogen is a perfect fuel. 

CHAIRPERSON: Thank you very much. I will put those two questions then to our panellists and 

perhaps, the first one to José. Do you feel you have under-estimated the potential for renewables? 

And I will put the second one on hydrogen to Ken Davis. 

DR. J. GOLDEMBERG: Well, I thought the scenario I showed was going to be considered sort of close 

to the lunatic fringe, you know, 45 per cent of renewables in the year 2020. 

By the end of the next century, people might do better, but I think that we have not under

estimated actually. I think, if anything, my colleagues are on the other side. 

THE HONOURABLE W.K. DAVIS: Well, hydrogen is an interesting way of storing and transmitting 

energy. It is not, of course, a new source of energy. It is simply a way of using energy. One can in a 

few instances show economic advantages to the use of hydrogen, an interesting one being inter-continental 

air transpon, where for years people have said that if you could change the whole system of the use of 

hydrogen, you could improve pay loads, and I think this is probably right. But it involves a whole 

infrastructure problem. 

But I think the key to it is inventing some way of making hydrogen cheaply. Presumably, the 

only environmental advantage of it would be if you made it with nuclear energy, and today, there simply 

is no known process by which you can electrolyze water and get hydrogen at anything which would be 

considered to be an attractive cost from the point of view of the fuel. Unless somebody comes up with 

something better that gets invented that has not been invented, I do not think it is going to have anything 

except specialized applications here and there, which I do think it will. 

MR. E. JELINKSI (Ontario Hydro): With respect to long-term health, environment and energy decisions, 

do you support the use of externalities, monetarization of environmental impact, net national product 

and/or indices for sustainable economic welfare to make these decisions and would you recommend this 



to governments? 

THE HONOURABLE W.K. DAVIS: This whole question of external costs and externalities is one which 

you have to do something. If you are going to get decisions made on economic grounds - and I will go 

back to my remarks about democracy in free markets - then, you are going to have to somehow include 

in the costs, the prices, relative prices, what you are calling external externalities or external costs. 

Now, you can do that by either regulation, which requires the companies to do the things which 

are external requirements or by tax -'ion. You can do it in a number of ways. But you have got to make 

it a real part of a cost and economic balance. 

Now, various governments, I am sure, will do it in various ways but unless it appears somehow 

in the actual business decisions as a real cost, it is not going to, in general, be considered. 

DR. J. GOLDEMBERG: Externalities are being introduced in many countries. You know, Norway has 

a carbon tax. Even the United States has a carbon tax. You know, it is sort of a diluted carbon tax, much 

less than the administration wanted it but they have it. And I am told that the proposals to change GDP 

into something that will take into account externalities is being considered very seriously by authorities 

that deal with this. 

I think they will come very, very soon. The EEC has agreed to them. They were not enacted 

because of disagreements between 11 of the countries and one of the countries that has to do with it -

which I will not mention by name, which has a lot to do with Canada. So it was II to 1. And I think 

carbon taxes in Europe will come very soon. 

MR. S. HATCHER (Atomic Energy of Canada): There is a general consensus now that we are going 

to need this enormous increase in energy consumption, and that it is going to be in the developing world. 

So the need is in the poor countries, and the money is in the industrialized countries, which brings us to 

the question of how are we going to finance this enormous amount of increased energy in those 

developing countries. I would be interested in your thoughts on Financing it. 

THE HONOURABLE VV.K. DAVIS : Well, I think I would go back to a position which I have tried 

to state in other occasions which is, in fact, if one looks at the total amount of money worldwide which 

is available for investment in energy projects as well as other projects, it is a very, very large sum of 

money with a worldwide GNP of something over $20 trillion. 

The problem is, how you get your hands on the money? The bankers, of whom I think you saw 

a good cross-section yesterday, have got a simple-minded approach to lending money, that is, they would 

like to get it back. When you look at the structure of many of the countries which would like to borrow 

money and you look at the politics and you look at rampant corruption in many cases, and you do not 

have, along with regulations about taking capital allowance on, you do not have a climate which is 

favourable for investment, even if you have an otherwise attractive investment. 

So the problem is not whether the money is there or not. The money is there if you have an 



economic project and you have a climate which favours investment and provides some assurance to those 

who are going to invest that they will, in fact, get their money back and be able to take it home. 

DR. J. GOLDEMBERG: It will just add to what Ken has said. Privatization of energy enterprises is 

going on in many of the developing countries, which is a new trend and with privatization, I think capital 

in the developed countries will feel better about investing in developing countries. So I think the 

prospects on that are not bad. 

MR. B. WILSON (AECL): We are witnessing a very rapid change in the operation and style of electrical 

utilities. Maybe this is miring what is happening in the telecommunication industry. Could the speakers 

comment on their predictions for electrical utilities in the next century, and will that have an impact on 

the economy and the effectiveness of electricity in comparison with other fuels? 

THE HONOURABLE W.K. DAVIS: But what we are seeing, and it is not only confined to the United 

States, is a growing feeling by electric utilities as they exist today that they would much rather be in the 

business of distributing power, buying it from somebody, transporting it and distributing it and let 

somebody else worry about the problems of generating it, and they will be happy to buy it from 

whomever will sell it to them under the most favourable circumstances. 

Now, 1 think this will occur to some extent - and of course, I do not know what is going to 

happen in 100 years - but if I look at the short term, I think there are going to be cases where utilities are 

going to have to justify buying power from outside sources at higher prices than they could do it 

themselves. In other cases, they may simply decide without going through the process that they can, 

although they are being sort of pushed in the direction of competitive bidding. 

But it is not at all clear that an independent power producer can, in fact, produce power at a 

cheaper cost than the utility when it has to add in all the risks and the profits. It still has to go through, 

in our country, the regulatory process anyway, because the contracts between the independent power 

producer and the utility have to be approved by the utility commissions. 

So I do not know how fast this is going to happen or to what extent. 1 am not optimistic about 

it as some people, I guess I would have to say. 

A D J O U R N M E N T 



FIGURE 1 
REDUCTION EMISSION OF POLLUTANTS 
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FIGURE 2 

STRATEGIES TO REDUCE GREENHOUSE GASEOUS EMISSIONS 

1900 2050 2100 Year 

1 - Intensified energy conservation programs, CFCs phase-out. 

2-New & renewable energy sources. 

3 - C02 fixation & re - utilization technology. 

4 - Reforestation , stopping desertification, enhancing oceanic sinks. 

5 - Future energy technologies : enhanced nuclear, fusion, space solar power generation. 



FIGURE 3 
CONTRIBUTION OF DIFFERENT GASES 

TO THE GREENHOUSE EFFECT 
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FIGURE 4 
CONTRIBUTIONS OF DIFFERENT HUMAN 
ACTIVITES TO THE GREENHOUSE EFFECT 
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FIGURE 6 
CAPITAL COST BREAKDOWN FOR NUCLEAR 
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FIGURE 7 
CHANGE OF THE COST OF ELECTRICITY 
WITH CAPACITY FACTOR (1,200 Mwe units) 
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REVIEW AND CONCLUSIONS 

by BRUCE HOWE 

PRESIDENT AND CEO, ATOMIC ENERGY OF CANADA LIMITED 

Introduction 

To summarize the profound and extensive observations and analyses that we have been 

exposed to in the past three days is a daunting, but pleasant, task. I hope you will forgive me if, in 

my precis of the proceedings, I omit or understate any of the significant conclusions. 

First, let me say that, by any standard, the content of this conference has been excellent. We have 

been extremely fortunate to hear important perspectives on global energy issues from an array of 

distinguished international speakers. They have left us much to contemplate as we consider our 

collective and individual roles in the vital challenge of meeting future energy needs. 

In my review I will address the following areas that I believe represent the main themes of 

the conference agenda. These are: 

- Future Energy Requirements 

- Economics of Electricity Generation 

- Radioactive Waste Management 

- Reactor Safety 

- Public Acceptance 

- Technology Developments 

- Future Energy Strategies 

1 will speak more specifically later on about the sessions on public acceptance. But I want 

to note at the outset that public acceptance is a common thread which is woven through all the 

major issues - whether they be economics, reactor safety, the need for energy or nuclear waste 

management. 

Future Energy Requirements 

Our speakers have focused our minds clearly on the immense challenges that face us if we 

are to meet future energy requirements. With the world population doubling in the next century, no 



matter what n nge of scenarios we envisage, there will be a massive increase in energy needs, 

mainly in developing countries with aspirations for improved living standards. 

The keynote speakers were either in unison or in close harmony in this area. They agreed that fossil 

fuels will remain the dominant source of energy well into the next century. Renewable energy 

sources will not increase significantly, although "new" renewables such as solar and wind power 

might double to a four per cent share by 2020 — a small, but nevertheless significant, contribution. 

Dr. Ager-Hanssen noted that for the period beyond 2020 there is a growing recognition that 

nuclear and coal will be readily available and will be the major options. He also warned that, 

despite Rio, there is no realistic possibility, under current policies, that the industrialized countries 

will contain their greenhouse gas emissions at 1990 levels at the end of the decade. 

Dr. Robert Skinner reported on a recent IEA study which predicted a 50% increase in 

world energy demand by the year 2010, with an increasing dependence on electricity. The study 

showed the nuclear fraction of the energy mix declining over this period based on no large 

increases in fossil-fuel prices. 

Professor Goldemberg sees a significant future role for nuclear, certainly remaining at the 

present level and possibly doubling in absolute terms by 2020. But nuclear will be competitive with 

fossil fuels only if the nuclear plants are built rapidly and operate well. 

The Honourable Kenneth Davis also sees a necessary role for nuclear in a 

"practical/realistic versus ideal" future. But he concludes that it will be extraordinarily difficult to 

meet our energy requirements in the 21st century, even with the maximum reasonable use of 

nuclear as well as other realistically available sources of energy. 

While the opportunity for the enhanced use of nuclear energy in the next century is indeed 

large, the promise will only be fully realized if several key issues can be satisfactorily addressed. 

Economics of Electricity Generation 

One key issue that will determine the future role of nuclear energy is that of economics. 

The underlying messages from the sessions on the economics of electrical generation were: 

1) Currently operating nuclear plants are competitive in most regions of the world 

2) Future nuclear plants are expected to remain competitive 

Korean data, for instance, show that the Total Unit Energy Cost of electricity from PHWRs 

is currently 27 Won per kilowatt hour, from PWRs 32 Won, from coal 32 Won and from LNG 

44 Won. 



Using the Levelized Unit Energy Cost methodology, studies by the Nuclear Energy Agency 

of the OECD, the National Energy Board of Canada and Natural Resources Canada, show that 

nuclear power is competitive with coal and gas-fired generation in the OECD countries and will 

continue to be an appropriate option. 

We had presentations from a number of countries, including the UK, Taiwan, Korea and 

Canada which demonstrated that future plants are expected to continue to be competitive options 

for electricity generation. Dr. Robert Morrison told us that Ontario's best long-term economic 

alternative appears to be nuclear generation from a multi-unit station. 

Of particular interest is the fact that the economic advantage of nuclear power has 

deteriorated since the last OECD study, not because of increased nuclear power costs, but because 

of the decrease in thermal power costs, specifically due to lower prices for coal and gas, the latter 

of which has become sufficiently inexpensive to encourage its use for electricity production. But 

the study still predicts an economic advantage for nuclear in most countries. This advantage would 

increase significantly if fossil fuel prices were to rise in the future. A possibility in this regard 

would be a tax on carbon-based fuels to reduce air pollution due to greenhouse gases. 

These studies clearly show that the economics of nuclear power have remained fairly stable 

over a decade. This is an important point, because conventional wisdom still assumes that the costs 

of nuclear power are continuing to escalate as they did in the 1970s. The OECD study shows that 

this period of cost escalation has ended and that in fact, nuclear power costs are now stable and 

predictable, thus reducing much of the perceived risk of the last decade. 

If the costs are becoming more stable, what then are the challenges of the future? 

First, we need to find ways to convince the marketplace of the reduced financial risk. 

Second, as stated by Mr. Saunders of the World Bank, and Dr. Skinner of the 1EA, the main 

impediment to increasing, the share of nuclear power in the developing countries where electricity 

growth will be the largest, is access to the capital investment necessary to implement projects of 

this magnitude. In the industrialized countries, there will also likely be the requirement for an 

improved regulatory regime, for enhancing public participation in the process, and for integration of 

environmental and energy objectives. 

Radioactive Waste Management 

There is a clear recognition that public acceptance of nuclear power requires public 

confidence that radioactive waste and, in particular, nuclear fuel waste, is being, and can continue 

to be, managed safely. The internationally agreed objectives of radioactive waste management are 

protection of health, protection of the environment, and the minimization of any burden on future 



generations. There is public concern about the ability of the industry to meet these objectives, 

despite the fact that radioactive disposal facilities for low-level wastes are already operating safely 

in France, Spain, Sweden and Finland. 

A common theme emerging from the discussions at the Congress is a realization that 

geological disposal is the de facto international standard for disposal of nuclear fuel, whether this 

waste is used fuel or whether it's the vitrified waste arising from the reprocessing of used fuel. 

Those countries that practise reprocessing as pan of their fuel cycle strategy are also looking at the 

benefits that may be obtained from transmuting some components of their radioactive waste. This 

is particularly the case in France and Japan, but even in these circumstances there is a clear 

recognition that there will be a requirement at some point for geological disposal. 

Several other themes relating to radioactive waste management have emerged from the 

Congress and I would like to reflect on them briefly. 

Firstly, there is an absolute requirement that any agency responsible for carrying out 

radioactive waste management must demonstrate its commitment to safety. It is a key requirement 

in addressing public concern, and in nurturing public confidence. Safety must be a paramount 

consideration in all decision-making. Public review processes are part of ensuring that due 

attention is paid to safety. Independent review by technical experts and by regulatory authorities 

also plays an important role in ensuring that operations are safe. But this in itself is not sufficient 

to convince the public that we are doing the right things in the right way. 

Public acceptance depends upon public involvement in decision-making in a real and 

meaningful manner. Decision-making must be open. The public and its representatives, politicians 

at all levels, but particularly at the local level, must be involved and be seen to be involved in the 

decision-making process. Communication needs to be two-way. Other industries are finding that 

they must learn to listen to the concerns of the public - we also must learn this lesson. This 

requires that waste management agencies engage the public and deal with them frankly with a 

commitment to principles of fairness and openness, so that affected communities participate 

effectively in decision-making and have the power either to accept or reject a facility. 

A number of countries are following a strategy of staged or incremental decision-making in 

this area. This is evident in the papers presented in the session dealing with waste management by 

Canada, the United Kingdom, Japan, France and the U.S. It can also be seen in the evolution and 

development of national programs in Spain, Sweden, Switzerland and Finland. By proceeding with 

the development of waste management technologies in a staged manner, assessing safety can be 

separated from implementation activities and technology can be developed without invoking public 

concern associated with siting of storage or disposal facilities. This process of incremental 



decision-making is being followed as a means of building public confidence and I would also say, 

technical confidence, in the face of uncertainties associated with perceptions of risk and risk 

measurement, with lack of confidence in large institutions, and with the performance of radioactive 

waste management facilities in the long term, over thousands of years. 

We certainly face a considerable challenge in gaining public confidence that we can safely 

dispose of our wastes. But, as we have heard in the papers presented here, there is a clear way 

forward which can lead to success, through a dedication to safety, interaction with the public, and 

staged decision-making. 

Reactor Safety 

During the past few years, the maintenance and enhancement of the safety of operating 

power reactors has become a "centre-stage" issue, replacing the earlier "star-billing" given to the 

safety features of new plant designs. This is, of course, a direct consequence of the decline in 

committing new plants and the recognition that existing plants may well be called upon to operate 

for many years to come, because of economic and political problems associated with new 

construction in many countries. 

Two papers presented in the Safety Session dealt directly with this situation, the first 

discussing the general question of the safety of aging reactors, and the second the more specific 

topic of the safety of operating reactors in the former Warsaw Pact countries. 

In terms of the general question of aging, the author concludes that two basic thrusts are 

appropriate. Firstly, the safety of older plants should be periodically reviewed and upgraded in 

those areas where modern safety analysis techniques ilanuiisiraic HUH,. , ' •*. which can be 

rectified in a practical, cost-effective manner. Secondly, close attention must COL ually be paid to 

long-term degradation mechanisms such as chemical change, wear, and neutre i in- ;ation. 

In the case of reactors in the former Warsaw Pact countries, the author concludes that, in 

most cases, shutting down these reactors because of safety concerns will prove impractical - the 

risks involved in their continued operation being offset by other risks which would arise from the 

severe energy shortages resulting from their shutdown. Nevertheless, much can be done to improve 

the safety of these reactors. The costs, however, will be high - ranging to several billions of dollars 

per year. The problem then becomes one of financing such investments. The author concludes that 

Western countries must find a solution to this problem if further Chernobyl-like accidents are to be 

avoided. Such further accidents might well lead to the premature and disruptive demise of the 

nuclear option in all countries. 



Two papers dealt with the broad issue of appropriate safety criteria. In one of them, 

dealing with aging, the author emphasized the need to evaluate operating plants, using current 

techniques, against current acceptance criteria for new plants. '\Vi need to remedy identified 

deficiencies relative to these criteria would then be judged on a cost-effectiveness basis. The 

second paper dealt with the relative risk to the public from nuclear power plants as compared to 

other primary energy sources and concludes that the risk from nuclear plants is very small. From 

this conclusion, one might logically argue that few, if any, safety upgrades to operating plants are 

justified - even in the case of the plants in the former Warsaw Pact countries. Unfortunately, of 

course, we in the nuclear industry have not succeeded in convincing the public that nuclear power 

risk is trivial and, hence, it seems likely that in most countries, the much more costly approach 

suggested in the paper on aging will prove unavoidable. 

In another reactors session, we heard a description of evolutionary design improvements to 

next-generation power reactor safety being developed by one vendor organization. This project is a 

cooperative effort between two national industries both of which have been major suppliers of 

nuclear plants in the past. This is indicative of a current world trend to cope with the cost of 

developing and constructing new nuclear power stations. It is, 1 believe, a healthy sign that this 

vendor, as well as most other nuclear plant vendors, are continuing to pursue cost-effective safety 

improvements in their next-generation designs. While this will not, in itself, solve the problem of 

public acceptance, it will, nevertheless, play an important role in achieving this end. 

Several interesting trends are apparent in the area of reactor safety. Most designers are 

now turning to the development of passive safety systems to assure the correct response to upsets 

in their plants in the unlikely event of an accident. Several papers described concepts for passive 

cooling of the containment building as a means of ensuring containment integrity during a severe 

accident. Another development to mitigate severe accident consequences is die preferred use of 

"core catchers" to contain, spread and cool any molten core material within the reactor vessel. 

Consistent with the concerns of aging mentioned earlier, reactor owners are updating their safety 

reports and carrying out probabilistic safety assessments of their individual plants with the 

encouragement of their regulators. 

Public Acceptance 

As I said in my opening remarks, public perception is the pervasive and persistent theme 

that is interwoven through the nuclear fabric. Public opinion research clearly shows a dichotomy 

between the need for a secure supply of electricity and the perceived disadvantages of achieving it 

by using nuclear power. 



In most countries nuclear is not a top-of-the-mind issue. There is little spontaneous concern 

or anguish about it, but when prompted, people express their worries and fears. They also express 

their lack of knowledge and their desire for information. Surveys of opinion leaders show that 

greater awareness of energy and nuclear matters improves their perception of nuclear power. 

The data on public attitudes that were presented indicates that people regard the scientific 

community as the most trusted group for making decisions about science and technology, including 

nuclear energy. Politicians are the least trusted. For any of us who might feel that the media are 

responsible for our tribulations, it is a small measure of consolation that people don't trust the 

media either. 

The lesson is clear, Dr. John Gittus concluded: it is up to scientists to take the lead in 

communicating with the public on difficult issues such as nuclear power. Other speakers qualified 

this assertion with an appeal for communicating in terms that the public are familiar with and can 

readily understand. 

Mr. Archie Robertson reminded us that nuclear energy has been the subject of more than 

30 national and international enquiries, none of which rejects nuclear energy, when needed and 

under stipulated conditions. Despite this endorsement, public acceptance has not been achieved. 

Dr. Peter Feuz told us how the European nuclear scene is beset not so much by competing 

energy sources or unpredictable licensing procedures, but by public opinion and politics. "It is 

difficult to say whether public opinion is bad because of lack of political leadership, or whether this 

leadership is lacking because politicians do not want to go against public opinion," he said. He 

noted - and many in the audience would agree - that anti-nuclear groups have succeeded much 

more than the nuclear community has in making an impact on the public. He also attributed the 

success of the French nuclear program to a combination of leadership and excellent public 

information initiatives. 

Technology Developments 

Let me now identify some of the technology developments which will be necessary to 

ensure that nuclear energy will be accepted as a vital component of the energy supply mix in the 

future. 

Dr. Allan Bromley raised a number of interesting points. He noted that society has 

benefited from a number of revolutions in science and technology, beginning with the industrial 

revolution. More recently, we have experienced the development of nuclear energy, with the 

promise of abundant energy, the green revolution in agriculture, which seems to have grown into a 



concern and awareness for environmentally sustainable development, and the information 

revolution, which is still gaining momentum. 

If we are to keep the promise of nuclear energy alive and relevant for the next century, we 

must understand and address the issues raised by these succeeding "revoluf i". We must, in 

fact, embrace them. We can readily see from history what happened to thu. chnologies which 

did not adapt and become part of the industrial revolution. Technological developments which 

assist and accelerate the evolution of nuclear energy to meet the needs and issues raised by the 

green revolution, and the information technology revolution, are therefore important to position it 

for a meaningful role in energy production for the next century. 

It would be naive to think that we have been able to identify in this one meeting all of the 

technological developments that will be required. However, there are some clear directions 

indicated, and a number of developments are moving that way. Here are a few examples. 

Continued developments in the area of waste management and resource utilization will be 

required to ensure that nuclear energy truly becomes part of the Green Revolution. The nuclear 

industry has been pro-active in dealing with its waste byproducts, but the public still perceives that 

there is not yet a "demonstrated" solution to the "waste problem". To address this issue we 

need to push this technology to the demonstration phase. There have also been suggestions of how 

to make more effective use of our resources, and minimize the volume of waste through the 

application of advanced fuels and fuel cycles. Means of using off-peak nuclear generating capacity 

to produce hydrogen have been described. The latter would have die additional benefit of 

supplying an alternative to fossil fuels that is better for the environment. 

Recognizing that the technology must evolve, there have been many improvements to 

reactors, and many more are being developed. Considering that it has been less than fifty years 

since the first nuclear generated electricity, the degree of evolution in this technology has been 

quite impressive. Nuclear generating stations being built today are sufficiently safe that the risk to 

the surrounding population is effectively zero. However, development of "passive" safety 

technology will place less reliance on engineered safety systems, and make the safety of nuclear 

stations more readily apparent and verifiable to the public. An important side benefit should be a 

reduction in cost. Fundamental research in materials and physical sciences is also being applied to 

improve other reactor systems such as steam generators, and, specific to CANDUs, fuel channels, in 

order to ensure that plant performance is enhanced through extended lifetime of components. 

The nuclear industry must also continue to make advances in areas related to the 

Information Revolution. Improved information systems are already being used to reduce design 

and fabrication costs, which in turn reduces capital investment. Intelligent systems, neural 



networks, and other such developments are being applied to the man/machine interface in future 

plants to aid in making operating decisions. This is an important application of information 

technology and a good example of the need for and benefits from adapting new technology to 

existing products in order to make them faster, better, and less expensive. 

Another of Dr. Bromley's messages is that our education system must be improved. Not 

only are bright well-trained scientists and technologists needed to help develop our industry, but an 

informed public is required to ensure that the right decisions are made in an increasingly complex 

and technologically sophisticated world. 

Future Energy Strategies 

As we determine our strategic posture for meeting future energy needs we must espouse 

change - attitudinal change, systemic change, new planning methodologies. We must set and meet 

realistic goals for energy supply and demand. We must use available resources prudently and 

productively. We must seek efficiency and conservation, consistent with economic and 

environmental objectives. We must place energy issues in a global social and institutional context. 

Mr. James Hann has reminded us how the promised New World Order has failed to 

materialize and how tomorrow's world might be one where political instabilities could pose major 

energy risks. "Advocates of nuclear power cannot afford, for one second, to relax," he told us. And 

he went on to exhort us to stand up for what we know to be right, and to put forward our powerful 

case with conviction and without defensiveness. 

Conclusion 

In summarizing the messages we have heard throughout the Congress, I shall try to outline 

how the world energy scene might unfold in the coming decades. What one sees is this: 

there will be a very large increase in the world demand for energy, mainly in developing 

countries; 

fossil fuels will supply most of that increased demand, particularly if fossil-fuel prices 

remain stable; 

nuclear energy will probably maintain its current share of the world energy market if 

nuclear plants can be built quickly and operate reliably, and if capital can be obtained at 

reasonable cost; 

nuclear's share of the energy mix will increase significantly if fossil-fuel prices increase, or 

if there is increased concern about greenhouse gases; 



new technological developments will lead to improvements in the safety and reliability of 

existing and future nuclear plants, with particular emphasis on improving the man-machine 

interface; 

the public will be more involved in the development of acceptable processes for the 

management of nuclear waste, which will probably proceed in a staged manner; 

the public will be consulted much more in the future on all nuclear issues, with more 

emphasis on listening to what the public has to say. 

Nuclear power still faces many challenges. But, from what I've heard in the past three days 

at this Congress, I'm more convinced than ever that it has a major role to play and that it will help 

us achieve our vision of a better future. 
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SUMMARY 

NUCLEAR ELECTRIC POWER GENERATION 
AN EVALUATION OF THE ENVIRONMENTAL IMPACT 

By 

Raymond W. Durante 

Over the next 50 years, it is expected that world population 
will increase to somewhere between 9 and 10 billion people. In 
order to provide decent living standards for this population, 
adequate supplies of electricity will be needed. The choice of 
generation systems and the fuels used to provide the energy for 
this electricity production will have a significant impact on the 
environment. In fact, environmental considerations may emerge as 
the major decision making factor in the choice of electric power 
generating systems. For this 50 year period, there are basically 
five methods of generating electricity available to us: coal, 
oil, nuclear, gas, and hydroelectric. This paper examines the 
environmental impact of these systems to determine which has the 
least impact on the environment. The entire fuel cycle, 
beginning with the mining of the fuel, conversion, preparation, 
delivery, and storage and on to the plant operations, including" 
land use, water use, noise, odor, and emissions, and finally the 
waste disposal factors are considered for each of the five 
systems. An attempt is made to apply a numerical value to the 
environmental impact and establish some ranking. While this may 
appear somewhat arbitrary, it is based on data and information 
already available. The results show nuclear power in a favorable 
light finishing second to natural gas fired plants. This ~ 
assessment is made on the bases of environmental impact only. 
When other factors, such as long-terra economics and availability 
of fuels are introduced, nuclear power will emerge as an even 
more attractive option. 

In the United States and other parts of the world, some feel 
that a solution to the environmental problem is to simply not 
build anything. We know this cannot continue for any length of 
time and we face serious consequences if follow this path. We 
also know there will be an impact on the environment regardless 
of which system is selected. Therefore, it follows that the 
selection of energy strategies will coincide with the selection 
of environmental strategies and we must learn to quantify the 
real value of the environmental impact and factor it into on 
every decision. 



NUCLEAR ELECTRIC POWER GENERATION 
AN EVALUATION OF THE ENVIRONMENTAL IMPACT 

This paper is based on the important premise that the world as we 
know it will survive and flourish and while there will always be a 
division between rich and poor, the world's developed and 
underdeveloped societies will move in the direction of global 
affluence. It is projected that there will be 9 billion people on 
this planet 50 years from now, who will strive to live under better 
conditions than their predecessors. As humanitarians, we support this 
concept and as scientists we continue to seek means to make it 
possible. These 9 billion people will need many things to sustain 
their existence and one of the most important will be electricity. 
There ae those who believe that electricity needs can be met through 
conservation and increased efficiency — I am not one of them. Though 
we must continue to develop the most efficient and prudent 
applications of electricity, each year new uses for electricity are 
found to cancel out those reductions. Since the day it was invented, 
use of electricity has continually increased — through wars, and 
during peacetime, during prosperity and depressions, and changes in 
governments and societal attitudes. Therefore, in order to provide 
electricity to this expected population of 9 billion, it must be 
decided how the electricity will be generated. 

In the past, these decisions were based primarily on economics 
and availability of fuel. Following wood, coal is the oldest fuel 
used by man. By the 1920s, over 80 percent of the world's energy was 
produced by burning coal. About that time, major discoveries of oil 
and gas throughout the world provided additional fuel options to 
generate electricity, but it was soon determined that those fuels were 
more valuable in other applications such as transportation and 
industrial and home heating. Today, all fossil fuels combined 
generate about 65 percent of electricity consumed worldwide, with 
nuclear and hydroelectricity making up the rest. So in effect, five 
technologies are available to generate electricity and according to 
USCEA data, their use is divided as shown in Figure 1. 

If sufficient electricity will be needed not only to sustain 
9 billion people but also increase standards of living, the amount of 
electricity needed will must be increased between 3 to 5 times the 
amount presently used. Today, worldwide consumption of electricity is 
estimated at 9,000 gigawatts per year. By conservatively increasing 
that estimate 4 times over the next 50 years, it will mean building 
500 gigawatts of electricity producing plants per year, or 1,000 500 
MWe plants, regardless of fuel used. This would require very careful 
decision making to evaluate all the criteria to select fuel cycles and 
types of plant/s needed to produce this electricity. In the past, the 
focus has been on economics; location; availability of fuel; 
availability of other natural resources; and to some extent, impact on 
the environment. 

In Norwegian Prime Minister Gro Brundtland's 1987 environmental 
report to the United Nations entitled, Our Common Future, he stated: 
"Choices must be made, but in the certain knowledge that choosing an 
energy strategy inevitably means choosing an environmental strategy." 
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FIGURE 1. SOURCE USED TO GENERATE ELECTRICITY (1991) 
(Percentage of Total) 

FUEL 

Coal 

Nuclear 

Hydroelectric 

Gas 

Oil 

Other 

U.S. 

54.8 

21.8 

9.9 

9.3 

3.8 

0.4 

CANADA 

18 

18 

6 

4 

1 

-

WORLDWIDE 

42 

17 

20 

6 

12 

0.4 

As a result, most countries now place a great deal of emphasis on 
protection of the environment and this has been reinforced by 
legislation and supported by public opinion. 

It is the intent of this paper to show that if we plan to use 
environmental impact as a major qualification in the selection of 
electric generating systems, our entire attitude towards nuclear power 
must be re-examined. Nuclear power opponents continue to emphasize 
economic and technical problems encountered by the industry to the 
point where construction of nuclear power plants has slowed 
substantially and there is serious concern about sustaining an 
industrial base to continue to build safe, efficient nuclear plants. 
On the other hand, these same individuals and organizations almost 
unanimously oppose using fossil fuels to produce electricity and for 
the most part, are not prepared to face the reality that softpath 
technologies, such as solar and wind power, cannot meet the enormous 
demands that lie before us. In effect, they do not have a solution. 

Perhaps it is time for the nuclear industry to mount an 
aggressive program promoting the environmental benefits of using 
nuclear power. 

For this discussion, we are talking about the next 50 years, 
which is not long from the standpoint of power plant construction and 
utilization, but longer than the tenure of most utility executives. 
It takes a certain amount of courage and foresight to look that far 
into the future. As a result, short-term decisions, which are easier 
to make have already begun to show disastrous effects. 
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This paper will not consider the so called softpath options, such 
as solar and wind. Their contribution to world electricity supply is 
somewhat minimal and no large increase in use is predicted. It is 
worth mentioning, however, that both of these technologies have 
serious environmental problems in that large tracts of land are 
required and there is visual pollution. Also, since extensive 
materials will be needed to manufacture large quantities of solar 
collectors and windmills, environmental problems are created in the 
production of these materials. Also, sunshine and wind are 
intermittent, therefore, energy storage systems will be needed and 
these could also provide significant environmental problems. 

Deregulation of natural gas prices have led to a boom in the 
construction of small gas-fired generating plants. These plants are 
easy to build, have low capital costs, and provide relatively clean 
power generation. However, we do not know what gas will cost 50 years 
from now, if it is still available, and perhaps this natural resource 
may be used in more practical ways since it has so many other 
applications. A similar concern should be given to oil. Using oil 
for electric power generation is increasing once again after a drastic 
reduction in the 1980s. If underdeveloped countries are to become 
economically viable, oil will be needed for transportation fuels. 
Hydroelectric power has always been an attractive option, but most 
experts agree that availability of sites for hydroelectric power 
plants are extremely limited. The ability to build these huge 
projects without disrupting existing social conditions make their use 
even more limited. That leaves coal and nuclear. Coal, with an 
estimated availability at its present rate of consumption of more than 
400 years, represents a safe fallback position. Nuclear power uses 
uranium and, depending on the level of enrichment and future fuel 
cycle types, supplies of uranium could be considered inexhaustible. 
The fuels of choice would appear to be coal and/or nuclear for the 
long-term and natural gas for the short-term. Since there is no 
central agency to monitor these decisions, individual countries may 
base their choices on availability. This paper attempts to establish 
a framework for a long-term environmental strategy for producing 
electricity. To do this, I have created a chart (Figure 2) based on 
pure speculation and estimates to allow some quantitative conclusions. 
This chart considers the major components of a typical 1,000 MWe plant 
for each fuel cycle, and assigns an environmental impact value from 1 
to 10 (with 10 being the worst) and establishes a value for each. 

Establishing quantitative values for such an analysis is very 
difficult and I have taken much personal license. Everyone thinks 
they know what environmental impact is, yet there are few instances 
where numerical comparisons are made. In searching the literature for 
this type of information, very little is given on environmental impact 
of oil and gas-fired power plants. Part of the reason is that it was 
never intended that oil or gas would be used as base load power plants 
simply because there are far better uses for these fuels. Referring 
again to Prime Minister Brundtland's report where he states that 
choices of energy inevitably means choices of environmental strategy, 
then we must consider the environmental impact of all these options. 

The first category is mining. All the fuels used in these 
options come from the earth and must be extracted by various means. 
Selection of a fuel is often based on how close it is to its point of 
use. Shipment of the fuels can be more expensive than the fuel itself 
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FIGURE 2. QUANTITATIVE ASSESSMENT OF THE ENVIRONMENTAL 
IMPACT OF ELECTRIC GENERATING PLANT FUEL SELECTION 

GENERATING 
PLANT FUEL 

MINING PROCESS 

FUEL USE 
Fuel Conversion 
Fuel Preparation 
Fuel Delivery 
Fuel Storage 

PLANT OPERATIONS 
Plant Construction 
Land Use 
Water Use 
Noise, Odor, Etc. 
Emissions 

OVERALL SAFETY 

WASTE DISPOSAL 

OTHER FACTORS 
Health Effects 
Lives Lost 

TOTAL 

COAL 

10 

2.5 M Tons 
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10 
8 
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7 
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10 

10 
6 

115 

NUCLEAR 
(Uranium) 
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125 Tons 
5 
2 
2 
1 

7 
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7 
3 
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10 

2 
0 

48 

OIL 
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2 
8 
6 
8 
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(15)3 

5 
5 
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8 

5 

5 
5 

72 

GAS 

2 

142 M CuFt 
0 
4 
6 
3 

2 
(10)2 

3 
5 
4 

6 

0 

4 
5 

44 

HYDRO 
(Water) 

10 

00 

0 
0 
10 
10 

10 
10 
10 
3 
0 

10 

0 

0 
10 

78 

(On a scale of 1 to 10, with 10 being the most serious negative 
impact on the environment.) 

and if it is available in your own country, it automatically becomes 
the fuel of choice. This is why France has gone to such a high 
percentage of nuclear power because they do not have oil, coal, or gas 
and decided not to rely on long distance shipments from foreign 
countries. This is not true with uranium. Extremely small 
quantities of uranium can satisfy long-term power supplies. Uranium 
is found in just a few places in the world, whereas coal, oil and gas 
are mined in many places. So the total worldwide environmental impact 
on the land is much greater for these fuels. Regarding the conversion 
and refining of fuels it is once again a function of volume. Coal 
pulverizing and washing and oil refineries are legendary for their 
adverse environmental impact on the surrounding areas. Mining natural 
gas has a distinct advantage in that it is removed from the ground in 
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its gaseous form, compressed, and sent in pipelines with a minimum 
disturbance to the immediate environment. Those pipelines, however, 
can cause serious environmental problems in their construction and 
operation. Throughout history serious accidents involving explosions 
of gas pipelines have occurred. 

Compared to coal mining, the environmental impact of uranium 
mining is less severe simply because a much smaller quantity of 
uranium is needed to produce an equivalent amount of energy. We are 
all familiar with pictures showing a single pelletized uranium oxide 
fuel unit the size of a thumb equivalent to a train car loaded with 
coal, 1,260 barrels of oil, or 6,000 cubic feet of natural gas. The 
quantity of fuel needed is significant when considering shipping, 
storage, production, manufacture, and handling. In each stage, 
environmental impact, including side affects, is proportional to the 
amount of the material. 

It is important to note that while the use of gas for electric 
power generation particularly related to IPP plants is rapidly 
increasing, 48 percent of the natural gas mined is used in industry, 
37 percent is used for residential heating, and 14 percent is used for 
electric power generation. The "real" availability of natural gas is 
still a great mystery. Engineers usually discovered new gas deposits, 
now economists find them with calculations. During the 1970s, we were 
told that only 3 percent of the world's energy supplies were in the 
form of natural gas and this product must be used prudently. 
Proponents of natural gas now assure us that there is enough gas 
available to handle all our needs: to generate electricity, heat 
homes, run industries, and even power automobiles. In fact, under the 
terms of the Clean Air Act, 30 percent of new vehicles purchased for 
municipal fleets by 1998 must be "clean fueled" to reduce emissions 
levels. That figure will rise to 50 percent by 1999. At this point, 
compressed natural gas is one of the leading contenders for this clean 
fuel. However, serious consideration must be given to its 
environmental impact if society becomes dependent on natural gas and 
if the supply ran out. In addition, I have seen little information to 
assure that the price of natural gas can be maintain at reasonable 
levels for a prolonged period of time. 

Fuel storage for coal means coal piles at the plant site. In 
large coal-fired plants, these coal piles require significant amounts 
of valuable land, preferably close to the operating plant. The coal 
must be delivered by rail, barge, or in some cases by truck creating 
additional environmental problems. In some small towns in the 
Southeastern United States much of the outdoor activity stops when the 
coal trains pulling n o to 120 cars filled with coal pass through the 
center of town. What is the environmental impact of the exhaust from 
automobiles idling waiting for trains to pass, or the dust escapes 
from the tops of the trains. 

Some of the same environmental problems exist with oil and gas. 
Along the New Jersey Turnpike, from New York City to Washington, DC 
one views some of the ugliest landscape imaginable located on some of 
the most expensive land in the world. The sights and smells of the 
Bayonne refinery and storage areas are very unpleasant to their 
neighbors and those passing through. Some of you may feel this is an 
unfair comparison because this fuel is used for transportation, not 
for electric generating plants. The premise of my paper is that 
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we will need electricity in such large quantities that all options 
must be considered before choices are made. Use of oil for electric 
power generating in the U.S. has dropped dramatically from the 1970s 
when 17 percent of electric power generated came from oil to today 
when only 4 percent of electric power comes from oil. However, 
statistics show oil is being used more frequently for peak power as 
well as for some base load generation when other fuels are 
unavailable. Many people, particularly in the United States, believe 
that nuclear power is not needed because there are so many other 
choices. The trick is to make the best choice. Oil is should not be 
a choice if for no other reason than it is needed for transportation 
and petrochemical feedstock. 

How much land is needed for a 1,000 MWe plant? How much water is 
needed? What are the environmental impacts on the land and water? 
What aesthetic affects such as noise, odors, emissions are released 
from various types of electric power generating systems? Truthfully, 
a quantitative examination of these factors may reveal little 
differences between them. With regard to emissions, however, nuclear 
power has a clear advantage in that it does not release hazardous or 
toxic emissions into the environment while all three of the fossil 
fuels do (Figure 3). 

FIGURE 3. EMISSIONS FROM A 1,000 MWE PLANT 
(Thousands of Tons) 
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Hydroelectric 
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0 
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25 

13 
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0 

0 

co2 

6,000 

4,600 

3,000 

0 
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Coal has the most emission problems since emissions released into 
the atmosphere travel great distances. According to a report by the 
Science Council of Canada, 14,000 Canadian lakes are biologically dead 
(no fish or vegetation) as a result of acid rain. Acid rain is 
produced by industrial smelters and other processes as well as from 
coal-fired power plants, some as far away as south of the Great Lakes. 
It is estimated that the Acid Rain Control Program, initiated in 
Canada, will cost each Canadian citizen $20 a year. 

Waste disposal is an area most anti-nuclears will base their 
opposition to nuclear power. Clearly, no solid wastes result from 
burning oil or gas, or from hydro. Coal, however, has far greater 
quantities of toxic and hazardous wastes than nuclear. This is 
seemingly discounted by the public because nuclear waste is 
RADIOACTIVE and the public has been told by such "experts" as Jane 
Fonda and Walter Cronkite that it is not possible to live with 
radioactive materials. Obviously, you as scientist know this is not 
true. In fact, the radioactivity contained in the waste from coal can 
be in excess of allowable limits for exposure and with such huge 
quantities of ash and chemicals emitted into the environment, expanded 
coal use may have staggering consequences. Proponents of nuclear 
power have been told many times that the waste problem must be 
"solved" in order to gain public acceptance of nuclear generating 
plants. Unfortunately, the public's perception of this solution is 
that nuclear waste must completely disappear and we know that cannot 
happen. It is difficult to estimate the effects of extremely 
prolonged storage. The industry has demonstrated technology to safely 
store used fuel for at least 500 years — the period during which most 
of the penetrating radiation from the used fuel is reduced to safe 
background levels. Questions remain regarding long-term disposal of 
the longer lived isotopes. Plutonium 239, has a half-life of 24,000 
years; iodine 129 has a half-life of 1.6 million years. We will never 
be able to totally guarantee that those wastes will not separate from 
their containment and penetrate the environment over that timeframe in 
spite of massive research data indicating it is possible. Natural 
reactors, such as the one located in Aklo, Africa, indicate that 
Uranium 235 has been in the earth for over 1.5 billion years without 
migrating any great distance. 

Time will not permit discussion of the all the ramifications, 
both political and technical, of waste disposal, but it is recognized 
as the major impediment to the acceptance of nuclear as an electric 
power generating option. 

In considering each of these generating systems, other ancillary 
effects on the environment and humanity in general exist. Concerns 
still abound about cancer from radiation emitted from nuclear power 
plants despite continuous assurances that safety requirements mandate 
radiation background levels lower than those found in nature. At the 
same time, thousand of coal miners have died from mine accidents or 
black lung disease and hundreds of thousands of people suffer from 
emphysema and other lung disorders from polluted air. Accidents such 
as the Exxon Valdeze or the deliberate destruction of oil storage 
units in the Desert Storm conflict created environmental impacts whose 
full implications are still unknown. Oil well fires and gas 
transmission line explosions claimed thousands of lives. Liquid gas 
tanks exploded in Mexico City killing 1,000 people and leaving another 
1,000 homeless. Yet, with the exception of the tragic Chernobyl 
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accident, no loss of life has been attributed to commercial electric 
power generating plants. Even at Chernobyl, the major loss of life 
occurred in fighting the fires and attempting to prevent further 
damage to the surrounding areas. 

It is extremely important to note that of the fuel cycles 
discussed, only nuclear utilizes a fuel with no other use. Oil, gas, 
and coal are chemical feedstocks which have promising use in many new 
kinds of specialized materials — especially plastics and fabrics. 
Perhaps we should consider the environmental impact of not using these 
fuels to produce synthetic materials. For example, plastics are 
increasing used to replace wood products. If the fossil fuels are 
burned to make electricity, they will not be available to make plastic 
products, medicines, fabrics, and the myriad of uses we continue find. 
This must somehow be factored into the equation and credit given to 
nuclear power for its positive impact on the environment. 

By now, it has probably become quite clear that I am personally 
prejudiced in favor of nuclear power as the optimum way to generate 
electricity. I believe clear thinking people will agree that, at the 
least, nuclear power should be maintained as an option. Yet in the 
United States, no plants have been ordered in the last 15 years. In 
Canada, Italy, Sweden, and other countries their governments have come 
out clearly against using nuclear power. The media recounts endless 
horror stories about nuclear power, but more important, legislative 
and regulatory agencies continue to place obstacles in the way of 
building and operating nuclear plant. 

I believe the time has arrived for those who favor nuclear power 
to mount an aggressive offensive — serious stakes are in the balance. 
The future of my grandchildren and their grandchildren can be 
seriously impacted if we do not take into consideration the words of 
Minister Brundtland, "We must choose an environmental strategy along 
with choosing our energy strategy." If we do that, nuclear power will 
emerge as an important option. It will not be the only one, perhaps 
not even the dominant one, but certainly nuclear power base load 
plants should provide a significant portion of the world's 
electricity. People like you need to become disciples and bring this 
message to the public and friends. Without individual effort, and 
important energy option may be eliminated. 

In the 1960s, Ralph Nader personally took on General Motors and 
saw to it that the rear engine automobile was put out of production. 
In the late 1980s, Governor Cumuo of New York, personally saw to it 
that the Shoreham Nuclear Plant was shut down. There was no sound 
technical basis for either of these actions, but Nader and Cumuo used 
the public's lack of understanding of technical matters to instill 
fear and concern to a point where despite enormous financial losses, 
both of these products are no longer available. We cannot let that 
happen to nuclear power. 
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1.0 INTRODUCTION 

Coal, oil and natural gas contain trace quantities of naturally occurring radionuclides, like 
most natural materials on earth. These radionuclides can contribute to the overall radiation in 
the environment when fossil fuels are used for power generation. The potential radiological 
impact of the radionuclide emissions from fossil-fired stations has been the subject of many 
studies in the past0,2-3,4-5'. 

This paper presents the results of a study undertaken in view of the broad range of results 
from previous assessments. Detailed dose assessments for using coal, oil and natural gas for 
power generation were carried out. A reference coal-fired station with 4000 MWe generating 
capacity was chosen for assessing the impact from coal while similar-sized reference oil-fired 
station and gas-fired station were used for assessing the radiological impact of oil and gas, 
respectively. Actual emission data were used in general but where such data were 
unavailable, the most suitable data from the literature were used. Environmental data 
including meteorological data were taken from a 4000 MWe coal-fired station site in Ontario. 
The uncertainty in the doses obtained in the present study is estimated to be about a factor of 
two or more. 

2.0 RADIOLOGICAL IMPACT OF THE COAL FUEL CYCLE 

The overall radiological impact of power production from burning coal depends upon not only 
its radionuclide content, but also the following factors: type of coal, processes used for 
desulphurization of coal (washing, etc.), ash content of the coal, partitioning of the 
radionuclides between bottom ash and fly ash, fly ash removal efficiency, stack height, ash 
disposal techniques and a large number of atmospheric dispersion parameters including 
meteorology, precipitation, site characteristics, etc. The variability in the radionuclide content 
of coal and the complexity of carrying out a thorough analysis of radiological impact of 
coal-fired plants have resulted in a broad range of values reported for the individual effective 
dose equivalent. The reported values range from 0.02 pSv*al to 180 uSv-a'1 per 
1000 MWe tw>. 

A previous dose assessment of the radiological impact of burning coal for power production 
was conducted for an Ontario coal-fired station by Tracy and Prantl in 1982(4). Since that 
time, dose conversion factors (DCFs) for several radionuclides have been updated using 
ICRP 48(6\ and some of the significant DCFs have increased by up to a factor of 25. This 
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necessitated recalculation of the individual dose resulting from coal-fired power generation. 
Moreover, a detailed pathway analysis for the radionuclides released by the station was not 
undertaken by Tracy and Prand and is considered important for a more realistic estimate of 
the radiological impact of coal as an energy source. 

For the mining phase, radon release from coal mines has been estimated at 
36 CSq-CGY/e^a)'1. This estimate was based upon 3 x 109 kg of coal consumed to produce 
1 GWa of electrical energy, a mean radon concentration in coal of 20 Bq-kg'1, and a total 
radon release rate of 60 percent (20 percent released during mining and 40 percent released 
from the exposed ore surface)'75. The present study used this radon release rate to calculate 
dose to a member of the public. The result indicates that an individual member of the public 
may receive an effective dose equivalent of 0.01 pSv-a'1 from mining enough coal to 
generate 4000 MWe for one year. 

Burning coal for power generation concentrates the non-gaseous radionuclides in the ash 
paniculate. Consequently, the radioactivity in the ash can be several times higher than that 
found in the earth's crust. Certain trace elements in coal, such as 2l0Pb and 2,0Po, can 
partition unequally between the heavier (bottom) ash that drops to the bottom of the furnace, 
and the lighter (fly) ash which is carried through the boiler to the stack. Most of the fly ash 
is removed by the emission control devices, however, a small fraction of this vitrified ash is 
released into the atmosphere and may have more radioactivity on the surface compared to the 
bottom ash. A typical fly ash removal efficiency of 99.5 percent is normally achieved by 
electrostatic precipitators175. The escaping fly ash consists mainly of smaller particles which 
have a larger surface-to-volume ratio and, therefore, a larger fraction of their radioactive 
content is available for release. Enrichment factors from coal to fly ash of 3-80 times have 
been reported for different radionuclides'75. 

The radionuclide content of coal varies considerably, even within coal samples obtained from 
the same area(5). Tracy and Prantl'4' carried out measurements on the concentrations of 
radionuclides of biological significance in feed coal at an Ontario coal-fired station. Emission 
factors derived from these measurements and Ontario Hydro's 1988 coal consumption data 
were used in this study to estimate the airborne emission rates from coal-fired station. The 
source term was adjusted by taking into account the annual capacity factor of 52% for the 
reference coal-fired station. No recent radionuclide measurements on coal have been made. 

The following main pathways were considered for dose assessment: immersion in air, 
groundshine or field exposure, beach sediment exposure, immersion in water, inhalation, soil 
ingestion, vegetable and fruit ingestion, animal produce ingestion, fish ingestion and water 
ingestion. Normal washing of fruits and vegetables was assumed to remove soil so that there 
is only a residue of 0.6 g dry soil per kg fresh weight of produce"". Dose rate (pSva1) due 
to stack emissions was calculated for each pathway using a methodology based on the 
Canadian Standard Association's CSA-N288.r12). 
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TABLE 1. Airborne Emission Rates of Radionuclides for 4000 MWe Plants 
used as Source Terms for Dose Assessment (Bqs1) 

Nuclide 

U-Series: 
238U,234Th,rwU, 
" T h & 226Ra, each 

Th-Series: 
^ T h ^ R a & 
228Th, each 

2 io p b & 2 i o p o 

222Rn + Progeny 
220Rn + Progeny 

Fossil-fired Station 

Coal' 

14 

9 

70 
4870 
2960 

Oil 

0.14 

0.14 

Gas 

80 
1.5xl05 

Nuclide 

3H 

uc< a ) 

8 5 K r (b ) 

90Sr(c) 

131 j 

Nuclear Station 

4.6 x 107 (9) 

3.3 x 10S(l0) 

2.1 x 109(9) 

4.0W 

38.0(9) 

* Based on Ontario Hydro's 1988 coal datal8). 
(a) Based on moderator cover gas. 
(b) Based on the total noble gas dose. 
(c) All airborne particulate emission assumed to consist of MSr. 

The source terms used for this dose assessment are given in Table 1 for a 4000 MWe station 
operating with an annual capacity factor of 100%. The annual fly ash emission of 5 x 106 kg 
was used (99.5% fly ash removal efficiency) to calculate the particulate emission rates. 
Potassium-40 (40K) was not included in this analysis because it is usually assumed to be under 
close homeostatic control (the body always retains a constant amount, independent of intake) 
in the body(13). 

The radon gas emission rate is based on annual coal consumption of 1.23 x 1010 kg, based on 
measured data(S>. All of the radon and thoron gases present in the feed coal were 
conservatively assumed to bs emitted via the stack. The concentrations of 2I0Pb and 210Po 
were estimated assuming an enrichment factor of 5 in the escaping ash(14). The weather data 
for the station site area were taken from Wongll5). The stack height was taken to be 198 
metres. Doses to infants and adults were calculated, however, infant doses were found to be 
less than the doses to adults in this study and, therefore, have not been reported. A member 
of the critical group, who is assumed to live at the location of the highest predicted annual 
average ground-level concentration of radionuclides and consume only food produced in the 
immediate vicinity, was chosen for the dose calculations. The maximum concentration was 
found to be at a distance of 3.3 km from the station. Results of the dose calculations for the 
significant radionuclides contained in stack emissions are presented in Table 2. Doses from 
the immersion pathway were less than 10'3 uSva'1 and are not listed. 
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TABLE 2. Calculated Dose for Individuals Living in the Vicinity of a 4000 MWe Station (nSv-a1) 

Energy 
Soince 

Coal 

Oil 

Gas 

Uranium 

Phase 

fil 

Exiraciion 
PP 
Waste 

Exiraciion 
I'P 
Waste 

PP 

Pathway'" 

Milk 

0.08 

NS 

0.06 

16.68 

Beef 

0.02 

NS 

0.01 

13.83 

Pork 

0.20 

<0.01 

0.08 

9.16 

Eggs 

0.10 

NS 

0.04 

2.89 

Poultry 

0.11 

NS 

0.04 

3.96 

Vege
tables 

21.3 
0.07 

0.24 

5.0 

28.12 

Ground-
shine 

0.01 

NS 

NS 

0.41 

Fish 

1.25 

-

-

7.34 

Walcr-
Ingcslion 

0.19 

-

-

1.60 

Inhala
tion 

0.01 
1.88 

0.02 

0.65 

19.04 

Soil-
Ingcslion 

0.11 
<0.01 

<0.01 

0.01 

17.10'° 

Total 
(Rounded) 

0.01 
23.8 
1.51 

0.26 

5.89 

120 

(a) Dose equivalents of < 10'3 uSva'1 are considered negligibly small and are indicated by "NS". Non-applicable 
pailiways are indicated by blanks. 

(b) PP - Power Production 

(c) This particular value is for "immersion" and not for "soil ingestion" as implied. The soil ingestion pathway yields 
negligibly small dose in this case. 
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Available measurement data from the literature(I6> were used to calculate the source terms for 
coal pile runoff and ash storage system overflow. A 100 hectare area was used for 
calculating the volumes of waste water generated. Average precipitation minus 
évapotranspiration value of 200 mm-a1 for southern Ontario was used. Results of the dose 
assessment for the aquatic pathway, for liquid effluents discharged from the reference coal-
fired station ash lagoon to lake, are given in Table 2. 

In view of the wide range of values for emission of radon from ash piles in literature, an 
experimental study was carried out for a representative ash pile at an Ontario coal-fired 
station(17). Nine samples from different areas of the ash pile were obtained and later measured 
for their radon emanation characteristics. Results indicated a lower surface emanation rate 
compared to that from the soil, in general. Stranden and KoIstad(18) have reported radon 
emanation from clay and soil in the range of 11 to 200 Bq.m'2.h''. The measured values were 
found to be in the range 1.51 to 12.37 Bq.m'2.h'1. Therefore, these results clearly show that 
no dose calculation for this source is required. 

There is a possibility of 226Ra contained in the ash leaching into the groundwater. Measurements 
by Ontario Hydro's Research Division for fly ash have detected less than 3.7 mBq-l*1 of 226Ra in 
the leachate extract"9' compared with the maximum permissible concentration of 226Ra in the 
leachate extract from material for backfill use of 0.1 Bq-l"' in Ontario'20'. Therefore, fly ash from 
Ontario's coal-fired stations can be considered as radiologically acceptable for landfill purposes in 
Ontario. Also, measurement of surface emanation rates on fly ash in Ontario(17) have confirmed 
that the use of such ash in building materials may, in fact, contribute to reducing the dose. 

3.0 RADIOLOGICAL IMPACT OF THE OIL FUEL CYCLE 

The radiological impact of using oil, taking into consideration the extraction phase, power 
production phase and waste disposal phase is discussed in this section. Results of dose assessment 
for a 4000 MWe oil-fired station are also reported. 

Extraction of oil can result in doses to the workers due to the radioactive content of the scaling 
formed on the inner walls of tubing, pumps, separation and storage tanks. However, no significant 
public doses are expected from the oil extraction. 

The annual dose to a member of the critical group due to oil-fired station, was previously estimated 
to be about 1 pSvl7\ In another study, the maximum dose received by an individual living near a 
1000 MW oil-fired power plant was estimated to be about 0.7 uSv-a'1 (21). 

Oil is a comparatively clean fuel producing less ash than coal. The ash content of the oil is 
typically about 0.01 to 0.2%. However, analysis was carried out to study the radiological impact of 
landfill disposal of oil fly ash. The source terms for this analysis were based on the fly-ash 
production rate in the reference oil-fired station, and radionuclide inventory from the United 
Nations Environment Programme. 1985. The results of this analysis showed that the landfill 
disposal of oil fly ash projected to be generated from a 4000 MWe generating capacity oil-fired 
station presented negligible radiological impacts to the workers and the public. 
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For dose assessment of a 4000 MWe oil-fired station, environmental data and relevant station 
parameters and methodology for the coal-fired station was used. The water pathway was not 
considered. The total dose to the "most exposed" individual was calculated to be about 0.3 uSva'1 

and the critical exposure pathway was vegetable ingestion. u2Th contributes most significantly to 
the total dose (about 74%). 

4.0 RADIOLOGICAL IMPACT OF THE NATURAL GAS FUEL CYCLE 

Although natural gas is generally contaminated with radon, the main source of radioactivity in the 
extraction phase is usually radioactive thermal brine formation. In Canada, the natural gas deposits 
are not associated with brine formation, therefore no public doses are expected from the extraction 
of natural gas. The radiological impact of a natural gas-fired power plant was assessed using 
assumptions similar to those for the oil-fired power plant. The source term was based on the 
assumed radon concentration of about 600 Bq-m'3 in the distribution line. This concentration was 
derived from the typical radon concentration of about 2300 Bq-m'3 in Alberta natural gas well, and 
allowed for radon removal by half due to radon partitioning in the processing(22,23), and another half 
due to decay in the pipeline. The results of the dose assessment are given in Table 2. The total 
dose to the most exposed individual was about 6 pSv-a'1. 

5.0 COMPARISON OF THE RADIOLOGICAL IMPACT OF 
FOSSIL-FIRED PLANTS WITH NUCLEAR PLANTS 

Doses resulting from atmospheric and liquid effluent emissions from a 4000 MWe nuclear plant 
were calculated using the same weather parameters and environmental assumptions as for the fossil 
related emissions discussed earlier and are given in Table 2. The source terms used for the 
airborne emissions are listed in Table 1. 

A complete life cycle comparison of the radiological impact of fossil-fired plants with nuclear 
plants is very difficult because of large gaps in data for public exposures resulting from mining/ 
extraction and waste management phase for both. For the power generation phase, the projected 
dose of 24 uSv-a'1 from a coal-fired plant is smaller than the dose for an equivalent size nuclear 
power plant by a factor of five (see Table 2). The projected 120 uSva'1 dose from the nuclear 
station was based on a 20 m stack height, which is normal for the Canadian reactor designs. If the 
nuclear station used a 198 m high stack (similar to coal-fired station), the projected dose would be 
reduced to 12 uSva'1. Oil and natural gas-fired plants result in even less doses than a coal-fired 
station (Table 2). 

According to a recent study'9', the public dose at the boundary of the 4000 MWe Pickering nuclear 
power station was estimated to be 35 uSva'1, taking into account measured radionuclide 
concentrations in the environment and exposure assumptions. If the fraction of local fruit and 
vegetables consumed is increased from 0.3|,)) to 1.0 to be consistent with the model calculations, 
then the projected boundary dose using environmental measurements becomes 63 uSva"1. 
Therefore, the public dose model predictions are conservative by a factor of about 2, and 
consequently tend to over predict the actual dose received by the critical group. 
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6.0 CONCLUSIONS 

As a result of this study of the radiological impact of coal, oil and gas-fired stations, based on 
updated DCFsl6), it can be concluded that the projected dose to an individual living in the vicinity 
of such a fossil station could receive a maximum dose of 24 pSv-a'1, which is for a 4000 MWe 
coal-fired station. This dose is significantly less than the 120 uSv-a'1 predicted for a 4000 MWe 
nuclear station and represents a small fraction of the background dose (0.8%). Therefore, 
radiological emissions from fossil-fired stations do not present a significant health risk to members 
of the public. 

Earlier work on radiological implications of thermal power production in Ontario'4' concluded that 
inhalation was the most significant pathway and the predicted dose was 0.091 pSv (0.17 pSv after 
factoring in the annual capacity factor). The present study, which is based on updated DCFs and 
exposure pathways, concludes that the estimated dose is about 150 times larger than the earlier 
estimate by Tracy and Prand(4>, and that the ingestion pathway contributes about twelve times more 
to the total dose than the inhalation pathway. Also, calculated doses from coal-fired station were 
compared with doses based on environmental measurements from a nuclear station in the earlier 
study'4', which made the comparison less appropriate. The present study applies the same dose 
assessment model to each form of power generation and allows for a more realistic comparison. 

In comparison with the radiation doses to the public from other sources (3 mSv-a"1 from the natural 
background) and the regulatory limit (for the members of the public) of 5 mSv-a"1, both (4000 
MWe) fossil and nuclear power plants appear to make negligibly small contributions to the overall 
dose in the vicinity of each plant These doses are also much smaller than the proposed regulatory 
limit of 1 mSv-a"1 by the AECB(24), based on the recent ICRP recommendations'"'. 
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1. INTRODUCTION 

The International Commission on Radiological Protection (ICRP) has recently recommended a reduction in the 
annual stochastic dose limit for occupational exposure from 50 to 20 mSv averaged over five years, with not 
more than 50 mSv in a single year.1 During pregnancy, the dose limit to the surface of the abdomen is further 
limited to 2 mSv. For the general public, the dose limit is also reduced from 5 to 1 mSv per year. The nuclear 
regulatory agency in Canada, the Atomic Energy Control Board (AECB), has proposed to adopt the ICRP 
recommendations as discussed in the consultative document C-122.2 As reflected in the ICRP guidelines, these 
annual doses are expected to be comparable to those received by commercial air crews. For example, the 
exposure resulting from galactic and solar cosmic rays during the high-altitude operation of jet aircraft is now 
specifically included as an occupational exposure.1 

In light of these new dose limits, a better characterization of the high-altitude, radiation field is required. In the 
early work of Hess, an ionization chamber was employed in balloon experiments.3 Radiation equipment like 
Geiger counters, nuclear track emulsion plates and ionization chambers have also been flown at high altitude in 
dedicated aircraft studies.4,5 The measurement of the neutron component of the radiation field has been difficult 
requiring sophisticated analysis techniques and instrumentation (e.g., Bonner spheres, threshold detectors, 
moderated BF3 counters, and liquid scintillation spectrometers), originally developed for the characterization of 
accelerator-produced radiation.5,6 However, with the development of the "bubble detector" - a passive and direct-
reading neutron monitor - routine measurements of these high-altitude fields are now possible.7 

The present work details the results of a one-year study to monitor the neutron-radiation fields for flights at the 
subsonic and supersonic (i.e., Concorde) altitudes, in which bubble detectors were routinely used by a total of 23 
pilots from Air Canada and Air France. This large data base provides a better means to assess the radiation 
doses experienced by commercial air crew members in light of the new ICRP recommendations. 

2. SOURCES OF RADIATION 

Primary galactic cosmic radiation impinging on the atmosphere consists of about 85% protons, 13% alpha 
particles and 2% heavy nuclei ranging from carbon to iron.4 These charged particles are affected by the earth's 
magnetic field, ie., those entering near the poles experience no deflection, while particles entering near the 
equator approach at right angles and are therefore deflected if their energy is below a critical value. The 
intensity of the radiation at a given depth in the atmosphere is therefore a function of the geomagnetic latitude. 
Under normal conditions, the largest fraction of ionizing radiation encountered by commercial jet aircraft (9 to 
19 km) is the secondary radiation (protons, neutrons, pi mesons and gamma rays), produced when galactic 
cosmic rays interact with the oxygen and nitrogen nuclei of the air in the upper layer of the atmosphere.4 The 
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buildup of these secondary cosmic rays competes with their reduction by attenuation in the atmosphere, which 
also leads to a variation of dose with altitude. 

The solar contribution to the cosmic my spectrum is normally minor except when a solar flare sends large 
numbers of X-rays and charged particles (mainly protons, some alpha particles, and a few heavier nuclei) into 
the atmosphere (see Fig. I).4 The energy of the solar protons is much less than those of galactic origin but they 
can give rise to a significant dose rate at the aircraft altitude, e.g., on February 23, 1956, a large proton event 
yielded a dose of over 5 mSv/h at the supersonic altitude.4 The 11-year solar cycle shown in Fig. 1 is anti-
coincident with the galactic radiation, i.e., at sunspot maximum, the solar magnetic field can screen out low 
energy galactic particles that would otherwise enter the earth's atmosphere at high geomagnetic latitudes. 

1 1 1 1 l—l 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 r 

I l i I » I t I . 1 1 , k i k 1.1 , * I I * I A i l , I . k. » . t i l l , k . i . . 1 1 , , , . Î I Î . J 

Year I960 1965 1970 1975 1980 1985 1990 
Solar Cjclc 19 20 21 22 

Figure 1. Modulation of galactic cosmic radiation recorded by the Deep River neutron monitor and the 
variation of solar flux density. The triangles indicate ground-level solar proton events. (Courtesy of M. Wilson, 
National Research Council.) 

3. EXPERIMENT DESCRIPTION AND RESULTS 

The neutron bubble detector (BD-100R) was developed in the I980's.7 Neutrons which enter a test-tube vial 
strike tiny droplets of superheated liquid (e.g., Frcon-12 and Frcon-114) that have been dispersed throughout an 
elastic, polymer medium (polyacrylamide). The recoil charged particles initiate bubble nuclcation in which the 
gas bubble grows to a certain size. The bubble is retained in the polymer medium providing visible detection of 
the neutron radiation. The dosimeter is also reusable since the bubbles can be recompressed. The detector can 
be made to a high sensitivity and is totally insensitive to gamma-rays. The energy response of the detector (BD* 
100R), expressed in bubbles per neutron fluence, is flat from about 100 keV to 20 MeV based on accelerator 
studies with the Van de Graaff Facility at the Defence Research Establishment Ottawa (see Fig. 2). Recent 
experiments at the Eurados-Ccndos Neutron Irradiation Ricility in Italy have extended this response measurement 
up to an energy of 66 MeV. 

In the present study, each pilot carried one detector with a sensitivity of 5.6 bubbles/uSv during their normal 
flight duties. The detector was activated on takeoff and reset immediately upon landing. The data base is 
summarized in Table 1 (see also Rcf. 8) for the period February 1992 to January 1993. This data base consists 
of 376 subsonic flights with Air Canada and 213 supersonic (Concorde) flights with Air France. The flight 
characteristics that arc detailed in Table 1 include: the route, altitude, total flight duration (from takeoff to 
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Table 1: Air Canada and Air France Flight Data 

Route 

A. AIR CANADA 
Calgary. Alt-London, Eng. 
Calgary. Alt.-Montreal, Que. 
Calgary, AlL-Oltawa, Ont 
Calgary, Alt.-Toronto, Ont 
Edmonton, Alt-Honolulu, III 
Edmonton, Alt-London, Eng. 
Edmonton, Alt-Toronto, Ont. 
Fort Lauderdale, FU.•Toronto. Ont 
Frankfurt, Ger.-Toronto, OnL 
Halifax, N.S.-Toronto, Ont. 
Halifax, N.S.-Vanccuver, B.C. 
Honolulu, HI-Edmonton, Alt. 
Honolulu, Hi-Vancouver, B.C. 
Honolulu, Ifl-Winnipcg, Man. 
Kingston, Jam.-Toronto, Ont. 
Las Vegas, Nev.-Toronto, Ont. 
London, Eng.-Calgary, Alt. 
London, Eng.-Edmonton, Alta. 
London, Eng.-Halifax, N.S. 
London, Eng.-Vancouver, B.C. 
Los Angeles, Cal.-Toronto, Ont. 
Montreal, Que.-Miami, Fla. 
Montreal, Que.-Toronto, Ont. 
Montreal, Que.-Vancouvcr, B.C. 
Nassau, Bah.-Toronto, OnL 
Ottawa, Ont-Calgary, Alt 
Ottawa, Ont-Vancouver, B.C. 
San Francisco, Cal.-Toronlo, Ont 
Tampa, Fla.-Toronto, Ont 
Toronto, Ont.-Calgary, Alt 
Toronto, Out.-Edmonton, Alt 
Toronto, OnU-Fort Lauderdale, Fla. 
Toronto, Ont.-Glasgow, Scot. 
Toronto, Om.-Kingston, lam. 
Toronto, Ont.-Las Vegas, Nev. 
Toronto, Ont.-London, Eng. 
Toronto, Ont.-Los Angeles, Cal. 
Toronto, Ont.-Montrcal, Que. 
Toronto, Ont-Nassau, Bah. 
Toronto, Ont.-San Francisco, Cal. 
Toronto, Ont.-Tampa, Fla. 
Toronto, Ont-Vancouver, B.C. 
Toronto, Ont-Zurich, Swit 
Vancouver, B.C.-Calgary, Ait. 
Vancouver, B.C.-Edmonton, Alt. 
Vancouver, B.C.-Honolulu, HI 
Vancouver, B.C.-London, Eng. 
Vancouver, B.C.-Montreal, Que. 
Vancouver, B.C.-St. John's, Nfld. 
Vancouver, B.C.-Toronto, Ont 
Winnipeg, Man.-Honolulu, HI 

B. AIR FRANCE 
Acapulco, MCJS.-Honolulu, Id 
Bangkok, Tin.-Bahrain, Bah. 
Guam, Mar. Is.-Bangkok, Tlia. 
Honolulu, Hi-Guam, Mar. [s. 
Lisbon. Por.-St Domingue, WI 
New York, NY-Paris. Fra. 
Paris. Fra.-Lisbon, For. 
Paris, Fra.-New York. NY 
St. Domingue, WI-Acapulco, Mcx. 

No. 
of 

Fits. 

6 
1 
1 
4 
2 
14 
7 
1 
1 
1 
1 
1 
12 
2 
2 
2 
6 
9 
3 
14 
2 
1 
2 
1 
1 
1 
2 
8 
3 
4 
11 
1 
1 
2 
3 
1 
1 
2 
1 
8 
2 
93 
3 
2 
4 
11 
14 
3 
1 

93 
4 

1 
1 
1 
1 
1 

101 
1 

105 
1 

Average 
Right 

Altitude 
(km) 

11.1 10.2 
10.1 
11.3 

12.0 ± 0.6 
11.5 ±0.1 
11.3 10.2 
11.9 ± 0.4 

12.5 
10.7 
9.5 
11.4 
11.4 

11.5 10.4 
11.4 10.6 
11.5 10.3 
11.3 10.0 
11.210.1 
11.310.1 
11.610.6 
11.210.4 
12.1 1 0.1 

11.5 
10.7 1 0.0 

10.9 
11.8 
10.7 

11.5 10.1 
11.410.3 
11.610.8 
12.0 1 0.2 
11.910.3 

11.1 
11.9 

12.010.1 
11.210.8 

11.4 
12.2 

10.1 ±0.0 
11.9 

11.810.4 
12.0 1 0.1 
11.810.3 
11.710.4 
11.310.0 
11.3 10.0 
11.510.6 
11.2 ± 0.3 
11.3 ± 0.0 

11.3 
11.6 ± 0.5 
11.2 ± 0.4 

17.7 
17.8 
18.1 
17.8 
18.0 

17.4 1 0.3 
17.1 

17.6 ± 0.3 
18.0 

Average 
Flight 

Duration 
t (min) 

496 139 
221 
231 

205 1 15 
427 1 9 
496 122 
200 1 18 

185 
540 
121 
545 
360 

314 141 
451 1 16 
232 ± 18 
234 129 
528 l 22 
501 ±48 
437 1 67 
582 1 33 
233 1 0 

222 
58 ± 3 

341 
183 
252 

297 ± 9 
256 ± 19 
141 ± 8 

240128 
227 ± 13 

155 
420 

234 1 12 
272 ± 27 

640 
300 

59 ± 15 
221 

307 ± 22 
150 1 8 

284 1 17 
455 ± 19 

61 ± 4 
721 12 
365 ± 33 
551 ± 22 
312136 

566 
251 ± 17 
479 ± 40 

221 
210 
102 
224 
215 

220 1 13 
09 

228 ± 11 
132 

Average 
No. of 

Bubbles 
N 

621 13 
27 
27 

30 ±9 
4 7 1 13 
6 5 1 1 7 
36 ± 8 

37 
52 
10 
39 
35 

2 9 1 5 
4 4 1 5 
29 ± 4 
35 1 4 
69 ± 4 
69116 
5 3 1 9 
76121 
4 3 1 7 

15 
11±9 

75 
27 
26 

4 0 1 1 2 
371 10 
331 12 
34111 
331 10 

14 
52 

3 1 1 4 
4 4 1 5 

35 
58 

10112 
27 

41 112 
36 1 4 

41 110 
751 17 
6 1 1 
5 1 2 
32 ±7 
69116 
35 ±5 

45 
33 ±8 
4 4 ± 4 

23 
13 
12 
12 
14 

42 ± 8 
6 

4 3 1 9 
15 

Average 
Neutron Flux 
$ (n/cm:.s) 

1.7 1 0.3 
1.7 
1.6 

2.1 ± 0.7 
1.5 ± 0.5 
1.810.5 
2.5 ± 0.7 

2.8 
1.3 
1.2 
1.0 
1.4 

1.3 ±0.4 
1.3 ±0.1 
l.B±0.4 
2.1 ± 0.0 
1.8 10.2 
1.9 10.3 
1.9 ±0.2 
1.8 ±0.5 
2.6 1 0.4 

0.9 
2.7 1 2.2 

3.1 
2.1 
1.4 

1.910.6 
2.0 1 0.5 
3.21 1.1 
2.0 1 0,6 
2.0 ± 0.6 

1.3 
1.7 

2.9 1 0.4 
2.2 1 0.2 

0.8 
2.7 

2.7 1 3.5 
1.7 

1.9 1 0.6 
3.3 1 0.5 
2.0 1 0.5 
2.3 1 0.6 
1.410.2 
1.0 10.5 
1.2 10.2 
1.7 1 0.4 
1.6 10.3 

1.8 
1.9 1 0.5 
1.3 1 0.2 

1.4 
0.9 
1.6 
0.7 
0.9 

2.6 1 0.5 
0.8 

2.6 1 0.5 
1.6 

Average 
Neutron Dose 
Rate per Flight 

H (pSvA.) 

2.9 ± 0.5 
2.8 
2.7 

3.4 ± 1.2 
2.5 ± 0.8 
3.1 ± 0.8 
4.2 1 1.1 

4.6 
2.2 
1.9 
1.7 
2.2 

2.2 1 0.7 
2.2 1 0.2 
2.9 1 0.7 
3.5 1 0.0 
3.0 1 0.3 
3.1 1 0.6 
2.8 ± 0.3 
3.0 ± 0.2 
4.3 ± 0.7 

1.6 
4.5 ± 3.6 

5.1 
3.4 
2.4 

3.1 ± 1.0 
3.4 1 0.9 
5.4 ± 1.9 
3.2 ± 1.0 
3.3 ± 1.0 

2.1 
2.9 

3.1 ± 0.6 
3.7 1 0.3 

1.3 
4.5 

4.5 1 5.9 
2.8 

3.1 1 1.0 
5.5 1 0.8 
3.4 1 0.8 
3.8 ± 1.0 
2.3 ± 0.4 
1.7 ±0.8 
2.0 ± 0.4 
2.9 ± 0.7 
2.6 1 0.4 

1.8 
3.1 ± 0.8 
2.1 ± 0.3 

2.4 
1.4 
2.7 
1.2 
1.5 

4.4 ± 0.9 
1.4 

4.3 ± 0.9 
2.6 

Average Dose Equiv. 
per Flight H«.i("Sv) 

Meas. 

4 8 1 1 0 
21 
21 

2 3 1 7 
361 10 
5 0 1 13 
28 ± 6 

29 
40 
8 
30 
27 

22 ± 1 
3 4 ± 4 
22 ± 3 
27 ± 3 
5 3 1 3 
5 3 1 12 
4i 1 7 
5 8 1 16 
3 3 1 5 

12 
9 1 7 

58 
21 
20 

3 0 1 9 
291 8 
25 ± 10 
2 6 1 9 
2 5 1 7 

11 
40 

2 4 1 3 
3 4 1 4 

27 
45 

7 1 9 
21 

3 1 1 9 
2 7 1 3 
3 2 1 7 

57 1 13 
5 1 1 
4 1 1 
2 5 1 5 
5 3 1 1 2 
2 7 1 4 

35 
2 6 1 6 
3 4 ± 3 

IS 
10 
9 
9 
11 

32 ± 6 
5 

33 ± 7 
12 

CARI 

59 ± 6 
17 
26 

31 ± 8 
42 ± 1 
6 2 1 5 
29 ± 3 

24 
28 
7 
70 
37 

29 ± 4 
46 ± 10 
2 5 1 1 

40 123 
6 5 1 5 
6 4 1 5 
59 ± 8 
74 ± 9 
3 3 1 2 

23 
4 1 1 

36 
19 
24 

3 4 1 5 
3 0 1 3 
16 ± 5 
3 2 1 7 
32 ± 3 

13 
62 

2 7 1 1 
2 9 1 5 

91 
39 

2 7 1 1 
21 

4 2 1 4 
1 8 1 2 
3 9 1 4 
6 2 1 6 
4 1 0 
5 1 1 
3 4 1 5 
6 8 1 6 
3 9 1 5 

73 
3 2 1 5 
4 5 1 7 

-
-
-
-
-
-
-
-
-
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landing), and the number of bubbles 
observed. 

An error analysis was also performed to 
determine the typical error for a single 
BD-100R detector. For instance, the 
major sources of error include the 
random error for the counting statistics, 
the manufacturer's error, and the pilot 
error in the counting of the number of 
bubbles. This analysis yielded an 
overall error for a given measurement of 
- 40%. The error shown in Table 1 
corresponds to one standard deviation 
for the mean value reported. 

Figure 2. Measured BD-100R response-to-fluence function for a 
detector sensitivity of 0.1 bubble/uSv. 

3.1 Neutron Flux 

The neutron flux can be determined from the number of bubbles, N, observed over the total flight of duration, t: 

t<RF> 

where the response-to-fluence as a function of energy RF(E) in Fig. 2 is averaged over the differential flux 
spectrum of the cosmic ray neutrons <{i(E) at the given aircraft altitude, i.e., 

66,WfV 

J* 56RF(E)$(E)ciE 

<RF> - 0.1 MtV 

66MtV 
(2) 

J <KE) dE 
0.1 ittV 

For the present analysis, the recent neutron flux spectrum of Hewitt is utilized (see Fig. 3).6 This measured 
spectrum was employed for both the subsonic and supersonic calculations since the theoretical spectrum of 
Merker (at 17.5 km) is observed to have a similar profile to that of Hewitt (at 12.3 km). The integrand in Eq. 
(2) is multiplied by a factor of 56 since Fig. 2 is only valid for a detector with a sensitivity of 0.1 ,bubble/uSv. 
Equation (2) is therefore evaluated as 1.2 x 10'3 bubbles cm2/n. Using this value, the average neutron flux can 
be calculated with Eq. (1) for the respective flights as shown in Table 1. 

The integral limits in Eq. (2) reflect the fact that the BD-100R can only detect neutrons above - 100 keV, where 
the response characteristics arc determined up to an energy of 66 MeV. Assuming a flat response function 
RF(E) at higher energy, the evaluation of Eq. (2) with an upper integral limit of 1 GeV results in only an 11% 
reduction. On the other hand, the response function is expected to decrease at higher energy in accordance with 
a decrease in the reaction cross section.9 Consequently, Eq. (2) could at most overpredict <RF> by a difference 
of {1 - (J"M'CV <KE) <1E/J.7M!V <1>(E) dE)} - 28%. In cither case, Eq. (2) is a reasonable approximation because 
the differential flux significantly decreases with energy (see Fig. 3). Present work is focused on the measurement 
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of the response function at higher energies. 

Figure 3. Calculated and experimental 
cosmic-ray neutron spectra. (Taken from Ref. 6.) 

3.2 Neutron Dose-Equivalent Rate 

Similarly, the neutron dose-equivalent rate can be calculated from 

N 
H 

t<RD> 
. x l . 02 , (3) 

where the factor of 1.02 has been included to account for the dose equivalent of the neutrons below an energy of 
100 keV that the dosimeter is unable to detect.10 Here the average response-to-dose coefficient is evaluated from 

66 MeV 

j 56 RD(E) 4?(E) dE 

<RD> - a. i sitv (4) 

/ <K£) dE 
o.i suv 

where 

RD(E) RF(E) (5) 

The dose-to-fluence function h(E) (in pSv cm2/n) was developed by Cross and Ing" 

380 330 
h{E) - 720 - . 

1 + (E/0.53)113 1 + (£/15)5 

AE) - 34<rll6£-7>' + 53e- ,7£-7J,J + 57c^E-,4f 

/(£) (6) 
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where E is the energy in McV. This analysis is based on a Monte Carlo calculation at a 1 cm depth in a 
cylindrical tissue phantom, i.e., this calculation accounts for the transport of neutrons and the number and energy 
spectra of the various charged particles produced in a given volume element using quality factors for an NCRP-
38 recommendation. Using Eqs. (5) and (6) and the response curve in Fig. 2, Eq. (4) is evaluated as 3.7 
bubble/uSv for a cosmic ray neutron spectrum. As expected, this value is slightly lower than that determined by 
the manufacturer for an AmBe neutron spectrum (i.e., 5.6 bubble/uSv). 
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Figure 4. Comparison of the dose-to-
flucnce function for NCRP-38 and 
ICRP-60 recommendations. 

The function h(E) can also be estimated for the more recent ICRP-60 recommendation (see Fig. 4), such that12 

h{E) - Dln,Qup + D , (7) 

where D„p and DY correspond to the heavy particle and secondary gamma dose, respectively. These latter 
components can be evaluated from the following relations:" 

Dllp(E) - 22.5E°-S43-0WI"£ +/(E), 

/(£) - 2.3e-"6£-7)' + 4e-ilE-Vif + 4.4e-(1-4£-")\ 
(8) 

Z>y(E) - 1,84/E0-061, 0.1<E<0.5 
- 0.98-0.45 In(E/5), 0 .5<£<5 
- 4.7-3.77/[l+(£/11.2)5], E>5. 

(9) 

For the present calculation of h(E), the quality factor Q1U. can be replaced with the ICRP-60 weighting factor1 

UnTEf 

wR - 5 + \le 
(10) 

Consequently, for the two recommendations, <RDNCRP.3g> = 1.4 <RD,CRp (̂>>. Hence, by Eq. (3), the ICRP-60 
recommendation results in a larger dose equivalent rate. The dose equivalent rate listed in Table 1 is based on 
the ICRP-60 standard. 
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3.3 Total Dose Equivalent 

The total dose equivalent per flight can be determined from: 

The factor of two accounts for the fact that the neutron-dose contribution corresponds to about 48 to 54% of the 
total dose equivalent.6 The total dose equivalents (based on ICRP-60), calculated from Eq. (11), are given in 
Table 1 for the various flights. 

4. DISCUSSION 

Only one significant solar particle event occurred on May 9, 1992 during this study (see Fig. I).13 However, this 
event had no effect on those flights taken a couple of days after the flare had reached its maximum. 
Consequently, no data in Table 1 were influenced by a solar event. 

The most statistically significant data in 
Table 1 include the Air Canada routes 
of Vancouver-to-Toronto and Toronto-
to-Vancouver (186 flights), and the 
Concorde routes of Paris-to-New York 
and New York-to-Paris (206 flights). 
As shown in Fig. 5, the average neutron 
fluxes for these subsonic (2.0 n/cm2.s ± 
25%) and supersonic (2.6 n/cm2.s ± 
19%) routes are in good agreement with 
previous experimental work (e.g., the 
Ames Collaborative Study) and with the 
theoretical calculations of O'Brien et 
al.6,H In addition, the corresponding 
neutron-dose equivalent rates (ICRP-60) 
of 3.3 uSv/h ± 26% for the Air Canada 
flights and 4.4 pSv/h ± 21% for the 
Concorde flights are consistent with the 
mid-latitude dose rates (ICRP-21) 
measured by Hewitt et al. at 12.5 km.6 

Figure 5. Comparison of the neutron flux profile for various studies as 
a function of atmospheric depth and geomagnetic latitude. (Taken from Ref. 14.) 

The total dose equivalents (ICRP-60) for the Air Canada flights in Table 1 have been compared to calculations 
with the Federal Aviation Administration code, CARI.15 The following information is required for the code 
calculation, i.e., the departure and arrival locations, ascend and descend periods, cruising altitudes and the time 
spent at these altitudes, and the heliocentric potential for the given date (see Fig. 6) as calculated from the Deep 
River neutron count data in Fig. 1. As an example, CARI predicts ~ 23% more dose equivalent than that 
measured for the Vancouver/Toronto routes. 

The total dose equivalent for a round trip for the Vancouver-Toronto route and for the Paris-New York route is 
58 ± 13 uSv and 65 ± 13 uSv, respectively. If the air crew member averages five such round trips per 
month,1617 this would yield an annual dose of 3.5 ± 0.8 mSv/y and 3.9 ± 0.8 mSv/y, respectively. Interestingly, 
although the neutron flux for the Concorde flights are 37% higher than those for the subsonic ones (as a result of 
the higher altitude), the annual total dose equivalents are comparable since the average flight duration is shorter 
for the Concorde jet aircraft (see Table 1). However, both crew members would exceed the proposed ICRP-60 
limit for the general public by at least a factor of three. 
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Figure 6. Deep River neutron 
counting rate as a function of the 
heliocentric potential. (Taken from Ref. 
14.) 

The probability of protracting a fatal cancer is about 5 x 10"2 per Sv for the working population for low-level 
radiation exposure.' Using the above annual measured doses, the likelihood of a crew member obtaining a 
cancer from cosmic radiation after 35 working years is ~ 6 x 10'3, ie., this value is negligible and cannot be 
distinguished above that from other environmental and man-made sources. Moreover, since the lifetime 
probability of developing any type of cancer is about 37%, this low risk estimate could not be identified above 
that observed for the general populace. 

5. CONCLUSIONS 

1. A one-year study has been carried out in which a total of 23 pilots from Air Canada and Air France 
have routinely used neutron bubble detectors during their normal flight duties. This study has provided 
information on the neutron radiation component of galactic cosmic radiation at subsonic altitudes of 9.5 
to 12.5 km (i.e., 376 flights) and supersonic altitudes of 17.1 to 18.1 (i.e., 213 Concorde flights). The 
measured neutron fluxes (0.8 to 3.3 n/crrr.s) and the ICRP-60 neutron dose equivalent rates (1.2 to 5.5 
uSv/h) are consistent with other experimental and theoretical work. 

2. Considering that the neutron component contributes about 50% of the total dose equivalent, the typical 
annual doses for both the subsonic and supersonic aircraft arc expected to exceed the new ICRP-60 
recommendation of 1 mSv per year for the general public by at least a factor of three. 
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Assessment of operational release limits for CANDU-600 
Nuclear Generating Station in Cernavoda, Romania 
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P.O.Box MG-6 , Bucharest-Magurele Romania 
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Chalk River, Ontario KOJ 1J0 , Canada 

Fax 613 584 1221 Phone 613 584 3311 ext 4732 

The nuclear energy option in Romania was taken in the 1970's by choosing the 
CANDU-600 type reactor for development.The first unit is planned to be completed 
at the end of 1994 in Cernavoda, Romania. Considering the real needs and 
resources of Romania, it is clear that nuclear energy is the only realistic 
solution and must be promoted safely. In the temperate climate of Romania, with 
high population density and agricultural land use in the near field, a generic 
approach using standard equilibrium models taken from Canadian or international 
literature cannot be used. Previous assessments done by the Romanian Nuclear 
Design Company and the Health Ministry have shown unrealisticaly high doses. For 
future licencing and operation, an environmental impact study done independently 
from the utility or designer is needed. Using the latest research results at 
various CANDU Nuclear Generating Stations and the experience acquired in 
Canadian laboratories, as well as a better knowledge of the Cernavoda site and 
the data base obtained in the preoperational survey, a full revision of the 
potential dose to the public was carried out. We reanalyzed the source term, the 
atmospheric and aquatic dispersion, reexamined the habits of the local 
population, and used recently obtained data for the the local transfer factors . 
We also ensured a realistic assessment of risk from tritiated water release by 
fusing the most recently quality factor, adding a human metabolic model which 
consider organically bound tritium, an improved model for plant and animal 
produce contamination^etc. The operational release limits were established for a 
maximum dose to the most exposed individual (MEI) of 0.3 mSv/a, a value lower 
than the usual 1 mSv/a limit, in order to follow the European trend and also to 
allow for the contribution to dose of unplanned incidents. Our results show 
that HTO and C-14 are the main contributors to the public dose, accommodating 
more than 95 % of the dose and that the ingestion pathways following atmospheric 
release contribute more than 80 % of the dose to the MEI. For the assumed source 
term, the operational release limits were found to be 3-10 times higher than 
routine release data obtained from actual CANDU-600 performance and 
extrapolating to plant maturity and 3 GWe/a (the planned full power for the 
Cernavoda site). We also analyzed the uncertainty in the assessment due to the 
changing habits in a society that is being transformed to a market economy. 
Recognizing the difference in the safety culture between Canada and Romania, we 
analyzed also the potential for increased routine (or incidental) emissions, due 
to inappropriate design, execution or operation( composition of annulus gas, 
quality of components, maintenance schedule, etc). Tritium releases are normally 
highest during station maintenance.We examined the effects of the maintenance 
scheduling on crop uptake, and consequent possibility of decreasing the MEI and 
local collective dose, by optimizing the maintenace schedule. 
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ABSTRACT 

A study is in progress at AECL to assess the safety and capital cost implications of a more extensive 
use of passive design features in CANDU reactors. The study is focussed on emergency heat 
rejection and applies passive design principles to enhance the independence of core cooling via the 
moderator as distinct from core cooling via the emergency coolant injection system. Emergency heat 
rejection from the moderator and from containment is integrated via a water jacket formed in part by 
the cylindrical wall of a steel containment vessel. The water jacket acts as an interim heat sink and 
ultimately transfers its heat to the outside air. The concepts have been applied to a 2 loop CANDU 6 
plant and a preliminary assessment has been completed. Core melt frequency appears to be improved 
by at least an order of magnitude and capital cost seems to be competitive with conventional plant. 
Simplified methods were used and further calculations are in progress using more sophisticated 
techniques. Design enhancements are described: improvements in the fuel channel design eliminate 
the need for subcooling of the moderator and in turn eliminate the need for pumps even during 
normal operation. 

1. INTRODUCTION 

Passive designs offer the potential for plant simplification leading to improvements in capital cost and 
safety. Safety would be expected to improve through a lower probability of failure of safety 
systems. Capital cost might be reduced through the elimination of systems such as standby power 
and pumped cooling water. For these reasons, a study is ongoing at AECL to assess the safety and 
capital cost implications of a more extensive use of passive design features in CANDU reactors. 

CANDU reactors incorporate a mixture of passive and active design features in protecting against a 
wide variety of accident scenarios. The heavy water moderator provides a low pressure environment 
for reactor shutdown via two independent passive systems. One shutdown system uses rods which 
drop under spring assistance. The other uses pressurized helium to inject a gadolinium nitrate 
solution into the moderator. 

Heat rejection also has several passive features including the ability of the reactor coolant to 
thermosyphon on loss of forced circulation [1], a pressurized gas driven option for Emergency 
Coolant Injection and, for low probability accidents involving loss of ECI, the ability of the low 
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pressure moderator to maintain fuel channel integrity. Some CANDU reactor designs incorporate a 
dousing tank in the reactor building which acts passively to reduce containment pressure, to wash 
out fission products from the containment atmosphere and to provide an emergency water supply to 
the steam generators following their depressurization. A light water shield tank around the reactor 
provides passive mitigation of severe accidents. 

CANDU reactors also have several active design features. For example, moderator heat rejection is 
accomplished by the use of a pumped heavy water system which rejects heat to a pumped service 
water system. The intent of the study is to identify and evaluate passive design concepts that would 
desirably replace such active systems. 

2. "PASSIVE" 

In practical terms, we have taken "passive" to mean the exclusion of operator action and any reliance 
on electrical power supplies (except batteries) during an accident. Consistent with the EPRI 
requirements [2] for passive design of advanced light water reactors, we allow the use of signals and 
the repositioning of valves. After 72 hours, we allow limited (straightforward) operator actions and 
easily installed electrical supplies. 

3. PASSIVE COOLING CONCEPTS 

CANDU protection against accidents requires the execution of four functions: reactor shutdown, 
depressurisation, emergency core cooling and containment. The paper focuses on the application of 
passive design principles to the heat rejection functions of depressurisation and emergency core 
cooling. 

Figure 1 illustrates a design of CANDU which is the focus of the current study. The figure denotes 
three levels of cooling. Level 1 accomplishes the depressurisation function and levels 2 and 3 
accomplish the core cooling function by two independent systems. All levels are required for loss of 
coolant accidents. Level 1 also protects against loss of feedwater accidents. 

As with current CANDU plants, depressurisation is effected by discharge of steam from the steam 
generators to the atmosphere through the main steam safety valves. Following depressurisation, a 
continuing heat sink requires a supply of emergency water to the steam generators. This is effected 
passively by gravity from an elevated tank and is similar to the dousing-tank supply of current 
designs except that the tank of figure 1 is external to containment The tank is sized to provide a heat 
sink for three days following reactor shutdown. 

The independence of the two systems for emergency core cooling is enhanced by using diverse 
methods for their design. The two systems are the ECI system, shown as level 2 in figure 1, and the 
moderator system, shown as level 3. While pumps are retained for the recovery phase of ECI, passive 
design principles are applied to enhance the independence of the moderator system. 

Following a loss of coolant accident coincident with loss of ECI, operating CANDU reactors use 
pumps for moderator heat rejection. Instead, the passive design of figure 1 employs a heavy water 
natural circulation loop to transport heat to a heat exchanger. A light water natural circulation loop in 
turn transports the heat to a water jacket formed, in part, by the cylindrical wall of a steel containment 
vessel. The water jacket also provides the containment cooling function. 
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Heat from the water jacket is conducted through the steel wall to air flowing upwards by natural 
convection. An annulus between the steel vessel and a concentric concrete structure provides a duct for 
passage of the air. The concrete is needed for shielding purposes. 

The jacket is divided into two halves and the design provides for two heavy water loops, two heat 
exchangers and two light water loops each connected to a separate half of the jacket. For the design 
basis accident onlv one half is needed after the first few days. Thus, in the longer term, single failures 
can be tolerated. 

4. ASSESSMENTS 

The limiting accident for moderator heat rejection is the in-core LOCA with loss of ECI. It is an 
unlikely occurrence, not only because of the presumed coincident failure of ECI but also because the 
failure of a pressure tube is not expected to lead to failure of the associated calandria tube. It is a 
limiting case for moderator heat rejection because the energy released from the break is deposited in 
the moderator. This is imposed in addition to the heat load transferred from the fuel by conduction 
through pressure tubes and calandria tubes. With the reactor tripped, a small direct heat load remains 
due to gamma radiation from the fuel. 

The passive design concepts have been applied to a two-loop CANDU 6 design. Figure 2 shows the 
total heat load and predicted moderator and jacket outlet temperatures as a function of time. After 
about an hour (3xl03 seconds), the heat load decreases and the moderator temperature reduces from 
a maximum of 126°C. The temperature of jacket water, initially at 55°C, reaches a maximum of 
about 82°C in about a day (105 seconds). At this time the heat from the moderator equals the heat 
transferred to air. 

The simulations show some boiling of the heavy water due to pressure reduction near the top of the 
moderator loop: boiling provides a significant head to drive the flow. Some pressurization of the 
moderator is needed to maintain subcooling at the fuel channel elevation. 

The above simulations were done using a pseudo steady state method and using a homogeneous 
equilibrium model for two phase flow. They are being repeated with a transient method and with a 
more sophisticated model for two phase flow. 

5. DISCUSSION 

Passive design principles are being employed to enhance the independence of the CANDU moderator 
heat rejection system as compared to the ECI system, both being seen as emergency core cooling 
systems. In addition, moderator and containment heat rejection are being integrated passively via a 
containment water jacket. 

Analysis shows that the passive moderator heat rejection system is effective in providing some 
subcooling at the fuel channels. For the design basis accident, moderator subcooling is needed to 
maintain effective heat transfer from the calandria tube and thereby to maintain integrity of the 
pressure tube when it sags or balloons into contact with its calandria tube. However by ensuring that 
the reactor is depressurised and by redesign of the fuel channel to optimise the contact conductance 
between a pressure tube and its calandria tube [3], the subcooling requirement can be eliminated. 

With subcooling eliminated, the moderator heat rejection system can be designed to allow boiling in 
the calandria with steam flowing to an elevated condenser or, at least, boiling by pressure reduction 
soon after exit from the top of the calandria vessel. In either case, first estimates show significant 
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improvements in heat rejection over the results shown above. It looks likely that the full moderator 
heat load can be rejected by natural circulation during normal operation. The design is progressing to 
one where pumps are eliminated from the heavy water loop. Pumps and heat exchangers would be 
used in the light water loop but would not be needed in the event of an accident. 

Cost estimates show that the passive plant is competitive with conventional plant: essentially the extra 
cost of the steel containment and water jacket is compensated by savings in emergency water and 
emergency power supplies. Core melt frequency appears to be reduced by at least an order of 
magnitude from the CANDU 6. However a first principles evaluation of core melt frequency still 
needs to be done. 

Further development of the passive CANDU will go hand in hand with advances in design of the 
fuel and the fuel channel. The first step, as mentioned above, is to optimise the pressure-tube to 
calandria-tube contact conductance. This is expected to lead to the elimination of the moderator 
subcooling requirement. Going further [4], a fuel channel capable of withstanding abnormal 
temperatures at full system pressure would eliminate the need to depressurize and would therefore 
eliminate the reliance on the steam generators as a heat sink. A fuel bundle that could transfer decay 
heat to the moderator with minimal fuel failures would reduce the reliance on ECI and on 
containment. 
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ABSTRACT 
A design for passive cooling of large containment structures has progressed sufficiently to 
move forward into the detailed design stage necessary for plant construction. For such 
application, a safety analysis report has already been submitted to the US Nuclear Regulatory 
Commission. The design considers an annulus between the inner steel containment vessel and 
outer, thick-walled concrete shield building with chimney-like natural convection cooling 
driven only by a density gradient relative to the atmosphere. Air within the annulus is heated 
as internal containment temperature rises and heat is transferred through the steel containment 
shell. The resulting air density gradient between the annulus and the environment causes the 
heated air to rise, producing a natural convection flow through inlets in the shield building, 
past the steel shell, and out an exit chimney. Several options for enhancing passive heat 
removal of large containment buildings have been developed, including: addition of a fixed 
baffle to increase air velocity near the containment shell, application of cooling water drained 
by gravity onto the outer.shell surface from elevated water tanks, and neutralizing the effects 
of external wind. Passive containment cooling is therefore viable for a range of reactor and 
containment designs. This paper discusses a passive cooling concept and the design 
approaches that have been chosen for detailed development. The analytical requirements for 
demonstrating safe performance under postulated design basis and beyond design basis 
conditions are discussed, and a summary of the results for the two designs is provided. It is 
concluded that the use of passive cooling of large containment structures allows designs 
which can be customized to meet the needs of varying requirements or licensing venues. 

INTRODUCTION 
Nuclear power plants in operation today utilize active safety-grade systems to obtain adequate 
heat removal from containments for postulated design basis or beyond design basis events. 
Reliable heat removal capability is typically obtained using redundant active systems and 
diverse mechanisms such as fan coolers or sprays to cool the containment atmosphere 
directly, while passive heat absorption by internal structures accounts for a small fraction of 
the early heat removal. Safety grade systems also require redundant support systems such as 
those which supply cooling water for pump seals and instrument air for valves. Although 
capable of providing for a safe response to postulated events, active systems add to plant 
construction costs and must be inspected and maintained throughout the life of the plant. As 
the nuclear industry prepares to meet the expected growth in demand for new electric power 
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production facilities, concepts have been proposed for new plant designs which provide heat 
removal from containment structures based primarily on passive principles [1.2,3.4.5.6]. 

Important advantages of passive mitigation of conditions inside containment following an 
accident are - the elimination of reliance on events such as pump start-up and valve actuation 
and a significant reduction in the number of safety-related components and systems in teh 
plant. One promising concept is the use of an extenal airflow path between the large steel 
containment shell and the associated concrete shield building (see for example Figure 1 
below) to provide a natural draft air flow. This concept is called a Passive Containment 
Cooling System (PCCS) in the balance of this paper. Two particular PCCS designs have 
undergone detailed development. One design has been developed by an EBASCO team for 
use in a Heavy Water Reactor Facility (HWRF), and one design has been developed for the 
Westinghouse AP600 commercial plant. The two PCCS designs are discussed and analyses 
needed for licensing or certification are identified. Results are provided which demonstrate 
the flexibility and performance of the two designs. 

PASSIVE CONTAINMENT COOUNG SYSTEM DESCRIPTION 
The central constituent of a PCCS is an annular passageway between the steel containment 
shell and a thick-walled concrete shield building which surrounds the containment. Air enters 
the passageway through an arrangement of inlets in the shield building and exits through a 
chimney located near the top of the containment vessel. The PCCS is designed to transport 
heat away from the steel containment in emergency situations: for example, a critical 
component failure leading to a Loss of Coolant Accident (LOCA) inside the containment. In 

such an event, elevated temperatures 
within the containment lead to a 
transfer of heat through the vessel wall 
and to the air in the PCCS annulus. 
The resulting density gradient between 
the heated air in the annulus and 
cooler air in the environment induces 
a natural convection flow past the 
shell. Internal temperature and 
pressure conditions following a LOCA 
are generally a function of the energy 
release rate-to-internal volume ratio 
and the effectiveness of the PCCS. 
Once the reactor system is designed, 
details of the PCCS architecture must 
be chosen to meet containment 
pressure and temperature constraints. 
Important characteristics of the PCCS 
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Figure 1 PCCS for Heavy Water Reactor 
Facility (HWRF) 
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include: size and placement of the air inlets, depth of the annular passageway, chimney 
height, and surface area of the containment vessel. 

A PCCS has been developed for application in a Heavy Water Reactor Facility (ETWRF). 
Because the HWRF reactor operates at a relatively low pressure of about 150 psia, the stored 
energy release potential in a critical event is proportionally low and the PCCS can be kept 
simple for ease of construction. Figure 1 depicts the PCCS design characteristics for the 
HWRF. Air enters inlets located near the bottom of the shield building then turns to provide 
upward flow parallel to the containment shell. The annulus gap between the containment 
shell and shield building wall is approximately four feet, facilitating maintainence and 
inspection of the external surface of the containment shell. For higher pressure reactors, such 
as the AP600 commercial plant, design options can be incorporated to enhance the PCCS 
performance for removal of the higher stored energy. Enhancements incorporated in each of 
the PCCS designs are discussed below. 

ENHANCING PCCS EFFECTIVENESS 
Since the safety grade path to the ultimate heat sink (in this case the atmosphere) is provided 
by the PCCS, design optimization is used to attaia high reliability. For example, the HWRF 

design shown in Figure 2 reduces the influence 
of external winds on the PCCS cooling 
capability by using baffles around the inlets 
combined with a flat plate, or cap, on top of the 
chimney. Steady free stream winds typically 
increase the vertical draft due to static pressure 
reduction as the wind accelerates locally over 
the shield building top and around the shield 
building sides. A wind-neutral design is 
preferable to avoid reverse drafts which can 
result from turbulence generated by the 
presence of nearby buildings or terrain. The 
HWRF chimney cap reduces the effect of wind 
accelerating over the top of the shield building, 
and the inlet baffles allow the pressure to 
equalize around the circumference. 
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Figure 2 Inlet Design for HWRF to 
Reduce External Wind Influence 
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The AP600 reactor system operates at a higher 
primary system pressure than the HWRF, 
resulting in considerably more stored energy. 
The AP600 PCCS is similar to that of the 
HWRF but includes a baffle, shown in Figure 

3, within the annulus resulting in increased velocity near the vessel shell and an enhancement 
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of the heat transfer rate by a factor of 2 to 3. Also different is the location of the inlets near 
the top of the shield building; thus, air flows down a downcomer and then flows up the inner 

annulus, where it provides cooling to the 
containment shell. The downcomer provides a 
large chamber within which externally induced 
circumferential pressure gradients can equalize. 
Wind tunnel tests have shown that the pressure 
distribution is nearly uniform at the bottom of 
the downcomer annulus where the flow starts to 
rise and cool the containment. Therefore, no 
additional inlet wind shields are required in the 
AP600 design. Turning losses at the inner 
annulus entrance have been essentially 
eliminated by careful design of the turning 
path. 

Natural convection 
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Figure 3 PCCS for AP600 with Baffle 
and Cooling Water 

Evaporative cooling is used to further optimize 
the AP600 PCCS performance. As shown in 
Figure 3, the PCCS includes a water storage 
tank located above the containment with a drain 
to discharge water onto the containment shell. 
Water is fed onto the containment shell by 
gravity, requiring no pumps or operator 

intervention for a minimum of three days. Capability to replenish the water supply exists. 
Evaporation effectiveness results in an order of magnitude increase in heat transfer rate from 
the external surface of the containment shell, relative to dry heat transfer. 

ANALYTICAL REQUIREMENTS 
Perhaps the most challenging aspect of designing a power plant with a PCCS is the 
assessment of its performance in a level of detail necessary for certification by regulatory 
authorities. Analyses may involve detailed containment models, detailed reactor coolant 
system (RCS) models, or coupling of RCS and containment models [7]. With computing 
technology currently available, analyses using coupled detailed models are not practical. 
Stand-alone RCS or containment models can therefore be more detailed than the 
corresponding raodels that are part of a coupled calculation. Both approaches serve a useful 
purpose in that coupled codes provide increased understanding of RCS-containment 
interactions, whereas detailed models are required to accurately quantify effects such as non-
condensible gas distributions inside containment. The following discussion examines 
detailed containment response analysis requirements with respect to PCCS performance. 
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Quantification of the PCCS heat transfer capabilities includes a detailed analysis of the 
containment heat removal mechanisms: accurate determination of relevant heat transfer 
coefficients, development of appropriate convective heat and mass transfer correlations, and 
consideration of a variety of internal and external environmental conditions. Further, 
scenarios beyond the design bases involve computing hydrogen distributions. Quantification 
of the interaction between the heat and mass transfer and the flow within the internal natural 
convection flow field is more accurate with detailed models. 

Computation methods used must also stand up to scrutiny addressing validation issues 
including experimental test basis and thermal-hydraulic scaling rationale, beyond what may be 
considered sufficient for proof-of-principle analyses. Construction of full scale physical 
models to test all the aspects of the PCCS and perform parametric studies are impractical. A 
design tool capable of evaluating relevant tests as well as full scale plants is necessary for the 
certification of a PCCS. Since passive cooling is a natural convection phenomenon and 
detailed test data are not available for structures as large as a full scale plant, the design tool 
must be capable of extrapolating test data to full scale. This requires the computer code to 
contain sufficient constitutive relations to model all relevant phenomena. Various computer 
codes have been developed to perform containment thermal hydraulics analysis, but many are 
not adequate to address the complexities involved in natural and mixed convection heat and 
mass transfer problems being considered in PCCS designs. For example, for flows internal to 
the containment, the momentum equations used for flow field calculations should include 
buoyant and convecti^e terms when they are found to be dominating. Mechanistic boundary 
layer heat and mass transfer models, and a method to track condensing and evaporating film 
energy transport should also be provided. Computer code validation with separate effects and 
system tests at various scales can then provide sufficient justification to use the computer 
code to extrapolate test data to full scale facilities. One computer code that has undergone 
such validation is the Westinghouse-GOTHIC (WGOTHIC) code [8] . 

WGOTHIC has been developed from the thermal hydraulics analysis program, GOTHIC, 
which is being developed under the sponsorship of the Electric Power Research Institute as a 
standard for containment analyses [9]. In addition to the established GOTHIC modelling 
capabilities, WGOTHIC includes mechanistic boundary layer correlations for free, mixed, and 
forced convective heat transfer, mass transfer due to condensation and evaporation, and wall-
to-wall radiant heat transfer. 

The application of such a code requires verification and validation, particularly with regard to 
the PCCS free and mixed free-forced convection and with mass diffusion. The approach that 
has been taken is to qualify the code against representative tests on several scales, 
demonstrating that the code can effectively scale PCCS phenomena. The WGOTHIC code 
has been qualified against physical tests [10,11] and scaling evaluations have been completed 
[12], which, together with the qualification of the GOTHIC code [13], demonstrates the 
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capability to accurately model PCCS performance; thus WGOTHIC is being used to 
extrapolate test results to full scale facilities. 

PCCS PERFORMANCE ASSESSMENT 
Parameters for the PCCS have been chosen for two designs which result in acceptable 
pressure and temperature responses to postulated events. The pressure responses for 
postulated mass and energy release transients are shown for the HWRF and AP600 designs in 
Figures 4 and 5, respectively. The convective heat transfer in the wide HWRP annulus is in 
the free and mixed convection regimes. The baffled AP600 PCCS provides enhanced heat 
transfer capability by using a boundary layer similar to that observed in forced convection and 
by cooling the containment shell with evaporation. Although the two designs appear quite 
different and operate in different convection regimes, similar basic principles are involved. 
Using relatively universal mechanistic models covering the relevant heat and mass transfer 
regimes together with sufficient nodalization, the WGOTHIC code has been used to 
demonstrate acceptable performance for both designs. 
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The results of PCCS performance calculations for the AP600 have been presented to the US 
Nuclear Regulatory Commission in June, 1992, and Final Design Approval is expected in late 
1995. 

CONCLUSIONS 
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Detailed designs for two Passive Containment Cooling Systems have been completed. Each 
design considers somewhat different heat loads and containment parameters. The Heavy 
Water Reactor Facility design has been shown to meet containment structural requirements 
using a wide annulus and heat transfer occurring in traditional natural and free convection 
regimes. To meet the structural requirements of the AP600 containment with a higher stored 
energy and smaller containment relative to the HWRF, options for enhancing passive 
containment heat removal have been developed -- a fixed baffle to increase air velocity near 
the containment shell and cooling water drained by gravity onto the outer shell surface from 
elevated water tanks. Air flow paths for each system also have been designed to account for 
effects of external wind. 

Analytical requirements for performance calculations suitable for licensing or certification 
processes have been met through the use of the Westinghouse-GOTHIC computer code and 
associated scaling and test analyses. Reviews of the AP600 Standard Safety Analysis Report 
are ongoing by the US NRC, with Final Design Approval expected in late 1995. 

Options exist to passively cool containments for various reactor types and containments with 
higher stored energy-to-containment volume ratios» It is concluded that the use of passive 
cooling of large containment structures can be a robust, flexible approach and that design 
details can be customized to meet the needs of various licensing or certification venues. 

REFERENCES 
1. O.B. Falls, Jr., F.W. Kleimola, "Nucledyne's Passive Containment System," Fourteenth 
Water Reactor Safety Information Meeting, October, 1986, Gaithersburg, Maryland, USA. 
2. Dr. F.J. Erbacher, "Passive Containment Cooling by Natural Air Convection for Next 
Generation Light Water Reactors," NURETH-5, September 1992, Salt Lake City, Utah, USA. 
3. M.E. Wills and D.L. Paulsen, "Effectiveness of External Cooling and Associated Studies on 
Westinghouse AP600 Passive Plant," International Nuclear Congress and Exhibition, October, 
1993, Toronto, Canada. 
4. J. Eibel, F.H. Schliiter, T. Klatte, W. Breitung, F. Erbacher, B. Gbller, R. Krieg, W. 
Scholtyssek, J. Wilhelm, "An Improved Design Concept for Next Generation PWR 
Containments," NUREG/CP-0120, Proceedings of the Fifth Workshop on Containment 
Integrity, May 1992, Washington, D.C., USA. 
5. J.J. Taylor, "Safety Aspects of U.S.-Sponsored ALWR Nuclear Power Plant Designs," 
Safety of Nuclear Installations: Future Direction," IAEA-TECDOC-550, Proceedings of an 
International Workshop on the Safety of Nuclear Installations of the Next Generation and 
Beyond, Sponsored by the International Atomic Energy Agency and the Government of the 
United Sates of America, August, 1989, Chicago, Illinois, USA. 
6. C.W. Forsberg, WJ. Reich, Worldwide Advanced Nuclear Power Reactors with Passive 
and Inherent Safety: What. Why. How, and Who, ORNL/TM-11907, September 1991, Oak 
Ridge National Laboratory, USA. 

7 



7. W. Ambrosini. P. Barbucci, G. Fruttuoso, A. Manfredini, G. Mariotti, F. Oriolo. "An 
Integrated Model for Evaluating the Thermal-Hydraulic Behaviour of Primary System and 
Containment in Innovative LWRs," Proceedings of the International Conference on Design 
and Safety of Advanced Nuclear Power Plants, October, 1992, Tokyo, Japan. 
8. M.D. Kennedy, J. Woodcock, "Comparison of the Westinghouse-GOTHIC Containment 
Code Predictions to PCCS Test Results," NUREG/CP-0120, Proceedings of the Fifth 
Workshop on Containment Integrity, May, 1992, Washington, D.C., USA. 
9. T.L. George, et al.. "Containment Analysis with GOTHIC," Proceedings of 27th National 
Heat Transfer Conference, July, 1991. 
10. T. van de Venne, E. Piplica, M. Kennedy, J. Woodcock, "The Westinghouse AP600 
Passive Containment Cooling Test Analysis Program," Proceedings of the International 
Conference on Design and Safety of Advanced Nuclear Power Plants, October, 1992, Tokyo, 
Japan. 
11. R.F. Wright, D.R. Spencer, J. Woodcock, J.A. Gresham, M. Parnes, "Heavy Water 
Reactor Facility Passive Containment Cooling System Integrated Test Program," 28th 
Intersociety Energy Conversion Engineering Conference, August, 1993, Atlanta, Georgia, 
USA. 
12. D.R. Spencer. J. Woodcock, R.F. Wright, J.E« Schmidt, M. Parnes, "Reactor Passive 
Containment Cooling System Tests Scaling Evaluation and Analysis," Second International 
Conference on Nuclear Engineering, March, 1993, San Francisco, California, USA. 
13. L.E. Wiles, T.L. George, S.W. Claybrook, M.J. Thurgood, C.L. Wheeler, M. Merilo, 
"GOTHIC Containment Analysis Package Qualification Report for GOTHIC_S," EPRI 
RP3048-1, June, 1991. 

8 



C i 

EFFECTIVENESS OF EXTERNAL COOLING AND ASSOCIATED 
STUDIES ON W AP600 PASSIVE PLANT 

Mark E. Wills • Westingbouse 
David L. Paulsen - Westinghouse 

Vinicio Notini - Ansaldo ~~ 
Gianpaolo Inveraali - Ansaldo -

Westinghouse Electric Corporation 
Nuclear and Advanced Technology Division 

P.O. Box 355 
WECE MS 3-08 

Pittsburgh, PA. 15230 

INTRODUCTION 

The next generation of Nuclear Power Plants are expected to rely more on passive cooling for their safety 
features, both for core cooling and for containment cooling. Final design calculations for most of these 
plants are either in progress or have been completed. Several of these designs have been submitted for 
design certification to the U.S. NRC. One of these designs is the Westinghouse AP600, which is a 
passively cooled, 600 MWe Pressurized Water Reactor. In order to obtain design certification, a 
Standardized Safety Analysis Report (SSAR) was prepared consistent with NUREG-0800, which 
documents analyses that demonstrate plant safety for design basis events. 

In the AP600, the containment shell provides the ultimate barrier to the release of radioactive fission 
products in the event of either a design basis accident or even a severe accident The containment is 
designed to be cooled by natural processes, in which neat is transferred from the interior to the exterior 
by conduction. Heat is then removed from the exterior of the shell both by free convection and by the 
evaporation of cooling water applied to the external surface of containment. This paper focuses on the 
analyses performed to demonstrate the containment integrity for design basis events. 

Studies performed during the course of the SSAR analysis have shown that containment cooling is 
relatively insensitive to several parameters; Specifically, the timing at which the cooling water was 
initiated was investigated, as well as the percentage of the containment shell covered by cooling water. 
To assess the effect of each of these parameters, the containment pressure using the WGOTHIC code was 
calculated. 

BACKGROUND 

In the AP600, the containment shell provides the ultimate barrier to the release of radioactive fission 
products in the event of either a design basis accident or a severe accident. The AP600 differs from 
conventional Westinghouse Pressurized Water Reactors in that it does not rely on active safety systems 
for essential plant cooling. The Passive Containment Cooling System (PCCS) is a safety grade system 
designed to remove heat directly from the containment shell and transmit it to the environment such that 
the containment design pressure is not exceeded. The containment is designed to be cooled by natural 
processes, utilizing the forces of gravity and buoyancy effects resulting in natural circulation. Heat is 
removed from the interior of containment by convection and condensation, and transferred to the exterior 
by conduction through the containment shell. Heat is removed from the exterior of the shell both by 
radiation and free convection, and by the evaporation of cooling water which covers a significant portion 
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of the external surface. 1 lie large break Loss-of-Coolant-Accident (LOCA) is the design basis event 
chosen for this study, because the event is the mechanism for examining the longer term heat removal 
aspects of containment. 

The passive containment cooling system utilizes the steel containment vessel as a heat transfer surface. 
The surrounding concrete shield building is used along with a baffle to direct the flow of air from the top 
located air inlets down to a lower elevation of the containment and back up along the containment shell. 
A water storage tank supplies cooling water to the exterior of the containment shell, and is supported by 
the shield building. The tank is at an elevation sufficient to allow gravity drain of the water onto the top 
of the shell via two separate cooling water headers. The air and the evaporated water exhaust through a 
chimney in the roof of the shield building. 

The passive containment cooling system is initiated automatically by indications of inadequate containment 
cooling such as high containment pressure. The signal opens valves which allow the initiation of the flow 
of water onto the containment. The water is introduced at the top of the containment dome to ensure that 
the containment surface is adequately wetted. The initial flow of water is sized to prevent over 
pressurization of the containment following design basis events. Further details on the operation of the 
PCCS may be found in Reference 2. 

The WGOTHIC multi-purpose containment code (Reference 1) was developed and used for the long term 
LOCA containment integrity calculations for the Standarized Safety Analysis Report (SS AR). WGOTHIC 
is a Westinghouse enhanced version of the EPRI based GOTHIC code. GOTHIC is a state-of-the art code 
for modeling multiphase flow, and operates in a Unix environment via a workstation. It solves the 
conservation equations in integral form for mass, energy, and momentum for multi-component flow 
between finite volumes. The momentum conservation equations are written separately for each phase in 
the flow field. The storage, convection, surface stress, body force, boundary source, phase interface 
source, and equipment source terms are included in the momentum equation. 

The enhancements that Westinghouse made to the GOTHIC code were to couple mechanistic heat and 
mass transfer correlations for heat transferred from the vessel internal atmosphere, though the walls, and 
out to the ultimate heat sink. The correlations include wall-to-wall and environment-to-wall radiant heat 
transfer. The solution techniques require close coupling of the PCCS structures. The coupling is 
accomplished by defining pairs of boundaries through the shell and baffle walls, such that there are 
corresponding vessel and baffle, or baffle and shield building portions that radiate to each other and border 
against the adjacent volumes. The wall heat source terms that are represented are the heat and mass 
transfer to a volume from its bordering walls. Convective heat transfer and steam condensation on the 
inside of the vessel, conduction through the vessel wall, vessel wall-to-baffle wall radiation, convection 
from the outer vessel and inner baffle, evaportion from wetted surfaces, conduction through the baffle, and 
convection and radiation from the baffle outer surface has been modeled in all cases. Heat transfer 
components applicable to the baffle and shield building have also been included. 

The noding arrangement for the SSAR model was based on the results of a series of large scale tests 
which have been performed for the PCCS. Analyses of these tests with the WGOTHIC code have shown 
good agreement between measured versus predicted results. Additional details on the WGOTHIC code 
qualification may be found in Reference 1. 

ORIGINAL MODEL 

The model presented in the SSAR serves as the base case. In this model, the containment, both inside 
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and outside the shell, is composed of an interconnecting network of 106 control volumes. The majority 
of these control volumes are used to represent the containment shell. The interior of containment is 
composed of a network of 17 control volumes which represent various regions and compartments both 
above and below the operating deck. 

The containment shell is equally divided into quadrants, with each quadrant receiving a portion of the 
cooling water flow. Each quadrant is horizontally divided into 7 discrete elevations. This represents 28 
divisions, which are called "climes". Each of the 28 divisions is further divided into two regions. These 
two regions represent the wet and dry portions of the subdivision. The water coverage fractions have been 
determined based on results of water distribution tests performed for PCCS operation. Figure 1 shows 
the climes subdivisions for one-half of the containment shell. 

The SSAR case assumes that 40% of the dome area and 70% of the sidewall area is covered with cooling 
water. It is assumes that a water flowrate equivalent to the flow from one out of two headers supplies 
cooling water to the applicable portions of the shell. Cooling water is assumed to be initiated 11 minutes 
after the start of the accident. 

The containment initial conditions and boundary conditions (ie., mass and energy releases) remained 
unchanged in the comparisons between the SSAR model and the sensitivity cases presented. This allows 
a true comparison to the SSAR model. All control volumes represented in the code, with the exception 
of the Internal Refueling Water Storage Tank (IRWST), were modeled using the lumped parameter option 
in WGOTHIC. The IRWST was horizontally subdivided in order to allow a more accurate temperature 
profile. No active containment cooling mechanisms (such as fan coolers or containment sprays) were 
employed in the base case. 

SELECTION OF COOLING STUDIES 

When performing accident analyses, it is important to know the effect that certain parameters have on the 
model, so that an accurate assessment of plant performance can be gauged. Since the containment shell 
will be constructed of a number of plate segments welded together, a uniformly smooth shape which 
allows uniform dispersion of cooling water may be difficult to construct. Therefore, one of the studies 
centers on varying the percentage of the shell covered by cooling water. 

Two cases investigating coverage area are presented for comparison to the SSAR case. Case 1 assumes 
that complete coverage of the containment shell has been achieved. It represents the optimal performance 
of the water distribution system since the shell surface is fully wetted. Case 2 assumes water coverage 
fractions starting with 20% on the dome and reaching 40% on the sidewalls. This represents an extremely 
conservative lower bound on the portion of the shell which receives water coverage. These cases bound 
the base SSAR case described previously. 

Another study considered in this paper is the time at which the shell receives cooling water. Water 
distribution tests performed for me AP600 containment shell demonstrates that the time at which different 
elevations of the shell receive water is a function of me weir desiga The weirs are an arrangement of 
channels and gutters which functions to more effectively distribute cooling water to the containment shell. 
From the tests, the time at which the shell is effectively wetted is a function both of die cooling water 
flowrate and time. Case 3 assumes that cooling water flow is initiated 25 minutes after the start of the 
transient. Case 4 assumes that the cooling water flow is initiated immediately after the start of the 
transient. These cases also bound the SSAR case described previously. 
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RESULTS 

The containment pressure transient is the main criteria used to determine the acceptability of containment 
performance. Figures 2 and 3 show the effect that each of these studies has on the containment pressure 
transient. 

Figure 2 depicts the plot of containment pressure vs. time for Case 1, Case 2, and the SSAR oase. The 
results show that the effects of varying the wet portion of the shell are not realized until cooling water 
flow is initiated. As expected, the case representing minimal coverage produces the highest containment 
pressure of the 3 cases presented, and it also produces the highest containment pressure at the end of 24 
hours out of all cases. Interestingly enough, the case in which 100% of the shell is wetted yields a 
slightly higher pressure than the SSAR case out to approximately 1 hour, but then depressurizes and 
remains below the SSAR case until the transient is terminated. 

Figure 3 shows the plot of containment pressure vs. time for Case 3, Case 4, and the SSAR case. The 
results show, as expected, that delaying the initiation of cooling water flow until 25 minutes into the 
transient yields the highest calculated containment pressure of all cases chosen for this study, as compared 
to the slight benefit achieved by supplying cooling water to the shell immediately. However, there is still 
approximately 1.8 psi margin to the the design pressure limit of 45 psig. Table 1 shows a tabulation of 
selected output parameters for comparison. 

CONCLUSIONS 

The most pronounced effect in the studies presented is that the time in which cooling water flow is 
initiated yields the largest deviation in containment peak pressure. There is a 5.2 psi difference in peak 
containment pressure between these cases, while the cases which examine the extremes in covera^w area 
yield a peak pressure difference of only 2.6 psi. 

Table 1 also illustrates that the peak shell heat removal rate does not vary significantly, with the 
exception of the reduced coverage case. The relative contributions of convection, radiation, and 
evaporation do vary, however, from case to case. 

The studies presented in this paper provide further confirmation that the assumptions chosen for the SSAR 
analysis are realistic, but not overly conservative. Further conservatisms in the input model could be 
accomodated without violating safety criteria, but as these studies show, the use of nominal values in the 
safety analysis is appropriate, while maintaining adequate margin to design pressure. 

In summary, this study has demonstrated that the AP600 containment is a robust design, and is able to 
accomod^ significant deviations in the ranges of system performance. 
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2. McDermott. D. J., "AP600 Passive System Design, An Integrated Approach", ICONE-2 
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Table 1 

Comparison of Key Output Parameters 

Parameter 

Peak Pressure 

Time of Peak Pressure 

Pressure at 24 hrs. 

Peak Temperature 

Time of Peak Temperature 

Peak Outside Shell 
Temperature 

Time of Peak Outside Shell 
Temperature 

Peak Inside Shell 
Temperature 

Time of Peak Inside Shell 
Temperature 

Peak Shell AT 

Time of Peak Shell AT 

Peak Outside Shell Heat 
Removal Rate 

Time of Peak Outside Shell 
Heat Removal Rate 

Heat Removal Rate 
at 24 hrs. 

SSAR 

39.5 psig 

1100 sec 

10.4 psig 

283 T 

1300 sec 

256.2 T 

1300 sec 

258.0 T 

1300 sec 

28'F 

50 sec 

38261 
Btu/sec 

700 sec 

11778 
Btu/sec 

Case 1 
(100% 

coverage) 

39.6 psig 

1100 sec 

7.9 psig 

283.2 *F 

1300 sec 

254.8 "F 

1300 sec 

257.3 'F 

1300 sec 

28 *F 

50 sec 

38321 
Btu/sec 

700 sec 

12015 
Btu/sec 

Case 2 
(reduced 

coverage) 

42.2 psig 

2900 sec 

16.6 psig 

284.4 "F 

1300 sec 

262.4 *F 

3100 sec 

263.8 'F 

3100 sec 

28'F 

50 sec 

33234 
Btu/sec 

700 sec 

11408 
Btu/sec 

Case 3 
(delayed 
coverage) 

43.2 psig 

1900 sec 

10.5 psig 

286.3 "F 

1300 sec 

263.6 T 

1900 sec 

265.2 'F 

1900 sec 

28.9 'F 

1900 sec 

38158 
Btu/sec 

1900 sec 

11826 
Btu/sec 

Case 4 
(instant 

coverage) 

38.0 psig 

1100 sec 

10.4 psig 

282.1 'F 

30 sec 

253.9 'F 

2500 sec 

255.6 'F 

1300 sec 

28.2 "F 

50 sec 

38398 
Btu/sec 

1300 sec 

11800 
Btu/sec 
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Figure 1 

WGOTHIC Representation of Containment Shell 
(SSAR Model - Half Symmetry) 
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Figure 2 

Containment Pressure vs. Time 
(Sensitivity to coverage fraction) 
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Figure 3 

Containment Pressure vs. Time 
(Sensitivity to cooling water initiation time) 
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CONSIDERATIONS TO IMPROVE DECAY HEAT REMOVAL 
BY NATURAL CIRCULATION UNDER ACCIDENT SCENARIOS 

FOR GENTILLY 2 NGS 

Hong M. Huynh 
Hydro-Québec 

6600 Côte-des-Neiges, suite 215 
Montréal, Québec H3S 2A9 

Jean-Claude Amrouni and Chiheb Hasnaoui 
Enaq 

6600 Côte-des-Neiges, suite 215 
Montréal, Québec H3S 2A9 

Summary 

A piping integrity study has been carried out to assess the integrity of the 
Primary Heat Transport System (PHTS) piping which could be subject to 
vibrations that may be caused by PHTS pumps operating under two-phase 
conditions after a postulated loss of coolant accident (LOCA), The study has 
shown that under accident scenarios, the PHTS pump trip is not required in the 
short term to preserve the Gentilly-2 PHTS piping integrity. Nevertheless, 
Hydro-Quebec has decided to proceed and study the implementation of an 
automatic PHTS pump trip system. 

In the event of a loss of forced circulation of the coolant in the primary 
heat transport system, natural circulation of the coolant may be relied upon 
to transport the decay heat from the horizontal core to the boilers located 
above the core. 

With the implementation of the Gentilly-2 automatic PHT pump trip system 
(reference 1), several additional accident scenarios will be added to the 
existing list of accident scenarios where the decay heat removal is relied 
upon through the effectiveness of thermosyphoning. In this paper, several 
considerations to improve the decay heat removal by natural circulation under 
accident conditions will be presented. The recommended and preferred 
modifications are discussed in details. 

The modification of the loop isolation logic, which would enable the feed 
system to continue providing flow to both loops, the installation of two check 
valves between the feed pumps and the loops and the elimination of the thirty 
seconds delay on the steam generators crash cooldown are shown to provide a 
major improvement in the thermosyphoning capabilities of the intact loop. 
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I. INTRODUCTION 

A piping integrity study has been carried out to assess the integrity of the 
Primary Heat Transport System (PHTS) piping which could be subject to 
vibrations that may be caused by PHTS pumps operating under two-phase 
conditions after a postulated loss of coolant accident (LOCA). The study has 
shown that under accident scenarios, the PHTS pump trip is not required in the 
short term to preserve the Gentilly-2 PHTS piping integrity. Nevertheless, 
Hydro-Quebec has decided to proceed and study the implementation of an 
automatic PHTS pump trip in order to avoid the operation of the pumps under 
prolonged cavitation conditions. Furthermore, this automatic pump trip will 
help to reduce the stress of the operators during an accident with potential 
PHT pump vibration situations and will allow to free them to perform other 
required interventions. 

In the event of a loss of forced circulation of the coolant in the primary 
heat transport system, natural circulation of the coolant may be relied upon 
to transport the decay heat from the horizontal core to the boilers located 
above the core. There are several effective modes of decay heat removal: 
single and two phase thermosyphoning, standing start combined with reflux 
condensation in the boilers. The driving force for the natural circulation of 
the coolant is the coolant density and, hence, the gravity head difference 
between the inlet and the outlet ends of the horizontal channels. 

With the implementation of the Gentilly-2 automatic PHT pump trip system 
(reference 1), several additional accident scenarios will be added to the 
existing list of few accident scenarios where the decay heat removal is relied 
upon through the effectiveness of two phase thermosyphoning such as LOCA with 
subsequent loss of CLASS IV. It is therefore essential to ensure the 
effectiveness of natural circulation under the accident conditions. In this 
paper, several considerations to improve the decay heat removal by natural 
circulation under accident conditions will be presented. These analyses have 
been performed using the computer code SOPHT-G2 (references 2 & 3). A brief 
evaluations of each consideration will be given. The recommended and 
preferred modifications will be discussed in details along with the analytical 
results to support them. 

II. METHODOLOGY 

The thermal hydraulic assessment has been carried out with the computer code 
S0PHT-G2 version 03.02. The code is a specific version for the Gentilly-2 
nuclear power plant and contains up to date control programs similar to those 
of the plant. 

The primary heat transport system (PHTS) shown in figure 1, comprises the four 
reactor passes of both loops. 

The secondary side model includes the steam generators (SG), the feedwater 
system from the condenser extraction pumps to the steam generator inlets along 
with the main feedwater tank, level and temperature control. On the steam 
side all steam discharge valves are represented and the steam lines are 
modelled up to the turbine inlet including the main steam header. 
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Figure 1: Simplified Gentilly-2 flow diagram PHTS and ECI 
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Table 1: sequences of events for large LOCAs 
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The auxiliary system, of importance in the present analysis is represented in 
detail with the feed and bleed and purification system associated to their 
control and isolation valves. Also represented are the pump gland seal water 
injection lines. 

The Emergency cooling injection (ECI) system is modelled in detail with its 
three stages, i.e. high pressure (HP ECI), medium pressure (MP ECI) and low 
pressure (LP ECI). All ECI lines have been characterised with their valves 
and parallel paths. The HP ECI tanks behaviour during an ECI injection is 
modelled within the code by taking into account all gas and water volumes and 
by assuming that the gas expansion is adiabatic. 

The validity of the geometrical description of the Gentilly-2 and of the 
control logic has been assessed under steady state conditions with heavy water 
properties. In the present study light water properties have been used and 
the steady state conditions have been adjusted such as to obtain the same 
outlet quality and inlet temperature as in the reactor. The properties choice 
is based on the fact that during large Loss of coolant accidents (LOCA), most 
of the system will be filled by light water provided by the ECI. 

The overpower transients at the beginning of a LOCA are typical of a much 
distorted initial power distribution leading to power peaks. These transients 
have been obtained by coupling three dimensional neutronics codes to 
thermal hydraulics codes (reference 4). Other classical safety assumptions 
have been made such as: 

- only one out of two ECI injection or isolation valve was credited to open 
reducing therefore the ECI flow to the core. 

- only 10 out of 16 main steam safety valve (MSSV) were credited to open thus 
reducing the heat transfer from primary to secondary and consequently the 
primary depressurisation rate. 

III. ANALYSIS OF OPTIONS 

Previous studies have shown that the thermosyphoning breakdown that could 
occur in the intact loop during a large LOCA is mainly due to the late ECI 
injection that perturbs the flow patterns and the temperature distributions 
along the loop. For a large LOCA scenario the intact loop has similar overall 
behaviour independent of the break size or location. 

After loop isolation the intact loop has sufficient inventory and the primary 
heat transport pumps provide a large flow that cools the core and the loop 
void is minimal. When crash cool is initiated to all steam generators, the 
intact loop inventory cools down and the coolant volume shrinks creating void. 
As a consequence the loop flow is reduced due to PHTS pump head degradation 
and increased resistance, but the flow remains sufficient to provide good fuel 
cooling. Since the ECI injection pressure is lower than the loop pressure no 
water can enter into the intact loop to resorb the void. When the PHTS pumps 
are stopped, about six minutes into the transient, a two phase thermosyphoning 
flow pattern is established in the intact loop and that flow is high enough 
for satisfactory fuel cooling. When the loop pressure is low enough to permit 
ECI injection, the cold ECI water than changes the gravity heads that have 
been established and perturbs the thermosyphoning flows in such a way that 
flow reversals can occur in some or in all channels. 
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In order to maintain thermosyphoning various avenues have been investigated 
with the common goal of refilling the intact loop before pump rundown or 
without perturbating the temperature distributions. 

The first option investigated was to increase the HP ECI system by more than 
doubling the water and gas volumes. As expected the problem can be solved 
with this option but at a very high and prohibitive cost to the station. 

A second option was to increase the capacity of the MP ECI system. In that 
case, even by doubling the pumps capacity and effective head, large LOCA 
scenarios were not covered since the ECI pressure was still not high enough to 
enable timely injection into the intact loop. 

A reduction to zero of the crash cool delay of thirty seconds following a LOCA 
signal has been tested. The more efficient depressurisation reduces the 
spectrum of break sizes with potential problems but does not eliminate the 
concern. 

A suppression of the loop isolation logic that maintains in contact the broken 
and unbroken loops enables an early injection in the intact loop but could 
create a potential problem in terms of intact loop fuel cooling since the 
intact loop becomes almost completely voided before ECI injection refills the 
loop. As a results, there will be two broken loops intead of one in case of 
loss of ECI. 

Finally, a small modification to the loop isolation and crash cool logic has 
been tested. These relatively minor modifications seem to provide very 
encouraging results as far as the intact loop is concerned without adverse 
effects to the broken loop. 

The modifications studied consists in not isolating the feed lines and 
installing two check valves between the loops in order to avoid loosing 
inventory from the unbroken to the broken loop. The suppression of the thirty 
seconds delay on loop crash cool is also recommended since it enables an early 
refilling of the intact loop by the feed pumps. The results of the 
simulations are presented in the next chapter. 

IV. PRESENTATION OF RESULTS 

A series of large breaks has been analyzed such as to cover all the large 
break spectrum including cases that enable to assess the small break behaviour 
following the modifications. All results are presented under the form of 
graphs that show the transient behaviour of the system with and without the 
proposed modifications. 

The breaks analyzed are located on the reactor outlet header (ROH), reactor 
inlet header (RIH) and on the pump suction (PS). One ROH break size has been 
investigated, 100 %, four RIH break sizes, 10, 20, 40, 100 % and two PS break 
sizes, 55 and 100 %. Table 1 illustrates the sequence of events for a 
selected number of breaks. 

For a small size of large break, 10 %RIH, the HP ECI system is able to refill 
the intact loop before the pump trip logic initiates pump rundown and at the 
end of pump rundown the intact loop is in single phase thermosyphoning. 
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Figure 2 shows the two intact loops inventories transients. It can be seen 
that before 400 s the loop is full in both cases, with and without the 
modifications. The maintaining of the feed flow helps keep the overall void 
down below 12 % compared to 14 % in the current design. These results can be 
extrapolated to all small break sizes for the intact loop refill and flow 
patterns. 

For all the breaks analyzed it can be seen from figures 3 to 7 that the feed 
flow to the intact loop drastically reduces the void fraction in the loop and 
more importantly at the time of end of pump rundown (around 400 s, depending 
on the break size and location) the void fraction of the intact loop is about 
5 % compared to up 20 % in the present situation. This translates into a more 
stable flow for the continuous injection case and a lesser risk of 
thermosyphoning breakdown following refill of the loop by the ECI system. 

Figure 8 shows for the 20 %RIH break the mass injected by the ECI into the 
unbroken loop. In the present case, about 10 tonnes of cold water are 
injected in all headers, creating a large temperature perturbation after the 
pump have rundown, while with the continuous feed, the ECI only provides a 
small amount of makeup to completely refill the loop. Figure 9 shows that for 
a very long period the ECI pressure at the injection points remains below the 
unbroken loop pressure. The total refilling of the loop at around 750 s will 
enable the pressure to build up to about 3 MPa through the feed pumps action. 
For larger size breaks this pressure spike does not occur at that time since 
the intact loop is not yet completely refilled by the feed or the ECI. 

A measure of thermosyphoning capability is the inlet subcooling. Figure 10 
shows the inlet subcooling of one of the intact loop inlet headers. In the 
case with continuous feed injection the inlet subcooling is greater than in 
the present case; this enhances the flow pattern and protects against 
thermosyphoning breakdown. Figure 11 gives the intact loop flow for a 40 % 
RIH break with and without the modifications. It can be seen that in the 
present case the loop enters a series of flow oscillations with gross flow 
reversals. These oscillations are in opposition of phase from one pass to the 
other. With the continuous feed injection the flow is maintained in the 
forward direction and the oscillations are due to the gradual collapse of the 
void due to feed injection until the loop is in single phase thermosyphoning. 

If during a L0CA the feed system is allowed to stay unisolated some water may 
be drained from the intact loop to the broken loop until the intact loop 
pressure is low enough and the loop can be fed by the feed pumps. The loss in 
that case would still remain minimal and acceptable. In the case of a L0CA 
without ECI injection and without crash cool, the intact loop would stay 
pressurised and the feed connection would enable a flow from the intact loop 
to the broken loop. The result would be a gradual drain of the intact loop as 
shown in figure 12. 

In order to avoid that additional fission product production or hydrogen 
production it is possible to install check valves on the feed lines 
eliminating therefore the depletion of the intact loop inventory. 
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V. CONCLUSIONS 

The modification of the loop isolation logic, which would enable the feed 
system to continue providing flow to both loops, the installation of two check 
valves between the feed pumps and the loops and the elimination of the thirty 
seconds delay on the steam generators crash cooldown provide a major 
improvement in the thermosyphoning capabilities of the intact loop. The 
improvements are effective whether the primary heat transport pumps are 
tripped or not. In case of LOCA without class IV power the restart of the 
feed pumps with Class III power, would also enhance the thermosyphoning 
capabilities of the intact loop. 

The extensive series of calculations that have been carried out have shown no 
adverse effect on any of the previous analyses reported in the Gentilly-2 
safety report and it is expected that the modifications will be implemented in 
the near future. 
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Preamble: Although an attempt has been made to be factual and objective this 
paper inevitably reflects personal views derived from four decades of involvement 
in reactor safety and licensing in Canada and internationally. 

INTRODUCTION 
A dis t inct ive, indigenous , approach lo the safety of nuclear power reac tors has 
been followed in Canada for over three decades . 

The origins of the Canadian approach lo nuclear safety go back to the work of 
the pioneers at the Montreal Laboratory du r ing World War TI. The Montreal 
Laboratory was es tabl ished in lale 1942. as a collaborative UK - Canada project 
including several senior sc ient is t s from Europe who had escaped t he Nazi 
invas ions . A factor in the decision to locale the project in Canada was the work 
by G. C. Laurence and B. W. Sargent in building a sub-cr i t ica l "pile" of g raph i t e 
and uranium oxide a t the Nalional Research Council in Ottawa over t he yea r s 
1940-41. Laurence, who had studied under Rutherford and had been in cha rge 
of radium and X-ray dosimetry, became the senior Canadian at the Montreal 
Laboratory and subsequen t ly a leader in reactor safety. 

Fission had been repor ted only in early 1939 and after the beginning of World 
War II later tha t year the flow of scientific information essentially s topped . The 
members of the Montreal Laboratory had. there fore , lo develop the theor ies 
needed to provide a basis For the design of a heavy-wate r -modera ted , n a t u r a l -
uranium-fuelled research and production reactor which became the focus of t h e 
projec t . Construction of the NRX reactor began at the remote s i te of Chalk r ive r 
in late 1944 and it went into operation in 1948. A zero energy facility, ZEEP, was 
built and operated in 1945, partial ly to confirm the NRX design, and became t h e 
firs t reactor to opera te outs ide the USA. Originally designed for 20 MWfth) NRX 
was upgraded to 30 MW(th) by 1952. 

Although safely was not identified as a specific topic a t the Montreal Laboratory 
it was inherent in much of the work as evidenced by papers on topics such a s , 
reactor control, reactor dynamics, and radiation protect ion. In the last a rea , 
radiation protection, which is outside the scope of this paper , the concept of 
"ALARA" (as low as reasonably achievable) was developed, many years before it 
became the international creed, and dose limits were prescr ibed which were well 
below the pract ice in other countr ies at the lime. 
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That those pioneers were very aware of l i e potential hazards of a nuclear 
reac tor was reflected in the choice of the then remote s i te of Chalk River, the 
ear ly atmospheric dispersion t e s t s , and the numerous safety devices installed on 
the original NRX reactor . 

CONTEXT 

Although Canada is a confederat ion in which health and safety are normally 
within the purview of the provinces , the special na tu re of atomic energy enabled 
the federal government to pass the Atomic Energy Control Act in 1946, 
es tab l i sh ing the Atomic Energy Control Board (AECB) with very broad powers. 
That Act has had only one significant revision, in 1954. to allow for the 
es tabl ishment of the crown corporation Atomic Energy of Canada Limited to 
ope ra t e the nuclear program and to set the AECB as the nuclear regula tory 
agency . 

When power reactors were first proposed, in the early to mid 1950s, the AECB 
marshalled the most experienced nuclear and conventional power and safety 
specia l is ts in the Reactor Safety Advisory Committee (RSAC) which it created in 
1956. with Laurence as i ts f i rs t chairman, and which, for the next two decades , 
determined reactor safety requKxmenls . With the growth in numbers and 
competence of i ts staff, the AECB, in 1980. dissolved the RSAC and created two 
gener ic advisory committees on radiation protect ion and nuclear safety. 

ORIGINS 

Despite the many safety devices incorporated in its design, NRX suffered a 
ser ious "runaway" accident in December 1952 which caused major damage to the 
reactor core . Although the calandria (reactor vessel) was replaced and the 
reactor repai red , to s t a r t up again, at an upgraded power of 40 MW(th), in 1954. 
the accident se rved as a ca ta lys t for the development of much of the reactor 
safety approacli tha t still p reva i l s . 

The accident led to incisive reviews of the safely of reac tors and, in par t icu lar , 
to considerat ion of the goals and philosophy for the safety of power reac tors on 
which s tud ies had jus t begun . Some of this new perspec t ive is implied in the 
official r epo r t s on the NRX accident by W. B. Lewis and D. G. Hurst (1)(2). 
However, a proposal by E. Siddall, in a seminal repor t in 1957 (3). to use " r i sk" 
as a basic cri terion or goal marked the beginning of the Canadian approach to 
reactor safety. 

Siddall looked at the accident death rate from a l te rna t ive forms of producing 
electr ic i ty , especially coal-fired genera t ing p lants , and proposed that nuclear 
plants be significantly bel Ici'. On thai basis he sugges ted that a risk of 1 death 
per 6 y e a r s for a 200 MW(fi) nuclear power plant should be acceptable. 

About the same lime Laurence was also pu r su ing the "r isk" approach and 
proposed a design t a rge t or 10(-5) ser ious acc idents per year , derived from a 
goal of less than 1 death per 100 reactor years and a presumption that a major 
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accident could resul t in up lo 1.000 fatalities (4). The goal and approach were 
adopted by the des igner s of the small (20MW(e)) NPD. Canada's f irst nuclear 
power plant, which began operation in 1962 and for the p ro to type . 200 MW(e). 
Douglas Point genera t ing stat ion. This use or a numerical risk goal became the 
foundation of Canadian reactor safely philosophy. 

Laurence a rgued that such a low probabil i ty could not be achieved, and. 
par t icular ly , could not be demonstrated, with single sys tems. He proposed tha t 
the t a rge t could be achieved, with realistic des igns , if the re were adequate 
separation between, and independence of. the operat ing sys tems, the protect ive 
devices and the containment provisions. 

If the re were adequate independence oT those three divisions of the plant, and 
if a ser ious release required failure of all th ree , the f requency of such a release 
would be the p roduc t of the f requency of the initialing process failure and the 
unavailabilit ies of the safety sys tems. Laurence showed that the desired low 
frequency of a ser ious release could, there fore , be achieved with practical , 
demonstrable , values for process failures and safety system unavailabil i t ies. 

In the mid 1960s, at an early s tage of the design of the l a rge , four -un i t . 
Pickering (A) plant, these concepts were formalized into a set of cr i ter ia that 
came to be called the "Siting Guide". Subsequent ly the approach was modified to 
consider the plant as having- two se ts of sys tems: the opera t ing "process" 
sys tems, and the "special safely sys tems" comprising the reac tor shutdown 
sys tems, the emergency core cooling systems, and the containment. 

The basic requi rements , as last formally modified in 1.972 (f>), set limits on the 
frequency of ser ious failures of the process systems (being fai lures that, in the 
absence of special safely system action could lead lo fuel failure or the release 
of radioactive material to the environment) and on the unavailabil i ty of the 
special safety sys tems. They fur ther s t ipulated maximum values for the calculated 
dose of ionizing radiation to members of the public for any ser ious process 
failure (single failure) and for any combination of a ser ious process failure and 
failure of a special safely system (dual fai lure) . (See Table t ) 

It was clearly implied thai the special safety systems must be sufficiently 
sepa ra te from and independent of the process systems and of each o ther that the 
likelihood of a c ross- l inked failure will be less than tha t calculated for coincident 
events (dual fa i lures) . 

The reference dose limits of Ihe basic requi rements were determined aga ins t the 
assumed maximum frequencies of the even t s . The maximum frequency for "single 
fai lures" (ser ious process failures) was taken as 1 per 3 yea r s and the reference 
dose limits for individuals were chosen as equal to the 1-year regula tory limits 
for members of Ihe public. Fnr "dual fai lures", with assumed maximum frequency 
of 1 per 3.000 reactor yea r s . Ihe reference dose limits for individuals were 
chosen as those judged tolerable at Ihe time, by the UK Medical Research Council, 
for a "once-in-a-l ifel ime" emergency dose. 
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Associated with t h e s e re ference dose limits were some additional cr i ter ia s u c h as: 
- the d e s i g n , c o n s l r u c t i o n and operat ion or all components , s y s t e m s and 
s t r u c t u r e s essent ia l to the sa fe ty of the reactor shall follow the b e s t 
applicable c o d e s , s t a n d a r d s or pract ice and be confirmed b y i n d e p e n d e n t 
audit: 
- the qual i ty and nature of the essent ia l p r o c e s s equipment shall he such 
that the total of all s er ious fa i lures should not exceed 1 per 3 y e a r s : 
- each special s a f e l y system shall be readily tes table as a s y s t e m , and be 
tes ted . 1o demonstrate that its unavai labi l i ty is l e s s than 10( -3 ) . 

Table 1 Operating Dose Limits and Reference Dose Limits for Accident Conditions 

Situation 

Normal 
operation 

Serious process 
equipment failure 
(single failure? 

Process equipment 
failure plus 
failure or any 
special safety 
system (dual failure) 

Assumed 
maximum 
frequency 

1 per 3 yr 

1 per 3 X I03 

V 

Meteorology 
to be used in 
calculation 

Weighted according to 
effect, i.e., frequency 
times dose for unit 
release 

Either worst weather 
existing at most 10% 
of time or Pasquill F 
condition if local data 
incomplete 

Either worst weather 
existing at most 10% 
of time or Pasquill 
F condition if local 
data incomplete 

Maximum 
Indiridual 

dose 
limits. 
mS* 

5/yr, whole body 
30/yr, thyroid 

5, whole body 
30, thyroid 

250, whole body 
2500, thyroid 

Maximum 
total 

population 
dose 

limits, 
S* 

100/yr. whole body 
100/yr, thyroid 

100, whole body 
100, thyroid 

104, whole body 
104, thyroid 

To ach ieve testabi l i ty as well a s rel iabil i ty manv s a f e l y s y s t e m s were tr ipl icated 
and operated on a two out of three auctioneering1 arrant/emenl. 

The requirement for separat ion of s y s t e m s , the speci f icat ion of maximum 
unavai labi l i t ies , and the re ference dose limits, were all a means towards an end -

an appropriate ly low probabi l i ty of a .significant re lease of radioact ive f i ss ion 
p r o d u c t s - in the a b s e n c e of credib le probabilistic: .analytical t e c h n i q u e s . 

In the early 1970s, the diff iculty in analyzing* a "runaway" acc ident , i .e . . an 
antic ipated trans ient without scram (ATWS1). led lo the requirement for two 
shutdown s y s t e m s . These must be conceptua l ly d i f ferent and suf f i c ient ly s eparate 
and independent or each other that t h e y can be cons idered as d i s t inc t "special 
sa f e ty sys t ems" . With this requirement an ATWS is not a d e s i g n - b a s i s acc ident . 



5 

If the cr i ter ia of the "Siting" Guide" a re met a major release of radioactive fission 
p roduc t s would occur only if the re were a " t r ip le" failure, i.e.. if two special 
safety systems failed coincident with a ser ious process failure. If the 
requi rements for independence and unavailability a r e met such an event should 
have a probabil i ty of the o rder of 10(-7) per year . 

The matrix of dual failures defines the requi rements for the special safety 
sys tems . For example, a loss-of-coolanl accident (I,OCA) plus failure of the 
emergency core cooling- system will lead to the release of fission produc ts from 
the fuel ( the "source term") tha t must be accommodated by the containment. 
Similarly, a LOCA with impaired containment se t s the effect iveness required of the 
ECCS. 

RELATIONSHIP TO DESIGN 

Willi the successful back M -round of I In» NUX. and the subsequent larger NRW, 
resea rch reac to r s . Canada pursued the henvy-water -n iodera ted . nat u ra l -u ran ium-
fuelled reactor concept for power applications. The original design of the NPD 
demonstrat ion plant incorpora ted a p r e s su re vessel but th is was abandoned in 
favour of the p r e s s u r e tube concept , that became a cha rac te r i s t i c of the CANDU 
design, when zirconium alloys were shown to be sui table . 

''''• l a rge size of CANDU plants resul t ing from the use of heavy water as a 
moderator made it easier to incorpora te the separa te shu t -down systems dictated 
by the safety philosophy. On-power fuelling, made pract icable by the p r e s s u r e 
tube des ign , reduces the need for lat'Ere r e se rves of excess react ivi ty and eases 
the control problem. 

Practical lattice a r rangements resul t in small but positive reactivi ty power 
coefficients. This provided added impel us to the development of automatic control 
sys tems which have been a fea ture of all CANDUs. Automatic control also f rees 
the human opera tors from being a mundane link in the control loop so tha t they 
may make full use of thei r knowledge and judgement . All of the commercial 
CANDUs use dual digital control systems and the recent plants also have digital 
shu t -down sys tems. 

Canadian exper t ise and exper ience in concrete s t r u c t u r e s influenced I he ear ly 
choice of concrete containment bui ldings. This, in t u rn , led to (he use of dousing 
sys tems and. for the multi-unit s ta t ions , a t tached vacuum bui ldings , lo minimize 
the containment building p r e s s u r e in (be event of a I,OCA. While such designs did 
not deviate from the safelv approach they did complicate the containment 
provis ions which became a set of sys tems. 

DEVELOPMENTS IN APPROACH 

Although this sintrle/dual failure approach provided functional requirements for 
the special safety systems some concerns and rese rva t ions a rose . Among these 
were: 



- the i i i f lb i l i l v to lake in to account (p rov ide allowance fo r ) the great 
var ia t ion in f requency of var ious fa i lure scenarios: 
- the d i f f i cu l t y of separat ing safe ly .support systems or dealing- with the i r 
f a i l u res : 
- the fact that some special safety systems must cont inue to operate for 
some time af ter an accident : 
- the problem of coiniiioii-cau.se events such as ear thquakes. 

In the mid 1970s the CAND11 designers proposed usine a safe ly design matrix 
(SDM) concept to deal with mai lers of in te r -dependency th rough the support 
systems nd lone- term actions inc lud ing operator i n te r ven t i on . The S DM approach 
uses f a u l t - t r e e and event-sequence analyses of speci f ic systems. I ts use has 
con t r i bu ted s ign i f i can t l y to a bet ter unders tand ing oT s.vslem behaviour and 
i n te rac t i on . 

The designers also developed a " I wo- i r roup" approach lo svslem layout to 
minimize the dangers from common cause events, wherein key plant funct ions and 
the special safe lv systems are d iv ided into two groups that are kept phys ica l ly 
qu i te separate from each other (6). 

In a des i re lo extend and improve the safely approach var ious groups , since the 
lale 1970s, have reviewed the sit nation and proposed a f u r t h e r evolut ion of 
reactor safety requi rements. With the development of p robab i l i s t i c analyses these 
groups have proposed using such techniques while s t i l l re ta in ing the concept of 
independent special safety systems as a pract icable means of achiev ing the 
ob jec t i ve . 

Ref lect ing th is movement. Hie AECR issued in 1980. a "consu l ta t ive document" . 
C-6, "Requirements for the Safetv Analysis of CANDI) Nuclear Power Plants" which 
was used, in a somewhat modif ied vers ion, for the design of the Darl ington 
genera t ing s ta t ion. C-R created six categories of accident sequences and assigned 
reference dose l imits lo each. However, no f requency was s ta led for the var ious 
categories making it d i f f i cu l t to assign a limit to an un l is ted accident sequence. 
In the Dar l ington " t r i a l " a set of f requencies was agreed to assisl the analysts. 
(Dar l ington also had to meet I he s ing le /dua l fa i lu re c r i t e r ia . ) 

Dar l ington was also the sub jec t of an extensive probab i l i s t i c analysis. The 
Dar l ing ton Probabi l is l ic Safety Evaluat ion was conducted by the u t i l i t y . Ontar io 
Hydro , which was the major designer and cons t ruc to r as well as the operator . 
A l though Ihe DPSE was submi t ted to the AECR. the regu la to ry agency did not 
consider it as a " l icens ing document" . 

In 1983 the AECH's Advisory Commit tee on Nuclear Safely produced the i r repor t . 
ACNS-4. "Recommended General Safety Requirements for Nuclear Power Plants", 
which cont inued the requi rements for Ihe special sa fe ly systems bu t proposed 
a set of accident sequence categories with f requency and consequence (dose) 
ranges. A l though th is was developed with considerable consul tat ion wi lh both 
i n d u s t r y and AECR staf f i l bas not been adopted by Ihe AECR. 
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AECB staff have been working on a revision of C-R for some time. A draft 
p repared in early 1993 was issued Tor internal comment which, repor ted ly , was 
sufficiently extensive that Ihe completely new draf t is being p r e p a r e d . The ACNS 
is working on a revision of ACNS-4. 

Meanwhile, i n d u s t r y personnel complain that the AECB is demanding more and 
more "ad hoc" requirements which do not always appear cons is ten t with one 
another . The old adage of Ihe AECB siafr of. " they propose, we dispose" , has 
been pu r sued without any obvious overall or under ly ing phi losophy. 

In the case of off-shore projec ts , the foreign nuclear regula tory agencies which 
have agreed to follow the Canadian approach a re finding this difficult because 
of the lack of documentation. Other than the regula tory documents R-7, R-8. R-9, 
spelling out the requi rements (as broadly set oui in the "Siting Guide") for 
containment, shutdown sys tems, and emergency core cooling sys tems, respect ively , 
t he re are very few documented requi rements . (See Table 2.) 

TABLE 2 

AECB REGULATORY DOCUMENTS RELATED TO POWER REACTORS 

R-7 Requirements for Containment Systems for CANDU Nuclear 
Power Plants 1991 

R-8 Requirements for Shutdown Systems for CANDU Nuclear Power 
Plants 1991 

R-9 Requirements for Emergency Core Cooling Systems for CANDU 

Nuclear Power Plants 1991 

R-10 Use of Two Shutdown Systems in Reactors 1977 

R-77 Ove rp re s su re Protection Requirements for Primary Heat 
Transpor t Systems in CANDU Power Reactors 1987 

R-90 Policy on the Decommissioning of Nuclear Facilities 1988 

A number of i n d u s t r y s t a n d a r d s have been developpd and issued by the Canadian 
S tandards Association. Conspicuously, absent is one for the fuel channels , one of 
the unique fea tures of the CANDU design. Such a s tandard has been in the 
working group s tage for over a decade. 

Ironically, the United Stales Nuclear Regulalory Agency, which has a large se t 
of p resc r ip t ive regulat ions, is now seriously examining what it calls " r i sk -based" 
regulat ion. It appears , from recent talks by senior USNRC staff, tha t the attempt 
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is to define operational ob.ieol.ivps and transcribe, these into general requi rements . 
While it is acknowledged that the transition to snob a s tyle of regulation will 
take many years it is intriguing- to see that la rge respected organization 
p u r s u i n g an approach which Canada pioneered th ree decades ago. 

CONCLUDING OBSERVATIONS 

As indicated by the USNRC initiative, the concept of risk or probabil ist ic safety 
goals is gaining wider acceptance throughout, the world nuclear community. 
Canada adopted such a philosophy almost 30 yea r s ago- Given the absence or 
pract ical , credible, verifiable probabilistic evaluation techniques at t ha t time the 
approach of sepa ra te , independent , testable safety systems was developed and 
augmented by risk based cr i te r ia . 

Unfortunately, the approach lias not p u r s u e d with sufficient vigour in the 
evolving CANDU des igns nor enforced by the regula tor . One consequence is many 
potential c ross - l inks , especially through the suppor t sys tems, between the 
supposedly independent safety systems. The SDM analytical technique and the 
Two Group design layout only partially compensate for this basic deficiency. 

In recent years the regulator has concentrated more and more on details while. 
appa ren t ly , ignoring the basic objective. If the original risk goal is to be 
abandoned , if the s ingle /dual failure cr i ter ia , with i ts a t tendant requi rements for 
s epa ra t e , independent , tes table safety systems, is to he dropped, t h e r e must be 
a logical, comprehensive, approach to replace them. 

* * "(t It 
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INTRODUCTION 

The Pales Nuclear Power Plant is the only NPP in Hungary, it consists of four units, equipped with 440MW 
VVER-440/V-213 type reactors. The four units were put into operation in the years 1982, 1984, 1986 and 
1987. The operating experience is fairly good, e.g. in 1990 two of the four units were among the top ten 
individual reactors in terms of cumulative load factors. During the ten years of operation no serious safety 
related problem occurred. However the reassessment of safety of the NPP, according to the internationally 
recognized criteria of the nineties seems to be useful. That is the reason why the AGNES project was started. 

The main objective of the AGNES [1] (Advanced General and New Evaluation of Safety) Project for the 
reassessment of the safety of the Paks Nuclear Power Plant is to improve the safety culture of our nuclear 
technology. To ensure this the objectives are to be reached as follows. 
- A report on the reassessment of the safety of the Paks Nuclear Power Plant has to be prepared, by using 
internationally acknowledged up-to-date techniques on the level of the nineties. 
- The project should include the updating of design basis accident analyses, the performing of severe accident 
analyses and the preparation of a level 1 probabilistic safety analysis study. 
- The project should help in determining the priorities for safety enhancement and backfitting measures and 
in identifying strategies for severe accident management. 
- One of the objectives of the project should be the facilitating the preparation of a revised Safety Analysis 
Report, satisfying the requirements of the expected new Hungarian regulations. 

The project has to be finished by publishing in 1994 a Final Report. 

In the first period of the project's work the following main tasks have been performed. The first version of 
the project's data base has been created. This data base, in its final version, will contain the main data of the 
NPP, the typical and specific input data of the computer codes used, and finally the parameters of the models 
used in the tools for analyses. The generation of the data base is still in progress. This data base serves as 
a basis for all the deterministic analyses. The data base for the probabilistic analyses has been generated 
independently from the project's data base, during the year 1992. This data base contains NPP specific data 
and general VVER specific data. The data base for the system analyses is also independent from the project's 
above mentioned data base. Its preparation is in progress now. The analyses have been started as well, some 
of them have been finished in the first period. 

The Final Report of the project will be prepared in two steps. In the first step a preliminary version [2] was 
prepared. This version describes the following topics: licensing of the Paks NPP, site description, basic 
design principles, description of the safety related systems, operating and safety instructions, operational 
experience, approved measures for safety enhancement, system analysis and description, analysis of design 
basis accidents, severe accident analysis, level 1 probabilistic safety analysis. The final version will deal with 
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the same topics, with somewhat different content. The descriptive parts (e.g. site description, operational 
experience) can be considered as finally formulated ones in the preliminary version, parts describing the 
analyses will certainly contain more results in the final version, as the majority of the analyses has to be 
performed in the second part of the project's lifetime, i.e. in the coming year. The recommended measures 
for safety enhancement will be formulated only in the final version of the Final Report. 

ANALYSES 

The performed analyses can be divided into four groups: system analysis and description, analysis of design 
basis accidents, severe accident analysis, level 1 probabilistic safety analysis. 

System Analysis and Description 

In the framework of the project the following investigations» have been performed, with the objective of 
checking the fulfilment of specific design principles [3]: 
- In the process of investigating the fulfilment of the single failure criterion, the redundancy of systems, 
which fulfil safety functions is studied, and the independence of redundant components of each other and of 
a given initiating event is checked as well. 
- In the framework of the diversity studies the common mode failures are analyzed sorted according to the 
joining mechanisms (equipment based and operationally based mechanisms). 
- From the common mode failures based on the placement, the influence of fires, internal floods, and high 
energy line breaks are analyzed. 

Study of the Fulfilment of the Single Failure Criterion 

The single failure criterion is based on the understanding, that even the good quality components and 
equipment may loose their functioning in unpredictable time and manner. The single failure criterion was 
applied in all the safety related equipment groups of the system. As safety related equipment groups those 
ensembles of equipment were concerned, which perform all the functions at a given initiating event, necessary 
for preventing the parameters of the plant's equipment to exceed the design basis limits. 

The investigation of the fulfilment of the single failure critc-i,,.• ' • ,u,t indicate any dramatic or unknown 
failure. The basic conclusions formulated based on tin" analyses, pciluun •• follows: 

- A break of an air line or of a special channel of the air trap at the pressure suppressio ystem or if a door 
is open in any of the air traps, leads to the air trap function loss, i.e. the air gets bad J the containment 
rapidly. As a consequence of this the release of radioactivity from the containme.-t ir .eases. There is no 
information on the tightness of the air traps. As a part of the safety enhancement measures the solving of this 
problem is in progress. 

- If in the reactor power control and in the scram systems a single relay fails in position "trial" , the scram 
function will not happen. The allowed duration of the trial state is 24 hours. In such periods the reactor power 
control and the scram system are not protected against the single failure. 

- If a line effected by the initiating events breaks no radioactive liquid will be released to the environment, 
if the cover of the contaminated corridor is hermetic. The tightness cannot be controlled. The elaboration of 
an appropriate method for the investigation is proposed. 

- A single failure of a direct current distributor will lead to the loss of the following functions: 
= shut down the main circulating pumps, 
= start of steam generator protection, 
= signal transfer of primary circuit blocking, 
= operation of secondary circuit unit-protection, 
= turbine protection operation in cases of scram and fresh steam pressure decrease. 
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A manual intervention can replace the failed interventions, but the delay i-iv modify the process of the 
incident. (E.g. if the main circulating pumps shut down fails, the seal of tb; *mmp might fail, because the 
bearings may be damaged.) 

Common Mode Failures 

It was investigated in the analyses for single failures - whether or not the minimal redundancy and 
independence of the safety related systems of the nuclear power plant is fulfilled. In the sequence of the 
system technical analyses it has to be considered as well, that simultaneously many equipment can fail, 
because these failures might have serious consequences. If some, redundant and safety related equipment fails, 
due to a single reason, causing the loss of function in redundant channels, it might have severe consequences. 
This is the reason why it is investigated whether or not the diversity principle is fulfilled. 

Here we define the diversity principle as a possible tool of protection against common mode failures. The 
common mode failures have been evaluated according to their influence on the safety of the unit. A 
requirement for the investigations was besides the identification of all the points and safety influences of 
common mode failures, to produce a hierarchy of the failures, according to their consequences. Based on 
these it can be judged, in which regions is it needed the protection against common mode failures to be 
provided or improved. 

Common mode failures are resulted by the simultaneous occurrence of two moments. The first one is a 
factor, making the components likely to fail or to loose their function due to a special reason, while the other 
one is a linking mechanism resulting in the circumstance, that a common reason can influence many 
components. The linking mechanisms can be divided into three main classes, linking mechanisms based on 
equipment, based on operation and based on placement. 

Interface LOCA 

Interface LOCA cases, especially primary to secondary leaks are very important from the point of view of 
the safety of the NPP. At present they give a significant contribution to the core melt frequency and the 
bypass of containment makes these cases extremely dangerous. Measures to handle the VVER-specific steam 
generator collector break problem are being elaborated. A greater attention should be devoted to equipment 
qualification in order to exclude interface LOCA scenarios with a high probability. 

Fires 

In the first phase of the investigations, the rooms were identified, where a possible fire causes the failure of 
a system, significant from the viewpoint either of the single failure criterion, or of the failure of incident 
avoiding systems functioning. A further significance is, that the failure along the electric supply line of the 
component might result in the loss of the function of one or more components. The work to be done during 
1993 is the quantitative and qualitative evaluation of fire danger. 

Internal Flooding 

The selection of the possible targets and sources has been done, and based on this, the rooms to be 
investigated were identified. In the following phase the detailed assessment of the rooms containing the targets 
and sources, and of the neighbouring rooms will be done. After this, the analyses based on the more exact 
data will be performed and evaluated room by room. 

High Energy Line Break 

As c consequence of a high energy line break one or more element may loose its functioning depending on 
the number of components being near the break. From the various influences of the break, the consequences 
of the moisture and heat can be analyzed in the single failure investigation. The stress forces induced by the 
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breaks can be analyzed only in a rather complicated way, therefore they are analyzed separately. The results 
will be used in the single failure studies. 

Analysis of Design Basis Accidents 

In the first period of the AGNES project some high priority analyses were carried out [4]. 

Analysis of the Large Break LOCA 

In the category of large break LOCA the preliminary study of the 492 mm diameter cold leg break was 
performed. The thermohydraulic calculations were carried out by the ATHLET [5] program, at the GRS in 
the framework of a bilateral German-Hungarian agreement. In the first calculation the minimum configuration 
of safety systems was assumed, the availability of one high pressure pump, one low pressure pump and two 
hydro-accumulators both injecting into the downcomer was supposed. 

The most representative parameter for the demonstration of core conditions are the histories of cladding 
temperatures. The calculation was finished when the second typical temperature maximum was reached. The 
maximum temperature is 960 °C, indicating that the ECCS criterion is fulfilled. The conservative calculation 
of the maximum fuel temperature with low conductance shows that fuel pellet damage does not occur, since 
the U0 2 enthalpy remains much below the value 460 J/kg U02. 

For activity release calculations it is assumed conservatively that every fuel rod cladding fails, consequently 
the total gap activity goes into the primary coolant and then to the containment. Release and dose calculations 
were performed assuming the perfect functioning of the containment at the maximum allowed leakage rate. 
For containment modelling the CONTAIN code [6] was applied. The release and dose values are far below 
the limits. 

Analysis of Medium Size LOCAs 

In the category of medium size LOCAs the cold leg break spectrum covered the line diameters between 73 
mm and 233 mm. The thermohydraulic calculations were made by the code RELAP5/mod2 [7]. The system 
behaves similarly for the four break sizes, but for larger breaks the process is accelerated and at the highest 
break size DNB occurs in the hot channel. 

As a result of the thermohydraulic analysis one can conclude that from among the postulated initiating events 
the three smaller breaks do not lead to any fuel failure, since the cladding temperature remains much below 
700 °C. In these cases the transient does not lead to an accident condition. The analyses of medium size 
LOCA cases were performed at the minimum configuration of the safety systems. Since the transient caused 
by the 233 mm line break leads to heat transfer crisis with this assumption (cladding temperature exceeds 700 
°C) and consequently fuel failures might occur, the calculations were repeated by using the single failure 
criterion, i.e. the cases 2 ECCS from 3 and 4 hydro-accumulators from 4, and 3 ECCS from 3 and 3 hydro-
accumulators from 4 were also considered. On the basis of these results it can be concluded that, taking into 
account the single failure criterion, also the 233 mm line break does not lead to any fuel failure. 

Analysis of small break LOCAs 

In the category of small break LOCAs only the transient following the inadvertent opening of the pressurizer 
safety valve was calculated up to now. The calculations were performed in the same way as for the medium 
size LOCA scenarios. The transient takes place in an analogous way as for smaller medium size LOCAs. 

Simultaneous loss of 6 MCPs 

The transient caused by the loss of all the main circulating pumps was calculated by the codes 
RELAP5/mod2 [7J and COBRA-IIIC [8J. As a result of the process the DNBR^ decreases in the core, then 
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it improves again with the decreasing core power. The decrease in DNBRmin is not significant, the fuel 
cladding is not endangered. 

Rod ejection 

Because of the large asymmetry occurring during the transient, the calculations had to b. -ied out by using 
a three-dimensional core dynamic code. IVO's HEXTRAN [9] was chosen and the calculations were made 
in Finland. The primary and secondary circuits were modelled by the SMABRE [10] program. These 
calculations were followed by one-dimensional TRAB [11] calculations for checking the fulfilment of the 
acceptance criteria. The calculations were preceded by the conservative selection of input data and cases to 
be considered. The operational limits were also taken into account, as they are fixed in current regulations. 

A common feature of the rod ejection accidents is the very fast and large reactor power excursion, and then 
the fast decrease of power due to the Doppler-effect, before the scram. The pressure increase in the primary 
circuit does not exceed 5 bar in any case, and the pressure remains high enough during the entire process that 
cladding blow-up may not occur. In all the six analyzed cases the steam phase appears in certain subchannels, 
the coolant temperature in certain channels reaches the saturation temperature. The fuel temperature remains 
much below the melting temperature and the maximum fuel enthalpy is less than 320 J/g which is much below 
the limiting value. The maximum cladding temperature is somewhat below 800 °C. Oxidation of the most 
loaded fuel rod does not exceed 1 %. At the same time in the hottest channels DNB occurs. 

The heat transfer crisis may occur for some percents of the fuel rods for the typical cycle (Cycle No. 5 of 
Unit 3) and the cladding fails for 1-2% of the fuel rods. For the worst case it was found that the cladding 
of 1388 fuel rods fails. The activity release and dose calculations have been performed for the worst case, 
and according to the results the releases are much below the limits given by the relevant criteria. 

PTS Analysis 

From among the initiating events selected for PTS analysis, high priority was given to the inadvertent opening 
of the pressurizer safety valve, since in this case beside the relatively fast cooling down the closing of the 
valve should be assumed, which leads to the quick increase of the pressure. The thermohydraulic calculation 
was performed by the RELAP5/mod2 [7] code. The thermohydraulic study of the transient took place with 
conservative from the point of view of PTS initial conditions. The analysis was extended to the case of three 
very conservatively assumed defects: 
- axial surface crack of 35 mm depth, 
- axial crack below the cladding of 4 mm depth, 
- circumferential crack of 4 mm depth. 

The safety factors were calculated by the ACIB-RPV [12] program for the case of the conservative 
assumption of system pressure stuck at the nominal value. On the basis of this figure one can conclude that 
the minimum values of the safety factor highly exceed the critical value of 1.4, consequently the considered 
transient is not dangerous from the point of view of pressure vessel cracking. The vessel temperature does 
not decrease below 80 °C and the pressure is stabilized at 60 bar in the transient process. This pressure-
temperature condition is not dangerous from the point of view of rupture for the entire designed lifetime of 
the Paks NPP pressure vessels. 

Severe Accident Analysis 

Severe accidents have not previously been considered in VVER plant safety analyses, therefore, it has been 
decided in the AGNES Project to include analyses of the plant in severe accident situations. 

In the first phase of the AGNES project only the in-vessel phenomena have been analyzed [13], the 
containment behaviour under severe accident conditions will be investigated in 1993. 
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The analyses have been performed with the Source Term Code Package (STCP) [14,15]. The STCP code 
system has been implemented in 1988 with the permission of US NRC, and with the assistance of the 
International Atomic Energy Agency. The code has been adapted to VVER-440 type nuclear power plants 
by an international working group organized in an IAEA Regional Project in 1989-90 [16,17]. 

The VVER-440 reactor has very large water inventories both in the primary and secondary systems. In terms 
of time frames, it leads to longer time periods until core melt, than it is usual for other reactor designs, e.g. 
the time period until core melt for the station blackout sequence is about 6 hour, allowing more flexibility 
for possible intervention. The relatively small core (1375 MWt), with lower power density is situated in a 
tall reactor vessel, which involves the fuel follower assembly with much metal structure below the core. The 
six-loop design has a consequence of abundant primary features allow the core or the reactor vessel to stay 
longer time without being damaged in conditions of the loss of the core cooling function. 

The phenomena which occur during the first phases of a severe accident scenario with preserved core 
geometry, have been subject to numerous experimental and analytical studies for western reactor designs, and 
are therefore well known. The VVER design includes loop seals, which are not likely to influence core 
damage, as soon as ECCS systems are available. 

The uncertainty in determination of core configuration and coolability increases as a severe accident 
progresses. The control rod material of a western PWR will melt between 1000 and 1100°C. The VVER 
control rod with boron steel insert will melt at 1300°C. In conditions, when the core is depleted of the control 
material, further recriticality studies are needed. Chemical reactions between various core materials, and 
formation with eutectic, will form new compounds which will melt at significantly lower temperatures than 
the ingredients. Important reactions are those between U0 2 and zirconium, zirconium and stainless steel and 
absorber material. 

The predictions of MARCH [14] calculations have been obtained by using conservative options with regard 
to zirconium oxidation and consequently to hydrogen generation. However, because the hydrogen generation 
mechanism is largely connected with relocation patterns, there are associated uncertainties in this assessment. 
In any case, for the consideration of accident management measures, it is advisable to define 100 % Zr 
oxidation as a design basis. 

The relocation of molten material into the lower plenum is important for evaluation of fuel-coolant interaction 
and coolability of the melt. The mechanisms of core relocation may include large scale pour of the molten 
material after the core support plate failure or gradual relocation through the core barrel wall and through 
the openings of molten control rod assemblies. The gradual mechanism seems to be likely. As a consequence, 
in-vessel steam explosions due to molten corium relocation are not probable. 

The core melt progression and the failure mode of the crucible with molten corium could also have significant 
impact on the corium-vessel interaction. According to the current understanding, the vessel bottom head will 
fail, unless cooling would be provided either by ECCS injection into the vessel or by appropriate outside 
cooling of the vessel wall. Analysis of core meltdown and slumping with the existing non-mechanistic 
MARCH model can be considered as an overall description, delivering appropriate time frames of severe 
accident progression. However, because of the lack of understanding in core melt progression, geometry 
changes, chemical reaction and eutectic formation, there exist large uncertainties related to hydrogen 
generation, melt composition, blockage formation and relocation mechanisms. The uncertainties identified 
in the methods should be taken into account in the decisions related to prevention and mitigation measures. 

Level 1 Probabilistic Safety Analysis 

The objectives of the PSA study discussed below were determined by the general objectives of the AGNES 
Project. Correspondingly, the objectives of the current PSA are as follows: 
- Quantification of the core damage frequency (CDF) 
- Identification of most significant event sequences leading to core damage, quantification of their 
frequency 
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- Sensitivity analysis to identify and quantify the most important contributors to CDF 
- Uncertainty analysis to estimate error factors involved within the results. 

The scope of the PSA covers analysis of event sequences leading to core damage, i.e. the AGNES Project 
includes the Level 1 PSA. Its extension to Level 2 (quantification of source term frequencies) and Level 3 
(estimation of environmental and health effect frequencies) can be carried out based on the results of the 
current Project. Scope of initiating events evaluated within the Project comprises the ones which can be 
induced inside the Iechnology itself (inside the mechanical, C/I, and electrical subsystems), i.e. only internal 
initiating even's w

e r e treated. Internal hazards, like fires, floods were not evaluated in probabilistic way in 
the current Project. 

During current phase of the AGNES Project the following tasks have been solved from the tasks listed within 
the Level 1 PSA objectives [l8] : 

- the core damage frequency (CDF) was preliminarily quantified considering limiting conditions and 
assumptions defined by the intermediate phase of the Project, 
- the event sequent frequencies (ESF) were preliminarily quantified and the most important contributors to 
the CDF were identified. 

Currently the preparation to solve the tasks have been left (Sensitivity Analysis; Uncertainty Analysis) is 
going on, they are '° be solved after the critical analysis of some open issues by the end of 1993. 

Because of the preliminary character of the quantification, numerical results are premature to mention. 

RESULTS 

The results, summarized here originate from the first phase of the AGNES project. They are given in the 
preliminary version of the Final Report [2] assessing the safety of the Paks NPP. This preliminary version 
obviously does o0t contain a complete assessment. The analyses are based on a data base, covering the 
relevant data of the plant. This data base was prepared by applying appropriate quality assurance measures. 
Since the analyses are performed by using up-to-date computer codes and a verified data base and cover also 
such transients and accidents, the analysis of which was not known in detail for the Soviet designed nuclear 
power plants, the presentation of the methods and tools of the analysis may prove to be interesting beside the 
results. 

The most important conclusions of the first phase of analyses are as follows. 
- The single failure analysis have not pointed out any dramatic or unknown deficiencies-
- The medium and large break LOCA scenarios satisfy the acceptance criteria and, consequently, they do not 
lead to environmental doses beyond the limits. 
- The rod ejection accident, on 0f the most serious reactivity induced accidents, satisfies the acceptance 
criteria and, consequently, it does not lead to environmental doses beyond the limits. 
- The studied PTs scenario does not endanger the RPV integrity. 
- In severe accidents the water resources are large compared to Western designs which makes possible to 
apply efficient accident management strategies. 
- The greatest contribution to core melt frequency is given by interface LOCA scenarios, loss of feedwater 
problems and small break LOCAs. 
- It can be expected that besides some technical measures further improving Emergency Operating Procedures 
and elaborating and introducing accUent management procedures decrease significantly the core melt 
frequency. 

Carrying out the safety enhancement measures significantly improves the safety of the NPP. At present the 
increase of earthquake resistance is the most important task. Giving priorities of safety enhancement measures 
and elaboration of further measures will take place in the second phase of the project. 

It was the intention of the preliminary report to show that the analyses to be performed in the second phase 
of the project will g'Ve an overall picture on the safety of the Paks NPP. 
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ABSTRACT 

A numerical model for the description of water and air ingress 
accidents in the primary loop of the high temperature reactors is 
presented in this paper. The code TINTE developed in Institut fuer 
Reaktorentwicklung of F.^schungszentrum Juelich, FRG (now Institut 
fuer Sicherhei tsforschur-, und Reaktortechnik) is further improved 
and can be used for suc'i an accident analysis. The thermofluid 
dynamics by different heat transport characteristics and the 
chemical processes between water, air and graphite on the basis of 
new experimental results are taken into consideration. The 
influence of the composition of cooling gas and graphite corrosion 
on the nuclear characteristics is also included. The developed 
computer code TINTE-C is tested on a fictious example of a water 
ingress accident at the AVR reactor. 

1.INTRODUCTION 

The high temperature reactors with fuel in form of pebbles 
have extraordinary sood safety characteristics because of their 
construction. These characteristics are: the large heat capacity of 
structure material graphite, the high sublimation temperature 
(>3850 K), the negative temperature coefficient of reactivity and 
the small reactivity margine by normal operational conditions. 

When a high temperature reactor is used for electricity 
production, a normal classic water-steam cyclus is performed. The 
secondary pressure of steam can be larger than the primary pressure 
of helium for a turbine with superheated steam. A water or steam 
ingress in primary circuit must be considered when a cracking of 
steamgenerator tube occurs. The air ingress must be taken into 
account when vessels that can crack are used. This paper will 
describe a numerical model for both types of accidents. 

The computer code TINTE /1,2,3/ is developed in last few years 
in Institut fuer Sicherheitsforschung und Reaktortechnik in 
?orschungszentrum Juelich, FRG. It treats the reciprocical 
influence of thermal and nuclear events in primary circuit of high 
temperature reactors in two dimensions by normal and accidental 
circumstances. To analyse the characteristics of water and air 
ingress in primary circuit of a high temperature reactor this code 



was extended and improved to be able to handle this complex type of 
accidents. 

It is necessary to consider not only the temperature changes 
by different heat transfer characteristics for these analysis, but 
also the corrosive influence of water and air on graphite taking 
into account the last experimental results. The nuclear influence 
of coolant composition and graphite corrosion have to be added to 
the reciprocical influence of thermal and nuclear events. 

2. TRANSPORT AND DIFFUSION 

The transport and diffusion processes in gas mixture in the 
primary circuit have to be analysed for the core extension. These 
types of events can be described with a differential equation for 
each component, which is very similar to that of heat transport 
through gas. The coeffitients of both equations are of the same 
order of magnitude. It is possible to take over the method for 
solving the equation for convection /l/ because of that. 

The equation for Fick's diffusion is used in the following 
form: 

V(D1cVxi)-(Wci)+ii + q1--r± = Q. (1) 

It is also as convection equation 

VUVT)-V(t?pcpr) +K (7VD -
 dpQ*T=° (2> 

a partial differential equation of second order with the domination 
of first order term. In /l/ is the procedure for solving of this 
type of equation described in details. 

The analogy between these two equations can be explained on 
two different ways. With relation 

cVxi=Vcx1-xiVc=Vc1-—Vc=Vc1-ci-&- ( 3 ) 

one obtains 

V(PiVci-(I>i-^4i?)ci)+fi+gi—j&=0 (4) 
dt 

or 
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which means that during the gas diffusion instead of the streaming 
velocity w the effective velocities w + D: Vc/c or w + D: Vp/p (for 
molar concentrations) have to be used. 

When molar ratios are considered the relation analog to 
convectional equation is 

dcxj J » 

VDtcVxt- (Vtfcx̂ ) +f1+q1—3^ = 0 . ( 6 ) 

The sum of all molar ratios must always be 1. When during the 
iteration of Eq.6 X; becomes Xj the new concentration has the 
following form 

ÇJTCM (7) 

and the sum of rest concentrations must fill out the next condition 

1-Xi 

ga-ï^c,. ( 8 > 

For the rest molar ratios one has 

1-x 

ga-T^g*- <9) 

In /!/ is the convection equation solved in quasistationar 
approximation. That was possible because of the fact that the 
chr.nges of temperature in core are much slower than the changes in 
coolant. 

For the mixing processes that are here considered one must be 
able to follow the way of expansion of gases through system. 

The time dependence is simplified by using of differnce 
quotients instead of time differentials in explicite difference 
procedure. 
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VD1cVx1-Wticx1)+jti+q'i--£f + -zfs*0 <10) 

The explicite difference procedures are only conditionally 
stabil. The stability condition is the limit for time step, so it 
is automatically chosen in program itself. 

The numerical complications and very long runtimes for Eq.10 
are avoided by splitting this twodimensional equation in two 
onedimensional equations with a rough network. The analytical 
solution of this simplified problem is used to increase the 
accuracy inside each cell. The equations with rough network are 
solved by "leckage" iteration method. The details of this procedure 
are given in /l/. 

3. MATERIAL CHARACTERISTICS 

The material constants that appear in transport problems have 
to be the functions of pressure, temperature and composition of gas 
mixtures. These functions used in computer code STOFFWERTE are 
given in reference number /4/. Some of the subroutines of this code 
are modified and used in the code TINTE-C /5/. 

4. CHEMICAL REACTIONS 

The water and air ingress in high temperature reactor induce 
a series of heterogenus reactions that have a graphite corrosion as 
a result. The products of these reactions form a gas mixture with 
components that react mutually in homogenous reactions in gas 
phase. The reaction velocities and enthalpies are determined on the 
basis of data from literature /5/. The gas composition at each 
place in primary circuit can be determined with these sources and 
abysses for each gas component combined with external sources. 

The following homogenues reactions are taken into account: CO 
combustion, Ho combustion and water-shift reaction. 

To the three bilance equations 

2cmCOt+cmCO+2cm0l*cmBto
s30, (11) 

c-co+ c-co3 ~^c (12) 

2cmH+2cmai0=BH, (13) 

where the integration constants are determined on the basis of 
begining concentrations CQ- two eum-^ions for equlibrium condition 
have to be added. 
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2 ' =*CT (14) 

C^ww C7~ 

~V^=^s (15) 

The constants K™ and K™,. are given in /5/. 
These five equations (11-15) form a non linear algebraical equation 
system. It is solved by Newton's iteration method /5/. 

For determining of asymptotic behaviour of reaction velocities 
near equilibrium the concentration vector is introduced: 

c^cmi+(cQi-cKi)Fei. (16) 

Factor Fc; has 0.01 as optimum value, that means that the 
equilibrium is approximated with 1% accuracy. 

The following heterogenous reactions are taken into account: 
heterogenous hydrogen reaction, Boudouard reaction, complete 
combustion and uncomplete combustion. 

The reaction velocity in the most important difusion region 
for heterogenous reactions (IPDR) is given with following relation 

n*l k 
<Z=CW* V * ? 3 ^ ^ ' < 1 7 > Sv 

where n is the order of reaction, ky is the reaction velocity 
factor, Deff is the effective difusion constant, 9 is the porosity 
and S« is the surface divided with volume. 

The molar densities at wall ĉ  are connected with molar 
densities in gas phase c. according to the transport of matery 
equations. The transport of eductes to the boundary region must be 
equal to the diseappearance velocity -q, while transport of 
products from the boundary region must be equal to the appearance 
velocity. For both proceses we have 

tf=(c-cff>p, (18) 

where 13 is the coefficient of transport of matery for specific gas. 
The relations for c( in IPDR region are: 
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<cco-c t fOT)P = - j f4 -2i fs -£7 / (20) 

(^-cw«1
)P = _ f 4 + 2 f 8 ' ( 2 1 ) 

tecoTc*coJ "**-£*• (22) 

( C O T < W = ^ + - | A - (23) 

Functions fj are the reaction velocities for H,0, CO, IL., CO, and O, 
/5/. Equations (19-23) are solved by Newton's method' . 

5. WATER IN FLUID PHASE 

When a large amount of water breaks into the primary circuit, 
the partial pressure of steam can be larger than the saturation 
pressure, so the condensation occurs. The reactivity change in the 
core because of the influence of the water makes it necessary to 
take these events into account. The concentration of water is 
divided into the "concentration" of steam, the "concentration of 
water absorbed in graphite" and the "concentration of "fog", that 
means water drops floating in gas phase. For these phase transients 
the analogy with phase transients by chemical reactions is used 
/5/. 

6. REACTIVITY EFFECTS 

Helium has a very small influence on nuclear events in 
reactor. It has a very small apsorption cross section, while the 
moderation capability can be neglected in comparison with graphite. 

The air by air ingress accidents can cause only small 
reactivity changes. Neutron cross sections for oxygen are very 
small, nytrogen apsorption is significant by higher pressures and 
causes the reduction of reactivity. 

Corrosion which is induced by oxygen or steam also causes the 
reduction of reactivity, because of the fact the HTR is lightly 
submoderated. 

The situation is different by water ingress: strong moderation 
effect of hydrogen causes an instantenous increase of reactivity. 

When new amounts of water enter the reactor the optimal 
moderation can be exceeded. The apsorpticn influence of hydrogen 
then causes a reactivity reduction. 



When certain amount of water leaves the reactor, the 
reactivity is increased. After reaching of the critical level the 
positive feedback can occur in short time interval: increased heat 
production induces evaporation, that means further disappearance of 
water from fuel elements and core and increase of reactivity. When 
optimal moderation is reached, further evaporation causes the 
reactivity reduction. 

The model described in this paper gives the spatial 
distribution of gas concentration. Reactivity changes are caused 
when water disappear from core itself. 

The code TINTE-C is capable to analyse the situation without 
reactor scram. It is neccessary to analise the transport processes 
of water and the induced feedback effects in this situation. 

In nuclear part of program TINTE-C the timo-dependent, two-
dimensional neutron diffusion equation with two energy and six 
groups of delayed neutrons is solved. The reactivity effects are 
taken into account by changes in nuclear cross sections, material 
composition or weight spectrum, because of few group model. The 
nurlear cross-sections .depend on moderator temperature, fuel 
elements temperature, Xe concentration, buckling, nytrogen 
concentration, water concetration and graphite corrosion. 

7. THE MODEL OF AVR REACTOR AND WATER INGRESS ACCIDENTS 

AVR is a 46 MW thermal high temperature reactor with fuel in 
form of pebbles. 

It has a complex geometry with so called graphite "noses" 
which are modelled with hollow cylinder inside the reactor on the 
position of control rods. Control rods are modelled as grey body in 
radial direction. 

The neutron distribution in upper cavity is treated by 
diffusion method. 

The code TINTE-C is tested on example of fictious water 
ingress accident in AVR. The transients which are analysed occur 
because of steamgenerator tube rupture. The water quantity and 
streaming velocity are given as for accidents GAU and HYPO for 
AVR. One or all four steamgenerator systems are broken and cause an 
accident. The whole steamgenerator inventory (4100 kg) can 
evaporate in the primary loop. The entrance water velocities are 
3.9 kg/s and 15.6 kg/s respectively. 

The humidity detector would cause the reactor "scram", stop 
the compressors and the watering of steamgenerators. To make the 
transients more complicated, it is assumed that safety rods did not 
react, 

Two different types of commpressor behaviour are analysed: in 
first case the compressors are stopped, while in second one they 
can stand 230% of nominal power. 

Some of the results are presented in this chapter. The highest 
power maximum occurs in the case with 4 steamgenerators with 
working compressors: 363 % after 101 s. In all cases the 
temperature changes in reactor are not bigger than 100-150 K. The 
time changes of temperature remain small. In the considered 
situation of 20 min the corrosion is not significant. The part of 
H* in gas mixture remains under the inflammable boundary. (12 vol % 



H2 - 88 vol % He). 

8. CONCLUSION 

For analysis of water and air ingress accidents in primary 
loop of high temperature reactors the code TINTE-C is developed. 

It is shown that transport and diffusion processes in gas 
mixture could be analysed with differentia] equations that are 
similar to convection equation. The material constants are 
determined modifying the code STOFFWERTE. Various heterogenous and 
homogenous reactions are analysed, as well as water evaporation. 
The dependence of nuclear cross-sections on graphite coorosion, 
water and nytrogen concentration is introduced. 

The code is tested on example of fictious water ingress 
accident in AVR reactor. The tests on the basys of experimental 
results are the tasks for the future. 
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Summary 

An expert group of the OECD Nuclear Energy Agency (NEA) has updated a series of past 
studies on the projected costs of generating electricity. The main objective of the study is to 
review and explain the costs that would be expected for base load power generation technologies 
which could be commercially available for commissioning around the year 2000. 

The study mainly focuses on generation costs of water-cooled nuclear plants (LWR and PHWR), 
coal-fired plants (pulverized coal combustion and atmospheric fluidized bed combustion) and 
gas-fired plants (combined cycle gas turbine systems). Generation cost data provided by 22 
participating countries (including 6 non-OECD countries) have been analy*ed on a common basis 
of standardised lifetime levelised cost methodology. 

The series of reviews shows that the fossil-fired electricity generation costs, projected in constant 
money terms, have declined during the last decade, as a result of significantly lower fossil fuel 
prices than those expected in the past. On the other hand, the projected costs of nuclear 
generation have remained relatively stable over the same period. Thus nuclear power is not at 
present seen as having quite the same economic benefits as we thought in the early 1980s. 

Despite this, at 5 % per annum (p.a.) real discount rate, using the reference performance 
assumptions, most participating countries project nuclear power to be the cheapest source of base 
load power from plants for commissioning around the year 2000. 

The comparison is, however, sensitive in the majority of countries to the discount rates, to 
investment costs and plant performance of nuclear plants and to fossil fuel price expectations. 
At 10 % p.a. discount rate, the position of the less capital intensive technologies is greatly 
improved relative to the more capital intensive ones. As a result, only 5 of 14 countries 
providing nuclear and coal cost data project nuclear power to have a clear economic advantage 
over coal, and 3 of 9 countries providing nuclear and gas cost data project nuclear power to be 
cheaper option than gas combined cycle plants. 



1. Introduction 

An expert group of the OECD Nuclear Energy Agency (NEA) assessed the projected costs of 
generating electricity [1]. This was an updating of a series of past studies [2,3,4], and its main 
objective was to review and explain the costs that would be expected for base load power 
generation technologies which could be commercially available for commissioning around the 
year 2000. This study was conducted jointly by the NEA and the International Energy Agency 
(IEA) in close association with the International Atomic Energy Agency (IAEA) and the 
International Union of Producers and Distributors of Electrical Energy (UNIPEDE). 

16 OECD countries and 6 non-OECD countries (notably China, Czech and Slovak Federal 
Republic, Hungary, India, Korea and Russia) participated in the study, and as in the earlier 
studies, each participating country provided generation cost data on the common basis of 
standardised lifetime levelised cost methodology. In the previous studies, the choice of base 
load power generation options was considered to be limited to large scale pulverised coal 
combustion plants or large scale water-cooled nuclear plants. However, other technologies have 
emerged as commercially available options, such as combined cycle gas turbine system (CCGT), 
advanced coal-burning plants and some renewable technologies. The expert group aimed to 
include those technologies into the scope of the study, but cost data on advanced and renewable 
technologies were limited. As a result, the study focused mainly on generation costs of water-
cooled nuclear plants (LWR and PHWR), coal-fired plants (pulverized coal combustion and 
atmospheric fluidized bed combustion) and gas-fired plants (CCGT). 

2. Basic assumptions 

2.1 Technical assumptions 

The common commissioning date for the plants considered in the study is July 1st 2000, but the 
date is only for guidance. Plants which are assumed to be commissioned before or shortly after 
the date are also included in the analysis. It should be noted that the submission of data does 
not necessarily mean that there exist real firm plans for the construction of such plants. 

Operational lifetimes of nuclear plants and conventional coal-fired plants for the reference case 
are assumed to be 30 years. Variants of 25 years and 40 years are adopted for the sensitivity 
analysis. The settled down equilibrium load factor of those plants are assumed to be 75 % (6600 
hours at full load per annum (p.a.)) for the reference case. Variants adopted here are 65 and 80 
% (5700 and 7000 hours p.a.). 

2.2 Costing basis 

AH the costs that fall on a utility specifically as a result of generating electricity with a particular 
plant have been considered in the study. The costs are calculated on the basis of net power 
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supplied to the station bus-bar. The costs of transmission and distribution are excluded from the 
analysis. 

In addition to the costs of construction and operation of the plants, nuclear generation costs 
include costs of decommissioning of the plants and management and disposal of operating waste 
(including low-level radioactive waste). For most countries, the fuel costs for nuclear plant 
cover all necessary stages of fuel cycle including spent fuel storage, its treatment and the 
disposal of fuel wastes. 

Costs which are not plant specific, e.g. taxes on income and profit charged to the utility, are 
excluded from the analysis, as they are not altered by the choice of plant. External costs are 
also excluded because these do not fall on the utilities themselves. These exclusions were 
considered in some detail in another NEA study [5]. 

All costs are expressed in constant money terms and have been convened to national currency 
of July 1st 1991 using appropriate national currency deflators, then they have been converted 
to US mills (0.001 US$) of the same date. 

We would re-iterate our caution over the difficulties of making international comparisons with 
costs expressed in US mills. Exchange rates do not accurately reflect purchasing power parities. 
Furthermore the apparent cost relativity between countries can be influenced significantly by the 
date adopted for valuing a currency unit. 

2.3 Discount and interest rates 

In the previous study published in 1989, real discount rate of 5 % p.a. was adopted as the 
reference value because it was consistent with the values adopted in the majority of OECD 
countries. 10 % p.a. was also adopted for the sensitivity analysis because it was consistent with 
the highest value used in participating countries. 

5 % p.a. still remains the commonest value for OECD countries, but discount rates have been 
increased in some participating countries since the last study. In addition to that, the non OECD 
countries' values are somewhat higher at 8 % to 12 %. Thus, both 5 % and 10 % are adopted 
as reference discount rates for this study. 

In order to simplify calculations we used the same rate, the reference discount rate, in calculating 
both interest during construction and the presend value of costs of radioactive waste management 
and of decommissioning. 
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3. Results 

3.1 Investment costs 

The projected base construction costs (i.e. excluding interest during construction and 
decommissioning allowances) of nuclear power plants span a range from 960 to 2800 $/kWe, 
but the majority is in the range from 1150 to 1800 $/kWe. The coal fired base construction 
costs show a smaller range of variation from 815 to 1930 $/k\Ve, and the majority is between 
1000 and 1500 $/kWe. For CCGT plants, the base construction costs are projected in the range 
from 400 to 1230 $/kWe, and the majority lies in the range from 550 to 800 $/kWe. 

Many factors affect costs, among them the differing siting and regulatory requeirements, scale 
of plants, number of plants at one site, contractual arrangements, and factor costs. If a plant is 
one of series it will also tend to be cheaper then a first of a rew design. 

3.2 Operations and maintenance costs 

The Operations and maintenance (O&M) costs for nuclear and coal-fired plants are in the range 
from 30 to 110 $/kWe and from 25 to 100 $/kWe per year at 75 % load factor, respectively. 
Those ranges essentially overlap each other, although the majority project O&M costs for coal-
fired plants at 75 % load factor to be lower than those for nuclear plants. 

The O&M costs for CCGT plants are between 10 to 50 $/kWe per year at 75 % load factor, and 
all of them are expected to be less than those for nuclear and coal-fired plants, generally by a 
significant margin. 

3.3 Fuel costs 

Most countries project fuel costs for LWRs to lie in the range 5 to 11 mills/kWh at 5 % p.a. 
discount rate. The cost for unenriched PHWR fuel is expected to be lower at 1.8 to 7.1 
mills/kWh. 

Fuel costs for coal-fired and CCGT plants are projected to be in the range from 8 to 50 
mills/kWh and from 18 to 58 mills/kWh, respectively, at 5 % p.a. discount rate. All countries 
expect fuel costs of fossil plants to be significantly higher than those of nuclear plants. 

Most countries project no significant escalation in nuclear or coal fuel prices during the early 
part of the next century. On the other hand, gas price projection is more difficult, and countries' 
estimates of future prices lie in much wider range than those of the prices of the other fuels. 
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3.4 Overall generation cost ratios 

Ratios of levelised generation costs from nuclear plants to those from coal-fired and CCGT 
plants are shown in Figures 1 and 2, respectively. At 5 % p.a. real discount rate, nuclear power 
is projected to be cheaper than coal-fired power in 12 of the 13 countries providing data for 
both. At this discount rate, CCGT plants are more expensive than nuclear plants in 8 of the 9 
countries providing data for both. 

At a discount rate of 10 % p.a., the position of the less capital intensive technologies is greatly 
improved relative to the more capital intensive ones. As a result, CCGT plant is projected to 
be the cheapest base load option in 8 countries. Only 5 countries project nuclear generation to 
be significantly cheaper than coal-fired generation, 3 countries show the two options breaking 
even and 4 countries project coal-fired plant to be the cheaper option. Nuclear power is only 
projected to retain its significant overall advantage in 2 countries, amongst 9 countries supplying 
data for all three technologies. 

3.5 Sensitivity 

The overall generation cost varies little if plant life is varied between 25 and 40 years, but 
variations in plant load factor cause significant cost changes. Variation of the discount rate and 
investment costs of nuclear plants also significantly influence the overall generation cost ratios. 

Fossil fuel price projection is another important factor, as fuel costs of coal-fired and CCGT 
plants are 40 - 60 % and 60 - 85 %, respectively, of total generation costs (at 5 % real discount 
rate). For instance, 25 % increase of gas fuel cost makes CCGT more expensive than or equal 
to nuclear power in most countries even at 10 % discount rate. 

3.6 Trends in projected costs 

A number of OECD countries have contributed to the series of four generation cost studies 
undertaken over the past decade. For the purpose of reviewing trends in projected costs in the 
past decade, the data in the earlier studies in constant national currency terms have been 
converted to a common 75 % settled down load factor and 30 year plant life, and normalized 
to the latest projected costs of nuclear plants. Figure 3 shows trends of average of the 
normalized costs of nuclear and coal-fired plants. 

When analysed on the basis of the real value of national currencies, projected overall nuclear 
generation costs have remained stable. Increases in capital and O&M costs have been offset by 
decreased nuclear fuel costs. 

The improved attractiveness of coal-fired plant is due to decline in projected overall generation 
costs. In fact this is due to changed expectations of future coal prices, they are no longer 
expected to escalate, contrary to predictions made in the 1970s and early 1980s. 
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4. Conclusions 

In real terms the projected costs of fossil-fired electricity generation has been declining over the 
last decade, Fossil fuel price themselves have been declining in real terms, and it is widely 
expected that, at worst, there will only be modest price escalation over the near term. Compared 
with that the stability of nuclear generation costs has led to nuclear power looking relatively less 
attractive than it did in the early 1980s. 

Despite this, at 5 % p.a. real discount rate, most countries project nuclear power to be the 
cheapest source of base load power from plants for commissioning around the year 2000. 
However, the comparison is sensitive in the majority of countries to the discount rates, to 
investment costs and plant performance of nuclear plants and to fossil fuel price expectations. 
At 10 % p.a. discount rate, only 5 of the participating countries project nuclear power to have 
a clear economic advantage over coal and 5 countries project gas combined cycle plants to be 
cheaper option than nuclear power. 
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Figure 1. Generation Cost Ratio (Nuciear/Coal) 
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Figure 2. Generation Cost Ratio (Nuclear/Gas) 
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Figure 3. 
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Decommissioning of Fort St. Vrain Nuclear Generating Station 
by Gregory D. Schmalz, Decommissioning Project Engineer 

Public Service Company of Colorado ( F f, ?'j vc c- L\ O 

Overview of Fort St. Vrain Nuclear Generating Station 

Fort St. Vrain (FSV) being a High Temperature Gas-Cooled Reactor (HTGR) is unique in the U. S. 
commercial nuclear industry. The operating license for FSV was issued by the U. S. Nuclear Regulatory 
Commission {NRC) in January 1972. This operating license was issued under the provisions of the 
Code of Fedsral Regulations (CFR), Title 10, Part 50 which authorized Public Service Company of 
Colorado (PSC) to operate the plant at a reactor thermal output of 842 megawatts (330 megawatts 
net electrical). FSV is a single unit nuclear site and is PSC's only nuclear power station. 

FSV was permanently shutdown and ceased commercial operation on August 18, 1989. On August 
29, 1989, the PSC Board of Directors reviewed and confirmed the Executive Management decision 
that FSV would not be restarted, and that PSC would pursue the decommissioning of FSV. The 
decision to permanently shut down and decommission FSV was based on related technical and 
financial considerations. Problems were identified with the control rod drive assemblies and the steam 
generator steam ring headers that presented significant technical obstacles which could be overcome, 
but at significant cost and time to PSC. Additionally, due to the uniqueness of the one-of-a-kind HTGR 
fuel cycle, the cost to purchase new fuel was prohibitive. This, in conjunction with historical low plant 
availability and correspondingly high operating costs, made continued operation of FSV imprudent. 

FSV defueling to our Independent Spent Fuel Storage Installation was completed significantly ahead 
of schedule in June 1992 with preliminary decommissioning work initiated in July 1992. PSC selected 
a consortium lead by Westinghouse Electric Corporation to decommission FSV under a fixed price 
contract. Other members of the Westinghouse consortium include MK Ferguson and Scientific Ecology 
Group. On November 23, 1992, the NRC issued the Decommissioning Order for FSV. 

Decommissioning Options. SAFSTOR vs. DECON 

In the U.S., the purpose of decommissioning a nuclear facility is to take the facility safely from service 
and to remove all radioactive materials to minimal levels of radiation such that the facility can be 
released for unrestricted use. A licensee can propose decommissioning a nuclear power plant using 
one of three methods: DECON, SAFSTOR, or ENTOMB. In the case of FSV, only the DECON and 
SAFSTOR options were considered practical. 

The ultimate objective of both the SAFSTOR and DECON options is to remove or decontaminate those 
portions of the facility that are radioactively contaminated, in order to achieve conditions that are 
acceptable for unrestricted use. While both options have the same objective, they require different 
approaches. The following describes our evaluation of the above the two options for the 
decommissioning of FSV in greater detail. 

In the DECON option, portions of the existing facility, including equipment, structures and those 
portions of the facility containing radioactive contaminants, will be dismantled and removed or 
decontaminated to a level that permits the facility to be released for unrestricted use shortly after 
cessation of power operations. Three major work elements exist with this option: decontamination 
and dismantlement of the Pre-stressed Concrete Reactor Vessel (PCRV); decontamination and 
dismantlement of contaminated or potentially contaminated Balance of Plant (BOP) systems; and site 
cleanup and final site radiation survey. The following sections will discuss each of these three work 
elements. 

Decontamination and dismantlement of the PCRV includes a number of activities necessary to gain 
access to the internal portions of the PCRV and to remove PCRV internal components prior to removal 
of activated concrete on the inside surfaces of the reactor vessel. A wet dismantlement approach has 
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been chosen for PCRV decontamination and dismantlement because it provides optimum shielding and 
contamination control and will allow the PCRV disassembly to be completed with an optimum balance 
of schedule, cost, as low as reasonably achievable (ALARA) exposure, and minimum risk. 

In a wet dismantlement approach, the PCRV is flooded with water, using techniques that were 
successfully demonstrated at Three Mile Island. Other proven technologies, such as diamond wire 
cutting used to segment the top head of the reactor vessel into removable pieces, thus creating an 
opening in the top of the vessel for access to the remaining components. Once access to the reactor 
core is obtained, the reactor internal components are removed by "line of sight" removal techniques, 
i.e., using long handled tools. 

Decontamination and dismantlement of radioactive or potentially radioactive BOP systems refers to 
those systems, structures and components extern?.! to the reactor vessel. Based on site 
characterization surveys, those items that are found to be below releasable limits will either be 
removed for disposal or sealed and abandoned. Those items that are found to be radioactive will either 
be decontaminated in place, removed and decontaminated, or removed and disposed of as radioactive 
waste. 

Site cleanup involves pre- and post-decommissioning radiological characterization surveys of the site 
and radiological decontamination, as necessary, to meet the regulatory guidelines to allow release for 
unrestricted use. The final radiation survey demonstrates the effectiveness of the decommissioning 
process and provides documentation that contaminated materials, structures, areas and components 
have been successfully removed or decontaminated to acceptable levels to permit release for 
unrestricted use. Following completion of the final radiation survey, the request for termination of the 
10 CFR 50 license would be initiated. 

The SAFSTOR option, while having the same ultimate objective as DECON, isolates the radioactively 
contaminated portions of the plant for long term storage and lay up. A portion of the work to place 
plant systems in a SAFSTOR condition is performed shortly after completion of defueling. The plant 
is then secured and enters into the SAFSTOR decay period, followed by additional work to complete 
the decontamination and dismantlement of the reactor systems. Certain on-site staffing levels must 
be maintained during the SAFSTOR period. Ongoing training of staff personnel would be required 
during the SAFSTOR period resulting in significant cost. The regulatory environment is subject to 
change and the burial costs for radioactive material are subject to significant increases. 

The following three steps are used to accomplish this decommissioning option: SAFSTOR component 
removal and preparation, SAFSTOR decay period, and SAFSTOR dismantlement. During SAFSTOR 
component removal and preparation, certain actions are necessary to prepare plant systems and 
buildings in order to safely contain radioactive components located at the site and to prepare the plant 
for the long SAFSTOR decay period. These actions result in a sealed reactor vessel capable of isolation 
for a long period of time. 

During the SAFSTOR decay period, the PCRV and other contaminated systems are maintained in an 
isolated condition where radioactive decay will occur. The duration of this period as allowed by 
present regulations is 60 years. The objective of the SAFSTOR period is to allow radioactive decay 
of highly activated components inside the PCRV. Allowing these activated components to decay for 
60 years reduces the amount of activated material that remains above limits for unrestricted use. The 
10 CFR 50 license remains in effect throughout the SAFSTOR process and license conditions such as 
monitoring and surveillance activities are required during the SAFSTOR decay period. 

During the SAFST; R decay period and prior to initiation of SAFSTOR dismantlement, the SAFSTOR 
Decommissioning Plan will require revision and NRC approval, to reflect a plan that is appropriate for 
the current regulatory environment and that utilizes current technology. In SAFSTOR dismantlement, 
the site is prepared for release for unrestricted use by decontamination efforts or removal of all residual 
radioactive materials to predetermined levels using technology available at the time. Following 
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completion of SAFSTOR dismantlement activities, surveys will be performed using the regulatory 
release limits in place at that time, to determine whether the site is acceptable for unrestricted use. 
The required SAFSTOR Decommissioning Plan revision and SAFSTOR dismantlement/decontamination 
efforts are basically identical based on the current NRC regulations to the same effort associated with 
the DECON option. 

While both options were appropriate for the decommissioning of FSV, it is PSC's objective to complete 
the project as safely and rapidly as is reasonably possible, with minimum regulatory and technical risks 
and within the financial capabilities of the company. The DECON option is estimated to be completed 
in 1995 and the SAFSTOR option is estimated to be completed in the 2050 time frame. While the 
radioactivity levels with the PCRV will be reduced and disposal volumes of radioactive waste may be 
slightly lower using the SAFSTOR option, uncertainties regarding the future burial costs of this waste 
pose a significant risk to the project. Considering the future uncertainties of low level radioactive 
waste disposal availability and rates, regulatory uncertainties and the fact that technology is available 
today to decommission FSV, these are unquantifiable risks associated with the SAFSTOR process. 

For either option, upon completion of the decontamination and dismantlement activities and the 
successful completion of the final radiological surveys, termination of the 10 CFR 50 license will be 
requested, confirming the radiological safety of the site with no further technical or reguJatory 
requirements. 

All activities, during the performance of either option, must be performed in a manner that protects 
the health and safety of the public and those personnel performing activities at the facility. With this 
in mind, increased durations, 60 plus years for the SAFSTOR option versus about 3 years for the 
DECON, translate into increased efforts required to maintain these safety levels and increased exposure 
to regulatory changes. 

During the performance of the DECON option, the duration of site activities is estimated to be about 
3 years. During this time, plant safety systems, such as fire protection, radiation monitoring and 
building support systems are required to be operational. In addition, Technical Specifications will 
require the surveillance of required components and the performance of specific administrative 
functions, including security, access control, Fire Protection Planning, and Emergency Response 
Planning, to maintain prescribed levels of safety. The impact of staffing and training SAFSTOR option 
associated with SAFSTOR is magnified since PSC is a single nuclear unit utility. 

As indicated previously, the performance of SAFSTOR requires three time periods: the component 
removal time period; the SAFSTOR period and the Dismantlement period. The SAFSTOR 
dismantlement period is approximately the same time duration as the DECON or early dismantlement 
period. The cumulative total of these three periods is in excess of 60 years. During this 60 years, 
personnel turnovers will occur and existing technical expertise lost. Plant systems such as fire 
protection, radiation monitoring and various facility support systems must be maintained and remain 
functional. Performance of operational surveillances will be required and Technical Specifications will 
require compliance with specific organizational and administrative requirements. During this entire time 
frame, radioactive contaminants will be present on site, resulting in on-going employee exposure and 
requirements to maintain the plant in a safe radiological condition. 

The NRC 10 CFR 50 license for FSV will remain in force throughout the SAFSTOR period, requiring 
maintenance of the license documents. These license maintenance activities will include updates using 
the 10 CFR 50.59 process, annual updates to the Decommissioning Plan, possible updates to 
supporting documents. The quantity of license documents and the long duration of SAFSTOR 
translates into a greater level of effort, greater staffing requirements, and greater direct costs 
associated with NRC fees than would be realized in the DECON scenario. During the SAFSTOR period, 
the Price Anderson Act would continue to apply to FSV. In essence, the Price Anderson Act would 
require up to a S79 million payment by PSC in the event of a catastrophic accident at another nuclear 
power station. With the DECON option, PSC's financial risks associated with the Price Anderson 
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surcharge are minimized. 

The regulatory exposure for SAFSTOR occurs over a long period of time, and that fact by itself tends 
to increase risk, overall, while the decommissioning regulations are in their infancy and there are some 
uncertainties, it is believed these uncertainties are reasonably enveloped. The regulatory risks 
associated with the DECON option are significantly less than those associated with SAFSTOR. 

Low Level Radioactive Waste Impact on Selection of the Decommissioning Option 

The decay of the radioactive components and the concrete will reduce the exposure rate inside the 
PCRV. At five years after shutdown the exposure rate at the center of the PCRV cavity is estimated 
to be 230 R/hr. After a 55 year SAFSTOR period, this dose exposure drops to about 0.2 R/hr. Even 
after a SAFSTOR period, access to the PCRV in this configuration would still be limited, requiring 
significant contamination controls and shielding for access. 

The projected waste volume for both the DECON and SAFSTOR options is primarily from the PCRV 
internals and concrete. The balance of plant waste volume is a small percentage of the total waste 
volume. The components within the reactor vessel and the concrete would radiologically decay during 
a 55 year SAFSTOR period. However, the majority of the components, and portions of the concrete 
would still require removal as radioactive waste even after the SAFSTOR period. 

The dismantlement techniques would still require the removal of the PCRV top head and Core Support 
Floor. The waste volume for the reactor vessel internals remains unchanged for either the DECON 
option or SAFSTOR option. The decrease in PCRV sidewall concrete depth from the 21 to 24 inches 
of concrete to 7 to 11 inches would result in a decrease in the total waste volume by about 10%. 
Therefore, the effect of decay in the SAFSTOR period would not significantly decrease the overall 
waste volume. 

The total radioactivity (curie) level in the PCRV is expected to decrease from approximately 2.2E + 6 
curies at 5 years after shutdown to 3.2E + 3 curies after the SAFSTOR period. Waste disposal costs 
are based on curie content as well as volume. For radioactive waste which has a higher radioactivity 
level, (Class B and Class C waste), but is still considered low level waste, the radiation level and curie 
content are expected to be the major contributors to disposal cost. However, the majority (85%) of 
the waste volume for either the SAFSTOR option or the DECON option is expected to be Class A waste 
(having the lowest level of activity). The primary contributor to the cost of disposing the Class A 
waste is expected to be the waste volume. Therefore, the decreased radioactivity level of the waste 
after SAFSTOR period would not contribute significantly to a decrease in disposal costs, especially 
when volumetric charges are expected to increase at a dramatic rate as they have in the past. 

In the U.S., radioactive waste disposal costs will continue to increase in the future as they have in the 
past. At the Beatty, Utah facility through December 1992, the base disposal price is approximately 
$35 per cubic foot with the average Beatty price being approximately $70 per cubic foot. (The "base 
price" for radioactive waste disposal includes all usual fees, taxes and site surcharges. The "average 
price" not only includes the base price, but all surcharges for excess radiation exposure, package 
activity, excess weight and cask handling fees averaged over the total volume of waste during 
decommissioning.) 

During the period between 1992 and 1995, DECON Option time frame, the Richland, Washington is 
currently the only site assured to be in operation. After January 1, 1993, radioactive waste disposal 
prices are expected to take a significant increase. This increase will be the result of implementing the 
final milestone of the Low Level Radioactive Waste Policy Act Amendments of 1985. Beginning on 
this date. Compacts will be allowed to deny waste generated from outside compact member states. 

At the Richland site, the average base price for disposal services is estimated in 1993 to be 
approximately $40 to $50 per cubic foot. Between 1993 and 1995, rising disposal prices at Richland 
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are anticipated to be the result of increased taxes and surcharges, and distributing facility operation 
costs over a generally decreasing volume of radioactive waste offered for disposal. Before the end of 
1995, the base price was initially estimated to be $140 per cubic foot. Recent court rulings in 
Washington have resulted in a lower stable price through 1995 than the original estimate of $140 per 
cubic foot. 

In the event the SAFSTOR option was selected, the cost for radioactive waste disposal in the year 
2045, in PSC's opinion, was extremely difficult to predict. History shows that disposal price increases 
are primarily the result of government taxes and surcharges added to the base price. In only a few 
cases have disposal site operators increased the base disposal rate to recover their cost of operation 
or maintain an adequate profit margin. 

Escalation of disposal costs has increased 11.9% per year historically over the past ten years. It was 
estimated that disposal costs in the future will continue to increase at an average of 10% per year for 
the next ten years and at a subsequent rate of increase of approximately 5% per year (i.e., CPI) for 
the remainder of the SAFSTOR period to year 2045. 

Upon conclusion of our evaluation, engineering management recommended to executive management 
and the Board of Directors to pursue the DEC0N option for the decommissioning of FSV. 

Licensing Process for FSV Decommissioning 

In November 1990, PSC submitted to the NRC the Fort St. Vrain Proposed Decommissioning Plan 
{PDP), based on the DECON option, as required by 10 CFR 50.82. This regulation required PSC to 
apply within two years following the permanent shutdown of operations to apply for the authority to 
decommission the plant as detailed in the PDP. 

In February 1991, the NRC issued an amended 10 CFR 50 license for FSV known as a Possession Only 
License (POL) . The POL confirmed the non-operating status of FSV and represents an intermediate 
step in the transition into the decommissioning phase of the facility. 

From February 1991 through October 1991, various supplemental documentation such as the Cost 
Estimate, Environmental Report Update, Funding Plan, QA Plan, Security Plan, Emergency Response 
Plan, and Fire Protection Plan were filed with the NRC. In addition, PSC responded to two rounds of 
questions from the NRC on the PDP. 

In the PDP, the DECON, or early dismantlement, option was selected as the option for 
decommissioning FSV. The PDP details the major technical actions to be carried out during 
decommissioning. The major elements of the PDP are: 

1.) Methodology for removal of the activated portions of the prestressed concrete reactor vessel 
and internal reactor rad;oactive components. 

2.) Methodology for the decontamination and/or dismantlement of those portions of the PCRV 
structure and radioactive balance of plant systems which exceed limits for unrestricted release 
of residual radioactive materials. 

3.) Estimates of volumes, and definition of techniques and shipment processes of all radioactive 
waste for offsite disposal. 

4.) Discussion of the site remediation techniques, if required. 
5.) Details of the facility radiological status, radiation protection program, cost estimate, fire 

protection plan, technical specifications, emergency response plan, security plan and 
radioactive waste management. 

6.) The proposed final radiation survey plan that confirms release of the site for unrestricted use. 
Once performed and the results found to meet the site release criteria for unrestricted use, the 
final site survey serves as the basis for requesting termination of the FSV 10 CFR 50 license. 
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During decommissioning planning, significant focus was directed toward the development of the site 
release criteria and methodology for both release of the site for unrestricted use and materials offsite. 
The U.S. does not have a lower "limit" for radioactivity. It was key to develop an acceptable 
methodology that would receive regulatory acceptance since the dismantlement/decontamination 
approach selected will not result in a "bare" walls plant after completion of physical decommissioning. 

Decommissioning represents a major licensing change and, as such, requires a major licensing review 
activity by the NRC. The PDP replaces the Final Safety Analysis Report (FSAR), and as such becomes 
the governing licensing document for FSV activities. In this review, the NRC was charged with 
assessing: 

1.) The technical adequacy of the dismantlement and decontamination techniques to be employed. 
2.) The radioactive waste management program including handling and subsequent offsite 

shipment to burial in the licensed Low Level Radioactive Waste facility to be utilized. 
3.) The radiation protection program to be utilized. 
4.) The final radiation survey methodology and associated site release criteria. 
5.) Programs to be utilized during decommissioning for protection of occupational and public health 

and safety, such as emergency response and fire protection. 
6.) A determination that the cost estimate and funding plan are adequate to ensure completion of 

the Decommissioning project. 

After reviewing and approving the PDP, the NRC issued on November 23, 1992 the FSV 
Decommissioning Order which established the formal requirements for carrying out all decommissioning 
activities until the site is released for unrestricted use and the 10 CFR 50 license is terminated. 

FSV PCRV Dismantlement 

The major FSV decommissioning task is the dismantlement and decontamination of the radioactive 
portions of the PCRV. The FSV PCRV is illustrated on Figure 1. A summary schedule of major 
decommissioning activities is provided in Figure 2. Initial dismantlement of the PCRV includes the 
removal of selected PCRV internal components and removal of portions of the steam generators. 

The selected internal PCRV graphite components are presently being removed from the upper potion 
of the PCRV using the Fuel Handling Machine. These components the dummy fuel elements placed 
in the core during defueling, the metal clad reflector blocks, and certain helium purification 
components. Simultaneously, the steam generator secondary assemblies are removed from the lower 
portion of the PCRV to provide access for the detachment of the contaminated steam generator 
primary assemblies. 

To facilitate the removal of the remaining reactor core components, the reactor cavity will be flooded 
with water. Flooding the PCRV will provide shielding for the workers associated PCRV dismantlement 
activities. After the steam generator secondary assemblies are removed form the bottom of the PCRV, 
the PCRV bottom head and side wall penetrations will be sealed, the PCRV Shield Water System will 
be connected, and the PCRV flooded. 

To gain entry to the PCRV cavity, a plug of concrete will be removed from the top of the PCRV. 
Selected PCRV pre-stressing tendons will be either detensioned and removed, or detensioned and left 
in-place. The tophead plug will be cut into sections of appropriate size to allow them to be handled 
with the Reactor Building crane and moved out of the building. After the majority of the concrete has 
been removed from the PCRV tophead, the 3/4-inch steel PCRV liner plate will be cut and removed 
with the remaining concrete, together with the top head liner insulation. 

Once access is gained to the PCRV cavity, a work platform will be installed at the approximate 
elevation of the top of the PCRV where the liner and concrete have been removed, Working from this 
platform, workers will removed using long handled tools the remaining graphite core components such 
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as the hexagonal reflector blocks, large side reflector blocks, side spacer blocks and core support 
posts. 

When the core internals have been removed, the core barrel will be removed by cutting it into pieces 
sized to fit in standard LSA boxes. Following removal of the core barrel, the PCRV water level will be 
lowered and the core support floor (CSF) insulation removed in preparation of CSF removal. The CSF 
is a 29-foot diameter, 5-foot thick disk of reinforced concrete within a 3/4-inch steel casing weighing 
approximately 270 tons. The CSF will be detached from the 12 CSF columns and the 12 steam 
generator inlet ducts, and lifted with a hydraulic jacking system to the PCRV tophead region. The 
jacking system will then lower the CSF onto supports on the ledge in the cavity where the PCRV 
tophead was removed. Once supported, the CSF will be sectioned into segments small enough for 
handling by the Reactor Building crane. Upon CSF removal, the PCRV lower plenum is exposed and 
the helium circulator diffuser s and steam generator primary modules can be removed. 

The removal of the steam generator primary assemblies completes the removal of the major PCRV 
radioactive components. Remaining radioactive components include the activated beltline concrete 
around the reactor core region, the PCRV liner, liner insulation and insulation cover plates, and the 
PCRV lower floor with its supports. The activated beltline concrete region is estimated to be defined 
by a cylinder with an 21 to 24 inch wall thickness and a height of 40 feet. This section of PCRV 
sidewall will be removed by cutting and removing vertical segments. The activated liner plate, 
insulation and cover plates will be removed with the beltline concrete. 

In the lower portion of the PCRV cavity below the CSF, the insulation and insulation cover plates will 
be removed from the PCRV liner. The lower floor and all support members, insulation and other 
components will be removed, and the exposed PCRV liner will be surveyed and decontaminated as 
appropriate. 
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DNGS WASTE MANAGEMENT PROGRAM 

Janice Hudson 
Senior Technical Engineer 

Environmental Protection - Waste Management 
Ontario Hydro 

Darlington NGS Operations 
P.O. Box 4000 

Bowmanville, Ontario 

Good afternoon. My name is Janice Hudson and I am responsible for Waste 
Management and Transportation at Darlington Nuclear Generating Station. My 
work program entails: 

• conventional waste management and recycling 
• chemical waste management transportation and disposal 
• radioactive waste management 
• transportation of rad materials/regulatory compliance 

This combination of responsibilities is ideal since it permits me to track waste and 
recyclables from the time they are produced in the station to the time they reach 
their final destination for recycling, disposal or storage. 

I would like to share with you today the strides we have made at Darlington NGS in 
conventional and radioactive waste management in the last year. 

As a first step, with the help of Service Maintenance waste handling crew a process 
was established with the following goals: 

1. Define all waste collection and processing as a physical system 
comparable to any other physical system in the plant. 

2. Developed flowsheets for inactive/active solid waste management 
detailing waste types, required monitoring methods for release and 
equipment required. 

Once these flowsheets were prepared it was possible to ensure that all waste 
streams and recyclables were handled in a consistent manner that could be 
explained to all work groups. 



INACTIVE WASTE MANAGEMENT 

Darlington NGS sends all inactive materials to offsite landfill. As of July 1, 1991 
Darlington NGS commenced a site wide recycling program for wood, cardboard, 
scrap metal, paper products, pop cans and newspapers in order to comply with the 
Metro Toronto landfill ban. Prior to this date, Operations recycled fine paper 
products on a much smaller scale. 

This new program covered Construction and Operations unzoned, zone 1 and 
zone 2. In October 1992, we expanded the program into zone 3 as well. 

Source separation of these materials was achieved by installing 90 gal Otto 
containers across the site and within the Powerhouse for collection of papers, 
newspapers and pop cans and 1 to 3 cubic yard self dumping hoppers for bulk 
collection of wood, cardboard and scrap metal. 

The expansion of recycling Site wide has provided us with the follow impressive 
numbers: 

Solid Waste to Landfill 
(Sept. 90 to July 1991) 55.5 tonnes/mo 

Solid Waste to Landfill 

{March 1993) 13.6 tonnes/mo 

Recyclables - picked up on a monthly basis 

fine paper 21.7 
cans 1.4 
newspapers 3.9 
wood 12.9 
cardboard 12.9 

PROGRAM SUCCESS 

75% plus diversion has been achieved at Darlington NGS after implementation of 
the site wide recycling program. 

A Packaging and Waste Reduction audit has been completed as required by Bill 
143. An Operations Packaging and Waste Reduction committee representing all 
work groups serves to address chemical, radwaste and conventional waste 
problems on an ongoing basis. 

Let's take a look now at our low level radioactive waste management program. 
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RADIOACTIVE WASTE MANAGEMENT 

Traditionally, Darlington NGS had treated all waste produced in zone 3 areas as 
radioactive. This resulted in large volumes of materials being sent to the BNPD 
Radwaste Site for storage as low level waste which were in fact at least 75% 
inactive. 

The graph illustrates DNGS low level waste volumes since 1990. The effect of 
treating all zone 3 waste as active until the third quarter of 92 is clearly seen. 
Since 1990, DNGS has removed all unnecessary packaging at Stores so it would 
not make its way into zone 3. Also the recyclable collection program in zone 1 and 
2 areas accounts for the drop in LLW production from 1991 to 1992. However we 
were still well above target. 

In October of 1992, DNGS implemented a waste management program entirely 
unique in Ontario Hydro which brought our low level radwaste production down 
dramatically, such that we are now 50% below the Nuclear Operations Branch 
target instead of being 200% above. 

HOW DID WE ACHIEVE THESE RESULTS ? 

In order to meet the Nuclear Operations Branch target for low level waste 
production of 17m3/unit/month we have implemented the following program: 

Waste Collection 

The 3 can set of incinerable, compactable and non-pro has been traditionally used 
throughout zone 3 areas at all stations. 

We recognize the need to establish collection of inactive materials in zone 3. 

• set-up consistent and uniquely numbered waste collection stations in all 
units 

• a typical waste station in zone 3 consists of one "RADIOACTIVE WASTE" 
can, one "LIKELY CLEAN" can and recyclables collection. 

• set-up barcoding of all waste collected. 

Waste Processing 

Equipment Required: 

• Barcoding Hardware 
• Triton Tritium Monitor 
• Waste Bag Monitor 
• Large Objects Monitor 
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• Compactor/Rebagger 
• Shredder 
• Sorting Tables 
• Gas Flow Hand Held Contam Meter 

The DNGS Zone 3 waste processing systems consist of the following steps. All 
waste bags are barcoded and surveyed prior to delivery to the waste handling area. 
The barcoding system provides a complete history of all waste collected including 
pickup location, hazards, date and activity. 

The waste collection crew deposit the rad bags and the likely clean bags at the 
appropriate location in the Zone 3 waste processing room. 

1. Each waste bag is checked for tritium (.5MPC). Tritiated waste is dried 
in a fume hood for several days. 

2. Bags free of tritium are placed in the waste bag monitor for determination 
of specific activity. 

3. At this time waste with less than the alarm setpoint of 2000 nCi/kg to a 
sorting table of opening. Waste with specific activity above the setpoint 
is treated as radioactive and is directed to a radwaste packing room. 

4. We currently operate two sorting tables, one for likely clean and another 
for radioactive waste bags. The contents of the bags eligible for sorting 
will be emptied onto the appropriate sorting tables. Each item is frisked 
piece by piece inside and out. Any materials displaying no activity above 
background are treated as inactive . 

5. We will be installing ventilated sorting tables in teh near future as seen in 
the attached schematic. This will allow us to sort waste bags up to 5 
mrem/hr. 

As can be seen by the chart, waste eligible for sorting must be grouped into the 
following categories: 

WASTE CATEGORIES 

INACTIVE: Recycleables: wood, cardboard, scrap metal, paper 
Landfill: all other inactive materials 

RADIOACTIVE: Incinerable, Compactable, Non-Processable 

If the materials are in the category of reusable or recyclable, they redirected for 
pickup by local contractor. Any remaining materials found to be inactive that are 
destined for offsite landfill are shredded and compacted/rebagged prior to release. 



This treatment of inactive zone 3 materials is required so that the public does not 
become unnecessarily alarmed by the presence of disposable protective equipment 
in the local landfill. 

If items are found to be contaminated, they are sorted into the appropriate radwaste 
classification as required by the BNPD Rad Waste Site. By rigorously following the 
specifications, the total voiume of radioactive waste stored at BNPD is minimized 
since incineration provides 80:1 volume reduction and teh BNPD box compactor 
provides 8:1 reduction in storage volume. In addition waste bags provided to the 
VWRF are free of tritium and other potential hazards due to the tritium monitoring 
and sorting process. 

SUMMARY 

Our goal was to meet all required regulatory and internal targets with a simple, easy 
to maintain system with low startup costs. We have spent approximately $300,000 
on equipment for this program which at the current waste production is saving 
Ontario Hydro $2.2 million over the next 5 years in avoided low level rad waste 
processing cost for DNGS. 
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QA IN AN R&D ENVIRONMENT 

by 

J.B. Hallett 
Quality Assurance Coordinator 

for 
Engineering Technologies Division 

AECL Research 
Chalk River Laboratories 

ABSTRACT 

Over the past few years, AECL Research has been developing an effective Quality Program that 
assures the quality of all activities conducted in pursuing the company's mission. One of the more 
challenging areas for developing an effective quality program and the associated QA (Quality 
Assurance) is in an R&D (Research and Development) environment. 

This paper discusses die reconciliation of QA (which is about control) and R&D (which is about 
innovation). The effective application of QA to R&D is described, including the progress that has 
been made at AECL Research. 



Introduction 

We are all benefiting from an increase in the quality of products1 available in the marketplace today. 
The improved performance and reliability of products over those of twenty or even ten years ago 
has occurred because competition has forced manufacturers to compete on quality as well as price. 
Manufacturing industries have developed management systems (quality assurance programs) that 
improve the quality of their products and, the processes used to produce them, leading to improved 
profitability ~ the bottom line. 

Research and Development (R&D) organizations are now adapting formal Quality Assurance (QA) 
programs, designed to meet the requirements of manufacturing industries to the R&D work 
environment (1). 

AECL Research has long recognized the value of effective QA programs, especially those related to 
the construction, operation and maintenance of its research reactors and other major research 
facilities. In recent years, the company has been exploring ways to incorporate the principles (2) of 
QA into its R&D activities. Because these R&D activities cover a very broad range of scientific and 
engineering disciplines, the various R&D groups have been allowed to develop ideas on how best 
to apply QA to their operations, and then take what has been learned and combine them into a 
company-wide program. 

This paper describes the lessons learned in implementing a QA program in a division that performs 
applied R&D. The lessons are still being learned but we can now say with confidence that R&D 
(where inspiration and innovation are paramount), and QA (all about control), are compatible, and 
that a properly designed and implemented QA program will help R&D people perform more 
effectively. 

Before discussing QA in R&D, we will define R&D and quality as it is applied to R&D, and then 
describe a quality R&D process. 

Definitions 
Research and Development 

R&D is a process that provides proofs to hypotheses, answers to questions, solutions to problems, 
and products to meet extra-special needs. It achieves this through the effective use of inspiration 
and innovation, combined with specialized knowledge, skills, equipment and facilities, Figure 1. 

As in any business, the objective is to supply customers with excellent products2 that meet 
customers' requirements at competitive prices on time, and have records that show how this is 
achieved. A second objective is to identify and make full use of all "spin-off opportunities. These 
represent the future prosperity of the organization. 

In the context of this paper products include goods and services. 
An excellent product is only a quality product when it meets customer expectations. 
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Figure 1: The R&D Process 

Quality 

ISO 8402-1986 (3) defines quality as "The totality of features and characteristics of a product or 
services that bear on its ability to satisfy stated or implied need." This definition really applies to 
what the customer receives, when and at what price. 

In the R&D environment we have to apply this definition carefully. Quality has nothing to do with 
positive or negative results (4). A negative result in research is not of itself poor quality: an 
ambiguous result that must be repeated is poor quality, undocumented research that is forgotten and 
has to be repeated is poor quality, research directed in the wrong direction is poor quality. Quality 
in research has nothing to do with predicting the outcome of an experiment; research is, in fact, 
exploring regions where such prediction is impossible. 

Quality Process 

Figure 2 shows the cycle of events in delivering quality products to customers. It also shows the 
additional activities performed to evaluate and improve performance, and to capture spin-off 
opportunities. This model is readily applicable to any R&D endeavor, large or small; it can be 
applied to individual activities or to die whole project The sequence is: 

1) Develop a clear and complete understanding of the customer's requirements and translate them 
into specifications. It is important to understand the difference; the requirements are written in 
the customer's language and the specifications in the supplier's language. Easy to say, but not 
always easily achieved at the start of a project. Recognize this fact and develop effective 
communications with the customer to verify progress against the requirements throughout the 
project's life. 

Verifying that the customer agrees the specifications reflect his requirements will prevent many 
problems. 
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Figure 2: A work process that delivers a quality product, improves the process and identifies 
new business opportunities 

2) Design and plan the process or series of processes. Flowcharting is a useful tool. Chart the 
value-added activities first, then insert the points at which work will be verified, and identify 
what documents will be required to control the work (procedures, forms and checklists) and 
what records will be maintained. In the R&D environment be prepared: 

- for changes:, the nature of all R&D is that changes will occur; if not managed, you will have 
cost overruns, delays and unhappy customers; 

- for problems: know how to deal with them and make sure you capture the lessons learned; 
there is a gold mine of knowledge in effectively dealing with problems; 

- to control information: ensure that people have the information they need to carry out their 
assignments; 

- to keep good records of who did what, when, how and why; and 
- to capture any potential spin-off opportunities for future attention. The very nature of R&D 

reveals new ideas, questions, etc., and although we may not want to pursue them 
immediately, we do not want to lose them: these represent new business opportunities. 



3) Identify and obtain the resources required: 

- people with the right knowledge and skills; 
- information that is correct and up-to-date; 
- capable equipment; 
- methods of performing the tasks that work; very often the development of these methods is 

part of the preparation process; and 
- materials and items that are as-specified. 

4) Perform the work by following the plan verifying progress, managing changes, dealing with 
problems and keeping good records. 

5) Verify that the product conforms to requirements by checking output against the specifications 
before delivering the product to the customer, and file all essential records. 

6) Complete the process by measuring performance; include the customer inthe measurement 
process, and act on the findings to improve performance. 

7) Identify new business opportunities. 

Following this work cycle will produce a quality product to the customer, improve the work 
environment and identify future business opportunities. 

A QA program is the control system used to ensure that the process is completed satisfactorily. 
More on QA programs later. 

Quality Assurance 

ISO 8402-1986 defines QA as "All those planned and systematic actions necessary to provide 
adequate confidence that a product or service will satisfy given requirements for quality." 

When a customer asks an R&D organization to do some work, he or she expects mat inspiration, 
innovation and the systematic application of specialized knowledge, skills, equipment and facilities 
will be applied to that work. When a customer asks for QA, he or she is looking for a management 
system (QA program) that provides the assurance that the work will be carried out in an organized, 
controlled manner, and that the records show how this was achieved. 

R&D organizations put in place QA programs for the same reasons; that is, to provide the 
assurance that customers' requirements will be met profitably, and, in addition, capture all 
opportunities to improve performance and identify new business opportunities (spin-offs). 

How much QA is applied to a given activity is based on the consequences of failure (safety, costs 
and reputation) to complete that activity satisfactorily, and the probability of that failure occurring, 
factoring in the experience of those doing the work. 



Quality Assurance Program 

A QA program is a documented management system for controlling and improving the quality of all 
activities related to conducting the business of the organization. The documents identify WHO is 
responsible for deciding WHAT (policies) has to be done, WHO approves the methods HOW 
(procedures), and WHO is responsible for verifying that the policies and procedures have been 
complied with. The QA program ensures that: 

- business objectives are specified and understood, 
- customer's requirements are specified and understood, 
- the right information is available to the right people, 
- the right material, equipment and processes are used, 
- outputs are checked against requirements, 
- problems are dealt with effectively, 
- changes are managed, 
- the right records are kept, 
- lessons learned are used to improve performance, and 
- new business opportunities are identified and acted upon. 

This list may at first appear to differ from the list of elements commonly found in a QA standard. 
However, they cover the same ground but have been written from the researcher's point of view. 

Lessons Learned 

The division that I have been helping to implement a QA Program does work in the more applied 
research areas providing solutions to problems and specialized equipment. 

The work is usually organized into projects, each managed by a project manager, who is 
responsible for delivering on time and within budget The division has developed and is now 
implementing its quality manual. This manual requires that the QA requirements for all projects be 
reviewed and a decision reached as to whether or not the complexity of the project requires the 
preparation and implementation of a project quality plan. 

A project quality plan is a document that identifies WHO is responsible for; deciding WHAT has to 
be done and approving the methods HOW, and identifying WHO is responsible for performing and 
verifying the work specific to the project. 

One effective method of developing a quality plan is to flowchart the sequence of events (of course 
there will be changes as the project progresses). Identify the inputs required for each event, the 
procedure(s) to be followed, records to be generated and who is responsible for its completion. 
This should be a team effort. Then add to mis flowchart the stages at which project reviews and 
work verification points will occur, and who is responsible for carrying them out. 

Another useful tool are checklists that record what has been completed; each task is signed-off and 
dated by the person responsible. Checklists act as reminders of what has to be done, and record 
when a task has been completed and who performed the work. Contrary to the beliefs of many, the 
effective use of forms and checklists reduces the amount of paperwork while reducing the 
probability of steps in a process being missed. There is an up front effort required to prepare these 
documents; this task is usually much less exciting than getting on with the work. 



The process of developing project quality plans has proved to help project teams to understand what 
the customer requires and clarify each team member's role and responsibilities. It bridges the gap 
between the general policies and procedures provided by the division's quality manual and the 
specific requirements of the project. 

C o n c l u s i o n s 

QA and R&D are compatible. 

To provide quality products to our customers on time and within budget, and to continually 
improve performance and identify spin-off opportunities, a QA program must assure that: 

- A clear and complete set of specifications reflecting customer requirements are developed; if 
this is not immediately possible, then lecognize this and plan accordingly. 

- Clear, specific roles and responsibilities of the participants in the project, including the 
customer's, are described. 

- Good project management practices are implemented. 
- Good change control and problem-solving procedures are in place and are followed. 
- Performance against customer requirements is measured, and findings acted on. 
- Potential spin-off opportunities are identified. 

The QA program implemented in the Engineering Technologies Division is aimed at providing 
quality products to customers in a cost-effective manner. The principles developed in this program 
will be applied to all R&D activities in AECL Research. 
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I. Introduction 

The virtues of hydrogen as a fuel have been long appreciated [1], but it must be prepared from 
natural gas, the most economical current source. Anxiety about fossil fuel depletion, atmospheric 
pollution and global warming suggest hydrogen prepared from ocean water (by electrolysis). 
Inexhaustible, excellent for energy storage and transmission, and environmentally benign, tt can be 
burned in fuel cells or other. Chemically versatile, it combines with atmospheric nitrogen to yield 
ammonia for fertilizer, a fuel much like hydrogen and a refrigerant not depleting the ozone layer. 
In the petrochemical industry it upgrades heavy tar fractions to gasoline and catalytically converts 
coal or peat to methane. A good reducing or hydrogenating agent, it can replace carbon in reducing 
ores to metal. Its main drawbacks are cost and needing more energy to produce it than is released 
by combustion. 

The objections are now less compelling because meeting environmental concerns and fuel 
depletion raise cost, and conversion loss can come from renewable energy. Our "navel estimate" 
(made by navel contemplation until estimates materialize) of conversion cost is trillions of dollars. 
This demands synergies and intelligent planning. 

The plan of this paper is as follows. Part II gives some synergies and hydrogen demands which 
help drive the transition. Ill argues that renewable-based hydrogen can satisfy foreseeable 
energetic and environmental demands. IV considers the role of non-renewables, V, financing, and 
VI, some conclusions, questions and prognostications. 

II. Projected Hydrogen Demands and Possible Synergies 

We give navel estimates of hydrogen requirements. The U.S. consumed under 80 quad in 1973, 
so 1000 quad for world energy demand does not seem absurd. As one quad is 2.93 x 1011 kwh 
and there are 8766 hr/yr., we need under 5 x 1010 kw, or 50,000 continuously running plants, 
each delivering 1000 megawatts. Round to 105 plants (for downtime, etc.). If each plant costs 
10 billion dollars and we allow another order of magnitude for other infrastructure, we get a navel 
estimate of a trillion dollars.. This should be supportable over perhaps 50-100 years, (which is 
also a ball-park estimate of how long fossil fuels will last). 

The place to start is with large hydrogen consumers who need it with less atmospheric pollution. 
Electrical utilities use hydrogen from methane in fuel cells for peaking capacity, producing carbon 
dioxide. Anxious to reduce it and other pollutants, they are wind power pioneers and logical 
spearheads for constructing wind turbines to provide on-line power and hydrogen generation. 
Government tax and depreciation policy, like super-accelerated depreciation of fossil fuel burning 
equipment to the full cost of the wind machines or other renewables replacing it, plus removing 
limitations on commercial sales of hydrogen would encourage utilities to be hydrogen based and 
hydrogen suppliers. 

Co-generation can include hydrogen. The utilities and the ammonia industry can do it. Liberal 
depreciation and tax policies to shift from methane-based to renewables-based hydrogen, plus laws 
or taxes discouraging carbon dioxide generation, would push the hydrogen plus ammonia 
economy. Ammonia might rival hydrogen because ammonia-fueled cars have greater range than 
hydrogen-fueled cars. They substitute tank ammonia storage for cryogenic, high- pressure, or 
metal-hydride hydrogen storage [2]. The case for hydrogen is stronger for planes, ships, trains, 
buses and trucks vis-a-vis ammonia, especially planes (where liquid hydrogen is a better fuel than 
hi-test gasoline [3]. 
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Hydrogen and ammonia are probably less hazardous than gasoline. Choice between ammonia 
and hydrogen depends strongly on application conditions. Low usage rates, long storage times, 
low weight and capability for immediate stand-by use probably favor ammonia. Large scale, 
stationary applications (like utilities) favor hydrogen on a cost basis. Ammonia is a light weight, 
stable, (but not too stable) hydride, competitive with metal hydrides. 

Much pollution and greenhouse gas comes from smelting operations, so replacement of carbon 
by hydrogen could be helpful. A metal oxide ore MO reduces to metal M according to 

MO + H2 ->M + H 2 0 Î (1) 
The corresponding carbon reduction produces carbon dioxide 

2MO + C -» 2M +C02 T (2) 
If the reaction is incomplete, poisonous carbon monoxide is produced by 

MO + C * M + CO T (3) 
Water from (1) is benign, could be useful, and would cause négligeable rust in an H2 atmosphere. 

Spectacular improvement may result with sulfide ores. Current "roasting" produces sulfate 
particulates and acid rain. With hydrogen, sulfide reduction obeys 

MS + H2 -> M + H2 S Î (4) 
This would be done in a closed system, for H2 S is the poisonous foul-smelling essence of rotten 
eggs. It easily decomposes into its elements 

H 2 S * H2T + S i (5) 
regaining the original hydrogen (theoretically all is possible), which can be recirculated, and 
produces elemental sulfur which may be needed for sodium-sulfur cells in electric vehicles and 
elsewhere. The sodium (from brine) would be a by-product of making electrolytic hydrogen from 
sea-water. The hydrogen economy thus seems likely to reduce or eliminate most of the 
contributions to pollution, global warming and acid rain ascribable to metallurgical operations. The 
metals industry has a vital stake in hydrogen to avoid environmental shut-down of some smelters. 

The fossil fuel industry should not try to abort the hydrogen economy as a dangerous rival, for 
its stake may be even greater than those of industries already considered. The greatest producer 
and consumer of hydrogen is the oil industry. It uses natural gas, formerly flared off, as a source 
of hydrogen to convert heavy oil fractions into valuable liquid fuels. When oil depletes, the only 
way for the petrochemical industry to prolong its existence (other than by becoming appendages of 
Gulf oil monopolies) will be by liquefying heavy oil fractions, tar sands, oil shale, coal and peat, 
by hydrogénation with electrolytic hydrogen. The petrochemical industry may therefore become a 
main mover toward the hydrogen economy. This is not certain because foreign oil may apply 
pressure to hold back the transition. This strategy can not succeed in the long run, so cooperation 
and participation should be seriously considered as a matter of self-interest. 

With methane, two moles of hydrogen burn for each one of carbon: 
CH4 + 3 0 2 * 2H2 O + C02 (6) 

Burning a long chain hydrocarbon combusts CH3* end groups, and possibly many intermediate 
- (CH2) - groups. Combustion of a pair of them obeys 

2 (CH2) + 3 0 2 •> 2 H 2 0 + 2C02 (7) 
doubling the ratio of C02 to H20. For coal, the hydrogenic contribution is nil. AH the energy 
comes from exothermic production of C02 : 

C + 0 2 * C02 (8) 
All other hydrocarbons fall between (6) and (8). 

Reducing the amount of carbon dioxide per BTU is done by hydrogenating the hydrocarbons as 
much as possible. Methane has the highest degree of hydrogénation. The opposite extreme from 
(8) is the combustion of hydrogen 

2 



2H2 + 0 2 •> H 2 0 (9) 
producing no carbon dioxide at all. 

Combustion of ammonia obeys 
2NH3 + 3 0 2 * 3 H 2 0 + 2N2 (10) 

The nitrogen is a hydrogen "container" which returns to the atmosphere. Methane carbon is a 
burnable hydrogen container, holding more hydrogen than metal hydrides or ammonia. ît can be 
manufactured catalytically from carbon. Practicality as a low pollution auto fuel has been 
demonstrated, but fossil methane will eventually be exhausted. If electrolytic hydrogen reduces the 
carbon dioxide burden from non-automotive sources, and methane largely replaces gasoline, the 
carbon dioxide burden imposed by it and some other hydrocarbons may become tolerable. The 
possibility of electric vehicles, battery or hydrogen fuel cell driven, and vehicles burning hydrogen 
or ammonia make this plausible. In any case, the time to switch from gasoline to natural gas has 
come. When methane threatens to run out we can decide whether to manufacture it, go the 
electrical route, or use hydrogen or ammonia. 

Coal and peat are bad polluters, but by catalytic hydrogénation they provide methane and hence, 
organic chemicals. Their future lies here; the same is indicated for tar sands, heavy oils, tight 
shales, etc. 

m. Whence All the Needed Electrical Energy? 

Man's activities affect the whole earth and bad unintended consequences can stem from actions 
deemed harmless at the time they were begun,. We try to minimize them by studying possible 
environmental impacts beforehand. Hydrogen needs so much energy that we must consider the 
impact of tapping it This may seem odd for how can tapping the energy of wind, water, and sun 
be other than harmless? What of geothermal and nuclear energy? Is the latter always an 
environmental nightmare? Just as we must try to avoid deleterious environmental impacts, so must 
we avoid unjust blanket condemnation of energy sources whose bad effects may be avoided with 
proper precautions. We can not afford to be blinded by ideologies, no matter how seductive, if we 
are unable thereby to benefit from actions not harmful when done properly. We must base our 
decisions on good science, do more research if current knowledge is insufficient, and reverse 
course if new dependable knowledge discloses bad effects of an accepted modus operandi. When 
we press the limits of what the planet can provide we can not afford the luxuries of stupidity or 
self-inflicted blindness. 

Wind, water and sun are the obvious sources of renewable energy (geothermal energy is really 
a fossil resource); consider them in order. Is there enough wind energy to support the hydrogen 
economy, and can we tap that much with impunity? Old surveys suggest that U.S. wind resources 
can supply all needed energy. World resources should suffice for world needs. The real estate 
required, the noise, the dangers of blade failure and hazards to wildlife argue for remote siting. 
Maximum wind turbine power goes as the cube of wind velocity [5], which is an order of 
magnitude greater in and near Antarctica than in the continental U.S.A. Megawatt ratings achieved 
in the U.S.A. [4] become possible terawatt ratings for Antarctic wind machines. Single machines 
with output comparable to nuclear plants are then not ridiculous a priori. If we take 107 mi2 as the 
area of Antarctica and surrounding ocean (over which circumpolar winds blow almost 

continuously), the 105 machines of n can be sited on land or sea with room left for 106 more! 
Wind energy alone should suffice for the world's needs indefinitely. 

What might be impacted by 106 big machines? We usually assume that the earth's wind 
system is driven by the sun, but how much of it would still operate if the earth no longer rotated? 
Could the 106 machines be a frictional drag on the earth's rotation, in effect "mining" its kinetic 
energy of rotation? Would this be négligeable or significant compared to the frictional drag already 
imposed by earth's wind and tidal systems? The day has been slowly lengthening for eons, so this 
is probably not a severe worry. The combination of modem atomic clocks and precision 
astronomical observation may permit us to measure small fluctuations in the earth's angular 
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velocity. When this has been done we will know what risks we run. 
Similar analysis can be made of energy from the hydrosphere. Solar energy evaporates ocean 

water, which condenses as rain and runs back to the ocean via rivers. This is, of course, the basis 
of hydroelectric power, which currently taps but a tiny fraction of the kinetic energy of the 
hydrosphere or of falling rain. In medieval times, watermills in anchored boats in rivers, run by 
paddle wheels, were common. They tap the kinetic energy of flowing water without dams. How 
many orders of magnitude greater than the total output of all dams might energy from this one 
source be? Essentially all rivers may be harnessed this way. Remoteness and intermittent 
operation is no problem with hydrogen. Catching rain over wide areas which drain into vertical 
pipes feeding turbines may have much potential, particularly in rain forests and at sea. Could the 
Maelstrom and other natural or artificial tidally fed whirlpools become significant energy sources? 
Are there not tens of thousands of locations where tidal energy is suitable for hydrogen production 
though not for power generation tied directly to grids? Can not the Gulf Stream and other ocean 
currents drive relocateable watermills? Are not essentially all proposals so far to tap ocean wave 
and tidal energies more suited to hydrogen generation than to direct power grid hook-up? Are not 
"salt tongues" and thermal upwellings additional candidates for hydrogen generation0 An 
outstanding example of the first occurs near the Straits of Gibraltar. Dense saline water flows out 
of the Meditteranean and down the continental shelf while less dense Atlantic water rides back in 
over it. The bottom current reaches 1.3 meters/sec and the volume must be immense [6]. To how 
many Niagaras is this flow equivalent? Water mills or turbines 1000 meters below the surface or 
floating could well supply vast amounts of hydrogen. Why not tap hot rising water above thermal 
vents to drive turbines? Other schemes, like OTEC, seem more practical for generating hydrogen 
than for feeding a grid. 

It seems likely that the world's water can deliver as much or more power than its winds. The 
part involved in the evaporation cycle would presumably not be closely coupled to the earth's 
rotation, though the tidal part might. Discussion of that part could recapitulate what we said about 
wind energy in that regard. It might also couple to the earth-moon system. All this would have to 
be studied with care. However, much energy can surely be supplied before any deleterious effect 
could even be detected. 

Solar energy splits on earth into thermal and photonic components, the latter being the part used 
for its photovoltaic effects in semiconductors. It is essentially uncoupled to the earth's rotation 
(except for time of availability), and often taken as virtually synonymous with solar energy. Bad 
effects seem to be mostly restricted to requiring large amounts of real estate, device cooling, and 
capital investment The first is ameliorated by desert or ocean siting, the second by ocean siting, 
and the third is essentially why (as of 1993) wind energy seems more practical. Research is active 
and the situation can change. 

The thermal part includes such things as space heating, solar distillation, solar steam engines, 
drying operations, solar ponds and the like. These are benign and related to the theme of this paper 
because they reduce the demand for fossil fuel. Their significance should steadily increase. 

Lastly, consider nuclear energy. If not for fear of accidents and radioactive waste, even 
environmentalists would admit that nuclear energy poses few problems for the environment 
compared to fossil fuels. Cohen [7] has discussed irrational public attitudes about them. Many 
scientists look at the waste problem as more political than technical (the acronyms LULU NIMBY 
NIMTO often come up, standing respectively for local unwanted land use, not in my back yard, 
and not in my term of office). Remote siting, say at sea, avoids the acronymic bugaboos, leaving 
only the waste disposal problem. Design ships, platforms and reactors to allow the whole reactor 
to be jettisoned at the end of its life into a hole on the sea bottom. Let the portion of the earth's 
crust containing it be destined by plate tectonics to be buried deep in the earth. It would then take 
billions of years for the reactors, dissolved in magma, to surface in lava flows. By then it would 
be safe. Nuclear energy can thus help phase in the hydrogen economy over a long enough time to 
build needed renewable infrastructure at an affordable rate. It is doubtful if we can afford not to 
use it. 

If environmentalists really believe it necessary to eliminate fossil fuels they should 
enthusiastically support a hydrogen scenario. The alternatives seem to be either impractical 
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(economically or technically) or to require too long a continued reliance on fossil fuels (which may 
not even be available), uncomfortably continued pollution and global warming. Another synergy 
of the nuclear scenario is that ocean water reactor coolant could be input to multiple stage 
distillation plants, supplying large amounts of fresh water to a thirsty world. Currently the bulk of 
water distillation in the world occurs in oil-fired plants in the Persian Gulf. The scenario proposed 
buys time to build the vast infrastructure needed for solar and/or hydrogen-fired water distillation. 
Finally, brine chemicals and deuterium (possibly for fusion energy) will be valuable by-products 
of distillation, just as with electrolytic hydrogen production. 

IV. On the Role of Non-renewables and Nuclear Energy, during the Transition Period 

A transition period between decades and over a century is expected. At its end the main fuels 
will be presumably hydrogen, ammonia, and methane produced to a considerable extent from coal 
and hydrogen. Consumers will use more and more electricity based on renewables and hydrogen. 
Some energy will be provided by all traditional fuels and methods, from waste and biofuels, and 
from an array of methods proposed as solutions of energy problems at various times but which did 
not achieve widespread use. Solar energy will no doubt have a large number of niche applications, 
many quite important. Only time will tell whether they will reach the importance of wind and water 
(or perhaps exceed them). 

Nuclear energy may reach its highest peak and greatest importance in helping to get the 
hydrogen economy started. The peak may be broadened by its application to provide fresh water 
etc. However, fissile materials, natural or bred, should probably be considered as exhaustable 
fossil fuels (non-polluting despite passionate views to the contrary) whose importance will 
therefore ultimately diminish. Some nuclear plants would presumably be kept in operation to 
provide isotopes and intense radiation environments, but eventually most aging reactors would be 
replaced by hydrogen plants. 

The detailed course of the transition will surely be full of excitement, agitation, economic 
struggles and realignments, painful readjustments, lobbying, wise and unwise legislation, 
international intrigue, and no doubt some wars, revolutions, sabotage and terrorism. The role of 
unions is likely to be complex, involving a spectrum of actions from turf battles, job protection 
and obstructive political tactics, to statesmanlike actions in the public interest and a constructive 
economic role (probably soon evolving to the latter). Individual businesses will have a similarly 
wide spectrum of attitudes and activities, and can be expected to engage even more in narrowly 
focussed lobbying and public relations to protect their interests in the status quo or in new 
developing areas. 

The world is now so heterogeneous and complex, so riven by civil strife, population pressure, 
ethnic, religious, tribal, and inter-national antagonisms, so ravaged by flood, famine, disease, 
desertification, ignorance and superstition, that irrational actions and policies are frequent. Perhaps 
chaos and the breakdown of civilization will occur rather than a brave new world running on 
hydrogen. But the human race is hardy and adaptable, and has proved that it can learn from 
experience. It should not be written off too quickly, therefore, and a somewhat optimistic view can 
be adopted without fear of condemnation as wishful thinking. 

We now return to possible transition scenarios, despite uncertainties making most attempts at 
prophesy sheer guesswork. We expect oil to be the first major fuel to be exhausted. Long before 
then it will have been mostly reserved for less easily substituted uses than fuel, like petrochemicals 
and lubricants. It may be largely replaced rather early by methane as a transportation fuel, and by 
solar energy in home heating. The first major new hydrogen beachhead will be industrial 
applications now using hydrogen derived from methane; the utilities, the hydrogen industry, and 
the fertilizer industry. The first major transportation impact of hydrogen may be its spread from the 
space program to aviation [3]. 

The automotive fuel situation will likely be confusing and competitive, and long remain so. 
Methane will fight ammonia, internal combustion engines will compete with electric cars, and 
within that class, batteries will fight fuel cells. As hydrogen becomes cheaper and natural gas more 
expensive, more and more of the former will simply be mixed with the latter. Phasing out 
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hydrocarbons may be delayed by hydrogen, but it is hard to guess for how long. On the one hand 
heavy oils, oil shales, tar sands and coal are a vast resource upgradable with hydrogen, and their 
use requires infrastructure orders of magnitude less expensive than that required to "go all the way" 
with hydrogen. On the other hand environmental concerns, coupled with the argument that the 
hydrogen route is inevitable anyway, may reduce the strength of that consideration. Pressure to do 
both is provided by the felt need for energy independence of the industrialized countries. As noted 
in II, there may be counterpressure by the oil-rich countries to do neither. In the 1970's a large 
deliberate drop in oil prices, coupled with friendly, instead of belligerent statements by OPEC, 
doubtless contributed to the demise of the synfuel program. This tactic is less likely to be relevant 
to hydrogen, as oil will be scarcer when hydrogen has become cheaper and more plentiful. The oil 
countries are well advised to seek peace and stability and to use their current incomes to diversify 
away from too prolonged reliance on what will be a dwindling resource, whose monopoly status 
will be continuously undermined by increasingly competitive alternatives. 

Y On Financing the Transition to the Hydrogen Economy 

Many mechanisms and sources of capital will doubtless be found to meet the vast requirements 
of building the hydrogen energy economy. Every effort should be made to sequence the 
investments to allow them to pay for themselves, achieve synergies, and to enhance opportunities 
for further investment. Projects can be national, international, investor-owned, owned by 
governments, by quasi-public consortia, industrial organizations or even individuals. The vast 
pension trust funds may be imporant sources of financing. Care should be given to avoiding both 
bureaucratic, administrative, ideological and legal straitjackets and the environmental horrors or 
other bad consequence of rapid industrial development. Industry, rather than government 
financing may predominate in the U.S.A., the opposite may be the case in Scandinavia and many 
other countries. Antarctic wind generators would probably require both international treaties and 
multi-government funding, though international industrial consortia are certainly not excluded. To 
concretize these ideas, consider die specific case mentioned earlier, namely, cooperation between 
electrical utilities and the fertilizer industry. 

Utilities need base and peaking power, and reduced generation of pollutants and carbon dioxide. 
Ammonia manufacture needs them too, but with little peaking power, and hydrogen is the major 
feedstock. Using wind-power (or other renewables) to generate hydrogen, that feedstock becomes 
available to the ammonia manufacturer, and a non-polluting fuel is provided to the utility. Besides 
conventional financing methods, tax-exempt bonds can be justified on pollution-reduction 
grounds, and both enterprises can reap valuable pollution abatement credits. Depreciation is an 
important internal source of financing. If used for replacing the old type of equipment by 
hydrogen infrastructure, additional tax incentives, like extra depreciation or tax credits, can be 
provided to encourage more rapid changeover to hydrogen and more willingness to anticipate 
future power requirements rather than merely react to shortages. 

Positive effects of synergies and hydrogen cogeneration are significant. Hydrogen production 
can be done with off-peak power, making ammonia producers and utilities inherent allies. The 
convenience of on-site hydrogen production may justify building large wind turbines on the 
ammonia producer's property, which would provide base-load (and peaking) power to the utility, 
generating most hydrogen with the off-peak power. The ammonia producers may become 
hydrogen suppliers along with the utilities. 

The existing hydrogen industry is in a completely analogous situation, vis-a-vis the utilities, as 
the ammonia industry is. To the extent that hydrogen and ammonia compete as fuels, the two 
industries may compete, but joint hydrogen production may make economic sense anyhow. 
Carefully supervised relaxation of. anti-trust laws, as far as hydrogen is concerned, may be in the 
public interest 

The metallurgical industry, particularly the extractive part, may ultimately become a very 
significant part of the total hydrogen picture. The main drive, as discussed earlier, is to reduce 
pollution. As smelting and refining operations are geographically dispersed, the hydrogen 
situation is perhaps more like that of a collection of small industries than a single large one. A 
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wide spectrum of hydrogen policies should therefore develope, from completely owned in-house 
hydrogen production and consumption to purchased hydrogen exclusively. In between will be 
many cases much like those discussed earlier, except that symbiotic, rather than competitive, 
aspects are likely to predominate initially. 

The petrochemical industry presents such a complex picture that even apparently mutually 
exclusive scenarios are reasonably probable and may even co-exist. Faced on all sides with threats 
and opportunities, it is a financial giant and currently both the largest producer and consumer of 
hydrogen, as well as a very significant producer of natural gas. Cursed for oil spills and other 
affronts to the environment, it is praised by some for substantial efforts toward good 
environmentalsim. These are dismissed as a public relations ploys by the first group. Substantial 
steps toward the hydrogen economy can not be so dismissed. They could prolong the life of the 
industry, as discussed earlier, perhaps indefinitely. Reasonable, or perhaps large hydrogen 
growth, perhaps funded entirely by the industry, might result. The source of funding is its large 
cash flow plus the large sums, now spent on exploration, drilling, transportation, beneficiation of 
sour crudes and other measures to meet increasingly stringent environmental standards, payments 
to foreign governments, etc. much of which could be redirected to hydrogen. Near total 
replacement of coal and peat by natural gas or synthetic methane may occur in the next few 
decades. Existing petrochemical and solid fuel industries, individually or together, will 
presumably supply it. The financial strength of the former and weakness of the latter suggest near 
complete acquisition of the solid fuel industry by the petrochemicals, but an important role for large 
chemical or metals companies can not be excluded. 

The outcome of the expected battle between major industries for hydrogen supremacy can not 
be predicted with confidence. The petrochemical industry has the great advantage of immediate 
ability to absorb astronomical amounts of hydrogen and vast resources, but the other major players 
can not be neglected on either count. The influence of foreign investors may become important. 
The possibility that a new giant, the hydrogen industry and its derivatives, may develope, is real. 
An eventful chapter of world techno-economic history seems to be taking shape, for which the title 
"the hydrogen revolution" does not seem out of place. 

VI. Conclusion, Questions and Prognostications 

This section may seem anti-climatic for many questions and prognostications have already 
arisen and conclusions reached. But there are points worth discussing further, despite occasional 
overlap with earlier material. 

The strength of popular feeling about the environment must not be minimized. Exaggeration, 
misinformation, misunderstandings and irrational fears are commonplace, but this must not be 
allowed to force implementation of expensive measures which are harmful or counterproductive 
[7]. On the other hand, the opposite fallacy, of denying that problems exist and therefore doing 
nothing or even opposing needed corrective or preventive action, must be fought resolutely. Good 
science and technology must combine with realism, common sense, and understanding of the 
economic implications of what is contemplated in order to arrive at wise courses of action. We 
believe this can be done with hydrogen, that it should be the darling of religious people, 
environmentalists, moralists and humanists, blessed by scientists, embraced by technologists, 
welcomed by philosophers, espoused by industry and forcefully advocated by philanthropists, 
patriots, pundits and politicians. 

We expand on the last sentence. Hydrogen addresses practically all justified environmental 
concerns simultaneously. It generates no greenhouse gases, no uncontrollable emanations of 
noxious substances causing cancer, attacking eyes, lungs or other organs, killing trees or other 
non-human creatures, acidifying lakes, or corroding works of art, architecture or anything else. It 
leads to no tearing up of the earth, ruining landscapes, polluting air, rivers, streams, or oceans, or 
to destruction of wild life habitats on land or sea. It needs no dangerous and unsightly power lines 
or construction of expensive or hazardous pipelines, (though it can use facilities already 
constructed, of these and other types, with moderate or no modification). It can evolve to where it 
depends only on renewable sources of energy (wind, water, sun) using any and all non-renewable 
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sources as a temporary (but necessary) means to achieve the transition. When it has reached 
maturity, it will entail near perfect symbiosis with the rhythms of earth and sun. We will be part of 
a sustainable global ecology, instead of a mighty destructive force. If this philosophy sinks in, we 
will have gone a significant distance toward achieving the ideal of One World. 

The dreams of idealists are sometimes inconsistent with reality. The hydrogen economy 
encounters little problem on this score, for every step can be taken in harmony with the physical 
laws of the universe, as far as we know them. In addition, the evolutionary way in which it will 
be created ensures the ability to assimilate new knowledge and to reverse steps which turn out to be 
mistaken. This is how science operates. It should be how we shape our world system. 

Problems posed by the hydrogen economy are challenging. The physics of the earth will be 
essential in the new technology. The interdisciplinary nature of the total effort will rival or exceed 
what happened in nuclear energy and the space program. As there, chemical engineering will be 
deeply involved. Organization of the total program will be much looser than those were, being 
implemented piece-meal by many independent groups. The "conquest" of polar and desert regions 
and of the ocean, as habitats for humans, is likely to be an important spin-off. The gamut of 
problems for engineering and applied science will be fascinating, endless, and challenging in 
almost every phase of the total effort. 

Industry will spearhead the effort, and do much on its own. Eventual government and 
international involvement seems unavoidable (polar wind energy, harnessing ocean currents and 
others). Much short range R&D, and development of business areas will be done by industry. 
Many long range R&D projects may need government sponsorship, and, the government(s) will 
have to be active both in regulating and encouraging the new industry. The analogy with nuclear 
energy is good here, but government's role should be less pervasive. More could be said on these 
topics, but it would require additional papers to do them justice. 

Those concerned with energy independence have strong motivation to make the transition to 
hydrogen a reality. In principle any nation can do it. National security will probably dictate that all 
do. It can be done on a scale appropriate to any size economy. Third world countries may even 
reap a small benefit from undervelopment; they have less infrastructure to replace and less 
powerful status quo interests to oppose it. 

Will statesmen, politicians, opinion molders and so on push for the hydrogen economy or 
oppose it? The majority probably will be for it. The case will likely convince most citizens and 
energize environmentalists. They are strong, growing, organized and vocal. With such broad 
support, the hydrogen push is likely to be unstoppable. Politicians will soon perceive this and 
rush to take leadership positions. The inevitability of hydrogen, believed already by many, is 
coming closer to being fact. The question is how long will inertia, ignorance, greed, tunnel vision 
and mistaken or narrow national interests hold it up? 

REFERENCES 
[1] One or two hundred papers appear annually on all phases of the hydrogen economy in the monthly International 
Journal of Hydrogen Energy (in its 19th year in 1993). Current bibliographies are given several times a year. Older 
literature is covered in "Hydrogen Energy parts A & B", T.N. Vezioglu, ed. (Plenum Press, New York, 1975). The 
present paper is a sequel to J. Rothstein, "The Hydrogen Energy Economy, Physics and Society. 22, no 1., 1993, 
pp. 13-14. 
[2] W.H. Avery, A Role for Ammonia in the Hydrogen Economy, Int. J. Hydrogen Energy, 13_, 1988, pp.761-773. 
[3] Liquid Hydrogen. Fuel of the Future. W. Peschka, Springer Verlag, Vienna and New York, 1992. 
[4] P.H. Abelson, editorial, Increased Use of Renewable Energy, Science. 253., 1073(1991). 
[5] Wind Energy Systems. G.L. Johnson, Prentice-Hall, Englewood Cliffs, NJ 07632. 
[6] J.F. Price, et. al., Mediterranean Outflow and Dynamics, Sckoce, 252, 1277-1282(1993). 
[7] B.L. Cohen, Reducing the Hazards of Nuclear Power: Insanity in Action, Physics and Society. 16, July 
1987, pp.2-4. 
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INTRODUCTION 

Greenhouse gases (GG) have increased 
steadily since the beginning of the 
industrial revolution. The 
combustion of fossil fuels for the 
generation of electricity and for 
propulsion of motor vehicles results 
in the emissions of carbon dioxide, 
methane, and nitrous oxide. The 
total effect of individual greenhouse 
gases is calculated in terms of a 
carbon dioxide equivalent. 

A doubling of CO levels from 1850 to 
2025 is expected to result in an 
increase in the mean temperature of 
the earth by approximately 3.5°c by 
2050 to 2075. Natural variations in 
the solar energy received by the 
earth, combined with geological 
events such as volcanic eruptions may 
mask possible greenhouse gas effects, 
making it possible to argue that 
global warming is not occurring. 
However we are now entering a cycle 
of increasing solar energy for the 
next 20 to 30 years. This is 
expected to combine with the 
greenhouse gas heating effect to 
produce a rapid (0.4 deg C per 
decade) global warming for the 
foreseeable future. (13) 

This warming is likely to melt 
permafrost and increase releases of 
CO and methane from tundra; it may 
also cause rapid decay of methane 
clathrate stored on the continental 
shelves of the oceans (reported to be 
greater in quantity than all coal 
deposits) with consequent large 
releases of methane. These effects 
are examples of 'positive feedback' 

which may amplify and speed-up the 
global warming process. As each year 
goes by, this kind of positive 
feedback will increase the 
difficulties of controlling GG 
emissions. Figure 1, reference 11, 
below illustrates the alarming 
feature of global warming, and a 
major reason for taking immediate 
action. 

Global warming will cause dramatic 
adverse effects. For example there 
is a 75 to 85% chance that there will 
be no ice at the north pole by the 
year 2050 - this with a virtual 
certainty by 2075. Mean polar winter 
temperatures (with no ice) will 
increase from -34°C to +4 C. Since 
the cold air from the Arctic drives 
the Gulf Stream, which determines the 
climate of Western Europe, the 
absence of the Gulf Stream will have 
a significant impact on lifestyle in 
much of the northern hemisphere. 

PREDICTED GLOBAL WARMING 
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Figure 1. 
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Sea Levels will rise, perhaps by 0.5 
m to 1,0 m by 2050 leading to 
displacement of millions of people 
from their low lying, rich 
agricultural lands. Simultaneously, 
desertification in central 
continental areas will displace 
millions of additional people. 
Higher temperatures will adversely 
affect the Jrowth of forests and food 
crops and lead to a requirement to 
change to trees and crops that can 
tolerate hotter, drier, conditions. 
Flora and fauna that can not adapt, 
or move fast enough, to a more 
equitable climate will be lost. 
Water supply for agricultural, 
domestic and industrial purposes will 
be severely stressed in many regions 
of the world. 

Human amenities will deteriorate 
rapidly when mean global temperature 
increases more than 2.5°C. Outdoor 
leisure activities will decrease. 
Atmospheric pollution levels (ground 
level ozone, nitrogen oxides, sulphur 
dioxide, etc.) will increase with 
increasing temperatures, and, when 
combined with heat stress, will add 
to discomfort, health costs and 
ultimately lead to higher morbidity. 
Demand for space cooling will lead to 
expenditures on new electrical 
generating facilities. Damage to 
urban structures, and energy 
generation facilities will increase 
due to increased severity and 
frequency of storms which will cause 
social and economic tensions due to 
regional effects. 

Detailed climate changes on a 
regional basis are impossible to 
predict at this time. Changes are 
expected to be irreversible, and if 
the unknown is to be respected, if 
not feared, then it is imperative to 
recognize that it is necessary to 
reduce or eliminate GG emissions from 
all processes. Attempts have been 
made to set targets, eg. the Toronto 
Target (reference 6 discussed later) 
and the Federal Green Plan are 
examples of targets that must be 
implemented. 

INDEX FOR SUSTAINABLE ECONOMIC 
WELFARE (ISEW) 

Global warming has the potential for 
developing into the ultimate 

disaster. Therefore we must change 
the way we live on planet Earth. To 
delay is to put the future of Homo-
sapiens at risk. One way to 
facilitate change is to modify the 
way we measure economic progress -
currently expressed in terms of Gross 
National Product (GNP). Politicians, 
economists and others believe that 
GNP must continually increase if our 
economy is to be healthy. It seems 
obvious that GNP cannot increase into 
infinity. During the recent quarter 
century a few 'philosophers' (7,9) 
have argued that the models and 
concepts adopted by many schools of 
economic thought are outdated. This 
supports the suggestion that new 
measures of economic welfare are 
urgently required to guide political 
and economic decisions. 

One Such Model, The Index of Social 
and Economic Welfare (ISEW), attempts 
to express the level of social (or 
community) welfare, and the economic 
health of the nation, in a single 
index. The advantages associated 
with this type of measure is that it 
can provide more guidance to 
politicians and economists as to the 
effects of proposed legislation, or 
economic judgements, on the welfare 
of the community. The purpose is to 
make the economy serve the community. 
The index incorporates the negative 
costs of human impacts on the 
ecosystem, depletion of non-renewable 
resources, pollution and 
environmental damage. Figure 2 (from 
reference 9) shows the relationship 
between per capita GNP and per capita 
ISEW. 
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While per capita GNP has grown over 
the years (i.e. the standard of 
living appears to be improving), ISEW 
plateaued from the late 60's to the 
early 80's. Since then it has a slow 
downward trend that perhaps reflects 
the way our personal standard of 
living has moved. 

EXTERNALITIES 

'Externality' costs are the costs 
external to the product of 
electricity used by the Coalition of 
Environmental Groups. (4,5) An 
example may be the cost of air 
pollution from use of a car or 
transport of a kilogram of freight 
for one kilometre. Attempts have 
been made at determining the 
externality costs of air pollutants. 

References 4 and 5 list some of the 
costs, and other relevant literature 
is listed in these references. The 
externality costs vary due to data 
sources and analysis methods. The 
cost may be a damage cost or a 
control cost. It is necessary to 
ensure the damage costs are accurate 
and inclusive. For example, the cost 
of CO varies from $28 to $300 per 
tonne. (4) Costs for other emissions 
also vary as much as by a factor of 
10 and the costs are sensitive to 
very subjective estimates of damage, 
and sometimes control costs are 
inappropriately used as a damage 
cost, it is important that these 
costs are developed in a reasonable 
and consistent manner. 

Literature reference to vehicle 
emissions on a gram per km basis also 
varies. Vehicle emissions must 
reflect factors such as fuel mix, 
vehicle parameters, traffic 
congestion, and driving habits. (1) 

Using vehicle emission values; and 
air pollution 'costs' from Caverhill 
(4), the avoided damage and avoided 
control costs of air pollution from 
transportation vehicles may be 
calculated on a per unit of primary 
energy basis. 

Using 3000 GWh of nuclear generating 
capacity (reason for 3000 GWh will be 
apparent later), the costs of CO , 
NO , and CO for hydrogen and electric 
cars are calculated for comparison. 

In the hydrogen case; the avoided 
'control' costs are $160 million, 
while the avoided 'damage* costs are 
approximately $750 million. For the 
electric vehicle case, the avoided 
control and damage costs are $500 and 
$2200 million respectively. These 
results may be compared to other data 
(Professor Andrew Ford, University of 
Southern California in (20)) where 
each electric car avoids US$8000 to 
US$9000 of pollution. This cost is 
also two to three times greater then 
the fuel cost for the car. On this 
basis, the avoided pollution costs 
are $4 to $5 billion for 600,000 
electric vehicles of the General 
Motors Impact type.. The avoided 
pollution cost for hydrogen vehicles 
would be similar, but would depend on 
the generation mix, and the energy 
conversion method, combustion engines 
or fuel cells. 

In addition to meeting the Toronto 
Target for CO reduction, generation 
and use of electrolytic hydrogen 
would also displace the use of 
imported oil. 64% of total oil 
consumption in Canada occurs in the 
transportation sector. 

Electricity generated using nuclear 
power eliminates CO , NO and SO 
emissions. It is worth noting that 
emissions of CO have decreased in 
France and countries reliant on 
nuclear power. (3) Integration of 
nuclear / hydrogen / electric 
vehicles would result in decreased 
air pollution in Ontario. 

ENERGY CONSERVATION 

Conservation and efficiency 
improvements will result in increased 
availability of electricity for 
hydrogen production. 

Fuel switching, ie. the use of 
natural gas for space heating will 
also increase the availability of 
electricity for off-peak manufacture 
of hydrogen. Increased demand for 
natural gas in parallel with 
increased demand for hydrogen may 
raise the current market price of 
hydrogen, making electrolytic 
hydrogen more attractive. 

Demand Management and time of use 
rates are intended to "smooth" the 
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peaks and valleys in the daily 
electrical demand. Lower electricity 
rates during off-peak times would 
favour the manufacture of 
electrolytic hydrogen. 

Once conservation and efficiency 
measures have been exhausted, and 
when new generating capacity is 
required, consideration could be 
given to the use of a "dedicated" 
nuclear plant to manufacture hydrogen 
to further eliminate pollution from 
the use of carbon based 
transportation fuels. The issues 
related to such a project would range 
from anti-nuclear sentiment, capital 
and operating costs, construction 
time, nuclear safety, waste disposal, 
and de-commissioning costs. 

UN-UTILIZED BASE GENERATION 

The amount of electricity demanded in 
Ontario varies throughout the day. 
At present, the minimum demand may be 
as little as 10,000 Mega-Watts, while 
the peak demand may be as high as 
20,000 MW. See Figure 3 below. 
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Figure 3. 

In order to have a stable voltage and 
frequency, the daily variation in 
load must be matched by generation of 
electricity. The load following 
ability varies with the type of 
electrical generator. Hydraulic 
units can load follow very well. 
Fossil units can also load follow, 
however, at no load, a 'hot standby' 
condition is relatively expensive. 
Nuclear units have limited load 
following ability, and, their 
operation is optimized and more 
reliable when continuously loaded at 
full power. (8,18) 

The present mix of generating 
capability in Ontario includes a 
nuclear generation component of 
approximately 60%, which is 
considered part of the base load. 
The electricity demanded is displayed 
in the load duration curve, Figure 3. 
(18) The daily demand may be less 
than the base load for short 
durations. This amount of electrical 
energy is forecast to be 
approximately 3000 GWh for 1994 by 
the Ontario Hydro, Short Term Energy 
Prediction, (STEP). The forecast 
3000 GWh per year of un-utilized base 
generation (UBG) represents only 
approximately 2% of the annual 
electrical demand in Ontario. 

The 3000 GWh of UBG can be converted 
to an amount of hydrogen produced by 
an electrolysis unit. When the 
hydrogen so obtained is used in 
automobiles based on publicly 
available data from Mazda (15), the 
displacement of gasoline powered cars 
by hydrogen powered cars would reBult 
in reductions of air pollution 
emissions. When the cost per kg of 
pollutant is multiplied by the 
avoided emissions, the opportunities 
for savings in health and 
environmental costs are apparent. 
The number of hydrogen cars, as well 
the number of electric cars supported 
by the UBG are calculated as 180,000 
and 600,000 respectively using high 
value of 0.25KWh/km for electric car 
performance. 

The approximate 3:1 ratio for 
electric to hydrogen cars capable of 
being supplied by the same UBG or 
input energy is largely due to the 
internal combustion engine burning 
hydrogen fuel at a low energy 

Page 4 



conversion efficiency. The 
application of electric cars in the 
Toronto area requires batteries 
having the necessary performance for 
adequate range in adverse weather. 

A hybrid system consisting of a 
hydrogen fuelled gas turbine driving 
an electrical generator providing the 
base load requirements and supported 
by batteries for peak loads is the 
optimum arrangement. In the long-
term/ the gas turbine may be replaced 
by the fuel cell. Increased mileage, 
reduced air pollution and CO 
emissions are achieved relative to 
the conventional internal combustion 
engine. 

The Toronto Target for C02 reduction 
is to reduce the 1988 CO emissions 
of 2.5 million tonnes carbon by 20% 
by year 2005. (6) This target may be 
met by some 415,000 hydrogen or 
electric cars. The 415,000 hydrogen 
cars (reference 15) would require 
some 6771 GWh of energy. In the 
hydrogen fuelled gas turbine case, 
the primary energy required could be 
reduced by a factor of two. 

CURRENT HYDROGEN PRODUCTION METHODS 

Hydrogen can be manufactured 
electrolytically without the 
accompanying CO emissions arising 
from Steam Methane Reforming, and 
Partial Oxidation, 

Electrolysis of water is the cleanest 
method of making hydrogen from water. 
Electrolyzer cells operate with no 
moving parts and offer the physical 
separation of hydrogen and oxygen. 
Pure water is required to avoid 
membrane contamination. Cells can be 
operated at high pressures and 
temperatures if desired, however the 
current development is based on cells 
operating at near ambient 
temperatures and pressures. (10,12) 
Electrolytic hydrogen is pure at 
point of manufacture. Oxygen may 
also be collected for use in 
oxidation applications to avoid NO 
emissions, perhaps a mandatory 
requirement. 

There are two broad types of 
electrolyzers under development for 
large scale power applications. They 
are: (12,17) 
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i) Commercial Alkaline 
Electrolyzers 

A number of alkaline electrolyzers 
are available on the market in sizes 
up to 100 tonnes of H2 per day. (12) 
The alkaline electrolyzer 
technologies are well established, 
all of the construction materials are 
readily available at low cost. 
Operating temperatures and pressures 
are also low near ambient conditions. 
Therefore the alkaline electrolyzer 
has a relatively low capital cost 
compared to other electrolyzers. An 
example is the "Stuart Cell" noted 
for its reliability made by the 
Electrolyzer Corporation of Canada. 
(10,12) An example is the 
electrolytic hydrogen plant located 
at Becancour, Quebec, rated at 3 
tonnes H per day liquid hydrogen. 
(10) 

Efficiencies expressed in terms of 
higher heating value of hydrogen 
compared to the energy input are of 
the order of 80%. Increases may be 
possible by reducing the activation 
over potential and the ohmic 
polarization. 

ii) Solid Polymer Electrolyzers 

Solid polymer electrolyzer technology 
was derived from the Solid Polymer 
Electrolyte (SPE) fuel cell 
technology used for the space 
program. These electrolyzers tend to 
be much smaller than the alkaline 
units because they were developed for 
the space program. Scale-up of SPE 
technology is in the design stage for 
58 MW (17,700 m H2 per hour) hydrogen 
plant funded by Electric Power 
Research Institute, General Electric, 
and Niagara Mohawk. The target cost 
is $82 per kW with an overall 
efficiency of 90%. (14) 

APPLICATIONS 

Hydrogen consumption in the United 
States is estimated at 3670 billion 
standard cubic foot per day. 
Refineries account for 60%, Ammonia 
producers 31%, Methanol 5%. (16) 
Small users include the space 
program, metals industry, and glass 
manufacture. 
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Hydrogen demand for the petro
chemicals industry is expected to 
increase by 5 to 10% per year due to 
changes in gasoline and Diesel fuel 
specifications resulting from 
implementation of the 1990 US Clean 
Air Act Amendments. Forty to 120 new 
hydrogen production facilities 
averaging 30 million standard cubic 
foot per day in size are required 
within this decade (16) 

Electrolytic hydrogen is high purity 
at point of manufacture, whereas 
hydrogen manufactured from natural 
gas contains impurities present in 
the gas or the process which must be 
removed by another process. Market 
niches for electrolytic hydrogen are 
the high purity applications such as 
glass and steel manufacture.(10,12,2) 

The immediate application for new 
electrolytic hydrogen is for the 
propulsion of motorized vehicles of 
the hybrid design as discussed above. 

INFRASTRUCTURE 

The current infrastructure for 
distribution of hydrogen is mainly 
geared to large industrial users. 
Hydrogen product is available in bulk 
form either as a compressed gas or 
cryogenic liquid. 

Vehicle storage is possible using 
either compressed hydrogen or a metal 
hydride tank. Mazda (15) use a 
hydride storage tank having a total 
weight of 280kg, storing 37 cubic 
meters of hydrogen, and has a range 
of 200km. (one litre of hydrogen can 
be stored in one cubic centimetre of 
metal hydride). 

A possible future infrastructure for 
hydrogen distribution may be existing 
natural gas pipelines as in Europe 
and in the gulf coast area. With 
natural gas increasing market share 
as an automotive fuel, hydrogen added 
to natural gas pipelines is a method 
of distribution to automotive and 
residential markets. (21) 

COSTS 

The cost of hydrogen to very large 
industrial users in Toronto, Ontario 
is of the order of $20 to 40 per 
Giga-Joule (GJ). The cost of 

hydrogen supplied to the Space 
program have been quoted at US$25.3 
per GJ (1984, or approximately $40 
per GJ in 1993 dollars) from a nearby 
plant (21). The present economic 
down-turn is cited as softening the 
hydrogen market. 

The cost of hydrogen manufactured by 
electrolysis depends on the cost of 
electricity, interest, depreciation, 
and capacity factor. Based on $0.05 
per KWh for electricity, and, using 
data from Electrolyzer Corp. (10), 
the mileage cost of a hydrogen 
powered car of the type under 
development from Mazda would be 
comparable to car fuelled by gasoline 
available at approximately $0.60 per 
litre. The relationship between 
electricity cost, mileage cost, and 
cost of electrolytic hydrogen is 
displayed in Figure 4 below using a 
10 year amortization and a 50% 
capacity factor for the electrolyzer. 
The cost of electrolytic hydrogen is 
on this basis comparable to the cost 
of hydrogen in bulk gaseous form in 
the Toronto area. Electrolytic 
hydrogen becomes even more attractive 
considering a low off-peak rate 
structure for electricity. 

COST OF HYDROGEN CAR 

to 
Z 
LU 

O 

ë 
o o 
LU a < 
£ 5 

13 
12 
11 
10 
g 

8 

-m s^ 
0 ^ " 

' <# - V ^ 

i • > — ; - * - • - • 

65 
60 
55 
50 
45 
40 
35 
30 
25 

—> 

</) 
o 
o 
> 
tr 
UJ z 

2.0 4.0 6.0 8.0 10.0" 
3.0 5.0 7.0 9.0 

COST OF ELECTRICITY: CENTS/KWH 

Figure 4. 

The benefits of cleaner air and 
avoided health costs should serve as 
a positive instrument for 
institutionalized development of an 
infrastructure for distribution of 
hydrogen. Should a "carbon tax" be 
imposed, the revenues should be 
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directed to development of 
infrastructure for hydrogen 
technology, based on the mitigation 
of global warming and avoided 
pollution, both serving the common 
good. 

some economists suggest that the 
costs of controlling emissions in the 
next 30 years will be matched by the 

economic costs associated with 
adverse effects - therefore do 
nothing. But Cline (7) argues that 
the increasingly severe effects over 
the next 200 to 300 years warrants 
aggressive control measures now, 
while it is relatively easy to take 
effective action, and cost is 
reasonably low. 

CONCLUSIONS 

The major conclusion is that 'greenhouse' gas emissions can be reduced by 
the use of nuclear power to produce electrolytic hydrogen, and therefore, 
to increase the availability of hydrogen for current and emerging non-
carbonaceous energy markets. The possibilities of implementing electrolytic 
hydrogen production in Ontario are based on these factors: 

ii) 

Low cost of nuclear energy during off-peak periods relative to the 
current price of hydrogen in Ontario. 

The cost of natural gas will increase due to its increased demand in the 
future. 

iii) The possibility of adding hydrogen to existing natural gas pipelines as 
a means of distributing hydrogen. 

iv) Calculation of "externalities" favour the use of hydrogen, especially 
during off-peak times. Reduction of the health risks related to 
environmental pollution are possible through conservation, increased 
efficiency and reduced pollution. 

iv) Carbon taxes and "zero pollution" legislation forms of "Command and 
Control" in conjunction with economic disincentives on polluting fuels 
would favour a hydrogen economy. 

v) The Index of Sustainable Economic Welfare (ISEW) enhances the value of 
hydrogen as a source of energy, relative tc the energy produced by 
fossil fuels, which is subject to negative economic values associated 
with 'greenhouse' gas emissions, and other airborne pollutant emissions. 
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NUCLEAR HYDROGEN - COGENERATION AND THE TRANSITIONAL 
PATHWAY TO SUSTAINABLE DEVELOPMENT 

By: Gary M. Gurbin - Integrated Energy Development Corp. 
K.H. Talbot - Ontario Hydro f jt , , . <Aj 

The atmospheric consequences of carbon and the evolution of world 
energy sources have resulted in a movement away from high carbon 
fuels, and a growing appreciation that the next generation of 
industrial development must be on a sustainable basis. 

Although some legislation, such as the U.S. Clean Air Act, 1990, 
have resulted in a significant shift toward higher hydrogen and 
oxygen content transportation fuels, the net consequence can be 
negative to the global environment. The objective of sustainable 
development is clear, but the implementation remains elusive and 
lacking focus. 

The Bruce Energy Centre has been evolving for nearly two decades, 
driven by a mission to commercially demonstrate the importance of 
integrating energy, the environment, and the economy in industrial 
development. The nearby Bruce Nuclear Generating Station "A" has 
provided process steam for operation of a fermentation alcohol 
plant, alfalfa processing plant and fullscale greenhouse. 

The development of the next phase of the Energy Centre, in 
cooperation with Ontario Hydro, will see the introduction of a 
series of integrated energy processes whose end products will have 
environmental value added. 

Cogenerated nuclear steam and electricity were selected on the 
basis of economics, sustainability, and "0" carbon emissions. The 
introduction of hydrogen to combine with C02 from alcohol 
fermentation provides synthetic methanol as a feedstock to refine 
into ether for the rapidly expanding gasoline fuel additive market. 
Large volumes of 02 will enhance combustion processes and improve 
closed-looping of the systems. 

Ammonia synthesis, municipal solid waste separation, cellulose 
conditioning, residual oil upgrading, aquafarming and additional 
greenhouse projects are in the planning stage. 

In the implementation of the commercial development the first stage 
will require simultaneous electrolysis, methanol synthesis and 
additional fermentation capacity. Electricity and steam pricing 
will be key to viability and an 80 MW "back-up" fossil fuelled, 
back pressure turbine cogeneration facility could be introduced in 
a compatible manner. 

Successful demonstration of transitional and integrating elements 
necessary to achieve sustainable development can serve as a model 
for electric utilities throughout the world. 



PROLOGUE 

One of the most significant, identifiable accomplishments of 
this generation has been putting a man on the moon. The mission 
was triggered by a political directive that focused resources in a 
manner seldom achieved during peacetime. In Canada, the building 
of the Canadian National Railway, linking the Atlantic and Pacific 
Oceans was accomplished through a similar sense of mission. 

For nearly two decades, the evolution of the Bruce Energy 
Centre (Figure 1) , has been driven by its recognition of the 
energy, environmental, and economic imperatives of the world. 
Located at the perimeter of the Bruce Nuclear Power Development, 
the initial development focused primarily on agriculture-based 
industry, on the premise of available and affordable steam 
generated by the Bruce Nuclear Generating Station "A". Nuclear 
steam had been transformed from 600 psi to 180 psi to provide 
process steam for the Bruce Heavy Water Plant, and this steam 
system was extended to service the other industries. 

Bruce Energy Centre - Phase I Investment Jobs 

Bruce Tropical Produce Inc. $ 7.5 M 40 
BI-AX International 6.0 M 3 0 
Commercial Alcohols 9.0 M 33 
Canadian Agra. Cubing Limited 25.0 M 4 9 
Bruce Energy Research Centre 3.5 M 8 

(1) 
A sustainable development model now in progress represents the 

initiative to complete the Bruce Energy Centre mission. 
Development on Registered Plan 3M-149 will demonstrate the 
essential commercial application of "closed-loop" and integrated 
systems, the introduction of nuclear hydrogen, and the absorption 
of C02 . In spite of efforts dating back to the early 1980's with 
O.E.C.D. and even most recently with the Rio Conference, there has 
been no political directive thus far that can ensure that 
sustainable development will be achieved, if in fact that directive 
were possible. A transition seems most probable and likely 
necessary. 

TRANSITIONAL FACTORS 

Energy Source 

The interpretation of the Marchetti Curve (Figure 2) for world 
market share of energy by source is historically correct in spite 
of the "noise" caused by major events like wars. The energy future 
will increasingly be sourced by the friendly atom. The role for 
nuclear energy in the sustainable development model is predicated 
on four factors: 

1. the inexhaustible fuel source 
2. the production of electricity 
3. the carbon free nature of the fuel cycle 
4. the economies achieved by cogeneration. 
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As the fossil fuelled world is legislated toward increasing 
the hydrogen content of its commodities, it is of note on Figure 2 
that the natural sequence of world energy sources has been toward 
a higher hydrogen to carbon ratio; i.e.: 

wood and coal - approx. .8 to 1 
petroleum oil - approx. 1.5 to 1 
natural gas - 4.0 to 1 

Hydrogen demand in Canada has increased by 50%, or 1,805,000 tonnes 
per year, from 1980 to 1987 (3). Demand for hydrogen is currently 
focused on the petroleum refineries' needs and on two^ mature 
refinery processes: steam reformation and partial oxidation (4). 
These processes look to hydrocarbon resources for hydrogen supply. 
While reflecting the current carbon mindset, the need for these 
processes speak to the huge and increasing transitional sink for 
hydrogen. Hydrogen from water through electrolysis is a mature 
Canadian technology. The fullscale introduction depends on 
electric cost. 

Carbon 

The world's problems with carbon in the atmosphere are well 
documented. The key transitional elements in achieving sustainable 
development are: 

- reducing carbon emissions 
- recycl ing C02 

Oxygen 

The ultimate determinant of sustainability is oxygen. In 
determining not only the parameters by which carbon and hydrogen 
become useful energy forms, oxygen is the real fuel of this planet 
earth and life on it (5). 

In the sustainable development model, the reliable 
availability of large volumes of oxygen translate into lower 
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emissions and higher efficiency combustion processes. Oxygen 
becomes additionally available to support other integrated 
(oxidation) activities; i.e., aquaculture. 

Cogeneration 

The coproduction of thermal energy and electricity is 
successfully employed by utilities and private industry to achieve 
efficiencies of up to 80% (6). The direct energy advantages become 
most relevant in settings where the thermal host can be matched to 
the resource. The evolution of utilities to cogeneration 
represents a challenge and an opportunity for the transition to 
sustainability; 

Legislation 

The U.S. Clean Air Act, 1990. the Canadian Acid Rain Control 
Program, the American transportation fuel programs, the European 
Carbon Tax, and the City of Toronto bylaw to reduce C02 emissions 
are representative of political contributions in the transition to 
sustainable development. 

California has, in part, been motivated by a recognition that 
health costs as a result of air pollution in the area surrounding 
Los Angeles (approximately 13,600 square miles), are approximately 
10 billion dollars per year (7) . Their standards are twice as 
stringent as the U.S. Clean Air Act, 1990 and have propelled the 
oxygenated fuel additive methyl tertiary butyl ether into one of 
the fastest growing chemical industries in the U.S.A., and have 
ensured an increased hydrogen demand of 5 - 10% per year (8). 

INDUSTRIAL SYNERGY FOR SUSTAINABLE DEVELOPMENT (Figure 3) 

The conceptual premise for the sustainable development model 
is: 

1. nuclear cogenerated electricity and process steam 
2. a menu of feedstocks ranging from farm produced 

carbohydrates and solid wastes to low grade carbon 
sources and carbon dioxide 

3. a series of state of the art processing, 
synthesizing and refining processes 

4. end-products that have markets and in their own 
right have environmental value added. 

Consistent with the premise and vital to the economic viability is 
the integration of processes; i.e., carbon dioxide from 
fermentation of ethanol is combined with electrolytic hydrogen to 
form methanol (C0? + 3H2 >CH30H + H20) . 

Similarly, the cascading use of thermal energy is applied to 
maximize benefits and reduce system losses; i.e., steam is used 
first for ethanol distillation, secondly, for greenhouse operation 
and finally for aquaculture. 
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2 00 7\CRE MODEL FOR SUSTAINABLE DEVELOPMENT (Figure 4) 

Figure 4 

Integrated Energy Development Corp. is developing a fullscale 
commercial model for sustainable development. The 200 acre site is 
located at the Bruce Energy Centre on Registered Plan 3M-1449. 

The first project will be a 50 MWE water electrolysis plant. 
This plant will produce 7,500 tonnes of hydrogen per year. The 
principal use of the hydrogen will be to combine with carbon 
dioxide to produce synthetic methanol. 

The relationship of the development to Bruce Nuclear 
Generating Station "A" and the demand/supply profile of Ontario 
Hydro is a crucial factor in the economic viability of the 
electrolysis based first stage. It will be necessary to generate 
electrolytic hydrogen and oxygen more affordably than by 
conventional methods. The longer term future of the first stage 
may depend on low cost power from an 80 MWE, 1.2 million lb./hour 
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cogeneration plant. This back up cogeneration plant, fossil-
fuelled, has been accessed and as a back pressure turbine has a 
heat rate of 4,250 BTU KWH (9). 

Many factors site specific to the Bruce Nuclear Power 
Development and Bruce Energy Centre will influence the potential 
operation of this cogeneration facility. The availability of off-
peak or spinning reserves of electricity could make the facility 
redundant. 

50 MWE water electrolysis at 2.02 per kwhr 
Hydrogen at 2,0 00/tonne 

Capital Cost 
Land (5.87 acres) $ 
Building (21,830 sq. ft. @ $40) 
Equipment 

Feed water preparation system 
Feed water storage tank 
Control panel 
Rectifier 
Manual gas analyser 
256 electrolytic cells 
Chemical makeup system 
Water seals 

Set up cost (elect. & mech.) 
Commissioning 

587,000 
873,200 

28,000,000 
250,000 

150,000 $29.860,200 

Annual Revenue 
60,000 tonnes oxygen @ $50/tonne 
7 megagram heavy water @ $300,000/Mg 
7,500 tonnes hydrogen @ $2,000/tonne 

Annual Operating Costs 
Power - 350 days/year, 24 hr/day 
Labour - 1 plant manager $ 

5 labourers 
1 office manager 
1 office staff 
Benefits @ 15% 

Insurance 
Maintenance 
Municipal taxes 
Office expenses 
Professional services 
Interest expense - $21,000,000 @ 8% 
Business tax 
Amortization (10 % average) 

75,000 
200,000 
50,000 
30,000 

53,250 

$ 3,000,000 
2,100,000 
15,000,000 

$20,000,000 

$13,440,000 

408,250 
100,000 
50,000 
180,000 
25,000 
20,000 

1,601,500 
88,200 

2,986,020 

$18.898,970 

Hydrogen could range downward to $l,280/tonne and at this 
level a 25% return on equity requires a lower cost input of $0,012 
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per kwhr. 

METHANOL SYNTHESIS 

The initial C02 to combine with the hydrogen will come from 
the existing 20,000 litre/year Commercial Alcohol Inc.'s 
fermentation ethanol plant at the Bruce Energy Centre. This plant 
provides approximately 15,000 tonnes/year of usable C02 and this 
in turn provides the absorbtion of 27% of H2 production. The 
remaining 73% of C02 would be supplied by a new 100 million 
litre/year fermentation plant scheduled to be constructed at the 
Bruce Energy Centre by Canadian Agra or others. 

In order for the electrolysis plant to be viable, it will be 
necessary for the 50 MWE water electrolysis plant and the 100 
million litre/year methanol plant to proceed concurrently. 

PLANNED INDUSTRIES 

I.E.D.C. is reviewing plans for further industrial 
development : 

- 600 tonne/day municipal solid waste separation plant 
- 1,000 tonne/day cellulose conditioning plant 
- 75 tonne/day medium density fibre board plan 
- 100 tonne/day organic waste processing plant 
- 36 tonne/day plastic extrusion plant 
- 100 ton/day ammonia processing plant 
- 1,3 00 tonne/day ETBE/MTBE/Ethers synthesis plant 
- 20,000 litre/day waste/residual oil upgrading plant 
- four 5-acre greenhouses c/w common packing and 
administration 

- 200,000 lb./year high density aquafarming plant 
Each of these components will be developed to provide a reduced 
cost feedstock > for downstream industry while providing a good 
level of profit for the individual process activity. 

CONCLUSION 

The sustainable development model introducing hydrogen for the 
recycling of C02 and fuelled by a noncarbon inexhaustible energy 
source requires entrepreneurial innovation at a number of levels. 
Ther >o significant technological barriers. Although there 
has bee. compelling political directive, there have been 
transitions 'leal initiatives. 
The electrical ui. ' : T. of the world seem strategically positioned 
(10) to respond to what has been said to be the real challenge to 
a healthier and better world: 

To find the right blend of Western systems in all their 
purposeful linearity, with the closed loop circularity of 
the natural world. In effect, to combine modern science 
with traditional wisdom (11). 
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ONE-DIMENSIONAL MODEL OF SEPARATED TWO-PHASE FLOWS 

Vladimir Stevanovic, Milovan Studovic 
Faculty of Mechanical Engineering, University of Belgrade 

27. marta 80, 11 000 Belgrade, Yugoslavia 

1. Introduction 
Separated two-phase flows are very common in experimental test 

facilities of nuclear power plants, and they are often analysed within 
the scope of thermal-hydraulics of nuclear power plant safety. 
Experimental or computational simulation of reflux condensation during 
small loss-of-coolant accidents are dealing meanly with the stratified 
counter-current flow of saturated steam and water in hot legs and 
annular flow in vertical U-tubes in the steam generators. Nuclear 
power plant behavior and safety during large loss-of-coolant accident 
is influenced by the counter-current flow of subcooled water, injected 
by the emergency core cooling system, and the steam in the hot and 
cold legs. Annular two-phase flows are predominant during some phases 
of LOCA in reactor core, or severe steam generator transients. 

Three-fluid models have been used for the prediction and analyses 
of vertical annular flows. Saito et al. (1978) developed steady-state 
multi-fluid model for prediction of annular adiabatic and boiling 
flows and critical heat flux conditions. Sami (1988) developed 
non-stationary three-fluid model of annular flow. Sugawara (1988) 
developed FIDAS code for the prediction of film dryout. 

Two-fluid models have been used for the simulation of stratified 
flows. Ardron and Danerjee (1986) developed a model for the prediction 
of flooding in a horizontal pipe connected with an elbow. Ohnuki 
(1986) derived a simple model of separated counter-current liquid-gas 
flow in horizontal tube in order to predict the free constant in the 
Wallis flooding correlation. Soda (1982) performed an analytical study 
of the counter-current flow of condensed liquid and saturated steam in 
a PWR hot leg during reflux cooling of natural circulation. 

In this paper a simple one-dimensional model is presented for the 
prediction of both vertical annular and horizontal stratified 
two-phase flows with droplets entrainment/deposition and phase 
transitions in steady-state conditions. The main features of the 
considered two-phase flow patterns are included in this unified 
approach: droplets entrainment and deposition, especially significant 
for vertical annular flow, interfacial level gradient in horizontal 
stratified flow, and phase-transition processes. The proposed model is 
based on the mass, momentum and energy balance equations for three 
fluid streams: liquid film, gas and entrained droplets. Various 
constitutive correlations are tested for mass, momentum and energy 
transfer on the fluids* interfaces. Because of the inaccuracy of the 
existing correlations for the liquid entrainment in the annular flow, 
a new one is proposed, based on the relation between inertia forces in 
the wavy liquid film and liquid film thickness. Also, a new analytical 
correlation is proposed for the direct condensation in counter-current 
steam-water stratified flow. It is based on convective heat'transfer 
and the universal velocity profile in the turbulent liquid film. The 
model is tested for various experimental data, with the special 
emphasis on: developing annular flow (Hewitt 1987), momentum transfer 
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in vertical annular flow f, Lopes and Dukler 1906), direct steam 
condensation on the liquid film surface in counter-current 
steam-subcooled water stratified flow (Kim et al. 1985, Bahkoff 1987). 

2. Model development 
The model is based on the following assumptions: 

(a) Cross-sectional area of flow channels is constant. 
(b) Two-phase flow is represented by three-fluid model, i.e. the 
following continuous separated fluid streams are considered: liquid 
film, gas/steam and droplets entrained in the gas phase-
<c) The flows are one dimensional and steady-state. 
(f) Densities of fluids are pressure and temperature (enthalpy) 
dependant, but the influence of densities change on the others 
thermal-hydraulic parameters is neglected. 
(g) In the case of annular flow there is no pressure variation over 
the whole cross section of the channel, while in horizontal stratified 
flow, droplets pressure is the same as gas pressure, but the liquid 
film pressure is greater due to the hydrostatic force of liquid. 
(h) The enthalpies of the corresponding fluids can be changed because 
of the evaporation/condensation, droplets entrainment/deposition and 
the heat flux. The other influences are neglected. 

A three-fluid model is applied: 
Mass balance 

- for the gas 

^ - < < x p u > = r - r + r - r = M , 
dX G*G G FG GF DG GD 1 

- for the liqud film 

^-(a p u ) = r - r + 4- <s w - s W ) = M , 
OX F^F F GF FG A d.F d e,F e 2 

- for the entrained droplets 
j 1 rn in 

^-(a p u > = r - r - 4<s w - s w ) = M , 
dX DKD D GD DG A d,D d e,D e 3 

Momentum balance 

- for the gas 
d , z v . dp -i—(or p u ) + a -r=- = -a x - a x - a x + 
OX G^G G G OX FG FG DG DG GW GW 

+ ( r u - r u ) + ( r u - r u ) - a p g sine = M , , . » 
FG F GF G DG D GD G GKG 4 ( A ) 

- for the liquid film 
d • , 2, , A aF . dp -r- (a p u ) + cose -s—a p g + a -r=- = a •£ - a r 
ax FHF F S F M F J ,,„ F ax FG FG FW FU 

FG ax 
-, kk kk 

- (T u - r u ) + -(S W u - S W U ) - a p g sine = M , 
FG F GF G A d,F d D e,F e F F^F 5 - for the entrained droplets 

-i—(a p u2 ) + a n^ = a x - <T u - r VL ) 
OX D D D DUX D G DG DG D GD G 

j kk kk 
- —(S W u - S W u j - a p g s i n e = M , 

A d , D d D e . D e F D r D 6 
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Energy balance 

- for the gas 

-T-<a p h u ) = <r - r )h"+ (r - r >h" + Q = M , 
«X G * G G G FG GF DG GD G ? 

- for the liquid film 
d -i e e • 

F" F F F FG GF A d , F <J D e ,F e F 

- for the entrained droplets 
d -i e « 

^(oc p h u ) = -(rr-„ ~ r_)h" - i.(Sj „Wh^ . S W h ) = M„, 

8 

t)G GD A d , D d D e,D e F 

Volume balance a + a + a = 1 . 
G F D 

Differentiation of the left-hand sides of the balance equations 
(A) and some transformations led to the following system of 
differential equations, suitable for the numerical integration: 

a FL + ( C 0 3 9 -1)L 

= £ L * 

da U
F ' Fr

2 

G_ F 
da. 

Fr 2
p ( — î — + — — ) 

dx 

du 

Fr2p 
L (1+—£_£ ) 
5 Fr 2 p

D 
D 

_LL 4 ( C O S 0 - D L 
U
F
 1 Fr2 : 

F 

.•i 
Fr*p Fr p 

G^G D^D 

dx 

dx ^G G - G 

du 

dx P D
U
D 

a a 
L (—•£_+.,. D ) 
• 5 p u 2 p u 2 

'G G ^D D 

U
F ' Fr2 ' 

F 

-+_(M -u M) 
a 4 G l 
G 

L +. 

du 
F_ 

a a 
p u (_Ç_+_5_) 
F F „2 „2 M 

p U p u M 
r G G D D j. 2 dx a p 

F*F 

a a ±-) L (—S_ 
5 p u 2 p u 2 

hG G HD D 

-+_(M -U M > 
a 6 0 3 

dp 

dx 

!JLL + < ^
0 - 1 ) L 

U
F « Fr2 s 

F ( B) 
L ( 
5 

a a 
_ £ _ + Ç_) 

2 2 
û U O U 
^G G *D D 

dh M -h M 
G_ 7 6 1 

J a o u 
dx G*G G 
where are: 

M -2u M 
T 5 F 2 i a p u 

FrF F 

dh M -h M 
F_ B F 2 

dx " «FPFUF ' 

L =L + L , 
2 3 4 

dh M -h M 
D_ 9 D 3 

dx ~ < V D U D 

1 1 
L = <2M - - M ), 

L =—1_(2M - i M ), 
4 3 6 

pu J u 
D D D 

5 Fr2 
COS0 -

p ( x + — — ) 
F Fr2p Fr2p 

- l. 

G r6 C D 
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r 
COS0 " 

>. 
<>F 

i-l 

< ] • - 1 ) 

F r 2 p Fr 2 p j G^G D^D ' 

and the Froude numbers of the liquid film, gas stream and entrained 
droplets are: / 

PrK = " j / S F G / ( a K A g ) ' k = F, G, D • 

a is calculated•from a simple algebraic equation: a = 1 - a - a • 

It is seen that differential equations (B) are not defined for the 
horizontal stratified flow conditions when the following relation of 
the fluids' Froude numbers holds: 

L = — — cose ~ -r-^ , -1 = 0 
5 Fr2 

F 

This condition corresponds to the critical liquid film flow or free 
outflow at the horizontal pipe exit. 

The defined system of equations form an initial value problem in 
space. There are 10 dependent variables: volume fractions a , 

k 

velocities u , enthalpies h , (k=G,F,D)f and pressure (in the case of 
k k 

horizontal or inclined stratified flow this is only gas/droplets 
pressure, liquid film pressure is greater for the hydrostatic pressure 
term). This system of ordinary differential equations is solved by the 
Runge-Kutta method for defined initial conditions. Before that, the 
system is closed by the constitutive correlations. 
3. Constitutive correlations 

The obtained system (B) is closed by the geometrical relations 
between the phases and by the constitutive correlations which 
determine the mass, momentum and energy transfer on the phase 
interfaces and on the flow channel walls. Many of the available 
correlations have been used, (Stevanovic 1992). The shear stresses of 
liquid and gas on a pipe wall are evaluated in a conventional manner 
using the Blasius correlation. Liquid film-gas interfacial friction on 
the wavy liquid film in the stratified flow is calculated by the 
correlation proposed by Kim et al. (1985), while the Blasius 
correlation for the gas phase can be used in the case of smooth liquid 
film. The Wall is type correlation is appropriate for the interfacial 
friction in the annular flow. Entrained droplets-gas interfacial 
friction is calculated according to the Clift-Gauvin correlation. The 
models of Paleev and Filipovich (1966), Sugawara (1908), and Hewitt 
(1982) have been used for the droplets deposition prediction. 'There 
have not been greater discrepancies between these models. Models for 
liquid entrainment have had much greater influence on the prediction 
of separated flows with entrained droplets. The correlation based on 
the data of Hutchinson and Whalley, (Saito 1978), and correlations of 
Sugawara (1988), Deda and Kataoka and Ishii have been used for the 
prediction of liquid entrainment. Also, the correlations for the 
direct condensation of steam on the film of subcooled liquid (Kim et 
al. 1985) have shown greater discrepancies. 

4. Numerical simulations and a proposal of new correlations 
The experimental data of Hewitt (1987) have been utilazed to test 

the ability of the described model to predict the developing annular 
flow in vertical pipe. Because of the failure of the available 
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correlations t;o predict Lhe liquid enLrainment in developing vertical 
annular flow, a new correlation is proposed. It is based on the fact 
that liquid entrainment depends on the intensity of waves on the 
surface of the liquid film, and the wave structure and inertia forces 
in the liquid film are proportional to the liquid film thickness. 
These statements led to the following power-law relationship: 

W =l.lJt10
462-25û ( 1 ) 

where 5 is the mean thickness of the liquid film, and the constants 
are determined by fitting the results of the numerical simulations to 
the experimental values, fig. 1. Obtained results for the mass flux of 
entrained droplets show excellent agreement. 

Momentum transfer between three fluid streams of liquid film, gas 
and droplets mainly determine the separated two-phase flow behaviour. 
In order to test the ability of the developed model to predict 
momentum transfer and pressure drop in vertical annular flow with 
entrained droplets, the Lopes and Dukler (1986) experiment is 
simulated. Predictions are compared with the experimental results for 
the various gas flow rates, figure 2. Simulation were performed with 
the Hutchinson-Whalley correlation for the liquid entrainment and by 
the correlation proposed in this paper, eq.(l). The results of the 
numerical simulations show satisfactory agreement with the 
experimental data. The results obtained by the new correlation show 
better character of the pressure gradient change than the 
Hutchinson-Whalley correlation. 

In order to verify the ability of the model to predict the 
separated two-phase flow with the phase transition, the physical 
experiments reported by Kim et al. (1905) and Bankoff and Lee (1987) 
were simulated. Dynamics of this two-phase flow pattern is determined 
by the direct steam condensation on the liquid film. Several 
correlations have been used for Lhe calculation of the local heat 
transfer coefficient in the direct steam condensation, like the 
empirical correlation and turbulence-centered model of Kim et al. 
(1985). All of them failed to predict Lhe liquid film 
temperature change, as well as other liquid and steam flow parameters. 
Therefore, a new correlation has been proposed. The new correlation 
is based on the turbulent convective heat transfer across the liquid 
film. The assumptions of the laminar and buffer sublayers existence at 
the water side of the interface, and the validity of the von Kârmân 
universal velocity profile in this region has been introduced. The 
development of the correlation has been done in a way similar to that 
extensively used in the boundary layer theory of turbulent convective 
heat transport in one-phase incompressible fluid flow in tubes. The 
condensation heat transfer coefficient is expressed through the 
Stanton number, and it depends mainly on: (a) the liquid film 
thickness, (b) shear stresses between liquid film-wall and liquid 
film-steam at the interface, (c) water heat capacity and the Prandtl 
number, (d) temperature difference between water film surface 
temperature (which is equal to the saturation temperature) and mean 
water temperature. 

It is written in nondimensional form: 

5 



where St = 

number, u* is 

nondimensional 

uA> h/(p c 
r F P , F 

friction velocity. 

is Stanton number, 

and G = 

temperature. I is integral 

6 + 

Y + dy+ 

Re 5u*/u is Reynolds 

<T - T )/(T -
sa l F G 

expression: 

T ) 
F 

IS 

which has been analytically solved under the assumptions of the 
universal velocity profile, and laminar and buffer layers at the water 
side of the liquid film-steam interface. 

A relative difference of the calculated and measured water film 
outlet temperature is defined as: 

mcalc._ rptneas. 

Fiout F, out 

miTiâa&._ mineas. 

the 
new 

F,out F, in 

where superscript calc. denotes calculated value, raeas. denotes 
measured value, and subscripts in and out correspond to the inlet and 
outlet water temperature. Values of relative difference of 
temperatures ç are calculated for the simulations of Bankoff and Lee 
experiments,' performed with the Kim at al. correlations and with 
new correlation (2), and they are depicted in Fig. 3.The 
correlation shows much better prediction of the experimental data. The 
influence of the water film flow rate on the rate of condensation, 
i.e. on the steam mass flow rate along the channel, is shown in fig.4. 

5. Conclusion 
A simple one-dimensional model has been presented for the 

simulation of the most common two-phase separated flows: steady-state 
annular flow in vertical pipe and horizontal stratified flow. The 
model is based on the mass, momentum and energy balance equations for 
three fluid streams: liquid film, gas and entrained droplets, as well 
as on the appropriate constitutive correlations for interfacial 
transfer and geometric relations between fluids. Initial balance 
equations are transformed in a suitable system of first-order ordinary 
differential equations, which is being explicitly solved for 
initial-value problems by the Runge-Kutta method. The model has been 
verified for the various experimental data: developing annular flow, 
momentum transfer in annular flow, and stratified flow with direct 
steam condensation. Various correlations for interfacial transfer have 
been tested, because, in some cases, they are crucial for the accurate 
simulations. The new correlations have been proposed for the 
prediction of entrainment mass flux from the liquid film surface in 
water-air or water-steam annular flow, and for the local heat transfer 
coefficient in the direct steam condensation on the turbulent liquid 
film. 
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SUMMARY 

This paper describes a preliminary study on the application of a two-
dimensional prototype of the two-fluid, one-dimensional code, CATHENA. The 
study focuses on the use of a prototpye of CATHENA in investigating two-
phase flow behaviour in a two-dimensional structure resembling a CANDU 
(CANada Deuterium Uranium) inlet header. Liquid levels and feeder flows 
obtained from CATHENA simulations of single- and double-turret injection of 
single-phase liquid and two-phase vapour/water are presented. A comparison 
of the calculated liquid levels with experimental data gives good agreement 
in the overall behaviour of the fluid in the header. The two-dimensional 
approach removes some of the empiricism built into the one-dimensional 
model, and as a result, increases the scope for understanding two-phase 
flow behaviour in CANDU headers under postulated upset conditions. 
Advantages and disadvantages of examining header two-phase flow behaviour 
in a multi-dimensional framework are discussed. 

The work presented in this paper was funded by a CANDU Owner's Group (COG) 
agreement. 
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1. INTRODUCTION 

The headers of a CANDU™ reactor are large-diameter (approximately 0.4 m) 
pipes between 10 and 12 m in length, which distribute and collect coolant 
through approximately 100 channels through the reactor core. Under 
postulated upset situations, the normally even distribution of flow through 
the reactor core may be disrupted by two-phase flow conditions in the 
headers. Previous efforts [1,2] to simulate header behaviour under 
postulated upset conditions with the thermalhydraulic code, CATHENA 
(Canadian Algorithm for Thermalhydraulic Network Analysis), used a one-
dimensional (pipe) structure for the header. Since each node in the model 
distributes coolant to several feeders, a feeder connection model was 
required to determine the two-phase flow conditions transported to the 
feeders as a function of liquid level in the header. Simulation results 
for header liquid levels were compared with data from LASH (LArge Scale 
Header) test facility experiments performed at Stern Laboratories, located 
at Hamilton, Ontario. Agreement was found to be qualitatively good. Major 
features of two-phase flow within the header were represented; however it 
was recognized that the semi-empirical nature of the feeder connection 
model restricted its scope of applicability. The objective of the work 
reported in this paper was to determine if the two-dimensional prototype of 
the two-fluid code CATHENA could be used to simulate two-dimensional, two-
phase flow behaviour in the header while removing the empiricism of a 
feeder connection model. A comparison of simulation results for void 
fraction distribution in the header with collapsed water level obtained 
from LASH data gives good qualitative agreement, demonstrating the (two-
dimensional) calculations can be conducted without the feeder connection 
model. Some of these results are given in this paper, but first, a 
description of the one-dimensional CATHENA code and the two-dimensional 
prototype are provided. 

2. CATHENA TWO-FLUID CODE 

The two-fluid, one-dimensional equations solved by CATHENA are based on the 
conservation equations formulated by Ishii [3] and written below for a 
multi-dimensional system; 

For the conservation of mass we have; 

6 

— <"kPk> + V • <"kPkUk> = rki <!> 

where a^, py. and U^ are the volume fraction, density and velocity vector 
for phase k respectively. Tj^ is the interfacial mass transfer term for 
phase k. 

For the conservation of momentum; 
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i a k P k U k 
+ V * <»kPkukUk> + V * <«kPk) = «kPk^k + M k i <2) 

fit 

where Pk, gk, and Mk^ are the pressure, gravitational vector and 
interfacial momentum transfer source term for phase k respectively. 

Finally, the conservation equation for energy is; 

fiakpkhk)
 aakpk 
+ V • (akpkhkUk) = + V • (akPkUk) + A k i + g k w (3) 

6t fit 

where hk, Ak^ and qkw are the enthalpy, the interfacial energy transfer 
source term and the wall heat transfer term repectively for phase k. 
Constitutive and state relations are also required to close the 
mathematical model. These include relations for the interphase mass, 
momentum and energy transfer source terras. A fully mixed flow regime was 
used for the constitutive relations in the header simulations. A complete 
description of these terms and the thermodynamic state relations defining 
the phasic densities as a function of phase pressure and enthalpy is given 
in Reference 4. 

In CATHENA, for a two-fluid system (where k=g for gas, k=f for fluid), 
equations (1) to (3) are discretized with respect to one dimension, the 
axial, or z component, using a staggered-mesh, finite-difference 
formulation to solve the scalar variables P, a, hq, hf, and the velocities 
vq and Vf. The discretization procedure results in a linear set of 
equations to solve for the variables P, a, h_, hf, vg and Vf. A sparse 
matrix of the unknown variables is generated, and solved in one step using 
a direct solver: 

[A][X] = [B] (4) 

where [A] is a matrix of coefficients, [B] is a matrix of known variables, 
and [X] is the matrix of the unknowns to be solved: P, a, h_, hf, v g and 
Vf. This formulation results in a matrix [X] of size 4N + 2L, where N 
represents the number of nodes in the computation defined for the scalar 
variables, and L represents the number of links connecting the nodes 
defined for the velocities v and v^. 

3. THE TWO-DIMENSIONAL PROTOTYPE 

In one-dimensional CATHENA simulations, the user simulates a particular 
piping system by defining a network of pipes interconnected with pipe-
components and system models, such as pumps, valves, separators, etc. Flow 
in the system is one-dimensional since there is only one component of flow 
direction for each phase in the system - the "z" component. In the two-
dimensional CATHENA prototype [5], a two-dimensional system is constructed 
by defining two or more series of pipes in parallel. Axial or z-
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directional flow is defined as before for each of the parallel pipes. 
"Cross-flow", representing flow in the x- or y-direction, is then 
introduced by providing links between the pipes perpendicular to the axial 
or z-direction. The two-dimensional flow structure is envisaged as 
consisting of a series of pipes moving at different speeds. A comparison 
of two-dimensional velocity profiles calculated in this manner with 
analytical results for a single-phase flow study by McDonald and Hanna [5] 
gave excellent results. The multi-dimensional prototype has also been 
applied and reported in References 6 and 7. The more recent simulations of 
two-dimensional two-phase flow in a header are described below. 

4. HEADER FLOW SIMULATIONS 

A series of simulations was performed covering single-phase (water) and 
two-phase (water/steam) single-turret injection and two-phase double-turret 
injection in a two-dimensional header (Table 1). The header in all 
simulations was represented by a 15-node (4 m length) by a 7-node (0.4 m 
height) two-dimensional structure, with six banks of five feeders (Figure 
1). The geometry was representative of the LASH test facility in Stern 
Laboratories. Each of the seven nodes in the vertical dimension were given 
rectangular axial flow areas equivalent to that of a circular cross-section 
of the header at that height. Each feeder was represented by a separate, 
one-dimensional vertical pipe. The flow conditions for Runs 2-5 were taken 
from experiments performed at Stern Laboratories. For the single- turret 
injection tests, the fluid was introduced through turret #1 (refer to 
Figure 1). All simulations were initiated from zero-flow, constant-
pressure conditions. 

Table 1: Simulation Test Conditions 

Run 
No. 

1 
2 
3 
4 
5 

No. 
Tun 

1 
1 
2 
1 
2 

of 
rets 

Water 
Injection 
Rate 
(kg/s) 

50.00 
30.07 
29.32 
60.32 
59.75 

Steam 
Injection 
Rate 
(kg/s) 

0.0 
1.22 
0.75 
1.15 
1.89 

Header 
Pressure 
(MPa) 

2.034 
2.034 
2.074 
1.986 
2.055 

Outlet 
Pressure 
(MPa) 

1.975 
1.975 
2.021 
1.902 
1.941 

5. RESULTS 

For the single-phase (liquid) injection simulation (Run 1), the velocities 
equilibrated at approximately 100 s. A velocity vector plot from Run 1 is 
shown at 10 0 s into the run (Figure 2). 

For the two-phase simulations (Runs 2-5), the void fraction distribution 
within the header achieved a psuedo-steady state within approximately 100 s 
after the initiation of flow. Computed void fraction distributions in the 
two-dimensional header are compared with collapsed water levels at three 
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axial locations obtained from LASH experiments in Figures 3(a) to 3(d). 
The experimental values are considered accurate to within 5%. Calculated 
mass flows (kg/s> in each of the feeders are shown in Figures 4(a)-4(d). 

6. DISCUSSION 

In the single-phase injection simulation (Figure 2), the highest velocities 
can be seen in a stream of water issuing from the injection location 
towards the bottom of the header. At the bottom, the water jet is 
dispersed, forming large eddies in circulating flow patterns on either end 
of the header. These flow patterns demonstrate that the prototype is 
capable of producing a realistic, two-dimensional flow behaviour. 

The general trend in the behaviour of the void fraction distribution shown 
in Figures 3(a)-(d) agrees quite well with the collapsed water levels 
obtained experimentally. For the single-turret_(#1) injection tests the 
water level is lowest at the point of injection, and highest at the 
farthest location from the injection turret in both the experimental and 
calculated results. In the 30 kg/s double-turret injection test, the 
highest water level occurs in the centre of the header for both sets of 
results. In the 60 kg/s double-turret injection test, both the calculated 
and experimental water levels are highest at the right end (near turret 
#2), unlike the results for the 30 kg/s double-turret test. In most cases 
the experimental values for collapsed water level are lower than the 
calculated values. 

The calculated values for feeder mass flows (kg/s) in Figures 4(a)-4(d) 
gave realistic results under the different conditions examined. The upper 
feeders (1 and 5) have the lowest flow rates; the flows increase in the 
middle feeders (2 and 4) and reach a maximum in the bottom feeders (number 
5) . Doubling the injection rate approximately doubles the mass flow in the 
feeders. 

A substitute for the semi-empirical model to simulate header flow behaviour 
is needed if flow phenomena under a wider range of conditions and 
geometries are to be properly understood. The importance of understanding 
multi-dimensional flow phenomena in complex geometries by mechanistically 
simulating flow patterns is discussed at length by Spalding [8]. The 
mechanistic approach of the two-dimensional prototype of CATHENA to model 
header flow behaviour has been a useful exercise in demonstrating that 
realistic results can be obtained. The next step would be to examine two-
phase flow behaviour when two headers are linked together as part of a 
primary loop. A finer spatial resolution, or extension of the simulations 
to three dimensions might be desired to address certain concerns. However, 
the direct solver approach used in the numerical solution procedure in 
CATHENA consumes considerable storage space. Three-dimensional 
simulations, or simulations with two two-dimensional headers in series with 
a reasonable spatial resolution is not currently possible. Work is under 
way at Whiteshell to address this constraint by developing an iterative 
procedure to solve the two-fluid equations in CATHENA for problems 
involving two- and three-space dimensions. 
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7. CONCLUDING REMARKS 

The header simulations qualitatively demonstrate the application of the 
CATHENA prototype in conducting header flow calculations in two dimensions. 
This exercise was performed to determine if the two-fluid conservation and 
constitutive equations in CATHENA would behave realistically in a two-
dimensional header environment. The development of an iterative solution 
procedure to solve the same two-fluid conservation and constitutive 
equations in CATHENA in two- and three-space dimensions is currently under 
way to expand the multi-dimensional capability. This will permit the use 
of finer (higher resolution) meshes, in faster (more efficient) running 
simulations. 
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1.0 INTRODUCTION 
The problem addressed in this paper has relevance to the 

safety of Pressurized Heavy Water Reactors (PHWR). A schematic view of 
the Calandria of the Madras Atomic Power Station (MAPS) is shown in 
Fig. 1. The moderator housed in the shell portion of the calandria 
gets heated due to the deposition of kinetic energy that is lost by 
neutrons, and also due to the absorption of photons produced as a 
result of fission product decay. The thermal load on the moderator is 
approximately 5% of the thermal power generated by the reactor. From 
reactor safety considerations, the temperature of moderator has to be 
kept below its boiling point. To facilitate this an external cooling 
circuit is provided. Flow distributors inside the calandria ensure 
proper circulation of the moderator 

In MAPS the flow distributor suffered a mechanical failure 
and consequently the moderator circuit had to be modified. The issue 
of major concern was whether the modified circuit provided adequate 
circulation to remove the heat efficiently. To this effect numerical 
computations were carried out by several agencies and opinions varied 
widely. One of the weak links had been lack of available experimental 
data in the open literature through which the digital simulations 
could be benchmarked. The present effort is a step in this direction. 
In the present work, velocity distribution in a simulated calandria 
model is obtained experimentally using Laser Doppler Velocimeter. 

2.0 EXPERIMENTAL FACILITY 
2.1 Scaling considerations 

The primary objective of the Test facility was to generate 
flow mapping data that would be approximately valid in the prototype 
so that it can be used to validate the digital computer codes that are 
being used to simulate the flow pattern. In the first stage, it was 
decided to carry out isothermal tests. Although it is true that the 
flow simulated would not represent the buoyancy driven flow that would 
exist at full power operating conditions, nevertheless, these results 
would provide a basis to verify the various assumptions and the 
empirical inputs such as friction coefficients that are being used in 
computer simulations. 

Since the tests were going to be isothermal, only Reynolds 
similarity has to be preserved. For flow in banks, the characteristic 
Reynolds number is based on the local maximum velocity and the 
diameter of the tube as velocity and length scales respectively. Thus, 
the characteristic Reynolds number for the calandria moderator flow 
may be computed from the velocity obtained at the mid plane by 
dividing flow rate by the available flow area. This number worked out 
to be 12,800 for the prototype. 

Since many of the computer codes are two dimensional, it was 
decided to generate data such that the flow would be ideally two 

* To whom correspondence may be addressed 
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dimensional in the model. This would reduce ambiguity due to two 
dimensional approximation that is used in computer simulations. This 
was achieved by injecting and extracting the moderator flow through 
the entire length of the model in the longitudinal plane. For a 
calandria model where 25 mm tubes were intended to be used to 
simulate the calandria tubes, the local maximum velocity required to 
obtain the same Reynolds number of 12,800 worked out to be 0.44 m/s. 
The overall dimensions of the model was dictated by the capacity of 
the centrifugal pump available in the laboratory. For a rating of 12 
litres per second the diameter of the model worked out to 24.7 cm 
under the assumptions that, 

(i) the pitch to diameter ratio of the tube bank was 1.8, 
(ii) the length to diameter ratio of the calandria was 1. 

Thus, a model with 25 cm diameter was chosen to carry out the 
experiments. The layout of the tube matrix is shown in Fig. 2. 

2.2 Test Set-up 
The schematic view of the test set-up is shown in Fig. 3. It 

consisted of a cylindrical section 250 mm in diameter and 250 mm long 
simulating the calandria. Twenty one tubes distributed in a pitch to 
diameter ratio of 1.8 simulated the tube matrix. A centrifugal pump 
was used to pump in water from a storage tank into the test section 
through a rectangular inlet of 38 mm width and 225 mm length oriented 
at 45 to the vertical. Water flowed out of the model through a 
rectangular slot of identical dimensions as the inlet but directed 
vertically downwards. Suitable transition pieces were used to direct 
water from circular connecting lines of 37.5 mm in diameter to the 
rectangular inlet and outlet sections. The flow into the test section 
was controlled by globe valves located in the main and bypass lines. 

The flow of water through the test section was monitored 
using a calibrated orifice flow meter. The pressure drop across the 
test section was measured by a U tube manometer with carbon 
tetrachloride as manometric fluid. The velocity distribution in the 
set up was measured using a two colour Laser Doppler Velocimeter of 
DANTEC make employing a 5 Watt, COHERENT INNOVA 90 make argon-ion 
laser. To allow the laser beams scan the flow field, the end flanges 
were made of good quality perspex. A perspex window was also provided 
in the inlet section to monitor the inlet velocity. 

2.3 Test Procedure 
To generate benchmark data four flow rates equally spaced 

between 6 to 12 litres per second were chosen. In a given run, the 
flow was adjusted to the desired value and allowed to settle down. 
Once the flow settled, the velocity at the various locations were 
scanned using LDV. During experimentation it was noticed that the data 
rates were not satisfactory. Attempts to seed the flow using 
aluminum dust made the situation worse. Hence, data had to be taken 
at low frequencies. To enable good averaging, about 5000 data points 
were taken at every location. 

3.0 TEST RESULTS 
The velocity vector plots at the measured locations for the 

four runs are shown in Fig. 4. In order to verify the mass balance, 
the velocity profiles were integrated across several cross sections. 
It was noticed that the mass imbalance at the sections varied from 4 
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to 26 per cent. This suggested that the flow may not be two 
dimensional. In order to verify this, the velocity profiles at the 
inlet and at inside the test section along the length was measured. 
These are shown in Fig. 5. It may be noticed that while the flow is 
distinctly two dimensional at the inlet, it is not so in the test 
section. In order to visualize the flow, it is desirable to generate 
stream lines. Since the flow is strictly not two dimensional, it is 
difficult to represent them on a plane. However, lor the sake of 
qualitative indication, pseudo stream lines were generated. 

These are generated from the stream function values computed 
in the following manner. A line from any chosen location would cut the 
boundary of the test section at two points. Two values of stream 
functions can be obtained at the interior point by assuming the 
boundary values and integrating inwards towards the point using the y 
velocities. Similarly, two more values can be generated using an 
orthogonal line and x velocities. The assigned value of the stream 
function is then chosen to be equal to the average of the four values 
obtained. Using the above definition stream lines were generated using 
a graphics package. Fifteen equispaced stream lines were generated 
between the two boundary values. These are shown in Fig. 6. It may be 
observed that bulk of the model is bypassed at lower flow rates. 

4.0 DISCUSSIONS 
The results indicate a few interesting observations. First, 

inspite of engineering an ideal set-up to have a two dimensional 
flow, the flow turned out to be three dimensional. This is perhaps due 
to the complex interaction between the vortices at the wake of 
individual tubes. Therefore, two dimensional simulations can be far 
from satisfactory for the prototype whereas the geometry is inherently 
three dimensional. 

Second, the computer simulations are usually carried out 
using distributed resistance approach, wherein frictional resistance 
to fluid in the domain is treated as isotropic. Figures 4 and 6 
clearly indicate that this is not so. This can be noted from the fact 
that the flow aligns itself along the line joining the centres of the 
tube matrix. This is quite understandable as these are the directions 
along which the frictional resistance is minimum. Therefore, it is 
unlikely that computer codes would predict the flow field veil, unless 
the non-isotropic nature of the frictional resistance is taken into 
account. 

Finally, the variation of the pressure drop in the test 
section with the change in inlet flow is shown in Fig. 7. It is 
interesting to note that the pressure drop varied as flow rate to the 
power 1.8, which is expected under fully turbulent conditions. This 
also validates the Reynolds similarity used to scale the test section. 

5.0 CONCLUSIONS 
Pressure drop and velocity measurements were made for water 

flow rates ranging from 6 1/s to 12 1/s. The obtained results indicate 
that the flow is three dimensional and the normal assumption of 
isotropy of the tube resistance used in computer simulation would not 
be valid as water tends to follow the path of least resistance by 
aligning itself along certain favoured directions. 
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SUMMARY 

The Canadian Nuclear Fuel Waste Management Program (CNFWMP) was established in 1978 as a joint 
initiative by the governments of Canada and Ontario. Under the program, AECL is responsible for developing 
and assessing a concept to dispose of nuclear fuel wastes in plutonic rock of the Canadian Shield. Ontario Hydro 
has advanced the technologies for interim storage and transportation of used fuel. 

The aim of the concept is to isolate the used fuel waste from the biosphere by a series of engineered and natural 
barriers. During the past fourteen years, AECL has carried out detailed studies on each component of this 
barrier system. A robust concept has been developed, with options for the choice of materials and designs for 
the different components. 

The disposal concept is being reviewed under the Environmental Assessment and Review Process (EARP). 
AECL is the "Proponent" for this review, and will submit an Environmental Impact Statement (EIS) describing 
the disposal concept. The EIS has been written to respond to guidelines issued by the Environmental Assessment 
Panel responsible for carrying out the review. The future direction of the CNFWMP will depend on the 
recommendations of the Panel and on the resulting governmental decisions on the appropriate next steps. 

If the concept review is completed by 1996, as currently expected, and the concept is approved, the many steps 
that would be involved with siting and construction of a disposal facility, mean that disposal would not begin 
before about 2025. 

1. INTRODUCTION 

Responsible industrial societies have managed nuclear fuel waste with a degree of care and consideration for 
protection of human health and the environment not generally applied to other wastes. From the very beginning, 
the nuclear industry has recognized the hazardous nature of its waste and the need to manage the attendant risk. 

The volume of nuclear fuel waste in Canada is relatively small. The used fuel is being safely stored, and many 
years of experience have been accumulated with pool storage and dry storage systems. Supporting R&D 
indicates that these practices can be safely continued for many decades to come[l,2]. 

Nonetheless, recognizing the need to provide for long-term safe management, the governments of Canada and 
Ontario, in 1978, decided to establish the Canadian Nuclear Fuel Waste Management Program (CNFWMP). 
The objective of the program is to investigate the safety and acceptability of a concept for the disposal of nuclear 
fuel waste in an underground vault constructed in intrusive igneous (plutonic) rock[3]. Disposal is defined as a 
permanent method of waste management in which there is no intention of retrieving or handling the waste in the 
future. The incentive for disposal is based on the ethical principle that we, as the principal beneficiaries of the 
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energy generated by nuclear power plants, should assume, to the extent possible, the burden for managing the 
waste produced in generating that energy. This implies: 

providing the financial resources for managing the waste. Canada's nuclear utilities have already 
incorporated charges into their rate base to accrue funds for nuclear fuel waste disposal; and 

developing a waste management strategy that ensures the long-term protection of human health and 
the environment, and that, to the extent possible, does not rely on long-term institutional controls for 
safety. 

In 1981, the two governments reaffirmed their commitment to the program, but announced that a disposal site 
selection process would not be started until the concept had been reviewed and accepted[4]. Thus, the R&D 
program and concept development have been carried out on a generic basis rather than a specific project basis. 

Participants in the program have included AECL, the lead agency for research on disposal; Ontario Hydro, 
which has advanced the technologies for storage and transportation as well as contributing to the R&D on 
disposal; Energy, Mines and Resources (EMR) Canada; Environment Canada; scientists at Canadian universities; 
and consultants in the private sector. AECL's activities are currently cofunded by AECL and Ontario Hydro 
through the CANDU Owners' Group (COG). 

2. THE DISPOSAL CONCEPT 

The concept is based on disposal in plutonic rock of the Canadian Shield, which extends over a large part of 
Canada from Labrador to Alberta. A series of engineered and natural barriers will isolate the nuclear fuel waste 
from the biosphere. The main elements of the concept include: enclosing the nuclear fuel waste in corrosion-
resistant containers designed to have a minimum life-time of 500 years; emplacing these containers in a vault 
excavated (nominally) 500-1000 m deep in plutonic rock of the Canadian Shield; using buffer materials around 
the containers to retard the flow of water and radioactive materials, and using seals and buffer material to backfill 
the vault, access shafts and tunnels[5]. During the past fourteen years, AECL has carried out detailed studies on 
this multiple-barrier system. The objective has been to develop a concept with flexibility in the choice of 
methods, materials, and designs for the components of the disposal system. The approach has focused on 
ensuring that the system as a whole meets safety standards by a large margin. 

The choice c f methods, materials, and designs for an actual disposal system will ultimately be made on the basis 
of performance taking into account the characteristics of the specific site on which the facility is to be developed, 
availability, cost, and practicality. They could include, for example, 

the form of the waste - used fuel bundles or glass; 
the disposal container material - titanium alloy, copper, or other durable material; 
the container design; 
the composition of materials used for the buffer, backfill, and seals; 
the excavation method - blasting or boring; 
the depth, geometry, and the number of levels of the vault; 
the size and shape of the excavated openings; and 
the location of the waste containers - within disposal rooms or in boreholes in the floor of the rooms. 

These choices will not be made until a site for a vault has been selected. 

3. ENVIRONMENTAL REVIEW 

The initiating department, Energy, Mines and Resources (EMR)(now Natural Resources) referred the concept for 
review under the Environmental Assessment and Review Process (EARP) in 1988. As the "Proponent" for this 
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review, AECL will submit an Environmental Impact Statement (EIS) describing the concept. The 
Environmental Assessment Panel responsible for carrying out the review is chaired by Mr. Blair Seaborn. The 
Panel has appointed a Scientific Review Group (SRG), chaired by Professor Raymond Price and composed of 
eminent scientists from a variety of relevant disciplines, to assist it in judging the technical validity and 
acceptability of the disposal concept. The Federal Environmental Assessment Review Office (FEARO) provides 
administrative support. 

The Panel will review AECL's concept, along with a broad range of nuclear fuel waste management issues. 
These include the criteria for determining safety and acceptability; the approaches used in handling nuclear fuel 
waste both in Canada and other countries; the potential social, economic, and environmental effects of waste 
disposal; and the potential impact of recycling and other processes on waste volume. A general review of other 
aspects of the nuclear industry, such as energy policy and reactor operation and safety, is specifically excluded 
from the Panel's review. 

All federal departments with a relevant interest in the concept are expected to participate in the review process. 
These include the Atomic Energy Control Board (AECB), EMR, Environment, Health and Welfare, and 
Transport Canada. EMR has assembled a team to review the results of AECL's R&D program and Environment 
Canada has assembled two teams of experts to review in detail how well the concept protects the environment. 

When the EARP review is concluded, the Panel will make recommendations as to the acceptability of the concept 
and the course of future action regarding nuclear fuel waste disposal. Government decisions will then follow. 

FEARO organized a series of "Open Houses" in the spring of 1990 to inform interested parties, not directly 
connected with the nuclear industry or with the scientific review process, about how they could take part in the 
review. "Scoping Hearings" took place in the autumn of 1990 to identify issues of concern, and to assist the 
Panel in setting guidelines for the EIS. One hundred and thirty participants made presentations, including 
government departments, scientific and business organizations, special interest groups, and private individuals. 
Amoiig the major issues raised were arguments for and against storage as compared with disposal, the adequacy 
of the regulatory criteria, and monitoring the performance of the disposal vault. Aboriginal land claims affect 
much of the land where a disposal vault could be sited. In view of this, an aboriginal representative was added 
to the Panel. 

In June 1991 the Panel issued draft EIS guidelines for comment. Over thirty different groups and individuals 
submitted comment. The final guidelines were issued in March of 1992[6]. Since then a major effort has been 
under way within the program to prepare the EIS and supporting documentation describing the program. The 
EIS and nine Primary References are being written to provide a complete description of the concept and the 
technology that has been developed over the past IS years. The EIS also provides additional information 
specifically requested by the Panel. When complete, the EIS and the nine Primary References will comprise 
some 6000 pages. 

Several aspects of the Panel's review are unique or unusual[7]: 

a concept for disposal rather than a site- and design-specific project is being submitted for review; 

choices are being called for on matters important primarily to future generations; 

the primary purpose of disposal is to protect human health and the environment should societal 
controls cease to be effective; and 

flexibility in siting and design criteria must be maintained to allow freedom for informed collective 
decision-making by the public in a future implementation of the disposal concept. 

Although this is a review of a concept as opposed to a site-specific assessment, the Panel guidelines require that 
the EIS discuss issues that may be important to a future site-specific assessment of an implementation of the 
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concept. AECL will assist the Panel in identifying potential issues for such a future assessment by using 
hypothetical site and design descriptions to indicate that the concept could be implemented with present 
technology, that an actual disposal system can be assessed, and that a suitable site can likely be found in Canada. 

AECL views the current review as the beginning of a continuing process. As the technology for managing the 
disposal of nuclear fuel waste is developed and applied to specific sites, further reviews and public consultation 
and involvement will be needed in the future. Any facility will be subject to rigorous regulatory criteria, and it 
is anticipated that society will demand that a step-by-step process be followed. Thus, a decision to proceed on 
the basis of the current review would not commit society irrevocably. A judgement now that the concept is safe 
and acceptable would represent only the first of a series of decisions between distinct phases of the process. 

Each phase should lead to increased confidence in the overall system, thus facilitating decision-making about 
how and whether to proceed to the next phase. We are currently nearing the end of the first phass - concept 
development and assessment. If the Panel shares our view that we have adequately developed the concept, and 
there is a governmental decision to proceed, the next appropriate step would be the start of site-specific 
activities, beginning with site screening. The sequence of events would be as follows: 

site screening would le^d to the selection of one or more sites for detailed characterization based on 
surface techniques; 

such site characterization étudies would lead to a selection of one or more sites for exploratory 
excavation and more extensive in-ground characterization; 

in-ground charade!. nation could lead to a decision to initiate construction and operation of a disposal 
vault, possibly begiiuiing with a demonstration phase; 

design, construction and operation of a facility would involve ongoing review, reassessment and 
recommitment, leading to continued operation arid then eventually to a decision to cease operations 
an'1, decommission; 

decommissioning and post-operational monitoring would ultimately lead to a decision to close and 
seal the vault. 

The process of site screening and of evaluating several sites will likely involve a further ten to fifteen years of 
work before a commitment would be made to initiate an underground excavation, followed by a further ten years 
or so of site exploration and characterization before construction could begin. Thus, waste would not be 
emplaced in a vault before about 2025. By then we would have accumulated many years of site-specific data and 
a series of increasingly refined evaluations on which to base a decision to begin to emplace waste. 

The decision to close and seal the vault would be made on the basis of the accumulated evidence and experience 
gained throughout the siting, characterization and operational phases, a process extending over close to a 
century. Only with that decision will disposal based on the concept have definitively been judged as Fife and 
acceptable. 

Thus, at the current concept assessment phase of the process, "concept approval" does not mean that definitive 
responses are available for all technical and social issues, because all such issues will not have been resolved. 
The concept has been developed specifically to be able to accommodate the different conditions and demands that 
will be specific to particular sites. Rather, we believe that concept approval represents a judgment that: 

sufficient understanding has been developed to continue with the process, with an expectation that we 
will eventually reach the end point of sealing a vault; and that 

at the appropriate time we should proceed to the next phase of the program, the beginning of site-
specific activities to resolve outstanding issues that can only be resolved on a site-specific basis. 
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5. ESTABLISHING CONCEPT ACCEPTABILITY 

The AECB has set out objectives and criteria for the disposal of radioactive wastes at a specific site in a series of 
regulatory policy statements[8-10]. The development program we have carried out over the past fifteen years has 
enabled us to develop the tools and expertise needed to obtain site-specific data and to incorporate this 
information into a disposal vault design that will meet these regulatory criteria. 

To demonstrate this, we intend to establish during the environmental review that 

technology exists to site, design, construct, operate, decommission and close a disposal facility that 
meets the regulatory requirements for the protection of human health and the environment; 

a methodology is available to evaluate the performance of a disposal system in plutonic rock in terms 
of regulatory requirements for the protection of human health and the environment; and 

it is likely that a suitable site can be found in Canada. 

Because of the governments' requirement that no site be selected prior to review and acceptance of the concept, 
AECL has not assessed a specific site with its particular body of rock and its particular surface environment. 
Rather, three related case studies have been performed, each with its own objectives relative to the assessment: 

We have developed a conceptual design of a hypothetical disposal facility. This design has been used 
to assess engineering feasibility and costs, and to provide information relevant to assessing the 
potential impacts of disposal! 11]. 

Ontario Hydro has assessed the short-term preclosure impacts of implementing the conceptual design 
at a hypothetical site[12]. The objectives were to demonstrate the assessment methods, to determine 
how sensitive the estimated impacts are to changes in the factors considered, and to indicate the type 
and magnitude of impacts that could occur. 

We have assessed the long-term postclosure impacts of a hypothetical disposal facility at a 
hypothetical site having subsurface characteristics derived from information obtained from a field 
research area[13]. The objectives were to demonstrate the assessment methods we have developed, 
demonstrate how the assessment methods are used as a design tool to determine design constraints; to 
establish the relative importance of various design parameters; to determine how sensitive the 
estimated impacts are to changes in the factors considered; and to show that a disposal system, under 
hypothetical but realistic conditions, could meet the safety criteria. 

Thus, in our develops, -nt program we have demonstrated our ability to investigate the surface and subsurface 
characteristics of potential host rock formations, we have demonstrated specific aspects important to the 
engineering of a disposal system, and we have developed a conceptual design of a hypothetical disposal facility. 

Although it is not possible to provide complete full-scale demonstrations of all aspects of a disposal facility 
without actually building one, our case studies are based on realistic facility and site characteristics, albeit 
hypothetical, using information obtained from extensive laboratory and field research. The hypothetical disposal 
facility is technically feasible with available technology or with reasonably achievable developments, as required 
by the AECB[8], and the characteristics specified for the hypothetical site are, in our opinion, not exceptional. 

While many detailed investigations would have to be done at an actual candidate site to establish its suitability 
for a waste disposal facility, we argue that the requirements of a technically suitable site are likely to exist on the 
Canadian Shield. 
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6. FUTURE DIRECTION - THE IMPORTANCE OF PROCEEDING TOWARDS IMPLEMENTATION OF 
THE CONCEPT 

The future direction of the CNFWMP will depend on the recommendations of the Panel and the resulting 
governmental decisions as to the appropriate next steps. Ontario Hydro has published a Corporate Reference 
Plan for Used Fuel[14], and AECL, EMR, and the utilities have initiated discussions to be in a position to 
proceed with implementation if the concept is approved. Siting activities are clearly important initial activities. 
These include site screening, characterization of one or more potential sites using surface techniques, and 
excavation and in-ground characterization of at least one site. Implementation will require design optimization 
taking into account site specific information, and continuing development of key technologies to support this 
optimization. 

If the Panel recommends acceptance, we believe that it is important that Canada proceed, without delay, to the 
next step leading towards implementation, for the reasons discussed below. 

Environmental Leadership and Reducing the Burden on Future Generations 

The incentive for selecting a permanent disposal concept for managing long-lived nuclear fuel waste derives from 
two fundamental ethical principles: 

the wastes must be managed in such a way that human health and the environment are protected in the 
short and long-term, and 

as the principal beneficiaries of the energy which gives rise to the waste, our generation should 
assume to the extent possible, the burden of managing the waste. 

These principles underly the objectives, criteria and guidelines that the Atomic Energy Control Board has set for 
judging the safety and acceptability of radioactive waste disposal! 10]. 

From the outset, the Canadian Nuclear Fuel Waste Management Program was founded on the principle that we 
have an obligation to protect and avoid burdening future generations. This belief was supported by the 
conclusions of an ethics workshop conducted in March of 1991 with eight ethicists, social scientists and 
theologians, including an Aboriginal leader. A report summarizing the proceedings of the workshop has been 
produced! 15]. The recommendations from the workshop, broadly stated, were that: 

the generation that benefits from nuclear power must take responsibility for disposing of the resulting 
waste; 

no burden should be placed on future generations, but they should have the options of retrieving the 
waste and of taking remedial action if necessary; and 

decisions ought to involve informed consent from the affected public. 

Each of these recommendations is reflected in AECL's concept in some form. Minimizing the burden on future 
generations means more than simply making financial provisions. It means, to the extent possible, providing the 
technology to implement disposal and providing it in such a way that future generations retain flexibility in their 
decision-making. 

Since the inception of the nuclear power industry, the industry has shown environmental leadership in managing 
its radioactive wastes, operating on an essentially closed fuel cycle. The nuclear power industry is the first 
industry in Canada to have managed and accounted for its full life-cycle costs, including environmental costs. 
By proceeding with the development of disposal technology the industry will continue to meet its ethical 
responsibilities and will demonstrate that nuclear power truly is a sustainable source of energy. 
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Fostering Public Confidence in Nuclear Energy 

A second reason for proceeding along the path toward disposal following concept acceptance is to respond to 
public concerns associated with the use of nuclear energy. Public confidence in the capability of the industry to 
dispose of nuclear fuel wastes safely is important to maintaining public confidence in nuclear power as an energy 
source. AECL public opinion research shows that two-thirds of the Canadian public say that nuclear power 
would be more acceptable if a permanent solution could be found for die disposal of nuclear fuel waste. 
Therefore, progress needs to continue to be made towards addressing the long-standing public concern about the 
final disposition of fuel waste. 

The need to respond to public concerns has been repeatedly cited in reviews of energy supply and the nuclear 
industry. In 1980, the Porter Commission established by die government of Ontario to examine electric power 
planning, concluded that: 

"If progress in high-level nuclear waste disposal R&D, in both the technical sense and the social 
sense, is not satisfactory by at least 1990... a moratorium should be declared on additional nuclear 
power stations! 16]." 

(Professor Porter has since said that he believes this condition has been met.) 

In 1988, the parliamentary Standing Committee on Environment and Forestry published a report calling for a 
moratorium on further construction of nuclear power plants in Canada until a permanent disposal method for 
used fuel was demonstrated! 17]. Whilst this recommendation was rejected by the government, it reflected public 
concern consistent with the results of public opinion polls. 

Later in 1988 the Standing Committee on Energy, Mines and Resources issued their tenth report[18]. The report 
was favourable towards the nuclear option, but recommended acceleration of the Concept assessment process, 
specifically "to strengthen public confidence that the longer-term issue of disposal is being satisfactorily 
resolved." 

At the World Energy Conference in Madrid in 1992 September, it was evident that while nuclear energy is well-
positioned to play an important role in meeting die world's growing demand for energy in an environmentally-
sustainable manner, public confidence is a key issue. Waste management is an important part of Uiis issue. 

To quote from one paper, "Electricity, the Environment, and Sustainable World Development," submitted at one 
of die plenary sessions: 

"Though nuclear energy has the advantage that it emits none of die atmospheric pollutants of concern 
wiui fossile fuel technologies, the fission reaction does generate long-lived radioactive wastes, 
ultimate disposal of which is extremely controversial! 19]." 

We believe that the public process that has been followed in developing the concept, die scientific scrutiny to 
which the concept will have been subjected, governmental acceptance based on the recommendation of die review 
Panel, followed by continued progress leading towards implementation, would increase public confidence in die 
nuclear industry and assist in resolving concerns and controversy regarding nuclear energy. 

Forestalling Inaction by Default 

The third reason is mat, unless mere is a clear intention to implement die concept if it is accepted as a result of 
the Panel's review, there is a great potential for Hie r ' iew process to fail to lead to a clear commitment to 
action. Throughout die Panel's review, AECL, as d ^ proponent, needs to continue work to address outstanding 
issues and continue long-term experiments to demor strate me technology, and the industry needs to demonstrate 
a firm intention to proceed wiui disposing of its wastes in an environmentally sound manner if the concept is 
accepted as a result of the Panel's review. The review process, as is evident from the reviews of odier projects -
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the Pearson airport, and uranium mining projects, for instance - may be long and drawn out. We need to 
provide the background for the Panel and the Government to have confidence in a feasible and logical next step. 
Without such an impetus towards implementing the disposal concept, Canada could fail to take any action by 
default. 

Preserving the Knowledge Base 

This risk of inaction by default leads to the last reason for proceeding: to meet our ethical responsibilities to 
future generations it is important that we preserve the knowledge base that has been generated from the 
investment that has been made to date. A great deal of technical knowledge has been developed in the course of 
this program. Tapping this expertise will be essential to successful implementation. While much of the 
information has been documented, of even greater importance is the ability to interpret the results of tests, 
measurements and other observations. To give just one example, Canada now has a unique capability to develop 
a conceptual model of groundwater movement deep in plutonic rock that stands up to comparison with field 
observations. This capability must be used if it is to continue to be available. 

If the review is completed by 1996, as currently expected, and if the concept is approved, disposal could not 
begin before about 2025. Although this date appears to be far in the future, the many activities associated with 
siting a facility, optimizing the details of the concept, and public consultation and review processes will require 
that amount of time. By 2025, Canada's current generating stations will have produced some four million 
bundles or so of used fuel, all of which will be stored. More importantly most of the current plants (Pickering, 
Bruce, Pt. Lepreau, Gentilly) will have reached or will be approaching the end of their design lifetimes. It is 
therefore important that we proceed with the next steps leading towards implementation without delay, once the 
concept has been accepted. 

7. CONCLUSION 

AECL believes that it has developed a robust and flexible concept for disposal of nuclear fuel waste that will 
meet the regulatory requirements of Canada. We are continuing research and development work to ensure the 
public and the industry has as much confidence as possible in the safety of the concept and in the feasibility of 
implementing it. The process for a federal environmental review of the concept is well under way. 

The review of a concept as opposed to a site- and design-specific project requires focusing on whether it is 
appropriate to proceed with the first phase of implementation. We believe that we have reached the stage in the 
CNFWMP where the greatest benefit will result if activities proceed on a site-specific basis. 

We are entering a very public process. Our experience has shown us that such processes are not easy for the 
nuclear industry. We are confident of our ability to provide a thorough and convincing EIS, which should lead 
the Panel to recommend that we proceed to the next phase of the process leading toward disposal. Our 
confidence is founded on the strength and depth of our technical program and a well-founded public cocsultation 
program. Building on this foundation, we can begin to address the many demands that this review will place on 
us. 

Given a positive outcome of the review, it is important that the industry take the next steps towards 
implementing the concept to meet our ethical responsibility to future generations, to secure public acceptance of 
nuclear energy as a sustainable energy option, to forestall inaction by default, and to maintain the capability to 
implement the concept. 
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RESEARCH BY BRITISH NUCLEAR INDUSTRY FORUM 

INTO PUBLIC SUPPORT FOR NUCLEAR POWER 

Nigel Middlemiss, British Nuclear Industry Forum 
22 Buckingham Gate, London SW1E 6LB, U.K. 

PUBLIC ATTITUDES TO NUCLEAR ISSUES 

The need for nuclear electricity 

1. The public is in two minds about nuclear electricity. On the one 
hand research shows that there is an acceptance of the need for 
nuclear electricity. When told that nuclear power is used to generate 
approximately 20% of the country's electricity, nearly two-thirds of 
adults (61%) agree that nuclear power is necessary to some extent in 
the United Kingdom. 

The necessity of nuclear electricity in the UK 

Base: all adults 

Nuclear power s ... 
Essential 
Necessary to a large extent 
Necessary to a limited extent 
Not necessary at all 
Don't know 

Notes: 
Fieldwork: February - March 1993 
Source: Gallup 

680 
% 

13 } 
16 } 
32 } 
31 
9 

61% 

The importance of a balanced energy policy 

2. The public is aware of the importance of not being too dependent on 
the use of any single fuel to generate electricity. When reminded 
that a balanced energy policjr seeks to secure continuous supplies of 
electricity and to minimise the impact of short term increases in fuel 
costs, the overwhelming majority of the population (95%) recognises 
that a balanced energy poli'-.y is important. 

1 



Importance of the UK having a balanced energy policy 

Base: all adults 

A balanced energy 
Very important 
Quite important 
Not very important 
Not at all important 
Not answered 

Notes: 
Fieldwork: February -
Source: Gallup 

policy is ... 

• March 1993 

641 
% 

70 } 
25 } 95% 
3 
2 
1 

However, despite the importance of the country having a balanced 
energy policy, only a minority of adults (20%) believe that the UK 
has such a policy: 

Whether the UK has a balanced energy policy 

Base: all adults 

Yes 
No 
Don't know 

Notes: 
Fieldwork: February - March 1993 
Source: Gallup 

641 
% 

20 
55 
26 

3. The majority of adults (58%) is in favour of nuclear electricity making 
a contribution to a balanced energy policy, particularly if 
reassurances about operating safety and the safe disposal of nuclear 
waste are forthcoming. Indeed, if these reassurances were 
sufficiently persuasive, nearly three-quarters of adults (71%) would 
accept the contribution of nuclear energy to a balanced energy policy. 

Should nuclear contribute to a balanced energy policy ? 

Base: all adults 

Should nuclear have a role? 
Yes, definitely in favour 
Yes, if the following conditions are met ... 
No, unless I am assured that. . . 
No, definitely not in favour 
Don't know 

% 

22 } 
36 } 58% 
13 
24 
6 

} 
} 
}71% 
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Notes: 
Fieldwork: March 1993 
Source: Gallup 

Concern about nuclear issues 

4. There is very little unprompted concern among the public about the 
nuclear industry. Nuclear issues do not preoccupy the attention of 
the public. As an item of top-of-mind concern, the nuclear industry 
has a negligible presence in the minds of the public. Only 2% of 
adults cite nuclear waste as the most important problem facing 
Britain today compared with unemployment (55%), the economy 
(17%), law and order (15%), homelessness (14%) and the National 
Health Service (12%). 

Nuclear issues and the environment 

5. This low level of concern is also apparent when people are asked to 
name the issues to do with the environment and conservation of most 
concern to them. The proportions of the population citing nuclear 
power stations (4%) or nuclear waste (1%) are much smaller than 
those who are concerned about problems of pollution of the 
atmosphere and of the rivers and seas. 

Environment and conservation issues of most concern 

Base: all adults 

Concerned about . . . 
Pollution of rivers/streams/water 
Destruction of ozone layer/aerosols/CFCs 
Air pollution 
Pollution (general) 
Exhaust fumes from cars/trucks 
Litter in street/countryside 
Destruction of rainforests/deforestation 
Pollution at sea/waste disposal at sea 
Loss of green belt/overbuilding 
Greenhouse effect/global warming 
Recycling 
Industrial pollution 
Power stations/nuclear power 
Preservation of wildlife 
pollution of beaches/coastline 
Toxic/chemical waste 

1923 
% 

16 
16 
13 
11 
11 
9 
7 
7 
7 
6 
5 
5 
4 
3 
3 
3 
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Waste disposal 3 
Crop spraying/use of insecticides 2 
Acid rain 2 
Loss of natural resources 2 
Nuclear waste 1 

Notes: 
Fieldwork: 1992 
Source: MORI 

When attention is drawn specifically to the subject of pollution, the 
same pattern of concern is apparent. Mentions of nuclear waste or 
nuclear power are at a low level, especially when compared with 
those for road transport, industry and chemical pollution and 
pollution of the atmosphere. 

Types of pollution of most concern (spontaneous mentions) 

Base: those concerned about the environment 961 
% 

Concerned about . . . 
Car exhausts/traffic 32 
Industrial/chemical pollution 16 
Air pollution 12 
Destruction of the ozone layer 10 
Sea/river pollution 5 
Nuclear waste disposal 5 
Nuclear power/radioactive leaks 2 
Greenhouse effect 4 
Acid rain 1 
Agriculture/intensive farming 1 
Other 7 
Don't know 5 

Notes: 
Fieldwork: March 1993 
Source Gallup 

Even when the public is shown a list of industries and asked to say 
how much damage each does to the environment, fewer point to the 
nuclear industry than to the chemical, oil and road transport 
industries. Nuclear electricity is better regarded than the nuclear 
industry and is on a par with coal- and oil-generated electricity in 
this respect. 
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Industries causing a major/a fair amount of harm to the 
environment 

Base: all adults 

Industries causing harm . . . 
Chemical 
Petrol and oil products 
Road transport 
Nuclear 
Oil exploration and production 
Agrochemical 
Plastics 

1923 
% 

74 
70 
66 
60 
56 
55 
51 

Electricity generated from coal- and oil-fired 
power stations 51 

Electricity generated from nuclear power 
stations 49 

Notes: 
Pieldwork: 1992 
Source: MORI 

8. More people think that the nuclear industry is 'trying to reduce any 
harmful effects its activities might have on the environment' than 
think this about any other industry. And nuclear electricity is better-
rated- in this respect than coal- and oil-generated electricity: 

Industries doing a great deal/a fair amount to reduce the 
harm they do to the environment 

Base: all adults 1923 
% 

Nuclear 31 
Petrol and oil products 29 
Electricity generated from nuclear power stations 28 
Water services 27 
Oil separation and production 26 
Gas 25 
Chemical 25 
Electricity generated from coal- and oil-fired 

power stations 23 

Notes: 
Pieldwork: 1992 
Source: MORI 
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The importance of information about nuclear electricity 

9. There is much evidence to suggest that the more knowledge 
individuals have about nuclear topics, the more likely it is they will 
be in favour of using nuclear power to generate electricity. Although 
this appears as a positive correlation in the research, rather than a 
clear causative link it remains a powerful justification for the 
advertising, education and promotional activities of companies in the 
nuclear industry and of its trade associations. 

10. In 1992, a sample of members of the public was shown a series of 
statements about radiation (for example: 'Radiation causes acid rain') 
and were asked whether each were true or false. The higher the 
number of correct answers given by any individual, the more likely 
it was that the individual was in favour of generating electricity from 
nuclear power. 

Proportion 'in favour* 
of nuclear electricity 

Base: all adults 

Level of knowledge ... 
Very high 
High 
Upper medium 
Lower medium 
Low 
Very low 

Notes: 
Pieldwork: 1992 
Source: MORI 

1437 
% 

68 
52 
37 
29 
23 
17 

11. Research undertaken by British Nuclear Fuels at Sellafield shows 
that visitors to the power station become more favourably disposed 
to the nuclear power industry after a tour of the visitor's centre. 

How a visit to Sellafield influences attitudes 

Base: all visitors 347 
Those favourable ... % 
Before visit 50 
After visit 69 
How favourable after visit ... 
More 27 
Less 2 

Notes: 
Pieldwork: 1992 
Source: MORI 
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When information is provided about the advantages and 
disadvantages of using coal, oil and nuclear power to generate 
electricity, more people favour the use of nuclear power than they do 
when no such information is supplied. It also implies that as 
familiarity grows, so will support (just as apprehensions about the 
safety of electricity, the railways etc. has historically decreased). 

Drawing attention to the advantages of nuclear power, which are not 
widely known, and to its disadvantages, which are well known, 
results in a level of favourability to nuclear electricity (47%) which 
is similar to that for coal. The questions used were as follows: 

Advantages and disadvantages mentioned 

Q. Much of the carbon dioxide, sulphur dioxide and other 
pollutants in the atmosphere come from burning coal to 
make electricity. Which of the statements on this card 
best describes you attitude to Britain producing 
electricity from coal- and oil-fired power stations ? 

Q. By contrast with coal- and oil-fired power stations, 
nuclear power stations, which make just over 20% of 
Britain's electricity, produce virtually no carbon dioxide 
or atmospheric pollutants. They do, however, produce 
small quantities of waste. Which of the statements on 
this card best describes your attitude to Britain 
producing electricity from nuclear power stations ? 

No mention of advantages and disadvantages 

Q. Are you in favour or not in favour of Britain producing 
electricity from nuclear power stations/from coal-fired 
power stations? 

Attitude to use of fuel when information is... 
Provided Not provided 

Coal Nuclear Coal Nuclear 

Base: all adults 

In favour 
Not in favour 
Don't know 

Notes: 
Fieldwork: May • 
Source: Gallup 

971 
% 

50 
37 
13 

- July 1992 

971 
% 

47 
43 
10 

950 
% 

53 
24 
24 

950 
% 

34 
46 
20 
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EXPERTS' ATTITUDES TO NUCLEAR POWER 

In September 1992 the British Nuclear Industry commissioned an 
independent assessment of the attitudes of 'experts' to energy 
matters in general and to nuclear matters in particular. These 
experts were drawn from the following groups: 

Government Regional electricity companies 
Local government Media 
Political parties Pressure groups 
Business/industry Regional development councils 
Financial community Academics 

The report on the attitudes of experts made the following points: 

The majority of experts adopt a pragmatic rather than an ideological 
approach to nuclear power. Only the environmental pressure groups 
and a very small minority of other experts are ideologically opposed 
to nuclear power, reflecting concerns with its military origins and 
connections, and risks to the environment. 

For the pragmatic majority, nuclear power has a role to play as part 
of a balanced energy strategy. It is not in the national interest to 
'place all our eggs in one basket' and nuclear power is making a 
significant contribution to energy needs. 

The share held by individual fuels at any one time would be 
determined by market forces and thus, for the majority, the case for, 
or against, the expansion of nuclear power was essentially an 
economic one. Nuclear power simply had to compete with other 
forms of energy. 

Experts are relatively reassured by the safety record of the nuclear 
power industry, though they recognise that the general public are 
not. Experts believe that the safety standards are very high and 
consider that the risk of a serious accident are very low. 

There is concern that the problems of waste management and 
disposal have not been resolved, but appear to hold the view that, 
pending a 'perfect' solution, the problems are under control. An 
optimistic minority believe that science will eventually find a way of 
eliminating the problem. 

Safety and waste management issues are not major concerns for 
experts when considering the future development of nuclear power. 

8 
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The Role of ANS in Enhancing Public 

Understanding of Advanced Nuclear Energy 
Plants 

by: Edward (Ted) L. Quinn 
MDM Engineering 
Chair - ANS Special Committee 
on New Contruction (CNC) 

Kyle H. Turner 
Dames and Moore 
Vice-Chair 
ANS Special Committee on New 
Construction (CNC) 

Introduction 

Concurrent with the design certification of both evolutionary and 
passive designs for advanced nuclear energy plants in the United 
States, the American Nuclear Society(ANS) has underway an extensive 
nuclear community and public information program. The goal of the 
program is to inform both the technical community and the general 
public on the following major topics related to the deployment of 
advanced nuclear energy plants: 

o Need for new baseload electrical generation 
o Environmental advantages of nuclear power generation 
o Design of advanced nuclear energy plants 
o Nuclear waste issues 
o Workforce issues 

Program Plan 

In 1990, the Special Committee on New Construction (CNC) was formed 
within the Power Division of ANS to assist in the resolution of 
oustanding issues in the design, licensing and construction of a 
new commercial nuclear unit in the United States. In 1991, the 
Committee was approved as a Special Committee of the full Society 
to allow access to all of the resources available within the ANS. 

The first goals of the'CNC were identified in it's Program Plan, as 
follows: 

1.) Prepare and run an Embedded Topical Meeting at the ANS 1991 
Winter Meeting entitled, "The Next Generation of Nuclear 
Plants, A Status Report." 

2.) Disseminate information to the nuclear industry and general 
public on the issues related to the advanced nuclear 
energy plants. 
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3.) Develop a position on the workforce necessary for the 
design, licensing and construction of new nuclear 
energy plants in the United States. 

4.) Where requested, review and provide technical 
evaluations on positions taken by the Nuclear 
Power Oversight Committee (NPOC) organizations 
in implementing their Strategic Plan for the 
next generation issues. 

The above goals are ambitious - but clearly necessary to fulfill 
the role of ANS as a professional technical society supporting the 
advancement of nuclear science thru understanding. It is important 
to note that ANS is not a nuclear industry advocate but rather a 
source of objective technical information on nuclear science and 
technology. 

The principal subject of this paper is to address that ANS program 
to implement Goal number 2 identified above. Public Acceptance has 
been identified as the key to the future of nuclear energy. 

In August, 1991, a meeting was held at the Electric Power Research 
Institute(EPRI) between the ANS CNC and representatives of the U.S. 
Council for Energy Awareness(USCEA). The purpose of the meeting was 
to join forces in the preparation of presentation materials on the 
five key points listed in the Introduction above. 
At the meeting, it was decided to prepare jointly a set of slides 
for generic presentation to nuclear industry members and the 
general public. Materials to be used in training ANS members in 
effective public presentations were also prepared. The overall goal 
of the program was established to provide 100 presentations on the 
package to local sections and plant branches throughout the United 
States in 1992. 

A review of the overall slide package preparation and selected 
excerpts will be provided at the meeting along with the results to 
date on the number of presentations and the associated responses 
noted. 
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Conclusions 

At this time, the indications from the nuclear community are that 
there is a tremendous need for the dissemination of both general 
and detailed information on the five key points on the nuclear 
agenda; need for power, design descriptions, environmental 
advantages, waste and workforce issues. These have been identified 
time and time again by both the proponents and opponents of nuclear 
power. Each issue carries a message from ANS which reflects the 
growing public sentiment that nuclear power will be the primary 
source of new electrical generation in the 21st century. Without 
the understanding, support and approval of the nuclear community 
and the general public, nuclear power will stagnate and wither away 
- while more imported oil is required to generate our baselead 
electricity. This is the opposite of the recommendations included 
in the President's National Energy Strategy(NES) issued in 1991. 

Additional nuclear generating capacity is expected to result from 
the improved licensing process being formulated and the general 
public's increased understanding of nuclear issues in the U.S. 
While the national interests are affected, the decision to build 
advanced nuclear energy plants will only be made with approval of 
the majority of the general public. The role of the nuclear 
engineer is clear, "To enhance support for new nuclear energy units 
thru enhanced public understanding." 



PUBLIC ACCEPTAHCE OF NUCLEAR EHERGY IK THE UKRAIHE 

HlKolaJ H. Sappa 
UKrainian Scientific center 

"KharKlv Physical & Technology institute" 
Academichna str.. l 

KharKiv, 310108, UKralne 
Fax: 057-235-1T38 

Liquidation of Chernobli accident consequences in UKr
alne is realized too slowly as a result of hard economic 
situation. Public acceptance of Nuclear Energy in our coun
try is deteriorated by this circumstance. Psychological 
shocK which society received after Chernobyl resulted in 
loss of public confidence to information receiving from nu
clear specialists. 

Especially intensive criticism of Huciear Energy is 
carried out by UKrainian "Greens". Objective ecological si
tuation consist in that there are many ecologically unsafe-
ty objects, so Ministry of Natural Environment Protection 
of UKraine has published the list of the one hundred indus
trial objects which caused the most damage to environment. 
None of the UKrainian NPP was in it. However radiophobia 
among people and low level of -Greens" ecological literacy 
made Nuclear Energy the first object of criticism. 

"Greens" generally use the radical methods in their 
activity - picKeting, meetings e. t. By causing strains am
ong people "Greens" wants to draw attention of people and 
of authorities to the existing of ecological problems. 
They maintain those actions will improve ecological situat
ion in the country. 

Because of lacK of special ecological Knowledge among 
noticeable part of "Greens" they almost fully ignore an 
ability of the constructive dialogue wilh the nuclear 
specialists. 

There is also exists noticeable distrust to Nuclear 
Energy among the people connected with the worK of NPP's. 
so in 1990 - 91 53 - 68z m NPF's town-sateiutes believed 
NPP's had negative influence on POOPIO'O health, oven then 
NPP's worKed in normal regime. RanKing of publics distrust 
to nuclear plants motives in these towns put the quality of 
NPP constructions at the first place (34 - 43'/ of answers 
m different towns). 

At the same time public opinion in the NPP's regions 
is one of the most important factors which forms public 



opinion in whole country. The information, which tells from 
these cities by the official and unofficial canals is able 
t© have a 3erloua influence on tho truot to HPF'o. There
fore the great attention is paid to the forming of NFP's 
good image in the nuclear points regions. Kuclear specia
lists started the active interactions with mass media. 
Every HPF has own Information Service and Public Relations 
Center. They arranged excursions to HPP. communications at 
local TV and spread information materials. 

Sociological methods is used in worK as wen., sociolo
gical studies not only help to state the general condition 
of public: attitude to Nuclear Energy but also to find out 
its causes, to define the level of pyoples ecological Know
ledge, information they need, Preferable communications ca
nals. Results of studies in form of recommendations are ga
ve LO NPP's administraiions and to information centers. 
This worK conducted bu our laboratory m Zaporozhye region 
where one of the UKralnian NPP's situated during three 
years. 

The recent changes in political and economical situat
ion in UKralne nave reduced opposition to tUe Nuclear Ener
gy. Though press still responds on the smallest incidents 
on art"s tne number.of pro-nuclear energy publications in 
newspapers increased considerably, m e "Greens" opposition 
reduced too. so 10, 5'/. delegates of the Third Annual UKrain-
lan "Greens" congress ( May. 1992) confessed that populati
on reject NPP's because people informed badly about positi
ve «mantles of Nuclear Energy. But at the same time almost 
half of delegates (^D.GXJ considered that NPP's must be 
closed only after overcoming economic crises. 

our sociological research in the region of Zaporozhye 
NPF show that the inhabitants of the region trusted Nuclear 
Energy more than m previous years. Because of information 
center worn and activity of NPP administration peoples est
imations oi xne ecoiogicai problems of the region and their 
relation on account Nuclear Energy became more correct. 

In the conclusion I note that structures which are co
ntrolling Nuclear Energy activity and development have been 
worKing for a short time and its too early to talK about 
their efficient. But the first steps in this direction mahe 
us optimistic in spite of difficulties which wait for us in 
worK. 
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ABSTRACT 

The present work shows a comparative and homogeneous analysis of 
advanced fuel cycles, expected to be used in heavy water moderated 
reactors. 

This analysis was focused on two most important parameters used 
by decision makers in the field of the nuclear fuel cycle: one of 
them, levelised energy cost due to fuel cycle activities: and the 
other, the uranium ore consumption per unit of generated electricity. 

Analysis were made for for CANDU (CANadian Deuterium Uranium) 
reactors, and pressure vessel heavy water reactor type, designed by 
KWU (Kraftwerk Union). 

Results obtained show savings of around 25 7. uranium ore 
reserves consuption and fuel cycle costs when slightly enriched 
uranium is used. In TANDEM, espected savings will be 25 7. of fuel 
cycle costs and more than 50 7. of uranium ore consumption. 

INTRODUCTION 

In the last years a lot of work was made to improve the nuclear 
fuel cycle in heavy water reactors, introducing advanced fuel cycles 
described everywhere [2,3,4,5]. 

Advanced fuel cycles were proposed to be introduced in present 
reactors and to optimize future reactors desings [4,5]. 

The main objectives in present reactors will be to reduce fuel 
cycle costs, and reduce uranium ore consumption, both in order to 
reduce levelised energy cost. 

In future reactors improvements in fuel cycle will reduce 
capital cost, because advanced fuel cycles allow to reach better 
thermal efficiency without increasing fuel cycle cost [4,6,11]. 

Argentina moved according to this tendency with studyes of 
slightly enriched uranium and plutonium spiking fuel cycles in the 
first year of nuclear power generation, and today technical 
development achieved allow to use advanced fuel cycles [16]. 

Today Argentina has three nuclear power plants, two of them in 
operation and the third in construction. 

Two power stations, namely Atucha I and Atucha II, pressure 
vessel heavy water type. Atucha I our first nuclear power plant with 
a net output of 357 MWe, connected to grid in 1974 [18]. Atucha II 
the third nuclear power plant, in construction today, expected to be 
connected to the grid in 1995 with a net output of 692 MWe. 

Our second nuclear power plant, a CANDU-6, with a net output of 
600 MWe, connected to the grid in 1984 [18]. 

Together with plant construction and operation Argentina 
developed his own capacity for front end nuclear fuel cycles 
requirements. 
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Argentina developed her own technology for CANDU fuel 
fabrication, uranium enrichment, by diffusion method [19], and fuel 
reprocessing [193. Heavy water production was started this year. 

All the developments listed before allow today, to our country 
to start a demonstration plan for using slightly enriched uranium in 
Atucha I and other nuclear power plants [13-

Other possibility, the use of TANDEM fuel cycle, in agreement 
with Brazil, is now in previous steps of evaluation [20]. 

Those possibilities makes it necessary to do this fuel cycle 
evaluation for future fuel cycles activities. 

FUEL CYCLE DESCRIPTION 

The steps considered in the economic evaluation of each fuel 
cycle analyzed are described here. 

1.- Natural uranium fuel cycle: this fuel cycle is used to make 
comparisons with others fuel cycles proposed. The steps to complete 
this fuel cycle are listed elsewere [8]. We evaluate one through fuel 
cycle for this case [8]. 

2.- Slightly enriched uranium fuel cycle: the steps to be 
developed are the same as in natural fuel cycle, but it is necessary 
to introduce two more steps, one is uranium conversion to UF6 and the 
other is uranium enrichment by one of the methods used today. We 
evaluate one through cycle in this case [7,8,10,12]. 

3.- Mixed oxide fuel cycle: there are two main possibilities, 
one of them the use of self-generated plutonium, and the other, the 
use of plutonium generated in PWR's (Pressurized Water Reactor) named 
TANDEM fuel cycle. 

3.1.- For pressure vessel type: the use of self generated 
plutonium or TANDEM fuel cycle was developed to load fuel bundles 
with plutonium in a heterogeneous manner named spiking. 

In this case only a minor number of fuel bundles are loaded with 
plutonium, and they are located in the external rings of reactor 
core, and the central fuel elements are filled with natural uranium 
[2,9,16]. 

In the self generated plutonium cycle all fuel elements must be 
reprocessed to obtain the next plutonium reload. 

In TANDEM fuel cycle, plutonium is obtained from PWR fuel 
reprocessed and all irradiated fuel elements in PHWR (Pressurized 
Heavy Water Reactor) will be disposed as waste. 

3.2.- For CANDU reactors: in this case mixed oxide fuel elements 
are loaded in a homogeneous manner in the fuel core [17]. 

When using self-generated plutonium, all elements must be 
reprocessed, and in TANDEM the plutonium is obtained from a PWR 
reactor; and irradiated fuel bundles in PHWR will be disposed as 
waste [15,17]. 

EVALUATION PARAMETERS 

The set of values used to make this evaluation are: 
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Yellow cake costs 
U02 conversion 
UF6 conversion 
Enrichment 
Wet storage 
Dry storage 
Transport 
Final disposal 
Reprocessing 
Plutonium value 

80 
5 
5 

120 
60 
20 
40 

350 
650 

17000 

U*S/Kg 
U*S/KgU 
U*S/KgU 
U*S/UTS 
U*S/KgHM 
U*S/KgHM 
U*S/KgHM 
U*S/KgHM 
U*S/KgHM 
U*S/KgPu 

[14] 
[19] 
[19] 

[13] 
[13] 
[13] 
[13] 
[13] 
[21] 

Lag times were taken from a fuel cycle economics study carried 
out by DECD [13], and burn up values were obtained from a wide set of 
publications, specific for each analyzed case and are presented in 
the next table [1,2,8,9,15,17]. 

Load factors expected for pressure vessel type reactors is 75 V. 
and for CANDU is 80 '/.. 

All cases analyzed considered present reactor desings, except 
for CANDU-6 TANDEM analysis, where the reactor was optimized for this 
fuel cycle [7]. 

FUEL CYCLE NAME 

NAT U 

SEU 0.857. 
SEU 0.907. 
SEU 1.007. 
SEU 1.207. 

SELF G. Pu 
HOX FUEL 
NAT U FUEL 

SELF 6. Pu 1 
SELF G. Pu 2 
SELF G. Pu 3 

TANDEM 
HOX FUEL 
NAT U FUEL 

TANDEM 

ATUCHA I 
MWD/T0N 

ATUCHA II 
MWD/T0N 

NATURAL URANIUM 

6200 7500 

SLIGHTLY ENRICHED URANIUM 

11400 

16000 
21000 

13500 
16180 
21200 

SELF GENERATED PLUTONIUM 

28000 
9000 

28000 
12200 

TANDEM 

28000 
9000 

28000 
12200 

CANDU-6 
MWD/T0N 

7300 

13700 
16680 
21500 

17000 
22000 
25000 

22000 

Table 1 
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RESULTS AND DISCUSSION 

The results of these analysis are shown for each reactor in the 
next figures. They were obtained with the prices, lag times and burn 
up, described in the previous section and using a special computer 
code (named PERCICD) developed to analyze continuum reload fuel 
cycles based on evaluation developments for economics analysis made 
by DECD and adapted for special cases C133. 
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Figure 1 : Fuel cycle levelised cost 
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CANDU-6 
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The results found for slightly enriched uranium show increasing 
savings with increasing uranium enrichment levels. 

Savings grow quickly in lower enrichments levels, less than 1 '/. 
in U235, and the uranium consumption too. This fact makes it very 
interesting to use this low enrichments levels in present reactors. 
The highest enrichments levels will need new reactors designed to 
achieve more important savings. 

Use of self generated plutonium, show in all cases analyzed 
higher fuel cycle cost than natural uranium fuel cycle, for this 
reason the only interest to develop this fuel cycle will be to reduce 
uranium ore consumption, or to improve new reactors designs with the 
use of this kind of fuel cycle. Other reasons might be environmental 
considerations, which, with a reasonably high cost for Sievent-men 
values, might impact on generation costs justifiying from an 
economical point of view, self-generated plutonium cycles. 

TANDEM fuel cycle will reduce fuel cycle costs and uranium ore 
consumption, and better results in the economic field will be 
obtained by using the reprocessed plutonium in a heterogeneous 
manner, as analysed for in pressure vessel type reactor was spected. 
Désignes optimized for TANDEM woud achive still lower costs for fuel 
cycle. 

CONCLUSIONS 

Present reactors can achieve important savings in the economics 
of fuel cycle, and uranium consumption using advanced fuel cycles 
like TANDEM or slightly enriched uranium (SEU). 

Using SEU as fuel, economics saving in our country could be 
around 257. of fuel cycles cost with uranium enrichment level lower 
than IX, and uranium ore consumption could be reduced 25% too. 

Using TANDEM the economics saving could be 25">£, but uranium ore 
consumption could be over 50%. 

For future reactors, the cost reduction in levelised energy 
cost, can be achieved using optimized reactors designs to improve 
thermal efficiency due to advanced fuel cycles. 
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ABSTRACT 

This paper addresses the advantages and disadvantages of using very high fuel bumup, reinsertion, and 
low leakage designs in advanced fuel cycle light water reactor cores as a technique to reduce vessel 
fluence, and total volume of spent fuel discharged into the waste management stream. The results 
demonstrate how to attain practical high bumup core designs using the Perm State Fuel Management 
Package (PSFMP, i.e., LEOPARD, MCRAC, ADMARC, OPHAL computer codes)1. The PSFMP can 
be used to scope out fuel management strategies, that can he verified with standard utility and vendor 
design calculations, such as CASMO and SIMULATE2. 

This paper focuses on the practical use of such advanced fuel designs to: (a) achieve very high 
discharge burnups, (b) produce low leakage at the periphery, (c) have 18 or 24 month cycles, and (d) 
maintain safety margins, peak power levels, thermal-hydraulic limits, non-positive moderator 
temperature coefficients. Parametric studies that show the effects of batch enrichments, loading 
patterns, power distributions vs. BPRs, and batch loading options (3 or 4 batches and/or split batch) 
are presented. Evaluations of practical and optimal extended bumup core designs, using the PSFMP, 
show that very high bumup core designs are not only attainable, but are most cost-effective and 
beneficial to the environment in terms of waste reduction. 

INTRODUCTION 

Longer cycle lengths impose higher fuel enrichments, pronounced power peaks, potentially 
positive moderator temperature coefficients, which must be mitigated by complicated burnable poison 
(BP) rod design, and high leakage rates that must be suppressed for vessel fluence reduction. In order 
to minimize the amount of spent fuel discharged into the waste stream, nuclear utilities must have 
clear economic incentives to extend fuel bumup limits. Tulenko3 proposes dollars-pcr-kilogram fuel 
disposal charges to motivate higher bumup levels, rather than 1 $/MWhr. An extended bumup fuel 
cycle approach provides an environmentally beneficial and cost-effective means to reduce mining, 
milling, tailings, conversion, separative work unit (SWU), tails, fabrication, and the amount spent fuel 
discharged. Tulenko3 shows that going from 33 to 60 G WD/MTU saves 18% in uranium ore, milling, 
and conversion. Moreover, 5% less SWUs, and 13% less waste tails, and there would be 81% fewer 
assemblies to handle and store3. 

Extended bumup strategies yield some advantages: (a) uranium utilization improvements, (b) 
cycle cost savings, (c) reduced spent fuel volume, and (d) facilitates longer operating cycles4. 
However, possible disadvantages arc: (a) rclicensing of spent fuel pool design, (b) impact on 
fabrication facilities, and (c) higher costs associated with more sophisticated fuel and burnable 
absorber designs4. Transitional cycles and terminal cycles at the end of a plant's useful life could have 
a high U235 inventory, and be expensive, if not designed carefully. 
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PWR 12 month cycles attain discharge bumups between 33-38 GWD/MWT and 18 month 
cycle reloads produce average region discharge bumups of 40-45 GWD/MTU. With the available 
advanced fuel designs, such as Westinghouse VANTAGE+ and PERFORMANCE-»- using ZIRLO5, an 
alloy of zirconium with niobium, tin, and iron, it is possible to have regional average discharge 
bumups well above 50 GWD/MTU. ZIRLO yields more corrosion resistance needed for higher 
bumups. 

The Westinghouse advanced fuel designs5 also use integral fuel burnable absorbers (IFBA) in a 
thin coating of ZrB2 on the pellet surface. This allows for: (a) greater flexibility in reactivity control; 
(b) placement anywhere in the core, including control rod locations; (c) reduction of the number of 
discrete burnable poison rods; and (d) essentially zero residual absorber penalty at EOC. Seeker6 

describes successful IFBA core designs that have operated in 4 reactors. Extended bumups can be 
achieved by the use of split batches and IFBA to keep power peaks within limits, and without 
approaching the NRC's 5% enrichment upper limit. Stillman states7 that equilibrium cycle conditions 
requires the use of BP rods and that the fuel discharge bumup is uniquely related to the cycle length. 

The use of existing relatively low bumup spent fuel for core reinsertion does not effect radial 
peaking factors greatly, and has been shown to have a small effect on feed enrichments and power 
peaking8. First batch fuel with low initial enrichments are relegated to the spent fuel pool with low 
bumups, and some other assemblies may have lower than average bumups. Such low bumup 
assemblies can be used to reduce flux peaks in the core center or periphery. Reinsertion can serve to 
reduce vessel damage, fuel fabrication costs, and fission product and waste fuel inventory. 

METHODOLOGY 

When fuel shuffling is used, increasing cycle length and increasing discharge bumups compete 
with each other. For example, discharged fuel with low EOC Kjnf could have attained increased 
bumups would they have been placed in interior core positions before their discharge. But this would 
lead to increased core leakage and decreased lifetime. Obviously, a compromise between these two 
competing trends must be evaluated carefully. Levine1 gives a detailed history and describes current 
techniques for fuel reload designs, especially for PWRs. The PSFMP includes two separate single 
expert code systems, one for TMI, with B&W fuel9, and the other for Beaver Valley10, with 
Westinghouse fuel. These two expert systems use minimal information to perform all the tasks need 
to produce acceptable and optimum reload cores. 

Zhian's"1 optimization technique uses a priority table to load fuel by ranking Kinf and core 
positions, determined by their neutron importance, and then modifying the loading pattern to reduce 
hot spots. This is achieved quickly by using the Haling power distribution, which has been shown to 
give the optimum power and core depletion1. Both fuel shuffling and split batch enrichments are used 
to obtain the best practical fuel design. The minimum amount of BPs (discrete rods or IFBAs) arc 
found in the practical core design by using the Haling distribution to find the optimal core loading, 
and to minimize power peaks during depletion. 

Levinc1,9, and Zhiani0 show that the simpler PSFMP codes produce results comparable to 
sophisticated vendor codes and utility methods'-2. Their technique found: (a) the optimum core 
depends on the EOC state, which has the maximum Keff at EOC so that any fuel movements reduces 
Kcff or violates constraints; (b) core reload begins with BOC, depletes to optimum EOC without 
violating constraints when the Haling distribution is used to determine BP loadings; (c) the optimum 
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EOC by its very nature requires low leakage core, since the maximum K^ assembly would have been 
moved to higher neutron importance regions already; and (d) the optimum power distribution follows 
the Haling distribution closely when BPs or split batches are used achieve constant power shapes. 
Levine9 states that since the fuel metal-to-water ratio is not changed, the U235 consumed during the 
cycle is independent of loading schemes and/or BOC core configuration; however, the U235 required at 
EOC to maintain criticality is strongly affected by loading schemes. 

This study determines what batch strategy (i.e., 12, 18, and 24 month cycle, with 3 or 4 
batches per cycle): (a) gives the cheapest fuel costs, (b) yields the highest discharge bumups, and (c) 
can actually be implemented, while meeting design constraints on peak power, cycle length, maximum 
bumup, etc. Split batches, usually needed for extended bumup cores can be considered as an average 
between 3 and 4 batch schemes. Downar11 concludes that a scoping calculation for cycle length, batch 
bumup, and economics needs only a simple point reactor model with one-dimensional spatial detail in 
order to get k(BU) and assembly average power level within an accuracy of 5%. 

Two separate approaches were used. First, simple scoping calculations were performed, using 
standard Weslinghouse 17x17 fuel for a 3411 MWth 193 assembly plant. LEOPARD depletions were 
used for a point reactor model to obtain group constants, K^, and cycle lifetimes. LEOPARD cross 
section data was used in the one-dimensional diffusion code, TWIDDLE12 to obtain power and flux 
distributions, and Kef,. These scoping calculations can provide regional enrichments, lifetime and 
normalized power (NP) levels for simple cost comparisons. Next, Zhian's10 optimization technique 
was applied using the PSFMP to see find practical designs for high bumup cases, using Beaver Valley 
as a reference plant. The loading schemes used: (a) reinserted cycle 1 assemblies in core center 
location; (b) Haling power distribution for an initial optimal pattern; (c) BP loading that satisfies peak 
power criteria; and (d) a higher peak assembly burnup value of 70 GWD/MTU, anticipating the high 
bumup capability of ZIRLO fuel.5 

DISCUSSION AND RESULTS 

Target maximum bumups were calculated using a 193 assembly 17x17 standard Wcstinghousc 
core with 222,739 lb in U02, or 460 MTU per assembly, producing 3411 MWth. A 12 month cycle 
produces 330 Effective Full Power Days (EFPDs) or 12,679 M WD/MTU, an 18 month cycle yields 
510 EFPDs or 19,018 MWD/MTU, and a 24 month cycle has 700 EFPDs or 25,358 MWD/MTU 
average assembly bumups. It should be noted that typically a 12 month cycle typically yields 28 
GWD/MTU, and 18 month cycles have 45-50 GWD/MTU discharge bumups, since the assemblies 
cannot produce nearly average power levels throughout their life. 

Table 1 gives the case matrix for the simple LEOPARD cell depletions, with one-dimensional 
TWIDDLE12 to obtain radial peaking factors, etc. Since an actual core would use a checkerboard 
shuffle pattern, regional homogenization was used to simulate this, as indicated on Table 1. Case 1 
shows the results for 12 months, based on the standard FSAR core pattern. In case 2, an 18 month 
core was attempted by increasing enrichments, but the core lifetime was slightly short, and the NP was 
acceptable. With a slight increased enrichment in region 3, case 3 gives a successful result. Case 4 
seeks to find a 24 month cycle, but it gives a high NP of 1.55, which could easily be handled with 
adding BPs. Case 5 gives a 24 month 3 batch core with acceptable peak NP of 1.498, but the flux at 
the periphery may not be acceptable in terms of vessel fluencc, so BPs and IFBA would be required in 
this instance. 
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Cases 6 - 9 examined 4 batch systems. Case 6 had a short lifetime. In Case 7, more fuel was 
added in the periphery, but BPs would be needed to protect the vessel. Case 8, a 24 month 4 batch 
design, with distinct enrichments in regions 3 and 4, has a NP of 1.56 that could be mitigated by BPs. 
Case 9 homogenized the outer rings and reduced the NP down to 1.38, well within NP limits, and 
produces a promising result, with the power distribution (roughly Haling) and lifetime responding as 
expected. An unexpected result was observed in this simple analysis. It was expected that the K^ for 
the 18 month cores would be different. The K ,̂ for the 4 batch core would be expected to be lower 
than the 3 batch system; but the values were approximately the same. This was also true for the 24 
month cores. 

Based on the experience gained from these simple LEOPARD depictions, it is possible to take 
a known fuel cycle design, namely, Beaver Valley 1, Cycle 9, as given by Zhian10, and apply the 
PSFMP codes and optimization techniques1,10 to obtain practical, high discharge bumup core designs. 
The Beaver Valley 1 Cycle 9 core had 19 G WD/MTU average bumup for 520 EFPD, or 17 months, 
and is used as the reference core for this study, in terms of the BOL and EOL priority tables produced 
by Zhian10. Similar BOL and EOL priority tables were produced for a shorter cycle length core, 
Beaver Valley 2 Cycle 4, which had 15.8 GWD/MTU and a maximum NP of 1.37. Since the EOC 
Kinf priority tables are relatively invariant1'10 between these different exposure limits, this study starts 
with the actual BOC pattern for Beaver Valley 1 Cycle 9, applies the PSFMP optimization technique10, 
and extends the bumup limits from a 18 month to 24 month cycle. 

Several cases determined the impact of fresh fuel assembly enrichments, split batches, fuel 
shuffling, and BP loading. The LEOPARD exposure range was extended to 70 GWD/MTU to 
produce nuclear constants for ADMARC input. Extrapolation of the LEOPARD depletions to 90 
GWD/MTU failed because the Wigner-Wilkins spectrum calculations failed to converge, primarily 
caused by the effects of plutonium on the thermal spectrum1,12. Five cases arc explained below to 
show the progression used to obtain a practical 24 month cycle, with high EOC burnups immediately, 
using actual Cycle 9 BOL conditions. 

The idea was to achieve an effective high discharge burnup design, without using intermediate 
transition cycles. Such transitions could prove cosily, and actually defeat the purpose of getting higher 
burnups, since some transition batch assemblies may have to be discharged prematurely. The 
constraints on the fuel designs were kept the same, with the exception of the maximum burnups, 
namely: (a) Cycle 1 Batch 1 and 2 fuel assemblies arc used in the central core position, (b) NPs must 
be kept below 1.5; and (c) non-fresh assemblies must be actual assemblies taken from the previous 
cycle or from the spent fuel pool, and cannot have BPs inserted. 

In the first case, the fresh batch enrichment was increased to 4.6 w/o to attempt a 25,323 
MWD/MTU based on 23 months, 30 days per month and 36.7 EFPD/MTU factor. This cased failed 
at 572 EFPD or 19 months. The fresh ftiel enrichments were increased to the NRC 5% limit with 160 
1.5X IFBAs5 (-2.36 gm natural B per inch); however, this second case produced only 653 EFPDs. A 
third case exchanged fuel positions 9D with 9E based on the EOC Kinr values from case two, and the 
optimal EOC priority tables10. This assembly exchange shortened the cycle length, confirming the 
results found by Zhian10 and Lcvinc1 that the optimum core depends on the EOC state, which has the 
maximum Keff, so that any fuel shuffling reduces the Keff or violates constraints. 

Another case, based on the second case, changed the enrichment of the eighth core position 19 
(10C) from 3.6 to 5.0% with IFBA. This location was chosen because it was ncutronically important, 
based on the BOC priority tabic. The fourth case, however, had a slightly high NP of 1.58, violating 
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the peak power constraint. By using a slightly higher enrichment, even with BPs, in this one position, 
it was found that the BOC Haling distribution would have failed to meet the NP limits. This confirms 
Lcvinc's1 findings that the optimal design must first meet the design constraints at BOC with the 
Haling distribution used to find the BP loadings, before a practical core design can be found that also 
works. 

Finally, a fifth case used split batches for those positions that had NPs greater than allowed, 
i.e., F9 and E10 or positions 10 and 17 in on Figure 1. The fresh fuel had either 5.0% with 160 
IFBAs or 4.6% with 160 IFBAs. This split batch method produced NPs that were less than 1.47 for 
the first 2 GWD/MTU, and consistently less than 1.40 for the rest of the cycle that yielded 25,323 
MWD/MTU or 690 EFPDs. This design met the 24 month cycle lifetime requirement of 23 months 
operation and 1 month for refueling. Figure 1 shows the eighth core loading pattern in terms of 
enrichment, BPs (n.b., a 1 implies 160 IFBAs), and initial BOC burnups. Figure 2 shows the extent of 
the high bumups achieved by giving BOC and EOC M WD/ MTU. Figures 1 and 2 can be compared 
to show how the assembly Kinf values are changed, and the relative importance of each core position. 
Figure 3 shows the critical boron letdown curve for the cycle, and demonstrates how well the IFBA 
loading optimizes the cycle excess reactivity. The BOC soluble boron is 1757 ppm initially, drops to 
1386 ppm at an equilibrium xenon condition, and then rises to 1763 ppm boron at 4 - 6 GWD/MTU, 
which implies that the IFBA loading has been optimized effectively. At 690 EFPDs, the EOC boron 
is 21 ppm. This final case for a 24 month cycle shows that a practical design can be obtained: (a) 
with high discharge burnups, (b) starting with an aciual 17 cycle of optimized for costs10, (c) without 
using transition cycles, or (d) violating safety constraints. 

Sensitivity analyses performed here confirm thai small changes in nuclear design assumptions 
or in operating capacity tum gains into losses.13 The EPRI-Stoller report13 shows that between 30-55 
GWD/MTU there is a long flat region over which the fuel costs vary no more than a few percent. 
Actual fuel fabrication costs represent only a small fraction of a plant's operating budget.13 Although 
advanced designs may be more costly in terms of enrichment and BPs, detailed cost analyses show 
that refueling, replacement power, spent fuel handling and storage costs far outweigh direct fuel costs. 

CONCLUSIONS AND SUMMARY 

In order to reduce the amount of spent fuel discharged into the high level radioactive waste 
stream, it is not only advantageous3 to extend fuel bumups, but also cost-effective, and feasible. 
Starting with automatic optimal reload design expert system10 results, it is possible to extend the 
maximum discharge burnup limits and find an optimal loading pattern meeting design constraints. 
With the advances in fuel designs5, it is now possible to bum fuel more effectively. 

The PSFMP expert system technique can be used with confidence to obtain a practical, 
efficient design. An optimization system based on Kinf priority tables, BOC power distributions, using 
the Haling distribution for a first estimate to find BOC states, with constraint equations for discharge 
burnup, and on reducing cycle costs1-10 can be extended to achieve higher exposures. Although the 
optimum design is very sensitive to constraints imposed, all of the core patterns follow the reference 
priority table10 closely and produce similar optimum design results. Using information provided by 
position vs. K,̂  priority tables and existing core patterns, it is possible to find practical designs by 
making make small adjustments. A LEOPARD cell depletion and one-dimensional diffusion analysis 
was used to approximate regional enrichments, core lifetimes, NPs, and simple cost comparisons. 
Then, an expert system optimization found practical core loadings for a high burnup design. In 
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general, a split batch approach with IFBAs proves to be the most effective design, in terms of low 
leakage, high bumup, and usage of low burnup assemblies in the core central location and strategic 
locations. 
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Tabic 1 Cycle Length vs. Number of Batches Scoping Results for Scabrook 

Case EFPD.Months.Batches e l e2 £3 £4 Peak Norm. Power 

1 
2 
3 ' 
4 
5 
6 
7 
8 
9 

330 
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705 
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519 
>700 
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12 
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18 
18 
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24 

3 
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3.5 
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4.0 
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— 
— 
. . 
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4.0 
4.1 
4.9 
*M 

less than 1.50 
1.28 
1.313 
1.55 
1.498 
1.457 (region 1) 
1.46 (region 1) 
1.56 (region 1) 
1.38 (region 1) 

indicates enrichments have been homogenized in regions 1,2 
indicates that the case works in terms of meeting EFPD, peak normalized power, and 
other constraints. 
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APPLICATION OF MODERN HIBH CONVERSION CONCEPTS TO 
PRESSURE TUBE REACTORS WITH BREEDING CAPABILITIES 

P.C. FLORIDO, M.J. ABBATE, A. CLAUSSE 
Centro Atomico Bariloche - Comisiôn Nacional de Energia At6mica 

8400 S.C. de Bariloche, Rio Negro. 
ARGENTINA ' "•'/</< • 

1-INTR0DUCTI0N 
The expected delay on the commercia.1 availability of fast 

breeder reactors and the increment of the amount of stored 
Plutonium have up-dated the interest on a better utilization of 
nuclear fuels using the current existing technologies. One of the 
most attractive options are the new designs of high conversion 
reactors (HCR) in combination with advanced fuel cycles 

Within the frame of the HCR concept Pu enriched fuels are 
distributed in a compact lattice which yields conversion ratios 
(CR) greater than 0.7, with a competition between high 
multiplication factor (keff) and CR . On the other hand the 
application of HCR concepts to the standard LWR technology implies 
low burn-up level and high fuel cycle cost due to its reduced 
keff. Therefore it is attractive to consider a reactor concept 
combining low reactivity with continuum refueling, wich leads to 
low fuel cycle costs, in contrast with conventional PWRs. From 
this point of view, CANDU reactors emerge as an interesting 
candidate to be explored since high conversion rates were found in 
compact arrangements of pressure tubes without moderator in the 

, . . < 1 2 - 1 3 ) 

calandria 
Following this line, in this work we developed the idea of 

adapting the mature CANDU technology to the concept of high 
conversion high leakage core, which would lead to substantial 
improvements of the fuel cycle management. 

2-MODELING 
The neutron cross sections were processed with the AMPX-II 

system using data from ENDF/B-IV. Transport and burn-up 
calculations were performed with the XSDRNPM code (one dimension 
discrete ordinate methads-SNPN) and the BUM module ' ** 
respectively. All the system has been previously validated 
elsewhere , including the energy group structure and the 
self-shielding. 

The moderator volume to fuel volume ratio (VM/VF) of a CANDU 
fuel element is lower than the correspondent to a typical PWR 
lattice (0.8 in CANDU and 1.5 to 2 in PWR). For this reason the 
CANDU cluster provides a geometry nearly compact, comparable with 
typical high conversion lattices (with a VM/VF ratio of 0.5 to 
0.7). 

All the analyses were performed looking for Conversion Rates 
(CR) greater than one with a negative void coefficient, using 
light or heavy water as coolant. 

1 



3-RESULTS 
3.I-D2O AND H2O MIXTURES AS COOLANT 
A series of calculations were performed to study the 

neutronic properties of a standard CANDU care in which part of the 
heavy water coolant is replaced by light water in order to 
increase the conversion ratio. An infinite array of rods was 
evaluated for different VM/VF ratios. The presence of the pressure 
tube only decreases the multiplication factor in a constant value, 
but does not change the conversion ratio. 

Table 1 shows the results of the calculations. It is 
concluded that for the same VM/VF ratio and the same CR, the 
multiplication factor decreases as the D2O concentration 
increases. The explanation of this behavior is the greater atomic 
number (A=2) of the deuterium, which decreases the ratio of fast 
fissions to captures in uranium 238. This effect is usually 
negligible in thermal reactors whereas in epithermal rectors the 
fast fission in uranium 238 contribute significantly to the total 
,. • . , ( 1 9 - 1 5 ) , 

fission rate 

3.2-HzO HOMOGENEOUS CORE 
In this case the coolant is 100/i H2O and the objective of the 

study was to improve the CR while maintaining negative void 
coefficient (VC) using small reactivity cells. The refueling 
machine is assumed to operate an line as in typical CANDU type 
reactors. 

Two 0.9 cm pin's diameter with VM/VF ratio of 0.5 and 0.6 
were considered -The MOX pellet density is 10.3 g/cm. A clad 
thickness appropriate for high burn-ups was assumed (neglecting 
the effect of the pressure tube, at this stage). After the first 
burn—up cycle, the fuel is reprocessed, and then used for a second 
cycle with the same fissile plutonium enrichment. In order to 
obtain negative void coefficient and high CR, 7X in Pu enrichment 
was adapted.These steps were repeated for several number of fuel 
recycling. Is interesting to note that although this cell cannot 
be used in a PWR is perfectly suitable in a continuum refueling 
strategy as it is proposed in this work. 

Table 2 shows the results of the cell calculation. It can be 
seen that the CR is always close to one when the fuel element is 
burning, independently of its value at the beginning of the cycle 
(BOL). 

In Figure 1 the evolution of the CR during burn-up for both 
cells is shown. This evolution is mainly due to the competition 
between enrichment and CR. If the initial CR is lower than one, 
the Pu fissile decreases during burn-up while the CR increases, 
and the apposite occurs if the CR is greater than one. 

The values of burn-up achieved are very low, even for 
continuum refueling. Since the pressure tube was not taken into 
account, the reactivity lasses due to the correspondent parasite 
absorptions cause very low extraction burn-ups (less than 10 
GWd/THM) , consequently the fuel cycle would be expensive even for 
a CANDU type reactor. 



3.3 HIGH LEAKAGE REACTOR CONCEPT 
Leakage increase in order to reduce the VC was applied in the 

present study, following the method often used in fast reactors 
and recent HCR designs ' . Neutron leakage from seed zones is 
utilized to produce plutonium in blanket zones. In the HC-LWR 
technology, a strong seed and blanket effect is called a "pancake 
core". The blanket usually consists in depleted uranium. This core 
has negative VC, but the final CR is lower than one 
(approximately .98). The later is due to the high enrichment 
required to compensate the leakage. Another advantage of the 
pancake geometry is that the CR increases monotonically with the 
burn-up, even when the total CR (seed and blanket) is greater than 
one. This feature contrasts with the homogeneous core as can be 
seen i\^ Fig. 1. 

A pancake geometry, consisting in sequences of fissile and 
fertile CANDU-like compact elements located in each channel, is 
proposed. Light water coolant is used without moderator in the 
calandria and the refueling machine operates as the main mechanism 
of reactivity control. The seed fuel element is a compact cluster 
with VM/VF ratio of 0.5 (0.8 is the typical ratio of the CANDU 
fuel element) and MOX pellets of different enrichment in fissile 
Pu. The Pu vector is the one obtained from a PWR (not PHWR because 
the Pu isotopic composition is not adequate to use in the high CR 
concept). 

Two different blanket cluster geometries have been used, one 
identical to the seed element, and the other more compact with a 
central channel of 2 cm of diameter. The second geometry has a 
lower Vtt/VF ratio but in turn the pressure drop is also lower. The 
blanket consists in depleted metallic uranium, because it reaches 
a law burn-up and greater CR due to the high hydrogen to uranium 
ratio (similar material selection has been studied in the 
reference (3)). 

Figures 2 and 3 show the contourn curves of constant VC and 
constant Pu enrichment in the keff-CR plane, for two seed and 
blanket length ratios (L1/L2). Figure 4 shows the void coefficient 
(for a fixed keff of the cell and a given L1/L2 ratio), for 
different seed enrichments. 

The optimum L1/L2 ratio is 1/3, taking into account the nega 
VC and the low inventory costs (1/4 has the same VC and 
reactivity, but the blanket is too long). 

Considering the reactivity loss and VC change due to burn-up, 
the keff can be related with the burn-up level and the VC at the 
end of life of the fuel element (EOL). Figs. 5 and .£ show the 
burn-up and CR at the EOL for each geometry. It can be seen that 
it is pussible to reach high burn-ups and CR greater than .one 
together with negative VC. 

4. CONCLUSION 
From the present study, it can be concluded that the 

requirement of negative void coefficient does not constitute a 
major problem to obtain high CR (even greater than one) for high 
compact lattices. The CANDU technology was found in general 
compatible with high conversion concepts. 

A last comment regarding the economics of the present 



proposal indicates that the burn-up level is high enough to 
compensate the Pu enrichment cast. However at first sight the 
fuel cycle should be more expensive than the standard natural 
uranium fuel cycle. Nevertheless the use of light water instead of 
heavy water leads to significant lower capital costs. Therefore 
the total unit energy cost (TUEC) should be comparable with a 
standard PWR. 
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TABLE I 

D2O and H2O Hixture Cases 

Percent 

H2O 

100 

100 

75 

75 

SO 

50 

EteO 

0 

0 

25 

25 

50 

50 

Vm/Vf Ratio 

0.5 

0.6 

0.6 

1.5 

1.5 

2.0 

k-effectlve 

1.0259 

1.0317 

0.9956 

1.0942 

1.0015 

1.0351 

Conversion 

Ratio 

1.0087 

0.9702 

1.0571 

0.7496 

0.9227 

0.8249 
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TABLE II 

H2O Refrigerated Reactor with Continuous Refuelling 

( TA Pu f i s s l l , BOL) 

Vm/Vf 

Ratio 

0.5 

0.5 

0.5 

0.5 

0.6 

0.6 

0.6 

0.6 

Cycle 

Nr. 

1 

2 

3 

4 

1 

2 

3 

4 

Pu fissll 

'/. , E0L 

7.0 

7.0 

6.98 

6.93 

6.98 

6.91 

6.84 

6.78 

BOL 

1.009 

0.971 

0.972 

— -

CR 

EOL 

' 1.008 

1.002 

0.997 

0.994 

0.972 

0.966 

0.965 

0.966 

Burn-up 

GWd/THM 

5.27 

9.79 

15.15 

19.87 

8.05 

14.77 

21.07 

25.10 

FIGURE1 
EVOLUTION OF THE CR DURING BURN-UP FOR A HOMOGENEOUS CORE 

WITH CONTINUUM REFUELLING 
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FIGURE 2 
K_ E F F A N D CR VALUES FOR CELLS WITH DIFFERENTS PU FISSILE CONTENDS 

AND L1/L2 RATIO OF 1/4 
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K-EFF AND CR VALUES FOR CELLS WITH DIFFERENTS PU FISSILE CONTENDS 
AND L1/L2 RATIO OF 1/2 
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FIGURE 4 
VOID COEFFICIENT FOR DIFFERENTS L1/L2 RATIO FOR A FIXED 

K-EFF AND FISSILE PLUTONIUM CONTENDS 
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FIGURE 5 
BURN-UP FOR DIFFERENT CR, FOR A VOID COEFFICIENT AT THE EOL 

OF -lOxlO"9 AND THE TWO BLANKETS DESIGNS 
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FIBURE 6 
BURN-UP FOR DIFFERENT CR, FOR A VOID COEFFICIENT AT THE EOL 

OF -20xl0~a AND THE TWO BLANKETS DESIGNS 
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RECOVERED URANIUM IN CANDU: A STRATEGIC OPPORTUNITY 
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Y.O. Lee, CJ. Jeong, H.C. Suk 3 ^ ' •'' i^'°i<k 
Korea Atomic Energy Research Institute, P.O. Box 7, Daeduk-Danji, Daejeon, Korea, 305-606 

C. Mugnier 
COGEMA, 2 Rue Paul Dautier, BP 4. 78141 Vélizy-Villacoublay Cedex, France 

INTRODUCTION 

Recovered uranium (RU), sometimes called reprocessed uranium (REPU), is a by-product of conventional reprocessing. 
The composition of RU depends on the reactor type, initial enrichment, and discharge burnup of the reprocessed fuel. RU 
from reprocessed PWR fuel has a nominal U-235 content of 0.9%, and can be used in CANDU* without re-enrichment. 
This option is very attractive compared to the use of natural or slightly enriched uranium (SEU) in CANDU, or compared 
to re-enrichment for recycle in a PWR. Unenriched RU is only slightly more radioactive than natural uranium. 

Planned annual production of RU from reprocessing of spent oxide fuel in Europe and Japan will increase to about 
3000 t/a by the turn of the century. The cumulative quantity of RU available by the year 2000 will be about 25 0001. 
To put this in perspective, the initial core load of uranium for a CANDU 6 reactor is about 851, and annual refuelling 
requirements for a burnup of 13 MWd/kg are around 50 t/a. 

POTENTIAL BENEFITS OF RU IN CANDU 

RU offers many of the same benefits as SEU in CANDU. Uranium utilization (the amount of energy derived from the 
mined uranium used in the original PWR fuel) is improved by about 26%. Because of the neutron efficiency of CANDU 
and the neutronic characteristics of RU, twice as much energy can be extracted from the RU by burning it in CANDU, 
compared to re-enriching it as fuel for a PWR/'"3) The burnup in CANDU with RU is about 13 MWd/kg (depending on 
the specific isotopic composition, and details of the CANDU design). Hence, the quantity of spent fuel produced in 
CANDU for a given amount of energy is reduced by a factor of two compared to natural uranium, with a positive effect 
on economic, environmental, and public acceptance aspects of the back-end of the fuel cycle. 

The extra fissile content of RU compared to natural uranium offers greater flexibility in reactor and bundle design/4,5) 
In new reactor designs, or in existing reactors where there is sufficient heat removal capacity, RU offers a power uprating 
capability, by flattening the channel power distribution across the reactor core, so that all channels produce nearly the 
same power/6) This option involves trading-off the extra burnup potential of RU (greater neutron leakage from the core) 
against more power output. In a new reactor design, the use of power flattening to obtain more power from a given-sized 
core has an advantage in capital costs over simply adding more channels to the reactor. One of the reference designs for 
AECL's new CANDU 9 reactor uses enrichment of around 0.9% to flatten the channel power distribution in the core to 
obtain 1030 MWC from a 480 channel Darlington size core, nominally rated at 935 MWe.'

7 ' The use of RU for this 
application is ideal. 

Finally, the use of RU in CANDU offers a significant improvement in fuel-cycle costs over natural uranium, and even 
SEU. This is discussed in greater detail in a subsequent section. 

PROCESSING RU FOR CANDU FUEL 

The RU product from water-based chemical reprocessing plants must be converted to UO2 for fabrication into CANDU 
fuel. In British Nuclear Fuel's (BNFL) new THORP reprocessing plant, RU is stored as UÛ3, The RU product from 
COGEMA's La Hague reprocessing plant is in nitrate form, which can be converted in COGEMA's TU2 conversion 
facility at Pierrelatte to either U3O8 (which is stable in air, and an appropriate storage form) or to UO2. This plant has a 
conversion capacity of 800 t/a to U3O8 (from RU feed), as well as 300 t/a to UO2 (from natural or depleted uranium, or 

CANDU: CANada Deuterium Uranium. Registered trademark. 
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RU feed). The conventional route is used to convert RU to UO2, in which ammonium is added to the uranyl nitrate 
solution to precipitate the RU as ammonium diuranate (ADU), which is then calcined to ^Ogand reduced to UO2. 
Currently, the bulk of RU processed in the TU2 plant is stored in the form of U^g . It is, however, relatively easy to 
include the next processing step of reducing the U3O8 powder to UO2 and passi vating the powder for subsequent fuel 
fabrication. While there are considerable stockpiles of RU in the form of U3Ûg that could be reduced to UO2, this would 
be more difficult and costly than simply adding the reduction stage to the production stream. Hence, it is more likely 
that any future use of RU as UO2 for CANDU would be based on new fuel rather than stockpiled fuel. 

The gamma activity of RU is not significantly higher than natural uranium and no special precautions are anticipated in 
the fabrication of CANDU fuel. RU from spent PWR fuel contains typically 1 ppb U-232, whose alpha decay-products 
(including thallium-208 and bismuth-212) are the major gamma-emitting isotopes in RU. The U-232 in spent PWR fuel 
decays with a half-life of 69 years, and builds in with a half life of 2.9 years due to the decay of Pu-236. As a result, the 
U-232 concentration reaches a maximum 12 years after discharge from the reactor, and there is an incentive to reprocess 
the fuel as soon as possible after discharge from the reactor. After reprocessing, the decay-products build in with the 
1.9 year half-life of Th-228. RU also contains around 200 ppm U-234, which contributes to a higher specific alpha 
activity than natural uranium. However, the level is about the same as in conventional enriched PWR fuel (since the 
source of the increased U-234 is the initial enrichment of natural uranium). RU also contains trace fission-product 
gamma and beta emitters, and transuranic alpha emitters. 

To ensure a uniform CANDU reactor fuel from several sources of RU, it may be necessary to blend the RU with small 
amounts of SEU or natural uranium. Security of supply is not an issue, since SEU could be substituted for RU. 

ASSESSMENT OF FABRICABILITY OF RU AS CANDU FUEL 

The suitability of RU as a reactor fuel for CANDU was assessed in a joint program between AECL and COGEMA. 
COGEMA converted RU from the La Hague reprocessing plant into 1500 kg of UO2 in their TU2 conversion facility. 
This was the first RU to be converted to U0 2 in this facility. COGEMA supplied 200 kg of this U02 powder to AECL, 
as well as several pellets that they had pressed and sintered for characterization. 

The RU powder characteristics met CANDU specifications, both in terms of chemical impurity content and physical 
characteristics. The powder was in the form of soft spherical agglomerates, 5 (am to 130 urn in diameter, with a mass-
mean of 45 fj m (without ultrasound treatment). The individual particles were equiaxed and sub-micron. The specific 
surface area was 4 m2 g'1. Uranium isotopic composition of the RU was as follows: 

U-232: 0.64 ppb U-234: 0.014 mass % U-235: 0.88 mass % 
U-236: 0.29 mass % U-237: <0.7 Bq/gU U-238: 98.82 mass %. 

Activity from the U-232 decay products Bi-212and Pb-212 was 222 Bq/gU and 241 Bq/gU, respectively. Activity from 
Cs-137 was less than 0.3 Bq/gU. No special radiological precautions were required for handling the RU at AECL. 

The pellets that had been sintered by COGEMA met CANDU density specifications, as did pellets that AECL pressed and 
sintered from the COGEMA-supplied RU powder. While powder is normally pre-pressed and granulated to form free 
flowing granules and improve the green (unsintered) density, this step could be eliminated without a penalty in sintered 
density, due to the free-flowing nature of the RU powder. 

An earlier assessment had identified the need to determine whether trace amounts of Cs-137 in the RU powder would be 
released during sintering, and if so, whether this would condense in the cold part of a sintering furnace in a commercial 
fuel fabrication plant, leading to a build-up in fields over time. A cold-trap was designed in the exit port of a sintering 
furnace in which volatilized Cs would condense. Metallic Cs and the majority of its salts are water soluble, and other 
minor modifications were also made to the sintering fumace to facilitate washing the exit gas line and cold-trap to 
dissolve any deposited Cs released during sintering. The efficiency of the Cs-collection system was calibrated using UO2 
powder doped with a known quantity of Cs in the form of CS2CO3, and determined to be 29%. 51 kg of the COGEMA-
supplied RU powder was pressed and sintered into pellets. The Cs was collected after sintering by washing the exit gas 
line and the cold-trap with warm water. Gamma spectroscopy was used to measure the Cs-137 in the residue collected, 
and from this it was determined that 4. lxlO"12 g of Cs were volatilized from 51 kg of powder (after correction for the 
collection efficiency). Assuming an annual throughput of 200 000 kg (typical of a commercial furnace), the dose rate 
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from a point source of the volatilized Cs at a distance of 1 m would be 4.4 xlO'4 mrem/h after one year (ignoring any 
shielding effects). Thus, no significant fields would build up, even after decades of production. Other volatile fission 
products from RU were not detected. 

Hence, our experience to date indicates that fabrication of CANDU fuel from RU should not pose serious radiological 
difficulties. More work needs to be done to determine the allowable radioactive impurity concentrations in RU (and delay 
times between process steps) for a commercial fabrication plant. 

REACTOR PHYSICS SIMULATIONS 

The extra isotopes in RU have minimal effect on the reactor physics characteristics in CANDU. Spent PWR fuel 
contains typically 0.4% U-236 (originating from neutron capture in U-235 in the original PWR fuel), which has a strong 
resonance at 5.5 eV. Because of the softer neutron spectrum in CANDU, the absorption worth of the U-236 is an order 
of magnitude lower in CANDU than in a PWR/8) Therefore, the most important isotope in CANDU reactor physics 
with RU is U-235, and reactor simulations were performed using 0.9% SEU, as being representative of RU. Again, RU 
could be blended with SEU of higher enrichment or with natural uranium, to ensure fuel of uniform physics 
characteristics, regardless of the source of RU. 

Standard calculational codes and methods were used. WTMS-AECl/9) was used to generate lattice cross sections as a 
function of bundle-averaged bumup for 0.9% SEU. Cell-averaged cross sections for reactivity devices (such as adjuster 
rods and shutoff rods) were calculated using a three-dimensional transport code called SHETAN, and flux and power 
distributions through the reactor were calculated using the two-dimensional diffusion-theory-based fuel management code, 
FMDP.C0) These were representative calculations, rather than detailed design calculations, and the results are not 
directly comparable to those for natural uranium. A 380-channel, CANDU 6 reactor was modelled, using the CANFLEX 
fuel bundle design/1 ]) 

In the "time-average" FMDP calculation, two broad bumup regions were used in the core to flatten the radial channel 
power distribution (with *%hç outer region two channels wide), with small variations therein to account for top-to-bottom 
and side-to-side tilts caused by structural devices at the periphery of the core. This gave a core-average discharge burnup 
of 13 MWd/kg (about double that of a natural uranium-fuelled CANDU 6). The radial form factor (ratio of average to 
peak channel power) was 0.85, easily achieved using current fuel management practice, and the corresponding peak 
channel and bundle powers were 6406 kW and 757 kW, respectively. A flatter channel power distribution, resulting in 
even lower peak powers, could be achieved by employing a larger number of bumup zones, at the expense of a lower 
core-average burnup (through increased leakage), and a greater challenge to fuel management. A regular four-bundle shift, 
bi-directional fuelling scheme was chosen for the reference. This gives a fuelling rate of 9.1 bundles per day (about half 
that of natural uranium), or 2.3 channels per day (comparable to that of natural uranium). This fuelling scheme results in 
good axial power profiles both in the center of the core in the vicinity of the adjuster rods, and in the peripheral channels. 
The axial power profile is slightly asymmetric, peaking at bundle position 4 at the upstream end of the channel. 

The reactivity worth of the adjuster rods (13.3 mk) is lower than for natural uranium, but more than sufficient for 
30 minutes of xenon-override time. The lower adjuster rod worth (due to the fact that the enriched fuel is more heavily 
absorbing than natural uranium) is compensated by a lower xenon reactivity. The reactivity worths of the zone 
controllers, mechanical control absorbers and shutoff rods are all sufficient for their control and safety functions. 

A 120-day "time-dependent" refuelling simulation was also performed, starting from an "instantaneous" calculation 
intended to represent a snapshot of the core at a point in time. In this simulation, 278 channels were refuelled, and 
1112 fuel bundles discharged. The reactor was kept critical throughout the simulation, with kgff between 0.9998 and 
1.0008. The maximum channel power varied between 6500 kW and 6700 kW, and peak bundle powers were between 
800 kW and 830 kW, well below licensing limits, and comparable to natural uranium. The channel power peaking factor 
(CPPF) is a measure of the refuelling ripple, and is defined at any point in time as the largest value of the ratio of 
instantaneous channel power to time-average channel power, calculated over channels having an instantaneous power of at 
least 90% of the peak channel power at that point in time. The CPPF is an important parameter in the method currently 
used for calibrating the regional overpower detectors used in determining the operating margin. The average CPPF over 
the simulation was 1.11, comparable to that of natural uranium using an eight-bundle shift fuelling scheme, and to 
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1.2% SEU using a two-bundle shift fuelling scheme. The CPPF with RU fuel could be lowered by employing a two-
bundle shift refuelling scheme, with little impact on axial power profile, but at the cost of increased fuelling machine 
usage. 

Peak linear element ratings with the CANFLEX bundle were below 45 kW/m throughout the simulation, so there would 
be very little fission gas in the free inventory during normal operation. Power boosts during refuelling were low: 
35 kW/m at a very low element burnup of 2 MWd/kg, decreasing to about 5 kW/m at 12 MWd/kg. The combination of 
low peak element ratings and a low and declining power boost envelope provides good confidence in fuel performance at 
these extended bumups. 

These calculations illustrate that RU can be easily accommodated in existing CANDU reactors from the reactor physics 
perspective. 

RE-ENRICHING RU FOR RECYCLE IN A PWR 

While RU can be used directly in CANDU, it must be re-enriched before it can be used in a PWR. This introduces 
several complications and additional expense. 

The RU from a reprocessing plant must first be converted to UFg (uranium hexafiuoride) as feed for an enrichment plant. 
Specially built facilities have been constructed for the conversion of RU (either in the form of nitrate or oxide) to 
hexafiuoride. COGEMA performs this conversion in their COMURHEX fluorination plant, which has a capacity of 
350 t/a.(J2) BNFL is constructing an RU hexafiuoride conversion plant called "Echo", for the direct conversion of RU 
from UO3 to UF0.(13,14) The conversion to UF6 reduces some of the activity of the RU, since many of the fission 
products and uranium decay products are removed/13,14) 

Enrichment of the RU in the form of UFG increases not only the U-235 concentration, but also that of all the other light 
uranium isotopes. Table 1 is an example from BNFL showing the isotopic composition of RU before and after 
re-enrichment. C3) 

TABLE 1: TYPICAL URANIUM ISOTOPIC COMPOSITION OF RU 
BEFORE AND AFTER RE-ENRICHMENT 

Feed 
Composition 
Product 
Composition 
Tails 
Composition 

U-232 

1.0 ppb 

5.75 ppb 

0.03 ppb 

U-234 

0.016 % 

0.083 % 

0.002 % 

U-235 

0.85 % 

3.787 % 

0.25 % 

U-236 

0.290 % 

0.956 % 

0.154 % 

U-238 

98.844 % 

95.130% 

99.603 % 

The increased U-236 level in the enriched product requires additional U-235 enrichment: about 0.3% more U-235 for 
every 1 % U-236 present in the enriched RU product. In addition, more separative work is expended in enriching the non-
U-235 isotopes. Finally, about 25% of the U-235 in the RU ends up in the tails of the enrichment plant, reducing the 
ultimate efficiency of uranium recycle in a PWR. In the example above, the RU feed contains 0.29% U-236, which is 
increased to 0.956% after re-enrichment. The U-235 concentration must be increased from 3.5% in the original PWR 
fuel, to 3.787% to maintain the same bumup with re-enriched RU to compensate for the increased concentration of 
U-236. Using natural uranium as feed, enrichment of 4.81 separative work units (SWU) are required for every kg of 
enriched product; with RU, this is reduced only to 4.61 SWU/kg. Also note that in this example, 5.9 PWRs are required 
to provide the RU feed for one PWR using re-enriched RU. 

Because of the enrichment of the non-U-235 isotopes, multiple recycle of RU in a PWR is not practical.0 5) In 
CANDU, the U-235 in RU is burned down to, or below the level of, the tails assay of an enrichment plant, so there is 
no incentive for multiple recycle. 
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In principle, enrichment can be performed either by diffusion or centrifuge. Centrifuge enrichment is much preferred, due 
to its modular construction and small in-process inventory that alleviates the problem of U-232, U-234 and U-236 
contamination following a changeover from RU to natural uranium. If laser isotope separation (AVLIS) is ever 
commercialized, it will avoid the problems of enriching the non-U-235 isotopes, due to its high selectivity. However, 
near-term commercialization is not likely/16) 

At each processing step (conversion to UFg, enrichment, conversion of UFg to UO2, and fuel fabrication), there is an 
economic penalty arising from the enhanced radioactivity of the RU, compared to those same processes using natural 
uranium feed. These costs are not incurred with the direct use of RU in CANDU. This radioactivity results in the need 
for additional shield: g for certain processes (in the case of gamma-emitters). Increased containment (in the case of 
U-234, an alpha-emitter) and possibly increased automation may also be required to reduce dose levels to workers. 
Moreover, to avoid cross-contamination of natural uranium feed with the neutron-absorbers U-234 and U-236 from RU, 
either separate facilities or separate lines are needed for the RU processes, and this impacts negatively on the economics 
of re-enriched RU through the smaller plant size. For example, COGEMA's COMURHEX fluorination plant for RU 
has a capacity of 350 t/a, compared to typical natural uranium fluorination plants of ten's of thousands t/a. In those 
cases in which the same equipment is used for both RU and natural uranium, the economic penalty for keeping these two 
types of uranium separate in the process is assigned to the RU. BNFL quotes typical cost premiums for RU over natural 
uranium of $25/kg (or a factor of three) for conversion to UF0, S5/SWU for enrichment, and $30/kg for fuel fabrication 
(including conversion to UG^)/13,17) Dilution of the RU with enriched natural uranium would reduce the radioactivity 
and neutron poison effect of RU, but at the cost of increased separative work (enrichment). 

There has been experience around the world in the various steps involved in re-enriching RU. The U.S. Department of 
Energy processed 100 0001 of RU (for defence-related purposes) at the Paducah gaseous diffusion plant between 1953 and 
1975, and 56001 at the Oak Ridge gaseous diffusion plant (now closed) in the early 1980's.(18) URENCO has used a 
dedicated line of centrifuges to re-enrich RU/18) The COMURHEX facility has produced more than 1600 tons of UFô 
over the last ten years, and most of this has been re-enriched. COGEMA is forming an alliance with Minatom to 
upgrade the Tomsk gas centrifuge plant in Siberia, to be dedicated to the enrichment of large quantities of RU/19) 
BNFL through URENCO has re-enriched about 15 000 t of recovered MAGNOX fuel (depleted to 0.4% to 0.5% U-235) 
to produce 15001 of UO2 with an enrichment of 2-3% U-235 for the Advanced Gas-cooled Reactor (AGR) program/20) 
Several countries (including France, Japan, Germany and Belgium) have mounted small programs to demonstrate the 
irradiation performance of re-enriched RU in LWRs.<21) 

To summarize, the direct use of RU in CANDU avoids many of the problems of re-enrichment in a PWR. There is no 
enhancement of the radioactivity burden of U-232 and U-234, or of the neutronic penalty of U-234 and U-236 encountered 
through enrichment. The softer spectrum in CANDU compared to a PWR results in the neutronic effect of a given 
concentration of U-236 being an order of magnitude lower than in a PWR. Since the U-235 is burned to tails levels in 
CANDU, there is no need for subsequent recycle to maximize the energy content of the fuel. 

FUEL-CYCLE COSTS FOR RU IN CANDU AND PWR 

Fuel-cycle economics were assessed for RU in CANDU and re-enriched RU in a PWR. A range of costs was used to 
cover the uncertainties. A standard expression for Fuel-Cycle Costs (FCC, in mills/kWhe) was used to calculate the 
costs of the front-end of the fuel cycle (excluding back-end storage and disposal costs): 

FCC = [24 Br,]"1 • I H C T J + Cc0 N) + NSWU'CSWU + C FAB1 

The meaning of the symbols and the reference values used are as follows: 

Q j cost of uranium (either natural or RU, as appropriate) 

CCON
 c o s t of converting the uranium to UF6 for enrichment (for SEU in CANDU, $7/kg; for reference 

PWR, $7/kg; for PWR with re-enriched RU, $21/kg) 

Cswu c o s ' °f o n e separative work unit (SWU) for enrichment 

CFAB
 COst °f fabricating fuel from the appropriate form of uranium (natural, RU or enriched), including 

the cost of conversion to UO2 (for CANDU, $60/kg for natural uranium, S80/kg for SEU or RU; 
for reference PWR, $275/kg; for PWR with re-enriched RU, $305/kg ), 
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NsWU number of SWUs required to enrich the feed fuel to the required U-235 level, assuming 0.25% tails 
(for CANDU, 0.19 for 0.9% SEU and 0.59 for 1.2% SEU; for reference PWR, 4.31; for PWR 
with re-enriched RU, 3.95) 

F ratio of feed fuel to final fuel (for CANDU, 1 for natural uranium and RU, 1.41 for 0.9% SEU, 
and 2.06 for 1.2% SEU; for reference PWR, 6.51 assuming enrichment of 3.25% U-235; for PWR 
with re-enriched RU, 5.03 assuming enrichment of 3.62% U-235 [0.41 % U-236 in spent PWR 
fuel, and 1.23% U-236 in re-enriched RU requires additional U-235 enrichment of 0.3*1.23]) 

B average discharge burnup of the fuel (for CANDU, 7.5 MWd/kg for natural uranium, 14 MWd/kg 
for 0.9% SEU, 21 MWoVkg for 1.2% SEU, and 13 MWd/kg for RU; for PWR, 33 MWd/kg) 

n thermal efficiency of the reactor (0.31 for CANDU and 0.3 3 for PWR). 

Costs are in U.S. dollars. Fuel cycle data are as in References 2 and 3. Natural uranium costs of $25/kg and $80/kg 
cover the range from the current spot market to higher longer-term costs. Two enrichment costs have been used: 
S75/SWU (indicative of the spot-market price), and SI 10/SWU (indicative of the U.S. Department of Energy price). 

RU is owned by the utility that contracts for reprocessing. Since reprocessing is done primarily for strategic or waste 
management reasons, the plutonium and recovered uranium produced are usually viewed as "free issue" (zero cost) by the 
utility. Since the utility contracting for reprocessing also pays for converting the RU to a suitable storage form (such as 
UjOgor U03), any additional cost of conversion to UO2 will be a small, incremental cost. If the utility has no plans 
for its use, then RU is a liability (i.e.. negative value) for which the utility must pay storage and disposal fees. Zero 
cost of RU for both CANDU and PWR is one limit that has been used. As an upper limit for the cost of RU, the cost 
of natural uranium has been used. As will be seen, this is approximately equal to the value of RU in a PWR. 

For re-enriched RU in a PWR, nominal cost premiums have been assigned to conversion (a factor of 3), enrichment 
(S5/SWU) and fabrication ($30/kg).C 3) For conservatism, a cost premium has arbitrarily been assigned to CANDU fuel 
fabrication using RU or SEU. Hence, a $60/kg fabrication cost has been used for natural uranium fuel, and $80/kg for 
SEU and RU. This premium could be associated with an increased cost of conversion to UO2 for RU, an increased 
regulatory burden for enriched fuels (due to criticality controls), the cost of blending RU with SEU or natural uranium to 
ensure a uniform product, if required, or the possibility of needing separate fabrication lines for enriched fuel. 

TABLE 2: CANDU AND PWR FUELLING COSTS 

CANDU 

cu 
cswu 
FCC 

NU 0.9% 1.2% 0.9% 1.2% 
SEU SEU SEU SEU 

25 25 25 25 25 

75 75 110 110 

1.52 1.34 1.22 1.40 1.35 

NU 0.9% 1.2% 0.9% 1.2% 
SEU SEU SEU SEU 

80 80 80 80 80 

75 75 110 110 

2.51 2.08 1.94 2.15 2.07 

RU RU RU RU* 

0 25 80 25 

0.83 1.09 1.65 0.88 

In this case, no cost premium was used for RU fuel fabrication; i.e., S60/kg fabrication was used rather than $80/kg. 

PWR 

cu 
cswu 
FCC 

Ref 

25 

75 

3.09 

Ref 

25 

110 

3.66 

Ref 

80 

75 

4.46 

Ref 

80 

110 

5.03 

RU 

0 

80 

2.78 

RU 

0 

115 

3.31 

RU 

25 

80 

3.26 

RU 

25 

115 

3.79 

RU 

80 

80 

4.32 

RU 

80 

115 

4.85 

R U " 

0 

75 

2.32 

In this case, no cost premiums were used for conversion, enrichment, or fabrication. 
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Table 2 shows front-end fuelling costs for CANDU using natural uranium, 0.9% and 1.2% SEU, and RU; and fora 
reference PWR and a PWR using re-enriched RU. Various costs have been assumed for natural uranium, RU, and SWU. 

The potential savings in CANDU fuel-cycle costs with RU are striking. With RU at no cost, front-end fuelling costs are 
reduced relative to natural uranium fuelling by 45% with natural uranium at S25/kg, and by 67% with natural uranium at 
$80/kg. With RU at natural uranium costs, the fuelling cost savings with RU are 28% for natural uranium at S25/kg, 
and 34% for natural uranium at $80/kg. The economic benefits of SEU relative to natural uranium in CANDU have been 
well documented/22) RU offers fuelling cost savings even relative to SEU. With RU at natural uranium cost, fuelling 
costs are 10-15% lower than for 1.2% SEU, which is the economic optimum SEU enrichment. Moreover, fuel 
management with RU is considerably simpler than for 1.2% SEU, and fuel performance is more assured at the lower 
burnup. 

For re-enriched RU in a PWR, with RU at the cost of natural uranium, fuelling costs range from 3% lower than for the 
reference PWR for natural uranium at $80/kg, to 6% higher for natural uranium at $25/kg. Hence, there is little or no 
economic benefit for using RU in a PWR if the RU cost is the same as natural uranium. 

With RU available free-issue, fuelling costs for re-enriched RU in a PWR are 10% lower than for the reference PWR with 
natural uranium at $25/kg, and 38% lower with natural uranium at $80/kg. CANDU fuelling costs with natural uranium 
are 50% lower than PWR fuelling costs. With RU available free-issue, CANDU fuelling costs with RU are then 68% 
lower than for re-enriched RU in a PWR. 

Hence, there is a compelling economic incentive for utilizing RU in CANDU. 

RU IN CANDU: A STRATEGIC OPPORTUNITY 

Excellent neutron economy creates a niche in which CANDU is uniquely suited for burning RU without re-enrichment. 
This is a strategic opportunity, since many of the benefits of RU in CANDU would be diminished if ALVIS were used 
for selective U-235 re-enrichment of RU for recycle in a PWR. However, the commercialization of AVLIS still appears 
to be some time away. 

For the CANDU utility, RU offers significant savings in fuel-cycle costs, compared to either natural uranium or SEU. 
Moreover, a simple fuelling scheme can be employed, and the modest increase in burnup over natural uranium gives good 
confidence in fuel performance, which would be even more assured using the CANFLEX bundle. 

For a country possessing PWRs and employing conventional reprocessing services, adding CANDU to the reactor mix 
for burning RU offers a simple, cost-effective way of maximizing the benefits of reprocessing by maximizing the energy 
potential of the RU in the most cost-effective manner. 
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MANAGING STEAM GENERATOR MARGIN 

Dr. G. Gary Elder 
Westinghouse Electric Corporation 

Madison, Pennsylvania 15663-0158 

MARGIN CONSIDERATIONS 

The available steam generator plugging margin is a combination of the 
design margin built into the steam generators and that available in the 
balance of plant such as the turbine generator. There is usually more 
plugging margin available to the steam generator than the original design 
basis. This additional plugging margin is achieved by adjusting the 
turbine generator valves, reanalyzing design basis accident conditions 
such as large and small pipe breaks with advanced computer codes, or other 
methods as shown in Figure 1. The management of this margin with proper 
employment of repair and preventative maintenance measures will allow 
steam generators to operate cost effectively for the entire licensed 
period or to extend the operating cycle. 

CAUSES OF PLUGGING 

The primary cause of steam generator tube plugging in pressurized water 
steam generators has changed significantly in the last decade as shown in 
Figures 2 and 3. This shift has been from that of Primary Water Stress 
Corrosion Cracking (PWSCC) to Outer Diameter Stress Corrosion Cracking 
(ODSCC). PWSCC has been associated with the areas of high residual stress 
and high operating temperatures. The areas of PWSCC have been confined to 
the Row 1 and 2 U-Bends and areas of diametral transition such as the 
tubesheet joint and dented regions. ODSCC, however, is associated with 
areas where chemical contaminants can concentrate such as the tube and 
support plate or support grid locations. The potential indication sites 
for ODSCC are, therefore, more widespread than that of PWSCC. The 
decrease in the amount of plugging for PWSCC reflects the success of such 
remedial measures as shotpeening and thermal treatment. Shotpeening has 
been applied to the diametral transitions near the tubesheet associated 
with the tube to tubesheet joining process. Thermal treatment has been 
successfully applied to the U-Bend region and has been developed for 
dented intersections. U-Bend thermal treatment has also been employed to 
recover tubes previously plugged for preventative reasons. The occurrence 
of PWSCC is now at such a level that degradation can be ameliorated by 
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repair techniques such as Laser Welded Sleeving (LWS) and Direct Tube 
Repair (DTR). Secondary side treatments which will be discussed further 
in this paper have also shown promise in controlling ODSCC such that it 
can be treated by the aforementioned repair techniques and judicious use 
of the available steam generator margin. 

REPAIR TECHNOLOGY 

Repair technology has advanced in the past several years such that it is 
now possible to cost effectively keep tubes in service by sleeving or 
direct tube repair when past efforts were concentrated on removing tubes 
from service by plugging. With the advent of these new repair techniques, 
previously plugged tubes can also be reclaimed. Other remedial measures 
have included stress modification techniques such as shotpeening, U-Bend 
thermal stress relief, and thermal stress relief of diametral transitions. 
The stress modification techniques are designed to either redistribute 
residual stress so as to reduce corrosion potential (shotpeening), or to 
reduce residual stresses to such a level that the potential for corrosion 
is significantly lessened as in the case of the thermal treatments. 

Sleeving and direct tube repair are both required in order to prepare a 
comprehensive steam generator preservation plan. Sleeving involves 
installing a tube within a degraded tube which is attached to the parent 
tube to bridge the degraded area forming a new pressure boundary. The 
method of attachment is either mechanical, welded, or brazed. The 
mechanical sleeving techniques form the joint by mechanical deformation of 
the tube and sleeve by either a combination of hydraulic and roll 
expansion or by explosive expansion. These joints are leak limiting but 
may be sufficient for the intended service. Brazed joints which offer a 
low residual stress joint but at the penalty of leaving an area blind to 
normal eddy current inspection have been employed in the past. Welded 
joints are either TIG (gas tungsten arc) or laser welded (Figure 4). The 
advantages of Laser Welded Sleeving (LWS) are that it produces a low 
residual stress joint, is capable of reliable and repeatable installation 
parameters, can be employed anywhere in the straight length of the tube 
(Figure 5), and is 100% volumetric inspectable for acceptance. The joint 
is a hermetic seal which has shown no degradation in service. Laboratory 
corrosion testing has shown that the joint should last the licensed period 
of the steam generator. Laser welded sleeves have been in service since 
1988 and have suffered no detectable degradation. Samples of these joints 
were removed after 1 year of operation and examined with no evidence of 
degradation. 
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Sleeving has been shown to be an effective method to keep or restore tubes 
to service. Two drawbacks are that sleeving does reduce the available 
steam generator plugging margin {typically 23 sleeves = 1 plug), and if 
degradation appears at a location above a previously installed sleeve, the 
current recourse is to plug the sleeved tube. Direct Tube Repair (DTR) 
(Figure 6), a process currently going through the licensing process, would 
allow this type of degradation to be repaired. DTR consists of remelting 
the parent tube to remove the defect or reduce it to an acceptable level 
by employing the same laser as is used to laser weld sleeves. This 
process can be used to repair any degradation within the straight length 
of the tube. It can be employed in an unsleeved tube or the weld head can 
pass through an existing sleeve to repair ares above the sleeve. In order 
to prolong the operating period of such a repair, a thermal treatment is 
employed after application of DTR. This may not be required for all types 
of tubing. For those types where it is a requirement, it may not be 
applicable in areas directly adjacent to the tubesheet. In this instance, 
laser welded sleeving would be employed. Since both processes employ the 
same equipment, it would be easy to employ both processes during the same 
outage. Hence, the combination of sleeving and DTR would be able to keep 
the entire straight length of the tube in service. 

SECONDARY SIDE REMEDIAL MEASURES 

ODSCC is caused by the concentration of contaminants in areas such as tube 
to support plate or grid intersections and the top of the tubesheet. In 
order to lessen this degradation, the ingress of contaminants must be 
eliminated and contaminants currently existing in the generator must be 
removed or inhibited. Figure 7 shows an operating plant where new tubes 
with indications were on a steeply increasing curve but their occurrence 
has been dramatically lessened by the combined effects of Pressure Pulse 
Cleaning (PPC), and on-line boric acid and morpholine addition to the 
secondary side. Where the initial occurrence of indications attributable 
to the ingress of caustic could have led one to investigate steam 
generator replacement, subsequent results have led to a condition that can 
be managed with the use of repair techniques such as LWS and DTR. 

PPC, as shown in Figure 8, is a process that repeatedly injects at ten 
second intervals a high pressure nitrogen gas charge into the secondary 
side of the steam generator. This gas charge is injected as the generator 
is filled, soaked, and drained. The action of the pulse is to loosen 
sludge and transport it to the tubesheet so that it can be removed by 
normal slude lancing. This action is caused by the combination of water 
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displacement, pressure wave travel, and induced vibration. Figure 9 
contains data demonstrating that the amount of sludge resident in the 
steam g;Merator is lessened by repeated application of PPC. Figures 10 
and 11 show not only is additional sludge being removed from the upper 
regions of the generator by PPC but that the chemical composition of this 
sludge is different from that encountered on the tubesheet. Hence, PPC 
can be applied as one method of removing the contaminants already resident 
in the steam generator. 

Boric acid addition to the secondary side has also shown promise in 
retarding the growth of ODSCC. Figure 12 shows a comparison of tube 
indications in plants employing boric acid and those which do not. 
Figure 13 also shows a comparison of the average voltage growth of 
indications between a plant employing boric acid addition and one 
without. The employment of PPC and boric acid addition coupled with more 
stringent chemistry control such as reduced molar ratio can reduce the 
occurrence and growth of ODSCC to levels that can be managed with the 
aforementioned repair techniques and judicious use of the available 
margin. 

STRATEGIC PLANNING 

With efficient repair processes available and the technology to control 
the rapid growth of tubing degradation, it becomes feasible to consider a 
repair instead of a replacement approach to steam gene/ator maintenance. 
This plan starts with establishing a baseline or present condition of the 
steam generators. This is accomplished by correlating the chemistry data 
obtained from the operational history and hideout return studies conducted 
as the plant enters an outage with the inspection results obtained during 
the outage. In this inspection, every indication regardless of its size 
is tracked through previous inspections to establish the rate of 
appearance of new indications, their initial voltage at first appearance, 
and a growth rate from outage to outage. This then gives a statistical 
distribution of new indications, their initial voltage, and their growth 
rates. These statistical distributions may be different for each type of 
degradation which exists in a S/G such as PWSCC, ODSCC, wear, etc. This 
data, as well as data obtained from industry experience, can be used to 
construct a model of future tube degradation employing the Monte Carlo 
technique. Using the tube degradation model as input, a strategic 
planning model, as shown in Figure 14, is used to develop an operating and 
maintenance strategy utilizing cost effective inspection plans, 
preventative measures, and repairs. All plans are evaluated on a 
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consistent basis against a success criteria such as "present value" of 
revenue or cumulative cost, cash flow, etc. A best estimate plus 
alternative strategies with trigger points for implementation are 
prepared. These plans are updated at each outage as actual results are 
obtained. By proper inspection and maintenance, the probability of a 
forced outage is also minimized. An example case is run which compares 
the costs of inspection and repair vs. replacement. The growth of 
degradation in terms of tubes which would have to be plugged vs. time if 
no repairs were performed is shown in Figure 15. This degradation model 
assumes multiple indications (a maximum of three) will be present in a 
sample tube. Figure 16 shows the number of required repairs per year. 
Since a three-loop plant containing 3388 tubes per steam generator is 
employed in this example, the cumulative number of repairs is much larger 
than the cumulative number of tubes affected. The growth of the assumed 
degradation in this model is a plant subject to ODSCC with minor 
contributions from PWSCC and wear. The levels of tubes affected by the 
latter are low as the amount of PWSCC is based on industry data of 
susceptible tubes subjected to shotpeening and thermal treatment of Rows 1 
and 2. The tubes subjected to wear are also low and reflect industry 
experience of AVB wear. The major form of degradation assumed is ODSCC 
affecting the first through fourth support plates. The first support 
plate is the most gravely affected with a lower distribution of signals 
with elevation. The same number of repairable indications are assumed for 
each case evaluated. Eighteen-month cycles are assumed. The repair 
scenarios are all sized to fit within a maximum steam generator inspection 
and repair window of 30 days. This window is from manways off to manways 
on. This window is only approached for the largest campaigns which 
involve plug removal and DTR and/or LWS. The precise repair cycle chosen 
is shown in Figure 17. One of the basic assumptions chosen for Case 1 is 
that 100% power must be maintained and power erodes after 10% plugging is 
achieved. Case 2 involves the same number of repairable indications 
except the plugging limit for full power operation has been increased to 
15% by judicious use of the available plant margin. In this case, 
reanalysis costs of $750,000 in 1993 dollars are assumed to occur one 
cycle prior to approaching the 10% limit. Case 3 employs the same 
indication history except the plugging limit has been raised to 20% by 
virtue of a turbine modification ($5,000,000 price) and the same 
reanalysis cost as the previous case. The number of repairable tubes in 
Figure 16 shows a sharp rise and then a decline. The sharp rise is due to 
the growth of ODSCC. The drop is due to the effect of boric acid addition 
and repeated pressure pulse cleaning applied at Cycle 11. The effect of 
more stringent secondary side chemistry control is also assumed to prevent 
ingress of contaminants. 
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Case 4 is the same as Case 3 except a PPC enhanced full bundle chemical 
cleaning is applied at Cycle 12. The costs for waste processing are also 
included in this cost projection. Figure 18 compares the cumulative 
percent of tubes plugged vs. time for all the above cases. For comparison 
purposes, the cumulative percent of tubes affected for Generator C from 
Figure 15 is also shown. The comparison of costs evaluated as net present 
value in 1993 U. S. dollars is shown in Figure 19. This figure assumes an 
escalation in prices of 3% per year, A discount rate of 8% per year is 
also assumed for performing the net present value calulation. The costs 
include all repair and maintenance activities including manway removal and 
reinstallation, sludge lance, eddy current inspection, foreign object 
search and retrieval, and repair activities. PPC is assumed to be applied 
every cycle for the first 10 cycles and then every other cycle 
thereafter. For the replacement scenarios, the inspection cost is 1/3 
that of the steam generator prior to replacement. PPC is still applied 
every other cycle for replacement steam generators. Two replacement 
scenarios are plotted, with total replacement costs being 200 million 
U. S. dollars and 100 million U. S. dollars. This cost includes 
fabrication and installation of replacement generators and disposal or 
confinement of the old generators and represents total utility costs. As 
can be seen from Figure 19, there is a vast difference between the net 
present value of the repair vs. replace strategies. The same holds true 
for Figure 20 where cumulative cash flow is evaluated for the various 
cases. Since a major assumption on these analyses is that the secondary 
side degradation can be lessened by boric acid or other inhibitor 
additives, it shows that significant funds can be devoted to containing 
secondary side corrosion and forestalling the replacement of steam 
generators. 

CONCLUSIONS 

New cost effective repair techniques coupled with stringent chemistry 
control and the addition of secondary side inhibitors can allow steam 
generators to operate at 100% power for their licensed period. Since this 
strategy presents the least cost approach, in most cases, investment in 
secondary side chemistry control is warranted. The methods of strategic 
planning with actual plant data and industry experience should be pursued 
to develop an effective strategy for each plant. 
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The Operating Window Graphically 
Depicts Where the Margins Are 
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Plugging Update: Plugging Due to ODSCC 
Has Significantly Increased from 1985 to 1992 
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Plugging Update: Tubes Plugged by 
Cause -r 1989-1993 
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Sleeve Locations 
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Actions Can Have Significant Impact 
on Degradation 
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Westinghouse Pressure Pulse 
Cleaning System Schematic 
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PPC Reduces Total Sludge Inventory 
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Additional Sludge Removed 
PPC vs. Sludge Lance 
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Sludge Analysis: SL vs. PPC 
Concentration in Weight Percent 
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Effectiveness of Boric Acid can be Inferred by 
Comparing No. of Large Indications in AVT Plants to No. 
of Plugged Tubes in Boric Acid Plants 
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Steam Generator Strategic Planning 
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10% Tube Plugging Reduces 
the Operating Window 
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Accounting for Actual Plant Margins 
Enlarges the Operating Window (10% Tube Plugging) 
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Margin is Retrievable 
in Many Instances 
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Cumulative Percent Tubes Affected 
Hypothetical Example 
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Incremental Number of Repairs 
Hypothetical Example 
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Cumulative Equivalent Tubes 
Plugged 
Hypothetical Example 
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Comparison of Costs 
Hypothetical Example 
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Cumulative Cash Flow 
Hypothetical Example 
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Tube Repairs Implemented 
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Example Cases 
• In each case criteria is to operate at 100% power 

• Maximum window for steam generator maintenance 
is 30 days 

• Plugging limit for 100% power 

- 10% for Case 1 

- 10% to 15% for Case 2 by reanalysis 

- 10% to 20% for Case 3 and Case 4 by turbine 
rods and reanalysis 

• Inspection costs for replacement generators 1/3 of 
original generators 
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Example Cases 
• Steam generator replacement extends outage by 20 

days 

- Total replacement costs evaluated as $200 
million and $100 million 

- Replacement power cost is $400,000/day 

• Financial assumptions 

- 3%/year escalation in prices 
- 8% discount rate 
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CHARACTERIZATION OF WEAR SCARS ON FRETTED U-BEND 
STEAM GENERATOR TUBES 

E.E. Magel1 and M.H. Attia 

Ontario Hydro Technologies 
800, Kipling Avenue, Toronto, Ontario, Canada 

ABSTRACT 

The fretting scar geometry at the contact between the steam generator (SG) U-bend tube and the offset scallop 
bar support is analyzed to establish the relationship between die scar geometric characteristics and the operating 
conditions; namely, the tube orbital morion, alignment, axial motion, scar depth and scar volume. The fretting 
wear scars of two U-bend SG tubes removed from an operating CANDU nuclear steam generator were examined 
to determine various operating conditions at the tube/tube support interface. This information, which cannot be 
measured in-situ, is needed to justify assumptions used in numerical modelling of the tube/support dynamic 
interaction. To relate field measurements to laboratory-generated data base and cede predictions, the relationship 
between the maximum rvear depth and volumetric wear losses is investigated. The wide scatter in the variation 
of the average wear depth with the scar volume is significantly reduced by using a proposed weighted-average. 

INTRODUCTION 

Fretting wear of steam generator (SG) tubes is a source of great concern [1-5]. In the nuclear industry, the down 
time cost is a great incentive to support research work aimed at understanding the wear mechanism and eventually 
extending the operating life of the steam generator. A major research effort is being pursued at Ontario Hydro 
Technologies to develop the capability of predicting the long-term fretting wear behaviour of SG tubes, using 
short-term test results and finite element modelling of the dynamics of the tube/support system [6,7]. A proper 
modelling of this system requires pre-knowledge of the alignment and concentricity of the tube with respect to 
the support. Since this information cannot be measured in-situ, a method should be devised to infer the operating 
conditions from the topography of wear scars on tubes removed from the steam generator. Other benefits that are 
gained from the characterization and analysis of fretting wear scars on tubes removal of SG tubes are: 

1- Validation of the in-situ eddy current measurements of the reduction in the tube wall thickness. 
2- Characterization of the fretting scar texture, for future fatigue and leakage tests in which artificial fretting 

marks are machined. 
3- Estimating the ratio between the maximum to average wear depth. This information will bridge the gap 

between the fretting wear data base (which is based on average depth) and the inspection results and failure 
cri^ria (which are based on the maximum reduction in wall thickness). 

4- Understanding the fretting wear mechanism. 

In this paper, a method for classifying the fretting wear scar geometry and relating its characteristic features to 
the operating conditions is presented and applied to two U-bend SG rube sections removed from an operating 
CANDU steam generator. A weighted-average depth parameter is also proposed to reduce the scatter in the 

Currently with the National Research Council of Canada, Vancouver, B.C. 
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relationship between the maximum wear depth and the scar volume, regardless to the conditions of alignment and 
tube orbital motion. 

GEOMETRIC ANALYSIS OF THE FRETTING SCAR TO INFER OPERATING CONDITIONS 

Definitions 

A schematic of the U-bend tube/support system is shown in Fig.l.a. The tube support considered in this analysis 
consists of two offset, semi-circular scallop bars. As the figure indicates, the local z-coordinate points along the 
axas of the tube while the local y-axis points to the center of the U-bend radius. In the context of this discussion, 
an in-plane motion indicates that the orbital motion of the tube is limited to the local or global y-z plane Out-of-
plane, and axial motions indicate that the center of the tube moves along the x-, and z-axis, respectively The tube 
is described as 'perfectly aligned1 when the axes of the tube and the scallop bar are parallel in the support region. 

Detailed description of the geometry of the scallop bar is shown in Fig. l.b. The inside diameter is D D+d,<D 
<D+d2, where TT is the nominal outer diameter of the tube, and V V »s the nominal maximum diametrical 
clearance. The width of the nominal contact area at the tube-support interface is 'B\ and the angle of the tapered 
section is 0 . ^ 

Y Global Coordinate 
A System 

y ^ Local 
Coordinate J*-
System id^

rz 
(axial) 

Section A-A 
D+d2 

\J\Z/ 
^ ^ 6 

-w-

(») (b) 

Fig.l Schematic of (a) the tube/scallop bar support system, and (b) Detail the scallop bar geometry. 

In what follows, an analysis based on geometric considerations is presented to idate the effect of various operating 
conditions on the characteristic features of the fretting scar. 

Effect of tube orbital motion on scar profile 

Depending on the excitation forcing function and the tube/support dynamic interactions, the tube orbital motion 
can be impacting I, sliding S or combined impacting and sliding IS. Ideally, one of the five different wear scar 
shapes shown in Fig. 2 will be generated. Impacting motions (denoted as types I, and I2) in zones 1 and 2, which 
correspond to out-of-plane and in-plane motions, respectively, result in localized wear zones, whereas pure'sliding 
(type S) distributes the wear evenly along the contact interface. The scar shapes resulting from combined impact 
and sliding (type I,S or IaS) are also shown in Fig. 2. In the latter case, capitalized letters indicate the dominant 
motion component, e.g., I2s indicates that sliding motion is less dominant than impacting in zone 2. 
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Effect of alignment and axial motion on scar profile 

Figure 3 shows the ideal profile shapes for a SG tube in the local y-z plane as it wears into the support, subject 
to various alignment conditions and axial motion. Field observations and available experimental data, suggest that 
the wear of the support can be neglected. The key elements in inferring the operating conditions from the scar 
topography are the relationships between: (a) the scar side wall angles 9,, 92, and the nominal taper angle © of 
the scallop bar, and (b) the scar land length 'B,' and the nominal contact width 'B' of the support. The proposed 
classification scheme to characterize the scar geometry 'Lux' consists of a Letter(s) V to identify the tube orbital 
motion (e.g., I or IjS) and three digits 'xxx' to describe the tube alignment (1= aligned, 0= misaligned), tube axial 
motion (0= no axial motion, 1= axial motion, dz>0), and the wear severity as it progresses with time (0= shallow 
scar, 1= deep scar, where the impressions of both comers of the scallop bar contact land are present). As an 
example, Fig. 3 shows that in the reference case 101, in which the tube is perfectly aligned with respect to the 
support and experiences no axial motion, dz=0, the scar side wall angles 9,« 92* ©. In the case 010, in which 
the tube is misaligned, and experiences some axial motion dz, the fretting scar has a single two-steps corner 
separated by a distance equivalent to the axial sliding motion dz and satisfies the following condition: 9,+ 9 ^ 
0. As the fretting wear process proceeds, the second corner of the support comes in contact with the tube, altering 
the scar profile to type Oil. In such a case, 9,+ 92< 20. 

Impact Motion 

Zonel 

Zone 2 
Type I, Typel2 

Sliding Motion 

Types 

Combined Impact and Sliding Motion 

Type 1,5 Type IgS 

"8 

No Axial Diaplacemant 

|e,-ea-e | 

0.10"—H\l1 

More Severe 
Wear 

1 (with time) 

6,+ e j l 29 

Axial Diaplacamant dz 

|e t -e a -e | 

More Severe 
Wear 

" (with time) 

%?7&7777, 
>92 

Fig. 2 Effect of orbital motion 
on wear scar profile 

Fig. 3 Effect of tube alignment and axial 
motion on wear scar profile 

It is important to remember that the conditions inside the real steam generator are not ideal, and that eccentricity 
or pre-loading of the tube against the support may easily lead to misinterpretation of the motions causing a given 
scar shape. Therefore, the information obtained from a single scar should not be viewed in isolation, but rather 
in conjunction with the information obtained from other scars on the same and adjacent tubes. 
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THE RELATIONSHIP BETWEEN THE MAXIMUM AND AVERAGE SCAR DEPTH 

Field inspection using NDT methods and operation failure criteria of SG tubes due to wear and corrosion are 
expressed in terms of the reduction of the wall thickness; i.e., the maximum wear depth. However, the available 
fretting wear data used to relate wear and work rates [1-4,7] for predicting the remaining life and the long-term 
fretting behaviour of the rubes are reported in terms of the volumetric wear losses; i.e., the average fret scar depth. 
Therefore, the relationship between the average and maximum wear depths has to be established to relate field 
measurement to code predictions. The average depth hav is usually calculated in terms of the nominal contact 
area, A,^: hnom= V/Anom, where V is the scar volume and Anom=jrw(D/2). Unfortunately, this average value bears 
little or no relation to the maximum scar depth, unless the scar shape is known to be similar to the nominal shape. 
Scars type I, and S , for example, that have the same wear volume V and average depth hJV will obviously have 
very different maximum wear depths. 

A physically more meaningful measure of the average scar depth is obtained by dividing the wear volume by the 
apparent worn area A„ i.e., h,= V/At. This measure should reduce the variation in depth ratio 'E' between the 
maximum and average depths, since the smaller contact area from an impacting motion will be accounted for. 
When the orbital motion results in a shallow, full circumferential scar, the nominal area will be similar to the 
apparent area and their results will be similar. In practice, the apparent area may be difficult to determine. 
Although most fretting tests generate well defined scars on the tube surface, real steam generator tubes have 
poorly defined wear zones. Consider the type I,s scar, where the tube orbital motion is predominantly type I, such 
that wear at zone 2 is observable but nearly insignificant, then dividing the scar volume by all the worn area will 
result in a low average depth. The variation in the depth ratio can still be considerable when using the average 
depth of the 'apparently' worn area. An objective means for selecting the 'significantly worn' area would assist 
in reducing any such problems. Therefore, a proposed third measure was found to provide a more consistent value 
of the depth ratio E; the 'centroidal average depth hc'. It provides a mathematical means for approximating the 
significantly worn area. The centroidal depth hc of a region bounded by two curves y|(x) and yu(x) is defined as: 

/l}1,(*)+:y/*)].(yJ(-yJ)<fr 

2 [(y.-y^dx 
• » • * / 

where x, and xr refer to the left and right intersection points of the two curves. Figure 4 demonstrates how the 
centroidal depth evaluates a reasonable 'significantly worn' scar width wc. A computerized system for mapping 
and analysis of surface topography, can readily accommodate these calculations. It will be shown in the next 
section that the parameter hc reduces the scatter inherent in the other two parameters; hnom and h,. 

Fig. 4 Use of Centroidal depth parameter hc as a weighted average wear depth 
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FIELD RESULTS AND DISCUSSION 

Two U«bend SG tul». were removed from an operating nuclear steam generator and profilometry traces were 
made along the scar length. As the U-bend tube is supported at three locatir (90° and ±40°) by the oflset 
scallop bar support, there are a total of twelve potential wear sites on two tut Wear at two of the sites was 
unmeasurable so analysis of only ten scars is possible. Profilometry traces were ,..,ade at intervals along the scar 
length, targeting the region of maximum depth (i.e., maximum tube wall penetration). The scar's maximum depth 
and the area below the datum were readily found. An example trace is shown in Fig. 4. 

Prediction of operating conditions from wear scar geometry 

Profilometry traces of the wear scars were used to evaluate the scar maximum depth for comparison with eddy 
current inspection results. The traces were also used to estimate the apparent area and the volume of the scars. 
Examples of profile traces from different SG tube scars are shown in Fig. 5. These traces exhibit the geometrical 
features of the postulated profiles in Figs. 2 and 3 and support the analysis presented earlier to characterize tube 
alignment and axial motion based on measurements of the scar angles and land widths. The variety of profile 

Fig. 5 Examples of types (a) I,S -000, (b) IjS-011, (c) 1,-010, and (d) I2S-011 fretting scar profiles 
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shapes indicates that alignment and axial motion vary considerably at different support locations. The axial motion 
appears to range from 0 to 2 mm peak to peak and is summarized in Table 1. 

Table 1- Summery of operating conditions inferred from the topography of fretting scars 

scar number 

scar shape 

alignment type 

axial motion, mm 

1 

I2S 

Oil 

1.25 

2 

i.s 
010 

1.25 

3 

I2S 

111 

0.75 

4 

S 

010 

2.0 

5 

I,s 

000 

0.0 

6 

I,S 

000 

0.0 

7 

Ii 

-

2.1 

8 

Ii» 

OU 

0.6 

9 

I2S 

010 

1.7 

10 

I. 

010 

1.7 

The scar depth ratio E is plotted against a non-dimensionalized scar volume in Fig. 6, using the three average 
depth measures. The tube orbital motion and alignment type are labelled at each scar. The depth ratio is seen 

Fig. 8 Surface texture of fretting wear scars 
under different operating conditions: 
(a) impact '1,-010' 
(b) sliding 'S-010', and 
(c) combined impact/sliding 'I,S-0U' 



to vary widely but tends to decrease with increasing scar volume. It is evident that the three measures give quite 
different interpretations of the depth ratio. When this ratio is based on the nominal contact area it ranges between 
0.84 and 17.25 while the apparent area results in a range from 1.484 to 11.03. The centroidal area gives depth 
ratios between 1.495 to 2.547, regardless of the tube orbital motion, alignment or severity of wear. Physically 
a depth ratio of less than one does not make sense but can result mathematically when the nominal wear area is 
much less than the real worn area. Figure 7 shows the same depth ratio plotted against the non-dimensionalized 
maximum scar depth. The difference between the three vaiues again tends to decrease with severity of wear, 
although the trend is much more marked in the previous figure. 

Surface texture 

Optical examination of the worn surfaces provides some information about the wear mechanism. Examples for 
the patterns of the surface texture are shown in Fig. 8, for impacting I], sliding S, and combined tube orbital 
motion I,S. The scar shown in Fig. 8.a. (type Ij-010) has very rugged sides. The wear surface appears to be 
smooth and dimpled. The wavy stippled texture can be attributed to due to plastic deformation caused by normal 
impact. The scar shown in Fig. 8.b. (type S-010) extends over the full nominal contact area. The wear zone has 
a shiny, metallic texture showing plastic deformation and is indicative of an adhesive wear mechanism. Figure 
8.c. shows the wear scar produced by combined impact/sliding motion I,S-0U. The surface texture is typically 
dimpled and shows a clear axial tendency. The figure reveals distinctly the differing wavelength or densities of 
the dimples at zones 1 and 2 of the scar. This variation in dimple frequencies could be due to multiple impacting 
or rebounding at zone 2 (resulting in multiple shallow dimples) and/or due to higher impact forces at zone 1 
(leading to deeper and consequently less frequent dimples). 

CONCLUSIONS 

A method for relating the contact geometry of the SG U-bend tube/support to the in-situ operating conditions has 
been presented. Ten fretting wear scars from two U-bend tube sections were mapped with a profilometer and 
analyzed to determine conditions at the tube to tube support interface. A classification scheme is presented to 
characterize the fretting wear scars according to the tube orbital motion, alignment, axial motion and severity of 
wear. Table 1 summarizes the results for the ten scars. The dominant orbit shape is type IjS, while the alignment 
and axial motion appear to vary independently of the orbit. The ratio of maximum to average scar depth was 
evaluated to link fretting test data (based on average depth) with the tube failure criteria and inspection 
measurements (based on maximum depth). The depth ratio ranged dramatically (0.87 to 17) for the ten scars 
considered, but varied only between 0.87 and 2.9 for the seven scars of greatest volume. A proposed weighted-
average parameter was found to reduce significantly the scatter in the depth ratio e regardless of the tube motion 
and alignment conditions. 
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PREDICTION OF LONG-TERM FRETTING WEAR 
BEHAVIOUR OF STEAM GENERATOR TUBES 

M.H. Attia, E.E. Magel1, E.Nadeau, H.L. Anderson and R,G. Sauvé 

Ontario Hydro Technologies 
Toronto, Ontario, Canada 

ABSTRACT 

A method for predicting the long-term fretting wear behaviour of the steam generator tube is presented. This 
method takes into account the non-linear nature of the wear process. To use the available fretting wear data-base 
in the calculations, the relationship between the maximum and average wear profile depths was developed for the 
offset scallop bar geometry. A hypothetical computer-simulated case study is presented to demonstrate the 
proposed method. The change in the tube wall thickness with time, due to fretting, is estimated. Analysis of the 
results indicated that the wear rate drops significantly after a short period of operation. This is due to the change 
in the tube dynamics with inr .vising clearance between the tube and offset scallop bar support. The analysis 
suggests also that this rate conv>, /;s after a short period of operation for all types of tube motion. 

1- INTRODUCTION 

Accurate prediction of the reuuction in the wall thickness of the steam generator SG tube with time, due to fretting 
wear, is required not only at the design stage, but also for safe and reliable operation of the power plant. 
Available fretting wear data cannot be used directly since it is based on short-term tests, and correlates volumetric 
wear losses, and not maximum wear depth, to the operating conditions. In the present study, a method is proposed 
for estimating the upper- and lower- bounds of the time history of the maximum wear depth. The method, which 
accounts for the non-linear nature of the fretting wear process and closed-loop interactions at the tube/support 
interface, combines the short-term fretting wear data-base with the non-linear forced vibration analyses of the U-
bend inclue.ag clearances in the supports. The relationship between the wear volume and maximum wear depth, 
which is needed to apply this method, is to be established for the offset scallop bar geometry. To demonstrate 
the proposed method, a hypothetical computer-simulated case study is to be presented and analyzed. 

2- SYSTEM APPROACH TO LONG-TERM FRETTING BEHAVIOUR OF SG TUBE 

As any other wear mechanism, impact fretting is a process which depends on the characteristics and mutual 
interactions among various components of the whole system. As Fig.l shows, this dynamic aspect of the wear 
process is further complicated by the self-induced changes of the system properties with the progress of the wear 
process. These changes include the increase in the clearance at the tube/support interface, and the changes in the 
material properties and structure. Figure 1 shows that the system is non-linear since the fretting wear rate is both 
controlling and being controlled by the rate of change in the gap thickness. This fact is a key element in the 
methodology adopted in this work to predict the long-term fretting wear behaviour of the SG tube. 

To predict the time history of the maximum wear depth of the tube, hmw=/{t}, and the total reduction in the tube 
wall thickness as a function of operating time, two types of data should be known a priori: 

1 Currently with the National Research Council of Canada, Vancouver, B.C. 
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i) the empirical correlation between volumetric wear rate V and the work rate WN: V= /iit{WN}, and V= 
/,^{WN}, for the tube and support material, respectively. In addition to the material combination and 
environmental conditions, these relationships depend on the tube orbital motion [1,2] 

ii) the relation between the maximum wear depth hmtx and the volumetric wear loss V: h m u =/2{V}. This 
function depends on the tube alignment as well as orbital and axial motion. 

Once the correlations /j{ } and f2{ } aie established, the calculation of h„ 
information presented in the block diagram shown in Fig. 1: 
1. A thermal-hydraulic analysis is to be carried out to predict the mass flow rate distribution in the U-bend 

region and then to estimate the forcing function which excites the tube. 
2. A non-linear impact simulation is used to estimate the tube orbital motion and work rate WN at the tube 

support which is most susceptible to fretting damage, as a function of the radial clearance c: WN=/3{c}, where 
c is the sum of the initial clearance c{, and the maximum wear depths on the tube and support, h ^ ^ and 
h..m« respectively. 

3. At time t;, assuming that the radial clearance between at the tube-support is increased from Cj., to c;, then the 
corresponding work rates WN j . , and WN>i are obtained from step 2. The average work rate during this 
unknown time period At- = t; - tM is therefore: WNi.âv = ( WN(j.,+ WN j)/2. 

4. The volumetric wear rates VUlv.j and V, ̂ , for the tube and the support during Atj are estimated from the 
correlations/,t{ } and/ii§{ }. 
Using the correlation f2{ }, described in step ii, the best estimate of the time interval Atj which satisfies the 
following two conditions is obtained through an iterative procedure: Atj =V/Vr

tiiv.i = V,/Vf,v.i, and c ^ i = 
Ah^^+Ah,^^, where Ahmax is the change in the maximum wear depth during At;. The values of t; and h ^ ^ 
represent the coordinates of a point on the h ^ ^ / J t } curve. 
Steps 3 to S arc to be repeated until a pre-set level for the reduction in the wall thickness is reached. 

5. 

6. 

3- THE RELATIONSHIP BETWEEN VOLUMETRIC WEAR LOSSES AND MAXIMUM WEAR DEPTH 

While the main objective of the present study is to predict the maximum reduction in the tube wall thickness with 
time (i.e. the maximum fretting wear depth), the available data-base fretting wear relates volumetric wear losses 
(i.e. the average wear depth over the nominal contact area) to work iate,/j{ }. To bridge this gap, a geometric 
analysis is carried out to establish the relationship between the volume wear losses V and the maximum wear 
depth hm„, taking into account the tube axial and orbital motions, the angular misalignment 6. This analysis is 
based upon the following assumptions: 
1. The tube curvature is neglected since it has little bearing upon the geometry of these contacts. 
2. The intersection of the plane passing through the midsection of the support with the tube is circular. 



Volume calculations require obtaining the wear profile area Ax(h) and scar width w(h) as functions of the depth 
h. Three cases should be considered, depending on the relation between the depth h and the levels h,, h2, and 
h3, which correspond to the distance of the three support corners from the unworn tube (Fig. 2.a.): 
1. For h < h, 

A x(h) = -h2(— + )+hdz 
x 2 (vmQ tan(a - 6)J 

w(h) = hi— + ) + dz 
\\BDld ten(a - 6)) 

where dz is the amplitude of the relative axial motion between the tube and support. 
2.For h, <. h ÏÎ h2 

A4» • A, • „,<* - *,, • 1(* - *lf ( _ I _ • _ L _ ] 

3. For h2 < h < h3 

AM . A, • W!(» - *,) • |(» - kf ( _ i _ * « ] 

To extend the profile area Ax(h) to a wear volume V(h), it is necessary to know the scar length, as well as the 
variation of the scar depth along that length. These quantities depend on whether the tube orbital motion: 

Case of pure sliding: 
The length of the scar is half-circumference of the tube, n RT , where RT is the tube outer radius. Therefore: 

Fig. 2 Geometry of (a) the scallop bar support, and (b) the tube/support contact configuration. 
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Case of pure impact: 
For the case of pure impacting, the scar depth varies across its length, as shown in Fig. 2.b. To find the volume 
V, the scar length is divided into N small segments of length [(R+R,)cl)]/2N, where the angle <D is obtained from: 

* = aiccos 
(Rl • c2 - R? 

2c 'R s 
and the local scar depth h{ is calculated according to the following equation: 

• S ft i 

The volume increment Vj can now readily obtained from the following relation: 

Since the scar is assumed to be symmetrical with respect to the y-axis, then the total volume V of wear scar is: 

N 

V'lLV, 
M 

Using a symmetry argument, it can be seen that these relationships hold for cases of pure impacting in both x 
(out-of-plane) and y (in-plane) impacting. 

The relationship hmâX =/2{V} is presented in Fig. 3 in terms of a normalized maximum wear depth hmlx. The 
figure indicates that for a given wear volume V the maximum wear depth is much higher for the case of pure 
impacting as compared to the case of tube sliding, due to the relatively small nominal contact area associated with 
impacting. The analysis of fretted tube samples, which have been removed from an operating SG [3] revealed 
that the relative angular misalignment 6 <7° and the axial motion dz < 2 mm. The envelope of the V - h ^ 
relationship for 0° < 6 < 7° is shown in Fig. 3 for dz = 0. To examine the effect of the axial relative motion, 
the figure includes also the results of the case in which dz = 1 mm and 6 = 3.5°. It can be concluded from this 
figure that the effects of 6 and dz are relatively insignificant. It is also worth noting that for a given scar volume 
V, the increase in dz leads to a small reduction in hmtx, since the wear volume is spread over a wider nominal 
contact area. Figure 4 shows the relationship between the wear volume V and the normalized maximum wear 
depth of the SG tube samples described in [3]. It shows also the theoretical curves for the cases of pure sliding 
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and pure impacting (which are the upper and lower bounds, respectively), for dz = 1 mm and 0 = 3.5°. The 
comparison between the theoretical results and the actual data supports the validity of the analysis. The second 
degree polynomial curve fitting of the actual data points indicates that, on the average, the fretted tube samples 
were subjected to combined impact/sliding conditions, with out-of-plane impacting as the dominant mode of 
motion. This observation is in agreement with the non-linear impact simulation results obtained in section 4.3. 

4- COMPUTER-SIMULATED CASE STUDY 

The wear prediction analysis presented in this report is based on the following assumptions: 
- The forcing function does not change with the change in the gap between the tube and the offset scallop bars. 
- A full annulus exists at the offset scallop bar support, and that all offset scallop bars are active. 
- The clearance between the tube and various offset scallop bars are identical at any point of time. 
- The tube and the offset scallop bars are concentric. 
- The wear on the scallop bar support is negligible. 

4.1. Finite Element Model 

The H3DMAP computer code [4] has been used for the present analysis. The idealization and the main dimensions 
of the finite element model is shown in Fig. 5. In the U-bend region, the nodes are spaced every 5° angle with 
the exception of the scallop bar support locations (± 40°, and 90°), where two nodes have been inserted to 
represent the oUset scallop-bar support. The full model consists of 74 nodes and 73 cubic beam elements. Fully 
restrained boundary conditions were used on nodes 1 and 74 to represent the attachment of the straight leg portion 
to the tube sheet. The material properties for Inconel-600 tube were used in the analysis. An equivalent density 
has been calculated to take into account the inertia effect of the water in the tube. The hydrodynamic mass due 
to the surrounding fluid in two phase flow is negligible and is not considered. The section properties of the tubes 
are as follows: r{ = 5.347 mm, and r0 = 6.477 mm. 

4.2. Linear Flow-Induced Vibration Analysis 

Modal analysis 
The first step in the evaluation consisted of studying the modal characteristics of the U-bend. An eigenvalue 
analysis provided the natural modes of the U-bend. In all, seven cases were considered, each one of them having 
different boundary conditions (pinned or free) at the most critical supports. From these analyses, it was decided 
to use a two-frequency forcing function at 5 and 31 Hz. This enables the most probable responses of both the low 
and high frequency components of the U-bend dynamics to be included. 

Flow turbulent excitation and forcing function approximation 
A thermal hydraulic analysis has to be carried out first to predict the velocities, densities, and void fraction in the 
U-bend region. This part of the analysis is beyond the scope of the present paper, and is therefore omitted from 
this presentation. In the work presented in [5], a relationship was obtained between the normalized power spectral 
density NPSD of the fluid force and void fraction (e). The NPSD value may then be used in the flow-induced 
vibration module [5] of H3DMAP for the calculation of excitation force: 

&&£ = (NPSD) (LPVrdf 
freqitiz) 

where, L is the representative length over which the calculation is performed. Using this approach, the Root Mean 
Square (RMS) displacements of the U-bend are determined using the flow turbulent excitation option in H3DMAP 
[4,6]. The evaluation of fluid elastic instability indicated that fluid elastic instability should not be of concern for 
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this flow distribution. The forcing function amplitude was evaluated by matching the U-bend responses obtained 
by a linear transient (e.g. no gap) dynamic analysis with those obtained from the flow turbulent excitation analysis. 
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4.3. Non-linear Impact Simulations 

The interaction between the tube and the supports was modelled using 20 non-linear annulus elements (Fig. 5). 
The scallop bar supports were modelled with two annulus elements at each of the locations (± 40°, and 90°) to 
represent the gap between the scallop bars. In order to bound the work rates, twelve cases representing different 
combinations of forcing function amplitudes and clearances were considered. Each simulation was run for 1 
second. Knowing the forcing function, non-linear analyses were conducted to calculate the change in the work 
rate with the radial clearance c at the tube support. The results of this simulation are summarized in Fig. 6. 
The numbers 8 to 13 on the figures denote the location of the offset scallop bars. The analysis sows that support 
#8 (node 26, at 40° on the cold leg side, Fig. 5) is the location which is most susceptible to fretting damage, since 
it is subjected to the highest work rates. The results given in Fig. 6 shows that a significant drop in WN, is 
predicted for c > 0.20 mm. 
Graphs of the normal impact force and the orbital movement of the tube at support #8 are presented in Fig. 7 for 
c= 0.19 and 0.229 mm. It should be noted that at this location, the movement of the U-bend was mostly out-of-
plane, particularly at larger clearances. 

4.4 Fretting Wear Rate Predictions- Results and Analysis 

Following the methodology outlined in section 2, and using th? hm„=/,{V} correlations developed in section 3, 
the dynamics of the fretting wear process is simulated, and t!<e change in the maximum wear depth with time is 
estimated. In the present analysis, the experimental data reported in [1,2] to correlate the work rate WN to the 
volumetric wear rate V of the 1-600 tubes vs. carbon steel support in water at 200°C is used. This data is limited 
to only three test cases: pure sliding, pure impacting, and combined impact and sliding. Although the V=y{WN} 



Fig. 7 Change in the tube orbital motion and impact force with clearance 'c': 
(a,b) c= 0.19 mm , and (c,d) c= 0.229 mm 

relationship is dependant on the tube orbital motion, the average slope of the line passing through these points 

will be used in this analysis due to the lack of information: 

V (mm3/day) = (0.8SX10"3) W (N.mm/s) 

Figure 8 shows the time history of a normalized maximum wear depth hmM for the limiting cases of tube sliding, 
and impacting (lower- and upper- bounds, respectively), when dz= 1 mm, and 0 = 3.5°. The figure includes also 
the case of combined impact/sliding, which corresponds to the curve-fitted data shown in Fig. 4 for real fretted 
SG tube samples. Analysis of the results showed that the relative axial motion has insignificant effect on the time 
history of the fretting wear depth. 

By taking the slope ofhm„{t}, the rate of change of the maximum fretting wear depth, hr = dh/dt, was calculated. 
The time variation of hr, which is shown in Fig. 9, indicates that the rate of reduction in the tube wall thickness 
is high at the beginning, but drops significantly after_a short period of time (<1 year). Using the V{hm„} 
relationship for the SG tube samples, one can see that hr is >15% during the first few months of operation, but 
drops to nearly 7% by the end of first year. It is also interesting to notice that while the hmix-t relationship is 
quite sensitive to the type of tube orbital motion, the values of hr under sliding, impacting or combined motion 
conditions converge rapidly with time. The significant reduction in the rate of wear damage hr indicates also the 
self-limiting nature of the fretting process predicted by this analysis. This type of behaviour has been observed 
in single span [7,8], and multiple span [7] tube fretting, in which the forcing function was maintained constant. 
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5. CONCLUSIONS 

A method is presented to predict the long-term fretting wear behaviour of steam generator tubes. This method 
takes into account the system non-linearity due to the dynamic interactions at the tube/support interface resulting 
from the increase in the clearances with wear. The relation between the wear volume and the maximum wear 
depth is developed for the offset scallop bar support. This allows us to estimate the maximum wear depth and 
the change in the tube wall thickness with time, using the available wear data-base which is based on volumetric 
material losses. A computer case study is presented to demonstrate the application of the proposed method. 
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BETTER CONTAINMENT SYSTEMS FOR A SAFER NUCLEAR FUTURE 

A. Turricchia 
ENEL SpA - Direction of Construction- Via G. B. Martini 3, 1-00198 Rome Italy. 

1. MERITS (AND LIMITS) OF MODERN CONTAINMENT SYSTEMS 

New and improved containment designs have been proposed for the nuclear reactors of the next generation, with the 

intent of mitigating the consequences of the potential accidents. In particular, the containment systems developped for 

the PWRs [1][2J[3J, are basically of the "large dry" type; they present many interesting features from the safety point of 

view, such as: 

- the water supply for the emergency core cooling system (RWST) inside the containment; 

- use of this large water supply also as an enlarged pressurizer relief tank; 

- good hydrogen mixing characteristics in the containment volume; 

- adoption of a reactor cavity with an enlarged surface area for better corium cooldown \ipon flooding; 

- improved passive heat removal characteristics (in the AP-600). 

The engineering solutions to the various severe accident challenges are, however, not always fully defined. 

In addition, all these containment systems have a practical limit in the reduction of the radioactivity release to the 

environment, a limit tied to the "large dry" containment concept. With these systems the release of radioactivity to the 
4 

environment can be reduced by a factor of about 10 with respect to corium inventory (Table 1): a considerable 

improvement with respect to the containments of the operating reactors, but further improvements are possible with 

suitable design choices. An economic and practical road toward a safer containment system is described hereafter. 

2. THE L.I.R.A. CONTAINMENT SYSTEM (Fig. 1) 

The containment system here proposed is named L.I.R.A. in relation to its intrinsic limitation of accidental releases 

(Limitazione Intrinseca dei Rilasci Accidentali, in Italian) [4]. With the L.I.R.A. containment system it is possible to 

obtain an overall decontamination factor of 10 '̂ for all internal accidents (Table 1). 

The volume and design pressure of the primary containment are similar to that of present large dry containments (e.g. 
3 

70 000- 80 000 m and 0.3-0.4 MPa for a 1000 MWe plant), but, nevertheless, the containment principle adopted is 

that of vapour suppression, with the primary circuit inside a drywell concentric with the wctwell (Chinese box 

arrangement). 

The primary containment is a steel-lined reinforced or prestressed concrete structure and its leakage rate is about that 

of the best present-day containments, namely around 0.2%- 0.5% per day at design pressure. The primary containment 

is enclosed into a secondary containment building, to allow collection and filtration of its leakages and to protect it 

against events of external origin. 
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The minimization of radioactivity release to the environment (with passive features), for all accidents including the 

"severe" ones, is achieved by the following measures, all aimed at maintaining a low pressure and a low activity 

concentration inside the primary containment: 

i) Introduction of a large heat sink (about 8000 cubic meter of borated water for a 1000 MWe reactor), so as to be 

capable of absorbing, before boiling: 

- the internal energy of the primary coolant; 

- the initial energy stored in the core; 

- the energy released by zircalloy oxidation 

- the decay power for 24 hours. 

ii) Use of the suppression pool not only as a heat sink but also as a passive and reliable radioactivity scrubber 

capable of performing its function in all design-basis and severe accidents; 

iii) Location of the drywcll inside the wctwcll, so that the concentration of the radioactive products liable to leakage 

is minimized; 

iv) Exploitation of the steam quenching effect afforded by the suppression pool to deliberately burn the hydrogen 

emerging above it; in this way, a large hydrogen accumulation in the containment is avoided . 

v) Use of a large, solid, heat sink of high thermal conductivity and large surface area, at the bottom of the reactor 

cavity, to quickly solidify and cool down the corium, thereby minimizing cx-vessci aerosol formation and 

hydrogen generation, without risks of steam explosion. After this initial corium solidification, the large water 

supply of the suppression pool is used to flood the reactor cavity and act as the final heat sink. 

The large water pool provided can also perform other useful functions: 

- source of coolant for active ECCS; 

- enlarged pressurizer relief tank; 

- relief lank for the secondary side of the steam generators; 

2.1 Containment layout issues 

Obviously, enclosing the primary circuit inside a drywell is a complication of the containment design and is also the 

main cause of its extra cost, but it is justified by the substantial benefits derived by such a design choice. 

The maintenance and surveillance operations on the components located inside the dryweJJ are not not going to be 

more difficult than hi a large dry containment, provided that the space around the various components which have to 

be serviced is not be reduced with respect to current practice. 

The L.I.R.A. containment system has one negative aspect with icspect to large dry containments and to vapour 

suppression containments of the "over-under" type: the greater difficulty of replacing the steam generators during the 

plant lifetime. This is an issue on which the designers must work to find an acceptable and economic solution. For 

example, the upper part of the structure enveloping each steam generator could be a removable metallic cap to be 

stored temporarily inside the containment while the substitution of the steam generator is performed. 
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2.2 Containment hv-pitss and isolation issues 

From the point of view of release to the environment, the L.I.R.A.containment offers clear and great advantages in 

comparison with typical large dry containments. These advantages however would be missing in case of "containment 

bypass sequences". Therefore it is particularly important to design the nuclear power plant so that the probability of 

these sequences is negligible. This can be achieved, among other things, by: 

- putting the RHR system inside the containment and even designing it for the full primary system pressure (as is done 

in other modern designs); 

- venting the secondary system relief valves to the suppression pool (so that stuck open relief valves do not discharge 

radioactivity to the environment, in case of severe transients with coincident steam generator tube ruptures); 

- putting two redundant isolation valves in series on the steam and feedwater lines (to cope with the possibility that one 

of them does not isolate correctly, in case of severe transients with coincident steam generator tube ruptures). 

In addition to the above-mentioned features, also a continuous containment leak rate monitoring system is advisable, to 

avoid the possibility of undesirable "pre-existing openings" in the primary containment barrier. This system already 

exists in several European nuclear power plants. At any rate it is worthwhile noting that, even in case of imperfect 

containment isolation, the L.I.R.A. containment always enjoys the benefit of the scrubbing function of the suppression 

pool. 

2.3 Protection against Containment Overnressurization 

Thanks to the large internal heat sink provided, at least 24 hours have to elapse before the suppression pool starts 

boiling; consequently, during the first day of the accident, the containment pressure, and hence its leakage remain 

extremely low. If the suppression pool cooling system is recovered before the water starts boiling, the containment 

pressure would never approach the design value. 

If, on the other hand, this recovery does not take place, the pool would start boiling but at least 24 more hours would 

have to elapse before the containment pressure approaches the design value; this grace period could probably double if 

one takes into account the heat sink provided by the containment concrete structure. 

A grace period of 48-72 hours can be considered more than adequate for the recovery of active emergency cooling 

systems. If, however, a longer grace period were desired, it can be obtained: in this case the containment system ought 

to be fitted with a filtered venting system. If it were adopted, a filtration efficiency of 99.9% should be the design 

objective for both aerosols and iodine. In this manner even a prolonged containment venting operation would lead only 

to a negligible increase of the radioactivity release (apart from noble gases). 

After opening of the venting valves, many days would have to pass before the water volume of the suppression pool is 

substantially reduced (about 5% water loss per day). 
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2.4 Direct Containment Heating 

To avoid the pressure spike associated to a pressurized melt ejection, the large upward thrust on the reactor pressure 

vessel and the generation of missiles potentially dangerous for the containment integrity, it is prudent to provide for an 

automatic or manual primary circuit deprcssurization before pressure vessel melt-through. 

However, even in the unlikely event that the deliberate primary circuit depressurization does not take place or is only 

partially achieved, the situation, in the L.I.R. A. containment, would still look belter than in a large dry containment. In 

this situation the failure of the drywell barrier, with the consequent suppression pool bypass, cannot be ruled out. 

However, when this event takes place, the suppression pool has nearly performed one of its tasks, namely the 

absorbtion of a large part of the internal energy of the primary coolant blown down through the pressurizer relief 

valves: as a consequence the pressure inside the primary containment is close to atmospheric and the containment, 

thanks to its large volume and design pressure, is in the best conditions to absorb the pressure peak associated to DCH. 

In addition to that, the suppression pool can still perform the task of cavity flooding. 

The generation of missiles which could impair the containment integrity, however, remains a source of concern and 

therefore every effort should be made to minimize the chance of a pressurized melt ejection. 

2.5 Protection against Hydrogen Accumulation and Explosion 

With a large and strong containment, the deflagration of the hydrogen which may accumulate in the containment 

atmosphere as a consequence of oxidation of the fuel cladding might be absorbed by the containment structures. 

Some concents, however, might remain if, in addition to the hydrogen produced by the zirconium oxidation, there were 

a large contribution of hydrogen from the oxidation of other metals ( e.g. the steel of the pressure vessel bottom, of the 

vessel internal structures and of the reinforcing bars of the containment basemat). Because of this situation, the goal of 

the design must be that of minimizing the hydrogen generation and of preventing a large hydrogen accumulation in the 

containment. In the L.I.R.A. design this objective is met by minimizing ex-vessci hydrogen production and 

deliberately burning the hydrogen as it emerges, practically deprived of steam, above the suppression pool. 

This task can be accomplished by ignitors located above the suppression pool and fed by a reliable DC power supply. 

As a back-up to the ignitors or in place of them, it is possible to place, in the containment dome, packs of catalytic 

foils of the type successfully developped in Germany after many years of research and development [7]. They are 

capable of inducing the hydrogen recombination in a smooth manner, starting even at low hydrogen concentration. The 

clean atmosphere existing in the L.I.R.A. containment, thanks to the scrubbing action of the suppression poo! which is 

effective also against many possible catalyst poisons, is a guarantee for the correct and reliable operation of the 

catalytic foils. The practical absense of aerosols and of catalytic poisons shall probably allow the installation of a 

package of catalytic foils smaller and hence cheaper than that necessary in a standard large dry containment. 



2.6 Protection of the Integrity of the Containment Bascmat 

2 
If the core melts down and falls into a cavity of limited cross section (30-50 m ), such as that of many present 

containment buildings, the attack of the concrete bascmat is inevitable, even if water is poured over the melt. 

To avoid the erosion of the containment bascmat by a molten core it is necessary to develop a reactor cavity design 

which permits the spreading of the molten corium over a large surface area, so that the thickness of the layer is thin 

enough (few centimetre) to permit a quick resolidification and cooldown of the melt [5]. The new system developped 

by ENEL for this purpose is named SCORE (System of COrium REsolidificalion). SCORE performs its function in 

two phases: 

- during the first phase, the corium layer is fully solidified and partially cooled down by heat conduction to a large 

solid heat sink; 

- after this initial solidification, the final cooldown is provided by letting water from the suppression pool flood the 

cavity and submerge the solidified corium layer resting on the solid heat sink. 

The solid heat sink must have the following characteristics : a large surface area, a large heat capacity, a high 

thermal conductivity, a high melting point and chemichal stability, low cost. 

The surface area should be as large as possible. For example a surface of 250 m^ would be ideal, because the corium 

layer would then be only 4 cm thick. 

The heat capacity of the slab should be large enough to absorb all the latent heat of the melt and at least one hour of 

decay heat and yet remain at a relatively low temperature, in order to minimize chemical reactions both in the dry 

phase and in the flooding phase. 

A high thermal conductivity of the heat sink is necessary because this is instrumental in enhancing the cooling rate of 

the corium and in distributing the removed heat throughout the heat sink. 

Graphite is a material which meets all the material requirements mentioned above. 

For what concerns the shape of the heat sink, there are many options available. 

The simplest option proposed (SCORE-2) (Fig. 1 and 2) consists in locating in the reactor cavity, below the pressure 

vessel, a large slab of graphite (e.g. 1 m thick and with a surface area of 250 m^ ). 

In practice the "slab" shall be made up of many adjacent prismatic blocks. A gap (a few mm wide) is left between the 

adjacent blocks, to absorb the thermal expansion of graphite. These gaps are also useful to avoid the unwanted 

accumulation of water above the graphite slab (such as that which might take place in case of a L.O.C.A.) before 

pressure vessel melt-through ; through these narrow gaps the water can drain in a suitable volume below the slab itself, 

without permitting an appreciable penetration of the melt. 

With a uniform distribution of the sensible heat of the corium and of one hour of decay heat into the graphite, the 

equilibrium temperature of the slab would be about 500 °C and the maximum graphite temperature, after 20 minutes, 

would be about 700 °C. The reaction of graphite with water is limited by flooding the cavity before the graphite 

temperature reaches values at which the reaction with water (which, by the way, is endothcrmic) becomes important. 

There is plenty of time (more than one hour) to perform the flooding. 
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As an alternative to the SCORE-2 solution, an other solution (SCORE-3) is possible |6). It consists of a stack of 
2 

staggered graphite beams located in a cavity of 50 m horizontal cross section: it offers a great flexibility, while 

maintaining the cavity size similar to those so far adopted. Thanks to the particular shape of the stack and of beams, 

a thrcc-dimcntional spreading and distribution of the molten corium is achieved. 

3, COSTS 

An accurate evaluation of the cost of the L.I.R.A. containment cannot be performed without a detailed design, but an 

approximate and preliminary estimate has been made. 

Keeping in mind the desire to maintain a large and strong containment, the addition of all the safety features described 

in the previous paragraphs might lead to an increase in the cost of the containment of about 20-30% with respect to 

that of a large dry containmenl of the present generation. Since the cost of the containment is 4-5% of the total plant 

cost, the cost increase associated with the proposed L.I.R.A. containment is about 0.8-1.5%. And since the capital cost 

accounts for approximately 60-65% of the unit cost of electricity, the increase in cost of electricity associated with the 

L.I.R.A. containment amounts to 0.5-1.0%, i.e. not very much considering the enormous increase in safety afforded by 

the L.I.R.A. containment. 

Furthermore, some savings might also be made since all the expenses related to '* e preparation of the emergency plan 

can be avoided; in addition, since the proposed containment system is based on well known principles and does not 

require knowledge in unknown scientific domains, very limited if not zero costs are envisaged in related R&D. 

4. CONCLUSIONS 

The L.I.R.A.containment system proposed in this article for adoption in future nuclear power plants affords a major 

increase in safety in so far as it is capable of limiting the release of radioactivity to the environment to less than one 

millionth of the core inventory, also in case of a severe accident with core melt and pressure vessel melt-through. 

With such a small release no evacuation would be necessary for the surrounding population and the contamination of 

the surrounding territory would be negligible. Since the proposed containment is based on well proven concepts, no 

additional experimental research is necessary to prove its feasibility. Its cost is expected to increase the cost of 

electricity by less than 1% with respect to the current systems, a cost increase that cannot be considered an obstacle to 

the competitiveness of nuclear energy. 

Apart from the L.I.R.A. containment as a whole, the SCORE system developped for containment basemat protection is 

a simple, practical and economic solution which can be fitted in all types of future containment systems. 
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Table 1 

RADIOACTIVITY RELEASE FACTORS (FIRST DAY) FOR THE"LARGE DRY" AND L.I.R.A. CONTAINMENT, 

IN CASE OF SEVERE ACCIDENT 

LARGE DRY L.I.R.A. 

- PLATEOUT FACTOR IN PRIMARY CIRCUIT 2 2 

- PLATEOUT FACTOR IN DRYWELL - 2 

- LEAKAGE FROM DRYWELL TO CONTAINMENT - 1% 

- SCRUBBING FACTOR IN SUPPRESSION POOL - 100 

- PLATEOUT FACTOR IN CONTAINMENT 10 5 

- LEAKAGE FROM PRIMARY CONTAINMENT 5*10"3 1*10"3 

- PLATEOUT FACTOR IN SECONDARY CONT. 2.5 2.5 

- OVERALL RELEASE (FRACTION OF INVENT.) 1*10*4 4*10"7 
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INTRODUCTION 

In 1987, Hydro-Québec embarked on an ambitious development program to provide the Gentilly 2 
nuclear power station with an effective and practical reactor building Integrity Test. 

The Temperature Compensation Method (TCM) System was developed with the primary goal of 
demonstrating "overall" containment availability. Specifically it was purported to detect a leak or 
hole in the "bottled-up" reactor building greater in magnitude than an equivalent pipe of 25 mm 
diameter. 

In October 1992, Hydro-Quebec performed the inaugura! low pressure 3 kPa(g) nominal 
Containment Integrity Test (CIT) at 100% F.P. The test was conclusive and yielded a leak rate of 
0,895% Vol,/day (orifice of 9.61 mm dia.) with a precision of greater than 15%. 

Following the test, the CIT System, was declared In-Service for containment integrity verification 
on-line. 

The Gentilly 2 Integrity Test employs an innovative approach based on the reference volume 
concept. The Gentilly 2 TCM System is composed of an extensive tubular network of several 
different diameters. The reference volume concept eliminates the need to track numerous 
temperature points. The method includes numerous air sampling points thereby enabling the 
measurement of minute pressure variations of the reactor building indépendant of the spatial and 
temporal humidity behaviour. 

This configuration has been demonstrated at both high and low test pressure and has achieved 
extraordinary precision in the leak rate measurement. The Gentilly 2 design allows the Integrity 
Test to be performed at a nominal 3 kPa(g) test pressure during a (12) hour period (28 hours total 
with alignment time) with the reactor at full power. The reactor building Pressure Test by 
comparison, is typically performed at high pressure (124 kPa(g) in a (6) day critical path window 
(8 days total with alignment time) during an annual outage. 

It is noted that only the Gentilly 2 TCM System has, to this date, allowed a relevant determination 
of the reactor building leak rate at a nominal test pressure of 3 kPa(g). Classical method tests at 
low pressure have lead to inconclusive results due to the high lack of precision. 

It is considered feasible that the high precision of the Gentilly 2 TCM System Integrity Test and a 
stable reactor building leak characteristic will permit extrapolation of the Integrity Test leak rate 
result to obtain an equivalent reactor building Pressure Test value. Demonstration of the 
precision and feasibility of this extrapolation should constitute sufficient grounds for the reduction 
of the Pressure Test frequency. 

This paper provides a general review and overall assessment of the Gentilly 2 CIT System to the 
end of September 1993. In particular the Safety and Licensing implications are examined in light 
of the current regulatory position. 

N. Collins/P. Lafrenière - 1 - 93/09/30 
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TEMPERATURE COMPENSATION METHOD SYSTEM PRINCIPLES 

General Description 

The Gentilly 2 TCM System can be employed at any test pressure. The rapidity and high 
precision of the TCM System has, in fact, allowed it to replace the classical method as the primary 
measurement system employed during the reactor building Pressure Test. 

The originality of the Gentilly 2 'TCM System" Integrity Test stems from the: 

- low test pressure of 3 kPa(g) 
- reference volume or "temperature" tubular network 
- humidity sampling tubular network 
- "known leak rate" test validation procedure 
- on-line computerized leak rate determination with on-line bounding error analysis 
- extrapolation capability to allow estimation of the leak rate at 124 kPa(g) 

Temperature compensation 

The extensive "tubular network" reference volume enables the determination by analogy, of the 
"equivalent" or "weighted" reactor building temperature. The reference volume simulates the 
overall reactor building behaviour and allows the leak rate determination to be independent of 
reactor building temperature fluctuation. 

The ideal gas law can be used to show that when a confined mass of air in a leak tight reference 
volume is itself contained in another fixed volume of air, the differential pressure is independent 
of temperature. However the geometry of the reference volume must be such that the two 
volumes are characterised by the same temperature without delay. The appropriate reference 
volume was obtained at Gentilly 2 by installing a leak tight network of about a kilometre of copper 
tubing throughout all significant volumes of the entire reactor building. 

The tubing is dimensioned and routed such that the reference volume fraction contained within 
each room is proportional to the volume of the room. 

The differential pressure between the temperature tubular network and the reactor building 
constitutes the critical process variable. The reactor building leak rate is obtained from a simple 
linear regression of this process variable after application of several corrections. A crude test can 
be summarised as follows: 

1. The leak tightness of the temperature tubular network is verified. 

2. The tubular network and the reactor building internal pressures are equilibrated and then 
isolated from each other. 

3. Any decrease in the differential pressure can be directly related to the reactor building 
leakage since the tubular network continuously replicates the overall reactor building 
temperature. 

N. Collins/P. Lafrenière -2- 93/09/30 
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Pressure Drop During Test 

A major difficulty of a low pressure test is the extremely small pressure drop observed. During an 
eight hour Integrity Test performed at 2.75 kPa(g), a typical pressure drop could be 0.043 kPa(d). 
The equivalent pressure drop during an eight hour Pressure Test at 124 kPa(g) is 0.376 kPa(d). 
These figures assume a 0.5% of reactor building volume per day leak rate and 100% turbulent 
flow. 

Vapour Partial Pressure 

The precision of the TCM System is highly dependent upon the time behaviour of the reactor 
building vapour pressure and its spatial distribution. This is further complicated by any 
perturbations experienced during the test period. 

Gentilly 2 uses a distributed tubular network sampling circuit with two hygrometers to obtain the 
"weighted" reactor building dew point measurement. The copper tubing network is sized, routed 
and designed with orifice flow control to insure the intake of the correct amount of air from each of 
the (11) reactor building zones defined for "weighting" purposes. The circuit also consists of a 
suction pump and flow-meters for verification of the loop calibration. 

Barometric Pressure Variation 

The atmospheric pressure represents an independent variable and may vary dramatically during 
the test period. It is possible that the positive differential pressure of the reactor building with 
respect to the atmosphere (which governs the leak rate) may be reduced by as much as 50% 
during the test as a result of a weather perturbation. 

Test Validation By A "Known" Leak Rate 

In order to verify each specific Integrity Test result, a post-test validation procedure was 
developed. A "known" leak rate of magnitude comparable to the "unknown" leak rate, is. 
superimposed upon the latter directly upon conclusion of the "unknown" leak rate measurement. 
This procedure uses an artificially created "known" leak rate which, by aid of a high precision 
flowmeter, allows validation of the TCM System methodology and the particular test set-up. The 
magnitude of the error between the two values of the "known" leak rate conservatively estimates 
the maximum possible error associated with the CIT leak rate result. 

N. Collins/P.Lafrenière -3- 93/09/30 
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VARIABLES CRITICAL TO THE CONTAINMENT INTEGRITY TEST 

The meaningful interpretation of the minute pressure drop experienced during the test, imposes a 
heavy burden upon the TCM System. Hence the system and its components must be engineered 
to exacting precision requirements. Moreover they must maintain their performance during 
process perturbations due to mother nature and the reactor building environment. 

The behaviour of reactor building humidity plays a major roie during the Integrity Test. During the 
June 1989 test, under ideal conditions, the dew point increased from 4.5 to 5.0°C. The increase 
in vapour partial pressure of 0.8653 to 0.8959 kPa represents a factor of three over the test 
pressure drop of 0.00937 kPa. Hence a precise determination of average reactor building 
humidity and its variation in time and space is critical to the Integrity Test. The humidity and 
temperature mapping exercise conducted during the 1990 annual outage has confirmed the 
ability of the humidity sampling tubular network layout to adequately track reactor building 
humidity. A detailed error analysis indicates that the humidity sampling circuit placed 3.2% error 
upon the leak pressure drop. 

The temperature tubular network is required to track the average reactor building temperature and 
its variations in time and space in order to provide a significant leak pressure drop. Field data has 
confirmed the temperature gradients in time and space to be negligible. Reactor building 
conditions, off-line, are very stable. 

The (3) reactor building instrument air tanks varied in pressure between 815.86 kPa and 816.33 
kPa over a 6 minute period during the 1990 test (using a special Instrument Air System 
configuration). The air exchange with the reactor building environment produced an error of 1.3% 
on the leak pressure drop. 

The pressure and differential pressure measurement errors are of minor significance. 

Any increase in the atmospheric pressure during a test is reflected by a decrease in the test 
differential pressure. A 1 kPa increase produces à 20% decrease in leak pressure drop and an 
amplification (a non-linear increase) of the relevant TCM System component errors. 

N. Collins/P.Lafrenière -4- 93/09/30 
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CIT ON-LINE AT 100 % F.P. 

The primary goal of the Containment Integrity Test development program was to provide an "on
line" leak test capability. The TCM System has been demonstrated on numerous occasions to 
fonction reliably with high precision with the reactor in the (GSS) cold garanteed shutdown state 
during annual outages. However several additional difficulties were hurdled in order to prove the 
feasibility of the CIT at full power. 

It is not possible to fully isolate several process gas system inside the reactor building at power. 
Hence gas leakage during normal operation from the various Reactor Auxiliary systems will 
contribute to the existing water vapour partial pressure. These gases include helium, carbon 
dioxide and nitrogen. The resulting contribution has been shown to be minor less than 2% of the 
CIT leak rate. 

The reactor building temperature distribution "on-line", is governed by the hot PHT System and 
differs greatly from the cold outage condition. It is also less uniform. However CIT data indicates 
that the temperature remains relatively stable "on-line" and does not affect the TCM System. 
However it is important for CIT precision to avoid temperature upsets in the R/B due to loss of 
cooling water to the LACs. 

N. CollinsJP.Lafrenière -5- 93/09/30 
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CIT RESULTS TO SEPTEMBER 1993 

Table I summarizes all available TCM System results including the CIT results to the end of 
septembre 1993. 

Figure 4, presents the CIT results as a function of time. It is clear that the cold off-line CIT 
provides a reliable and precise measurement of R/B leakage at a nominal test pressure of 
3 KPa(g). The maximum error is conservatively estimated at 15 %. 

The feasibility and precision of the on-line CIT has been demonstrated. However, it appears that 
a hot heat transport system, reactor power and containment bypass by a process system 
contribute to the higher observed on-line CIT leak rate results. It is known that the June 1993 CIT 
result of 0.305% V/D is upperbound. A containment bypass to the Spent Fuel Dischange Bay 
(SFDB) due to a value alignment discrepancy has been uncovered. 

It is reasonable to expect that these issues will be resolved as more on-line CIT experience is 
gained. The upcoming October 1993 on-line CIT will examine the question of leakage to the 
SFDB in more detail. 

N.Collins/P.Lafrenière -6- 93/09/30 
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INTEGRITY TEST LEAK RATE EXTRAPOLATION TO 124 kPa(g) 

The secondary goal of the CIT program was to study the possibility of deriving a meaningful leak 
measurement from the CIT result which can be directly compared against the Pressure Test 
criteria (eg: 0.5% of reactor building volume per day at 124 kPa(g). 

A complex non-linear extrapolation equation is required to transform a low pressure test leak rate 
to the equivalent result for the nominal Pressure Test conditions. This equation is heavily 
dependent on the "RL" factor which represents the ratio of laminar to turbulent flow. Reactor 
building leakage is characterized by a combination of turbulent and laminar gas flow. This factor 
is dependent on the nature of the reactor building, its condition as well as the actual test and 
extrapolation pressures. 

The leak rate extrapolation ratio between the 3 kPa and 124 kPa nominal test conditions varies 
from 8.5 for purely turbulent flow to 71.7 for purely laminar flow. The extrapolated leak rate error 
depends heavily on the uncertainty of the "RL" factor. The extrapolated leak rate percentage 
error is roughly equivalent to the "R|_" percentage error for purely turbulent flow. However, this 
error ratio increases tenfold for purely laminar flow. 

In order to precisely quantify the turbulent component of "RL" and to identify its time-dependent 
nature. A series of leak rate measurements at various pressure hold points were incorporated 
into the 1990 and 1993 R/B Pressure Test. 

Figure 5, represents leak rate data collected at the pressure hold points during the 1990 and 
1993 R/B Pressure Tests. This preliminary information supports the premise, that the R/B leak 
characteristic is stable and permits extrapolation of the CIT result to the Pressure Test value. 
However, the data base must be expanded to demonstrate the correlation conclusively and its 
time dependant nature. 

N. Collins/P.Lafrenière -7- 93/09/30 
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CIT SAFETY AND LICENSING IMPLICATIONS 

Figure 6 presents the Gentilly 2 R/B Pressure Test results over time. 

The AECB criteria for a acceptable R/B Pressure Test is the design limit of 0.5% Volume per day. 
Hydro-Quebec interprets this criteria to exclude leakage to the SFDB. This position is based on 
the installation of the SFDB Air Return System and analysis confirming SFDB integrity during the 
postulated design basic events. 

It is noted that the degradation rate of containment performance (with and without SFDB leakage) 
has been reduced significantly by the R/B liner painting program. 

Figure 7 provides a graphical representation of the containment impairment criteria applied at 
Gentilly 2 by Hydro-Quebec. Note that a level 2 impairment requires reactor shutdown within 
(8) hours should immediate repair not be possible. Level 1 impairment requires reactor 
shutdown within (4) hours. Level 3 impairment imposes the requirement of containment repair at 
the next planned reactor shutdown. 

Figure 7, also indicates that the CIT acceptance criteria is able to identify a level 1 impairment. 
However, the CIT criteria will not identify a level 2 or 3 containment impairment (eg: a leak rate as 
high as 30.4 % V/D). 

N. Collins/P. Lafren ière -8- 93/09/30 
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CONCLUSIONS 

The Gentilly 2 CIT has been conclusively demonstrated with the reactor "off-line". It is capable of 
measuring the reactor building leak rate at a nominal test pressure of 3 kPa(g). The error 
associated with this measurement has been confirmed to lie well within a band of ±15% under 
typical test conditions. The available data from the "known" leak rate validation procedure 
suggests that the actual error is less than ± 5%. 

The original Integrity Test objective was to detect a leak corresponding to an equivalent pipe of 25 
mm diameter. This objective has been attained with remarkable results. The Gentilly 2 Integrity 
Test is able to detect a leak corresponding to a 2-3 mm diameter pipe, with high precision in a 
relatively short test period. 

The "on-line" CIT has been demonstrated several times. However more experience is required 
with the on-line CIT in order to establish the precision and true significance. 

However it is reasonable to conclude from the available on-line CIT data that the TCM System will 
procure (2) significant advantages to Hydro-Quebec in the near future. 

1. Hydro-Quebec will be able to use the on-line CIT to identify a level 3 impairment of 
containment. 

2. Hydro-Quebec will be able to use the on-line CIT to monitor the degradation of 
containment between R/B Pressure Tests. 

In the longer term it is expected that a direct extrapolation of the CIT result to the R/B Pressure 
Test value will be possible. 

N.Collins/P.Lafrenière -9- 93/09/30 



C l GENTILLY 2 REACTOR BUILDING "TCM " LEAK RATE RESULTS TABLE 1 

DATE OF 

TEST 

6 SEPT. 87 

9 JUNE 89 

9 JUNE 89 

VALIDATION 

7 SEPT. 90 

8 SEPT. 90 

9 SEPT. 90 

9 SEPT. 90 
10 SEPT. 90 

LEAK TO R2-001 

RETURNED TO MB 

10 SEPT 90 

VALIDATION 

12 NOV. 91 

12 NOV. 91 

VALIDATION # 1 

12 NOV. 91 

VALIDATION #2 

17 OCT. 92 

18 OCT. 92 

I VALIDATION | 

TEST 

REPORT 

RTI-87-08 

RT-89-15 

RT-89-15 

N/A 

N/A 

N/A 

RT-91-06 

RT-91-06 

RT-91-06 

RT-92-1S 

RT-92-15 

RT-92-15 

RT-92-28 

RT-92-28 

NOM. 

TEST 

PRESSURE 

126 

3.0 

3.0 

3.0 

15.0 

50.0 

124.0 

124.0 

124.0 

3.0 

3.0 

3.0 

3.0 

3.0 

REACTOR 

POWER 

(% P .P> . 

0 

0 

COLD GSS 

0 

0 

COLD GSS 

0 

0 

0 

0 

0 

3.7 

3.7 

3.7 

100 

100 

OA3 

SYSTEM 

LEAKAOE 

(% V /D ) 

-

-

-

-

. 

-

-

-

0.007 

0.007 

0.007 

0.006 

0.006 

R/B 

LEAK 

RATE 

<K V /D) 

0.84 

0.114 

-

FAILED 

0.41 

0.63 

0.776 

0.371 

-

0.39 

-

-

0.895 

-

CALCUL. 

L .R . 

ERROR. 

<%) 

± 1 

-

-

N/A 

N/A 

±0.31 

±2.88 

-

±4.1 

-

-

±0.30 

-

TIME OF 

KEASUREM. 

(HOS-KID! 

10H50 

7H20 

5H14 

-

4H50 

0H48 

11H18 

2H12 

2H50 

3H06 

1H52 

2H02 

16H00 

4H12 

EQUIV. 

ORIFICE 

DIAM. 

(MM) 

N/A 

3.5 

2.3 

-

N/A 

N/A 

N/A 

N/A 

2.0 

6.38 

2.0 

2.5 

9.61 

2.5 

I 

STABILISATION 

PERIOD 

(HRS-MIH) 

13H00 

5H18 

14H36 

-

1H00 

1H32 

7H00 

24H00 

20H40 

1H25 

5H49 

7H45 

3H30 

21H20 

TUBULAR 

NETWORK 

L.R.. 

MTORR/HRB 

N/A 

4.497 

4.497 

~ 5 

~ 5 

" 5 

~ 5 

~ 5 

~5 

2.049 

2.049 

2.049 

1.638 

1.638 

VALIDATION 
ARTIF IC IAL 

L .R . 

FLOW M. 

(%V/D) 

(SLM) 

. 

-

0.0501 

16.23 

. 

_ 

_ 

-

0.111 

82 

_ 

0.039 

12.9 

0.062 

20.0 

. 

0.061 

20.9 J 

ART. 

LEAK R. 

TCM 

<K V /D ) 

-

-

0.0483 

-

_ 

_ 

_ 

-

0.0855 

_ 

0.098 

0.052 

. 

0.052 

VALID. 

ERROR 

(S) 

_ 

-

-15 

-

_ 

. 

-

-27 

_ 

+ 150 

-16 

. 

-15 
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C l GENTILLY 2 REACTOR BUILDING "TCM " LEAK RATE RESULTS TABLE 1 (cont) 

DATE OF 

TEST 

26 JUIN 93 

27 JUIN 93 

27 JUIN 93 

VALIDATION 

10 SEPT. 93 

10 SEPT. 93 

11 SEPT. 93 

11 SEPT.93 
12SEPT.93 

12 SEPT.93 

VALIDATION 

13 SEPT.93 

LEAK TO R2-O01 

RETURN TO R/B 

TEST 

REPORT 

RT-93-26 

PRELIM 

MOM. 

TEST 

PRESSURE 

# 

1KPA 

3KPA 

3KPA 

3KPA 

15 

50 

85 

124 

124 

124 

REACTOR 

POWER 

<% P . P ) . 

100 

100 

100 

0 

COLD GSS 

0 

0 

0 

0 

0 

0 

' ' '••"OAS.:/ 

SYSTEM 

LEAKAGE 

-.007 

INCOMPL 

-.007 

INCOMPL 

-.007 

INCOMPL 

. -

_ 

_ 

. 

-

-

-

I 
R / B 

LEAK 

RATE 

( * V / D ) 

<0.26 

<0.305 

-

.035 

0 .293 

0 .660 

0.846 

0.791 

-

0.413 

CALCUL. 

L . R . 

ERROR 

<s> 

-

-

-

±7.4 

±2.7 

±3.9 

±2 .1 

±0.11 

±0.44 

±3.86 

TIME OF 

MEASUREM. 

(HR3-MIH) 

8H00 

10H1Q 

3H24 

6H28 

3H40 

2H18 

1H46 

10H58 

3H32 

1H58 

EQUIV. 

ORIFICE 

DIAM. 

(MM) 

-

-

2.0 

3.9 

4.9 

5.5 

5.3 

5.9 

3.8 

STABILISATION 

PERIOD 

(HRS-MIM) 

2H02 

0H44 

10H23 

0H50 

0H48 

0H58 

1H10 

6H00 

19H30 

23H30 

TUBULAR 

NETWORK 

L.R. 

MTORR/HRS 

1.86 

1.86 

1.86 

2.45 

2.45 

2.45 

2.45 

2.45 

2.45 

2.45 

VALIDATION 

ARTIFICIAL 

L . R . 

FLOW M. 

(%V/D) 

(8LM) 

-

-

0.114 

37.6 

• 

. 

. 

_ 

-

0.237 

175 

-

ART. 

LEAK R. 

.;: TCM ' 

<% V / D ) 

-

-

0.55 

. 

. 

. 

-

0.21 

-

VALID. 

ERROR 

1%) 

-

-

-116 

-

_ 

_ 

-

-12 

-
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FIGURE 3 
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FIGURE 5 

1 NTILLY II R/B PRESSURE TEST RESULT 
FOR VARIOUS PRESSURE HOLD POINTS 
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ABSTRACT 
The purpose of this paper is to present a methodology 
proposed to perform the analysis of the most severe 
pressurization transient in a BWR system with the 
RAMONA-3B code. The results of the analysis are 
compared against the Final Safety Analysis Report 
(FSAR) of the Laguna Verde Nuclear Power Plant 
(CLV). Comparisons of data from pressurization 
events recorded at the plant and simulated with 
RAMONA-3B with conservative results are also 
presented. The objective of the analysis is to 
determine the maximum pressure peak reached in the 
vessel bottom and to show compliance with the ASME 
Boiler and Pressure Vessel Code. The evaluation of 
several pressure increase transients has shown'" that 
the isolation valve closure is the most severe event 
when credit is taken only for indirect derived scrams, 
therefore, it is used as the overpressure protection 
basis event. The reactor protection system via high 
flux scram acts to shut down the reactor avoiding 
serious damages to the nuclear system. 

l.INTRODUCTION 
The Electric Research Institute of Mexico (HE) and 
Comision Federal de Electricidad (CFE) have been 
working in developing the methodology to perform 
reload licensing analysis for the CLV, and to qualify 
the method-model-user combination to carry out the 
necessary analyses. The main tools used for this 
purpose are the codes of the Fuel Management System 
Package (FMS) from Scandpower Inc. At present, 
work has been done in the generation of the data 
banks from the first to the fourth cycles of the CLV 
using the codes ECLIPSE, POLGEN, and RECORD. 
The static analysis and core following have been done 
with the 3D static simulator PRESTO-B. RAMONA-
3B has been used to perform the dynamic analyses and 
PETRA for collapsing the nuclear parameters from 3D 

to ID. The developed methodology121 has been proven 
to successfully perform the analysis of the transients 
with most limiting MCPR as established by the FSAR. 
Among the transients which need to be analyzed in 
order to have the whole spectrum of events for a 
licensing submittal, relies the overpressurization event 
of the primary reactor coolant pressure boundary. The 
overpressure protection analysis is performed to 
demonstrate compliance to the American Society of 
Mechanical Engineers "Boiler and Pressure Vessel 
Code" (ASME Code)131. Pressure relief is 
accomplished by the opening of the ASME Code 
qualified valves (safety/relief) for this function. The 
specific analysis and acceptance limits for this event 
are dependent on the applicable version of the ASME 
Code used in the reactor pressure vessel design. 

2. METHOD OF ANALYSIS 
Because the analysis is carried out mainly using the 
RAMONA-3B Code (for the dynamic analysis), it is 
necessary to give a brief description of the code, to be 
aware of the scope and limitations of the program 
before going on with the procedure. 

2.1 DESCRIPTION AND SCOPE OF THE CODE 
The RAMONA-3B codeH1 was designed to predict the 
neutron kinetics behavior of a BWR in 3D or ID 
modes using a l ' / i energy groups diffusion model, the 
thermohydraulics in the core and pressure vessel with 
a 4 equation slip model, and the steam line dynamics. 
It has the capability to operate under steady-state or 
transient conditions. Specifically, RAMONA-3B is 
useful to simulate normal and abnormal operational 
plant transients in the pressure and temperature ranges 
between cold standby and full power conditions, plant 
transients which are induced by a full or partial 
reactor scram, the withdrawals or drop of control 
rods, main steam isolation valves closure, turbine 
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trips, recirculation pumps trips, small steam line 
breaks, change in feedwater conditions or the failure 
of the pressure regulator. RAMONA-3B is 
programmed to simulate any combination of plant 
control actions related to the main steam supply 
system, and the consequences of such control actions. 

2.2 ACCEPTANCE CRITERIA 
The ASME Boiler and Pressure Vessel Code requires 
that each vessel designed to meet section III be 
protected from overpressure under upset conditions. 
The code allows a peak allowable pressure of 110% of 
vessel design pressure under upset conditions. The 
design pressure of the CLV pressure vessel is 1250 
psig which means that during the occurrence of a 
pressurization event the peak pressure of the CLV 
must not exceed 1375 psig. Would it occur, sensitivity 
analysis are especially important to understand the 
importance of the selection of key input parameters. 

2.3 TRANSIENT DESCRIPTION 
Closure of all main steam isolation valves (MSIVs) 
causes a rapid reduction in steam flow which results 
in a nuclear system pressure increase. Neutron flux 
increases rapidly because of the void reduction caused 
by the pressure increase. The pressure increase is 
limited by the opening of the safety/relief valves with 
the direct position switch scram of the MSIV valves 
failing to operate. A reactor scram is initiated by the 
average power range monitors (APRM) on high 
neutron flux scram. 

2.4 INITIAL CONDITIONS AND ASSUMPTIONS 
1) the plant is operating at the safety analysis power 

level and rated core flow. 

2) The remaining nuclear steam supply system 
parameters are consistent with the design of the 
plant. 

3) All MSIVs close at the fastest rate identified in the 
plant technical specifications. 

4) Scram initiated by the MSIV's position switches is 
assumed not to occur. 

5) Scram is initiated on APRM high neutron flux. 

6) All ASME Code qualified safety/relief valves are 
assumed to operate consistent with the Code 
requirements. No credit is taken for non-Code 
qualified pressure relief functions. 

7) All other systems continue to function as designed. 

8) The system trips and signals are to be consistent 
and found in the plant technical specifications. 

9) The pressure may reach the recirculation pump trip 
(ATWS-RPT) setpoint which will initiate a 
recirculation pump trip. 

2.5 SYSTEMS CONSIDERATION 
For the overpressure protection analysis, the important 
systems to be considered are: (1) the steam system , 
including the MSIVs and safety/relief valves; (2) the 
recirculation system, including ATWS-RPT; (3) the 
feedwater system; (4) the steam separation system; (5) 
the reactor protection (APRM high neutron flux 
scram) and control rod drive (scram) systems, and (6) 
the core and fuel system, including nuclear-thermal-
hydraulic coupling. Because this analysis is only 
directed towards establishing peak vessel pressure, no 
other systems are assumed to operate. 

2.6 COMPONENT PERFORMANCE 
CHARACTERISTICS 

MSIV Closure Characteristics 
The MSIV closing characteristics are important in the 
code overpressure protection analysis because the 
MSIVs initiate the event by stopping steam flow. The 
fastest closure time identified in the technical 
specifications is used. In establishing the MSIV 
closing characteristics, a linear ramp change in valve 
position from fully open to fully closed is assumed. 

Safety/Relief Valve Setpoints 
The safety/relief valves are used to protect the reactor 
coolant pressure boundary against overpressure events. 
The technical specification for the ASME Code 
qualified operating mode establish the maximum 
limiting conditions for the safety/relief valve setpoints. 
For the actuation of the valve there is no delay time 
for the valve to begin the opening. 

Recirculation Pump Characteristics 
The ATWS-RPT on high reactor pressure is to be 
simulated. The design verified values for the pump 
coastdown is used for the overpressure protection 
analysis. 

Feedwater Coastdown 
Because the plant have steam turbine driven feedwater 
pumps, closure of the MSIVs will isolate their steam 
supply. The coastdown of the feedwater system is 
simulated following the isolation. 

APRM High Neutron Flux Trip 
For the overpresure protection analysis , it is assumed 
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that the APRM high neutron flux trip provides the 
signal to the reactor protection system which, in turn, 
initiates a reactor scram. This setpoint is controlled by 
the plant technical specification, and the maximum 
allowable value is used in the analysis. 

Reactor Protection System Signal Delays 
The plant technical specifications are used for reactor 
protection system response times. 

maximum peak pressure in the reactor vessel. As a 
result of the above study, it was found that the code 
was only highly sensitive to the change of the 
recirculation pumps inertia and the control rod 
insertion time. The first with an increase of 20% 
produced a pressure increase of 9 psi, and the second 
with a change of 10% an increase of 6 psi. Therefore 
an effort has to be made in finding the best values for 
these parameters. 

Control Rod Drive Insertion Time 
For the overpressure protection analysis, the plant 
technical specification for the maximum average 
control rod insertion time for all rods is used. 

OVERPRESSURE PROTECTION ANALYSIS 

HSIV Closure Vith High Flux Scram 

2.7 ANALYSIS PROCESS 
Most of the analyses for a reload licensing submittal 
are performed with the static simulator PRESTO-B, 
therefore an input-deck of RAMONA-3B is prepared 
according to the information provided as input to 
PRESTO as the geometric data of the plant, the 
models to be used for the neutron kinetics and the 
thermohydraulics of the system. The Burnup file from 
a haling calculation of PRESTO is used as an input to 
RAMONA-3B. A steady state calculation131 and a 
parameter adjusting is done to get a close agreement 
of the most significant variables of the initial state 
from both codes. Next, a dynamic null transient 
simulation'61 with RAMONA-3B is performed to 
assure a stable behavior of the main variables such as 
average power, core flow, dome pressure, etc. 
Finally, the transient is simulated introducing the 
appropriate parameters for the main systems involved 
in the analysis. 

3.ANALYSIS OF RESULTS 
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Figure 1 FSAR_R3B 

OVERPRESSURE PROTECTION ANALYSIS 

MS1V Closure With High Flux Scran 

3.1 RAMONA-3B vs FSAR V 
Table 1 shows the initial conditions and the input 
parameters as where used for the simulation of the 
MSIV closure with high flux scram. Figure 1 shows 
the pressure profile for the MSIV closure with high 
flux scram. The peak pressure reported for 
RAMONA-3B is approximately 50 psig lower than the 
peak reported in the FSAR. The maximum peak 
pressure obtained with RAMONA-3B is 1252 psig 
while the maximum peak pressure reported in the 
FSAR is 1303 psig. This large difference was 
expected as the FSAR analysis was done with the old 
point kinetics and steam line models used in the 70's 
byGE. 

A parametric study was carried out with RAM ON A-
3B taking the most important input parameters which 
may affect the limiting critérium, in this case, the 

Figure 2 „FSAR R3B 
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Table 1: luput Parameters and Initial Conditions fortlie MSIV Closure Se nui. With High Flux Scram 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Components Required for the Analysis 

Thermal Power 

Core Flow 

Core Input Subcooling 

Dome Pressure 

MSIV Closure Stroke Time 

Control Rod Drive Insertion Time 

APRM High Neutron Flux Trip Setpoint 

Response Time (Delay) of RPS Logic 

Sensor Time Constant 

Control Rod Drive Response Time 

ATWS-RPT Setpoint 

RPT Delay Time 

Safety/Relief Valve Setpoints 
(Safety Function, Open and Closure) 

Group 1 
Group 2 
Group 3 
Group 4 
Group 5 

Safety/Relief Valve Capacity 

Valve Stroke Time (Opening) 

Feedwater Controls 

VALUE 

2014 

7747 

48443 

7.134 

3.0 

5.5 

125.2 

0.05 

0.04 

0.28 

7.927 

0.3 

8.2165 
8.2854 
8.3544 
8.4233 
8.4923 

103 

0.3 

Table 

UNITS 

MWth 

Kg/s 

J/Kg 

M Pa 

s 

Nodes/s 

%NBR 

s 

s 

s 

MPa 

s 

MPa 
MPa 
MPa 
MPa 
MPa 

%NBR 

s 

— 

3.2 RAMONA-3B VS CLV 
In the effort of validating the methodology and the 
models for the CLV BWR, some operational transients 
have been analyzed. The results for the simulation of 
a Load Rejection and a MSIV closure that have been 
recorded at the plant, are presented here. 

3.2.1 LOAD REJECTION (July 14,h, 1990) 
Figures 3 and 4 show a comparison between the plant 
data obtained from the S1RAT (Recording Information 
System for Transient Analysis) and the RAMONA-3B 
results. There is a good agreement between the plant 
data and the output of the Code for the power 
response to the pressure wave reaching the core, 
which is suppressed by the reactor protection system 
via a reactor scram. It can be seen that RAMONA-3B 
is overpredicting the plant data for the dome pressure 
in approximately 30 psi showing the conservative 

results for this parameter. 

3,2.2 MSIV Closure (december 23,h, 1990) 
Figures 5 and 6 present the average power and system 
pressure reported for RAMONA-3B and SIRAT. 
Again it can be seen the good agreement between the 
plant data and RAMONA-3B. For the case of the 
system pressure, again the code is overpredicting the 
plant data in about 20 psi, showing again a 
conservative result. 
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4.C0NCLUSI0NS 
It has been proven that RAMONA-3B can be used to 
perform the simulation of the most severe 
overpressurization transient which is required to be 
analyzed among the special events for a reload license 
submittal. 

The results obtained in comparisons with other 
qualified programs show that a less conservative 
pressure peaking is obtained from RAMONA-3B. 
Nevertheless, those comparisons against plant data for 
transients recorded at the Laguna Verde NPP during 
startup tests show conservative results. 

In order to qualify completely the methodology, the 
uncertainties implied in the results of the code due to 
the input data and the modelling need to be evaluated. 
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Nine Mile Point Unit 2 IPE Results 

Probabilistic Risk Assessment (PRA) studies of operating nuclear facilities are rapidly becoming an 
important tool for plant decisionmaking. The PRAs provide a technically sound and reproducible 
means of objectively assessing risk impact of most plant operating issues. In order to describe PRA, 
this paper will present an overview of the Nine Mile Point Unit 2 (NMP2) PRA. Further, this paper 
will also discuss some major applications of the PRA to demonstrate the power of the analysis. 

Niagara Mohawk Power Corporation submitted the Individual Plant Examination (IPE) for NMP2 to 
the United States Nuclear Regulatory Commission (USNRC) on July 30, 1992. The NMP2 IPE is 
classified as a Level II PRA. This means that postulated accident sequences have been analyzed from 
initiation through to radionuclide release. NMP2 is a Type 5 Boiling Water Reactor (BWR-5) with a 
Mark II containment design. It operates at a capacity of 1080 MWe and is located on Lake Ontario 
in upstate New York. 

Based on the IPE, it has been concluded that NMP2 has no unusually poor performance issues and 
poses no undue risk to the health and safety of the public. Two figures of merit typically cited in the 
above determination are Core Damage Frequency (CDF) and Early/High Release Frequency (ERF). 
While these figures do not entirely represent the value of the study and uncertainty exists in their 
exact value, they can be used as indicators and for comparison to other studies. The calculated CDF 
is 3.1 x 10"3 per year and the calculated ERF is 8.0 x 10"7 per year. Loss of injection scenarios 
dominate risk with Station Blackout (SBO) contributing highly to loss of injection frequency. 

While no outstanding issues were raised that would question NMP2 risk, several insights arose that 
will lead to cost effective improvement in plant risk. SBO operating procedures under development 
benefitted from reference to the IPE and review by the IPE team. These procedures help to 
coordinate and prioritize the efforts required to terminate or mitigate an SBO. Key aspects of the 
procedure are: DC load shedding, operation of Reactor Core Isolation Cooling (RCIC), AC power 
recovery, ventilation system augmentation, and diesel fire pump operation. Another insight involved 
containment venting. Containment venting is a concern when the Residual Heat Removal (RHR) 
system and the condenser are unavailable. Design and procedural enhancements to allow greater 
capabilities in vent alignment were identified. In addition, the internal flood analysis noted a concern 
with emergency diesel generator cooling from the service water system in the vicinity of the 
emergency switchgear. A procedure for mitigating a break in these lines was developed. 

Several issues arose that required additional information or study. These issues were classified as 
long term items and will be tracked by the IPE during "living PRA" and Accident Management 
issues. These issues include: service water recovery innovations, use of containment flooding, 
injection at or around die time of containment failure, standby liquid control recovery, and pedestal 
water injection. In addition, the importance of equipment maintenance both as a source of equipment 
unavailability and a means to maximize reliability were highlighted. As such, Reliability Centered 
Maintenance and continued PRA work have been integrated such that the programs are mutually 
benefitted. 



TUESDAY OCTOBER 5 

10:30-12:00 Session C l l : Other Reactor Applications 2 
Windsor East Room 
Chaired by: N.B. Dinh 
(AECL CANDU, Montréal) 

Cl 1.1 Description of the Korean Multipurpose Research Reactor 
by J.B. Lee and CO. Choi (KAERI) and N.B. Dinh (AECL CANDU, Montréal) 

C11.2 The "RB " Reactor as a Source of Fast Neutrons 
by M.P. Pe§i6 and M.J. Milosevic" (Institute of Nuclear Sciences 'VINCA', Belgrade, 
Yugoslavia) 

C11.3 The High Flux Reactor at Petten 
by J. Ahif and G. Tsotridis (Commission of the European Communities Joint Research 
Centre, Institute for Advanced Materials, Petten, The Netherlands) 

CI 1.4 Safety and Radioprotection for the TdeV Tokainak Experiment 
by S. Chapados and J.-C. Amrouni (Énergie & analyses Énaq du Québec Limitée) and 
R.A. Bolton (Centre canadien de fusion magnétique, Varennes, Québec) 



DESCRIPTION OF THE KOREAN MULTIPURPOSE RESEARCH REACTOR 

J.B. Lee and CO. Choi, KAERI, P.O. Box 7, Daeduk-Danji, Taejon, 305-606, Korea 

N.B. Dinh, AECL CANDU, 1155 Metcalfe St., Montreal, Quebec, H3B 2V6, Canada 

The Korea Atomic Energy Research Institute (KAERI) is undertaking the construction of a 
nuclear Research Reactor that will be known as the Korean Multipurpose Research Reactor 
(KMRR). Atomic Energy of Canada Limited (AECL) provided assistance to KAERI in the 
design of the fuel bundles, reactor structure, beam tubes, control rod mechanism and the reactor 
controls. The purpose of this paper is to describe the objectives of the reactor, the reactor 
concept, the control systems and the results of simulations. 

The KMRR was designed with the following utilization programs in mind: 

(1) Fuel and materials testing necessary to support the local manufacture of fuel and reactor 
components for PWR's and CANDU's. 

(2) The production of key radioisotopes, including "Mo/"TC, ^ I , 192Ir, ^Co, etc., and the 
production of neutron transmutation doped silicon. 

(3) Neutron activation analysis of nuclear-grade materials, and other materials for industrial 
R & D needs, and for basic and applied research employing neutron beams, e.g., nuclear 
physics, solid-state physics and metallurgy. 

(4) Neutron radiography for scanning experimental power-reactor fuel assemblies and for 
performing non-destructive examinadons of materials and components used in both nuclear 
and non-nuclear applications. 

The basic requirements for the design of KMRR were: 

(1) The maximum available thermal neutron fluxes in the flux trap should be at least 
5 x 1014 nv. 

(2) The local neutron flux level should be constant within ±20% over a length of 50 cm. 

(3) The reactor should be operable for at least four weeks without refuelling and with at least 
25 mk of available excess reactivity for experiments. 

(4) Discharged fuel assemblies should achieve more than 50% burnup of the initial fissile 
material. 

(5) A reasonable combination of sizes, types, geometries and orientations for various 
experimental facilities would be essential. 

(6) The reactor should have inherent safety characteristics. 
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KMRR is an open pool type research reactor with a forced, upward light water moderator and 
cooling flow and a heavy water annular reflector. The reactor pool is 4 m in diameter and 13.5 m 
deep. It is lined with stainless steel. The reactor structure assembly consists of five major 
components designed to meet CSA standard CAN3-N285.0-M81-Class 3. They are the inlet 
plenum, the grid plate structure, the reflector vessel, the outlet chimney and flow tubes. 

The inlet plenum and grid plate structure are fabricated from stainless steel Type 304L. Their 
function is to support the reflector vessel, and to direct the flow of light water coolant through the 
core and other fuelled sites. The reflector vessel has a donut shape and is fabricated from 
zirconium alloy. It sits on top of the grid plate structure and its function is to support and 
position the experiment facilities, the neutron detector housings, and the chimney. The vessel 
contains the heavy water reflector and separating it from the light water in the pool. The 
chimney is made of aluminum alloy and sits on top of the reflector vessel. It supports and 
positions the shut-off and control absorber units, and also the coolant lines. The chimney height 
and the position of its nozzles are selected so as to prevent the escape of activated coolant water 
into the pool. The chimney also provides a reservoir of water above the core to serve as cooling 
water in the event of a loss of pool water. The flow tube assemblies are attached to the grid plate 
structure and positioned at the center of the reflector vessel, supporting the fuel, channeling the 
coolant flow around the fuel bundles. 

Isometric View of KMRR Reactor Structure 

The reactor core features a combination of light and heavy water reactor core lattices. This 
combination provides extensive variety and flexibility of neutron quality in terms of energy and 
spatial distribution. The inner core consists of 23 hexagonal flow tubes and 8 circular flow tubes 
which are positioned very close to each other and following a lattice pitch of about 80 mm. The 
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narrow gaps of water (2.5 mm), between the adjacent flow tubes are selected to minimize the fuel 
power peaking ratio and to obtain a high quality of neutron flux. 

The outer core has a cluster of 8 circular flow tubes passing through the heavy water region of 
the reflector vessel. These tubes can be loaded with fuel to enhance excess reactivity. They also 
can also be used for irradiation purposes since they provide an excellent environment of high 
epithermal neutron fluence. 

The fuel is made from elements of an extruded low enriched uranium-silicon-aluminum alloy 
(about 20 wt% 235U) with finned aluminum cladding. Its proven performance reveals high 
burnup (up to 80 atomic% 235U), high thermal conductivity, high corrosion resistance, relatively 
low swelling rates and good fission product retention. Two configurations of fuel bundle are 
designed for KMRR; hexagonal 36 element bundle and circular 18 element bundle. 

Plan View of KMRR Reactor Structure 

The reactor has seven (7) tangential beam tubes, and their positions have been carefully selected 
to maximize thermal neutron fluxes while minimizing fast neutron and gamma fluxes. Four ST 
beam tubes are used for neutron spectrometer applications; the CN beam tube is dedicated to 
cold neutron study; the NR beam tube is for neutron radiography and the IR beam tube is used 
for research of irradiation induced material damage. The reflector vessel contains 25 vertical 
irradiation sites with two neutron transmutation doped silicon sites, one cold neutron cryogen 
chamber site, one off-core test loop site, three pneumatic and one hydraulic tube installations, 
and seventeen miscellaneous isotope production sites. 
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The characteristics of the vertical irradiation sites and beam tubes are given in the table below: 

Irradiation Site 

CT 

IR 

OR 

NTD1 

NTD2 

CNS 

LH 

HTS 

NAA1 

NAA2 

NAA3 

Beam Tube 

ST1 

ST2 

ST3 

ST4 

CN 

NR 

IR 

Dimension 
I.D. (cm) 

8.01 

8.01 

5.92 

22.0 

18.0 

16.0 

15.0 

10.0 

5.92 

5.92 

5.92 

Geometrv 

Tangential Rectangular 

Tangential Rectangular 

Tangential Rectangular 

Tangential Rectangular 

Tangential Rectangular 

Tangential Circular 

Tangential Circular 

Neutron ] 
Fast C>0.821 Me V) 

1.5 xlO1 4 

1.3 xlO1 4 

2.7 x 1013 

1.2 xlO1 1 

9.3 xlO1 1 

2.7 x 1012 

1.3 x 1012 

2.7 xlO1 1 

2.4 xlO1 0 

2.5 xlO1 1 

1.3 xlO1 2 

Nose Dimension fcm) 

7x14 

7x14 

7x14 

7x14 

6x15 

10 

10 

^uxesfnv} 
Thermal (<0.625 eV) 

5.3 x 1014 

4.8 x 1014 

3.0 x 1014 

4.4 xlO1 3 

4.2 x 1013 

2.1 x 1014 

2.3 x 1014 

8.8 x 1013 

3.9xl0l 3 

9.4 xlO1 3 

1.6 xlO1 4 

Thermal Flux r<0.625eV> 

1.8 xlO1 4 

2.4 x 1014 

2.8 x 1014 

2.2 x 1014 

1.4 xlO1 4 

4.5 x 1013 

2.8 xlO1 4 

When operating at full power, the core will generate a total fission power of 30MWth. The heat 
generated in the reactor core will be transported to two heat exchangers by the primary cooling 
system (PCS). The heat exchangers transfer the heat from the PCS to the secondary cooling 
system (SCS) which uses a set of cooling towers to dissipate the heat to the atmosphere. The 
PCS consists of two, 50% capacity parallel circuits, each equipped with a centrifugal pump and a 
plate type heat exchanger. Both circuits join one common inlet pipe before entering the reactor 
plenum. The water flows vertically up through the core via the flow tubes, and passing the core 
exits the chimney nozzles and returns to the pump flow via two parallel pipes. About 10% of the 
coolant flow is bled off from the inlet pipe and directed to the pool. This water by-passes the 
core and rises to the top of the chimney where it is sucked down into the chimney by the pumps. 
This helps to suppress the water jet exiting the core. During full power operation, the coolant 
flows through the core at 7.2 m/sec. During shut-down, the decay heat is removed by 
thermalsyphoning in the PCS loops or via the pool. 
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Simplified Schematic of the Primary and Secondary Cooling Systems 

The reactor regulating system (RRS) is equipped with a solid drive system using stepping motors 
that drive four hafnium control rods. The control functions are performed by two redundant 
programmable controllers (PC). The RRS controllers read the field signals, execute the power 
calculation and output the step command to the stepping motors every 200 msec. The control 
rods are driven in sequence one at a time in steps of 0.02 mm and the power rate change is kept 
below 5% present power per second. When certain critical process parameters exceed their 
normal operating limits, or the RRS detects system faults it disengages the magnets holding the 
control rods to allow their free-fall into the reactor, shutting it down. This occurs before the 
reactor protection system action is required to trip the reactor. 

The reactor has three modes of operations: the manual mode (manual manoeuvering of control 
rod positions) for power levels below 0.1% full power (FP), the auto mode controlled by the P.C. 
for power level from 0% to 100% FP, and the set back, 50% FP mode initiated by the P.C. on 
loss of one PCS cooling pump, or on high secondary coolant temperatures. 
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Simplified RRS Control Block Diagram 

The reactor protection system (RPS) is equipped with four hafnium shutoff rods driven by a 
hydraulic circuit using four cylinder/piston mechanisms. Four shut-off rods are held in position 
above the core by pressurized cylinders. The reactor trip logics consists of three redundant and 
totally independent channels. When a trip parameter exceeds its set point, the corresponding 
channel will trip. If two out of three channels trip, the reactor will shut down. Relay logic is 
used to implement RPS trips. General coincidence logic was chosen because it is simple, easy to 
test and provides total independence between the channels. 

Reactor shut-down is achieved by tripping a set of three solenoid valves that control the water 
supply to each cylinder. Interruption of the water flow results in the insertion of the rods into the 
core. Except for the difference in the driving mechanism, the lower parts of the control rods and 
the shut-off rods are identical. Each rod consists of a 4.5 mm thick hafnium tube having 76 mm 
OD x 700 mm LG joined by a stainless steel push tube mounted on a set of 6 wheel carriage 
running freely inside a flat track bolted on the reactor chimney wall. The hafnium tube slides up 
and down inside a shroud and outside a circular flow tube. The surface of the sliding bearings of 
the hafnium tube; the shroud and the flow tube are finished with a ceramic-like zirconium oxide 
layer. This surface finish was proven to be almost friction free and very durable. The swivel 
link and ball joints are also used in the design to allow self-aligning of hafnium tube with track, 
shroud and flow tube. 

6 



LINK TO 
MDDLECARRIAGE 

MAINTENANCE 
DISCONNECT JOINT MAINTENANCE 

DISCONNECT JOINT 

PLAIN CYLINDRICAL 
WHEELS 

WHEEL ED CARRfAGE 

PUSH TUBE 

UPPERSHROUD 
SUPPORT ON TRACK 

PUSH TUBE LOWER 
UNIVERSAL 

HAFNIUM TUBE 

ROW TUBE 

Lower parts of Control Rod and Shutoff Rod 

CONCLUSION 

The KMRR has appropriate characteristics and high performance to support the growing nuclear 
industry in Korea. Its design uses the leading edge technology and know-how available 
worldwide. The KMRR might well figure among the best multipurpose research reactors in the 
world. 
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ABSTRACT1 

A study of the RB reactor as possible source of fast neutrons began in 1976 and four different 
version of fast neutron sources are designed up to 1990: an external neutron converter - ENC 
(1976), an experimental fuel channel - EFC (1982), an internal neutron converter - INC (1983), 
and a coupled fast-thermal core - HERBE (1990). An overview of applications and characteristics 
of each particular source of fast neutrons, including available irradiation space, neutron spectra 
and equivalent neutron and gamma dose rates is presented in the paper. Control and safety-
related implications of these modifications of the reactor are emphasised. Computer codes and 
nuclear data libraries, used in calculations, are described. 

INTRODUCTION 

The 'RB' reactor [1] is a critical assembly designed in 1958 to operate using heavy water, natural 
metal uranium and 2% enriched metal uranium of Soviet origin. A study of the RB reactor as 
possible source of fast neutrons began in 1976, when the 80% enriched U02 fuel is bought in 
former Soviet Union. At the beginning of the research, the simplest fast neutron sources are 
designed: the external neutron converter - ENC (1976) and the experimental fuel channel - EFC 
(1982). Simultaneously, more sophisticated computer codes are developed in the Nuclear 
Engineering Laboratory and new methods in measurements are applied. As a result of the 
experiences gained in determination of characteristics of these developed neutron sources, new 
and more complex fast neutron sources are designed latter: the internal neutron converter - INC 
(1983), and the coupled fast-thermal core - HERBE (1990). 

CHARACTERISTICS OF THE FAST NEUTRON SOURCES 

The ENC 

The ENC [2] transforms thermal neutron leakage flux from the RB core into a fast, near to 
fission spectrum, neutron flux. It is designed as an aluminum box placed beside the reactor core 
and filled with segments of 80% enriched uranium dioxide fuel (total 4.3 kg 235U). The output 

On Occasion of the 45-th Anniversary of the VINÔA Institute, the 40-th Anniversary of the Nuclear 
Engineering Laboratory and 35-th Anniversary of the "KB" reactor operation 
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of the ENC is covered by a thin Cd plate to eliminate thermal neutrons in output spectrum. An 
especial RB core is designed to optimize the maximum ENC flux output in function of the reactor 
power. The large experimental space and possibility of down-shifting of the ENC output fast 
neutron spectrum using screens of different materials are the principal advantages of the ENC. 
The shortcoming of the ENC is low intensity of the fast neutron flux. Characteristics of the ENC 
with Fe screen (8 cm thick) used for fast neutron spectrum down-shifting, beside the original 
ENC, are shown in the Table 1. The RB core with ENC is shown in Fig.l (I row left). 

The EFC 

The EFC [3] was constructed of ten 80% enriched U02 fuel segments of the RB reactor, placed 
in a standard fuel channel of the RB core, but without moderator around fuel segments. The 
segments are modified in a such way that an inner aluminum part of the hollow fuel segments 
is removed. The intensity of the fast neutron flux inside the EFC was upgraded on account 
smaller available experimental space and softer neutron spectrum than in the ENC. New RB core 
was designed in aim to increase epithermal neutron flux around the EFC that was placed in 
position of the central axis of the RB reactor core, surrounded with radial thermal core zone 
filled with high enriched fuel elements without moderator inside fuel channels. Basic 
characteristics of the ENC are shown in the Table 1. Horizontal cross-section of the EFC is 
shown in Fig.l (II row left). 

The INC 

The INC [4] fast zone (without moderator) was designed as an 80% enriched fuel elements 
annulus (inner/outer diameter 200/300 mm) surrounded with blanket made of two layers of the 
natural uranium fuel elements in separate aluminum tanks. A central air hole is designed for 
irradiation purpose. Two different versions of the INC are developed (INC-1, INC-2). The INC 
thermal zone is the RB thermal core of 2% and 80% enriched fuel elements placed in square 
' ittice pitch of 120 mm surrounded with heavy water reflector. The INC acts as fast neutron 
converter inside the RB reactor, which characteristics are shown in Table 1. Horizontal cross-
section of the INC-1 is shown in Fig.l (III row left). 

The HERBE 

The HERBE [5], coupled fast-thermal neutron core in the RB reactor is recently designed for fast 
neutron flux intensity increasing in a vertical channel placed in the centre of the fast core. 
Characteristics of the HERBE are determined by computer codes and in the experiments for 
verification [6]. The fast core (200 mm diameter) of the HERBE system is loaded with the 
natural uranium fuel elements. It is surrounded by a neutron filter and a neutron converter 
(200/300 mm inner/outer diameter annulus). The neutron filter contains a cadmium layer (1.6 
mm) and the natural uranium fuel elements. Increase of fast neutron flux is realized by the 
neutron converter, filled with the 80% enriched U02 fuel elements (300/400 mm inner/outer 
diameter annulus). Thermal core is composed of the 80% enriched U02 in the 12 cm square 
lattice cell, moderated and reflected by heavy water. A vertical channel (72 mm diameter) is 
placed in the centre of the system. Characteristics of the HERBE are shown in Table 1. 
Horizontal cross-section of the HERBE fast core is shown in Fig. 1 (IV row left). 
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Characteristics of the Fast Neutron Sources of the RB Reactor 

The RB Reactor 
Fast Neutron 
Source Name 

E N C 
External Neutron 
Converter 

E N C - F E 
The ENC with Fe 
Screen (8 cm) 

E F C 
Experimental Fuel 
Channel 

I N C - 1 
The RB Internal 
Neutron Convertor 
Version no. 1. 

I N C - 2 
The RB Internal 
Neutron Converter 
Version no. 2. 

HERBE 
The RB Reactor 
Fast-Thermal 
Coupled Core 

Source Location 
at the RB Reactor 

The RB North 
Experimental 
Platform 

The RB North 
Experimental 
Platform 

The RB Reactor 
Core no. 58. 

The RB Reactor 
Core no. 59. 

The RB Reactor 
Core no. 60. 

The RB Reactor 
Core no. 78. 

Available Irradiation 
(Experimental) Space 
at the RB Reactor 

(maximum dimensions) 

l m x l m x l . S m 

1 m x 1 m x l . 5 m 

D = 23 mm 
L = 1200 mm 

D = 200 mm 
L = 1250 mm 

D = 300 mm 
L = 1260 mm 

D = 38 mm 
L = 950 mm 

Neutron Flux 
[n/cm2/s] at 1 W RB power 

thermal fast 
(< 0.465 eV) ( > 0.1 MeV) 

0 

0 

2.6 108 

2.3 105 

2.3 105 

8.6 102 

2 105 

1 10s 

2.7 106 

1.4 106 

1.5 10s 

3.3 106 

Equivalent Dose Rate 
[mGy/h] at 1 W RB power 
neutron's gamma's 

8 

4 

410 

290 

290 

5240 

1 

0 

350 

70 

70 

Remarks: 
1. The RB normal operation power range: 10 mW - 50 W; 
2. D = diameter, L = length; 
3. The maximum values of the neutron flux and dose rate are shown (in the centre of the fast neutron source of the RB reactor). 
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Figure 1. Horizontal cross-section of the RB cores with fast neutron sources and neutron spectra 
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Horizontal cross-sections of the 'RB' reactor cores with the fast neutron sources are shown in 
the Figure 1, at the left column. The calculated (and measured) neutron spectrum in the centre 
of the respective fast neutrons source is shown at the right column of the Figure 1. Neutron 
spectrum at the output of the ENC, measured by a set of Bonner's spheres [13], is shown in 
Fig. 1 (I row right). Calculated neutron spectrum, in the centre of the EFC, by VESNA/AVERY 
codes and measured one using activation foils technique [3] is shown in Fig. 1 (II row right). 
Neutron spectrum in the centre of the INC-1, calculated by VESNA and AVERY codes and 
measured one, in fast neutron energy range, using threshold neutron detectors [4] is shown in 
Fig 1 (III row right). The HERBE's neutron spectrum in the centre of the fast neutron core is 
calculated by VESNA and AVERY computer codes [5] and shown in Fig 1 (IV row right). 
Measurements of the neutron spectrum in the centre of the HERBE's fast neutron zone are in 
progress now. 

COMPUTER CODES 

The first calculations of the ENC and its coupling to the RB reactor are done by the well-known 
K7-THERMOS computer code (in thermal neutron group) and by the MULTI code (P-3 
approximation, 24 fast neutron groups) that was developed in the Nuclear Engineering 
Laboratory. The ABBN (latter BNAB-78) cross-section library data are used. This multi-group 
cell data are condensed in few (2 or 4) energy group and diffusion R-Z computer code TWENTY 
GRAND is used for reactor and ENC computations. These calculations offered the results of the 
reactor critical level with unacceptable high error compared to the experimental results. That was 
the reason that new computer code VESNA is developed in the NET Laboratory for the reactor 
cell calculation in the 44 energy groups (20 thermal and 24 fast neutron groups) based at the 
collision probability method. All calculations of the ENC are repeated using VESNA code instead 
of the K7-THERMOS/MULTI combination with more satisfactory results. Further calculations 
of group cross-sections of the EFC and the INC are done using the VESNA cell code. The global 
reactor characteristics are calculated by 2D R-Z few groups (2 or 4) diffusion computer codes 
TWENTY GRAND and GALER. Several computer codes for calculating neutronic parameters 
of the HERBE system are developed in NET Laboratory: VESNA, DENEB, VEGA, AVERY 
and GALER. Programs TWENTY GRAND [11] and TRITON [12] were obtained from NEA 
Data Bank and installed at NET Laboratory's VAX 8250 computer. A brief description of the 
computer programs follows. Further details of the codes are given in [5] and in the manuals. 

Program VESNA is a reactor cell design code for LWR and HWR calculations. It belongs to 
the class of codes, all similar in structure, which are based on spectrum and spatial calculation 
in reactor cell and includes a variety of different options. Primary data library is in 44 energy 
groups. The epithermal range down to 1 eV has 23 energy groups, 13 being in the 238U resonance 
range. For neutrons in the fast and in the unresolved resonance range the multigroup cross 
section data have been obtained from BNAB-78 library. The library also contains multigroup 
values of the self-shielding factors, obtained by the fine-multigroup slowing-down calculation 
using resonance parameters library from Abagyan et al. [7] and Kon'shin [8] and tabulated for 
several temperatures and effective scattering cross sections. Finally, group-by-group geometry 
dependent effective scattering cross sections are obtained by equivalence theory and IR 
approximation. For thermal neutrons, 20 energy groups with equal width in velocity domain are 
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used. Scattering matrices as a function of temperature, for hydrogen in water and deuterium in 
heavy water are calculated using model of Koppel and Young. The post-processing module of 
VESNA generates macroscopic constants for reactor diffusion calculation. The streaming 
correctio:.. of diffusion coefficients are computed by the heterogeneous flux and first-flight 
collision probabilities according to Benoist's theory. 

Program VEGA is developed for the calculation of space-energy distribution of neutron flux and 
few group constants preparation in thermal reactor assembly with complex XY geometry and 
diagonal symmetry. The assembly is divided in square or quadrilateral regions. Some square 
regions can contain several concentric circular regions. Reflector or vacuum boundary conditions 
can be used. Some regions (usually fuel elements with moderator and structural materials) can 
be homogenized into single material, using routines from program VESNA. Control and safety 
rods are not homogenized, but are calculated exactly in supercell model with one control rod and 
neighbouring fuel elements. All other characteristics of program VEGA are identical with those 
of program VESNA, except collision probability modules in two-dimensional geometry. Here 
the ray tracing technique is applied. It is slow, but very accurate, procedure that is important in 
safety rod calculations, this being the main purpose of program VEGA. 

Program DENEB is developed for neutronic calculations of coupled fast-thermal system HERBE 
important in safety considerations. It is very similar to program VEGA, but uses cylindrical RZ 
instead of XY geometry. Some of cylindrical zones can contain circular subregions, for example, 
fuel rods arranged in a cylindrical region, geometric configuration typical for HERBE system 
when heavy wave/ enters the fast zone. Thus reactor cells have very unusual geometric 
configuration, which cannot be described by standard cell calculations. The solution of this 
problem is the main purpose of program DENEB. This program is also used for the calculation 
of HERBE neutronic parameters in zones that contain significant void fraction. Benoist theory 
was used to calculate diffusion coefficients in reactor cell zon';s. Homogenization of particular 
cell zones was performed according to the rule of conservation of total leakage for every zone. 
Other characteristics of program DENEB are identical with programs VESNA and VEGA. 

Program AVERY calculates the kinetic parameters of coupled core systems using the model of 
Avery [9]. Kinetics of a coupled system is described by coupled kinetic equations, where some 
integral parameters are defined characterizing multiplication and prompt neutron lifetime in every 
core as well as interaction between cores. Direct and adjoint neutron fluxes are needed for the 
calculation of integral parameters. They are calculated by collision or transmission probability 
method in one dimensional cylindrical geometry, with axial leakage represented by axial buckling 
for each zone. Besides calculations of effective multiplication factor, space and energy 
distributions of neutron and adjoint flux and kinetic parameters, program AVERY prepares few 
group cross sections for global diffusion calculations. 

Program GALER is a few groups two dimensional diffusion program in RZ geometry based on 
a variation of Galerkin method [10] for more than two energy groups, as originally implemented. 
Coordinate functions are generated from one-dimensional slab and cylindrical eigenfunctions. 

All described computer codes are used for different calculations of coupled fast-thermal system 
HERBE, but can be used for any other complex configuration of similar structure. 
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CONTROL AND SAFETY-RELATED IMPLICATIONS 

General demands that are set during design fast neutron sources at the RB reactor were: 

modifications of the RB reactor core should not be large; 
only existing nuclear fuel can be used; 
the whole coupling: RB_reactor-fast_neutron_source should be strong in such way that 
it acts as a common thermal reactor (large prompt neutron time) so that the existing 
reactor control system can operate normally; 
the coupling should be designed in such way that the system can be shut down quickly 
and safely with safety rods in thermal core. 

All demands that are set during design of the fast neutron sources at the RB reactor are achieved. 
Safety analyses shown that the existing safety system has enough reactivity which can inserts in 
a very short interval so any power excursion can be stop. Responses of the reactor control 
instrumentation are so that all control of the designed couplings is within normal operation of the 
RB reactor. For safety reasons, to increase sensitivity of the safety system to the most dangerous 
possible accident - flooding of the fast zone of the INC and HERBE, a two moderator leak 
sensors are placed in the outermost tank of the fast core and independently connected to the 
existing RB reactor safety system. 

CONCLUSION 

Determination of the fast neutron spectra and other relevant characteristics of the realized fast 
neutron sources (fields) at the RB reactor were the main experiments performed at the RB reactor 
in the last 18 years. A long bibliography is at disposal regarding determination of characteristics 
of the developed neutrons sources. Several new computer programs for the reactor calculations 
and experimental data evaluations were developed in Nuclear Engineering Laboratory - NET of 
the Institute of Nuclear Sciences 'VINCA'. 

Safety analyses have showed that the RB reactor can operate safely with all types of developed 
fast neutron sources without any modification of the existing control and safety systems. There 
were no needs for additional safety rods acting upon the fast core zone, but for safety 
precautions, two sensors of the moderator level (the 'flooding accident') were placed in the outer 
tank of fast zone of the INC and HERBE and independently connected to the existing safety 
system of the RB reactor. 

Determination of the fast neutron spectra and other relevant characteristics of the achieved fast 
neutron sources were the experimental tasks performed at the RB reactor in the last few years. 
New computer programs for rector calculation and experimental data evaluation were developed 
in the NET Laboratory in Vinca Institute. The last designed fast neutron source - the coupled 
fast-thermal system HERBE is aimed for experimental verification of the reactor design-oriented 
methods. For this purpose the measurements and interpretations of experiments must be made 
with a high degree of accuracy. 
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TOE HIGH FLUX REACTOR at PETTEN 

An Overview of the Facility and the Programme 

J. Ahlf and G. Tsotridis 

Commission of the European Communities 
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P.O. Box 2,1755 ZG, Petten, NETHERLANDS 

ABSTRACT 

The High Flux Reactor (HFR) at Petten, Netherlands, is a 45 MW water cooled and 

moderated, multipurpose research reactor, of the pool type. Due to the vessel 

replacement in 1984, the reactor can be regarded as an up-to-date research tool This 

is underlined by the consistent high availability of more than 250 operation days per 

year. The HFR is highly utilised by a diversified experimental programme, including fuel 

and structural material investigations for different fission reactor types, LWR, HTR, 

LMFBR and important fusion materials irradiations. 

Over the years, the HFR has contributed in irradiation testing of LWR fuel rods to the 

R&D on the safe and economic utilisation of light reactor fuels. In earlier times, the 

irradiation support to the LWR fuel community addressed fuel rod behaviour under 

start-up, operational and overpower transients and/or under-power cycling conditions. 

Test programmes employ mostly LWR fuel rod segments pre-irradiated >. commercial 

power reactors, important data on the fuel rod behaviour with respect to its transient 

characteristics, e.g safe transient speed, safe power steps and allowable power 

thresholds have been obtained through various programmes for PWR and BWR fuel 

using UCL, and Mixed Oxide (MOX) Fuel. Current R&D in the LWR covers fuel rod 

behaviour at high bum-up. A second line of irradiation support at the HFR addresses 

the investigation of the release and behaviour of fission products under a LOCA 

scenario. 

Various programmes are currently being pursued with the aim of qualifying various 
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FBR fuels and structural materials under normal and off-normal conditions. The fast 

reactor experiments carried out at the HFR, are transient tests investigating fast reactor 

fuel pin behaviour under-transient conditions with features including start-up behaviour, 

power cycling and ramping, fuel melting and simulated loss-of-ftow behaviour, and 

advanced fuel irradiations investigating the operational behaviour of dense (nitride) fast 

breeder fuels. 

Numerous tests have been performed with HTR spherical fuel elements with low 

enriched UG^ TRISO coated particles as fuel, with emphasis on volatile fission product 

release under steady state and transient conditions. Recently the studies have been 

extended to address the dependence of fission product release on coolant gas 

impurities, mainly moisture. The graphite Irradiation programme includes tests where 

reflector and matrix graphites are tested under a wide range of neutron fluence and 

temperatures. More sophisticated experiments on enhanced creep of graphite wrth the 

irradiation of specially designed specimens under specified compressive or tensile 

stress with intermittent measurements of dimensional changes, are also performed. 

The high flux core positions of the reactor are predominantly used for fusion materials 

research, which is entirely incorporated into the European Fusion Technology 

Programme. Most irradiation experiments cover studies on radiation damage in 

austenitic stainless steel and vanadium alloys, as well irradiations of refractory 

materials for first wall protection and divertor. An important part of this programme 

addresses studies on irradiation effects on the creep, fatigue and crack growth 

behaviour in metallic materials. Another important objective of the fusion materials 

irradiation programme is related to R&D on prospective blanket breeder materials, 

lithium containing ceramics, and eutectic alloy PB-17U with emphasis on tritium 

kinetics as a function of temperature, burn-up and purge gas chemistry. 

In addition, there is extensive use of the beam tubes for neutron scattering, neutron 

radiography, and the very promising area of Boron Neutron Capture Therapy (BNCT). 

Radioisotope production for the medical and Industrial sector as well as activation 

analysis are performed on a large scale. 
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1 Introduction 

This presentation covers the work that has been undertaken for the risk assessment review and for the 
establishment of a systematic radiation protection program for the TdeV tokamak experiment. The scope 
of the work was to identify and to evaluate the nature of the hazards potentially present on the site, paying 
particular attention to those related to ionizing radiation. 

TdeV is an experimental facility operated by the Centre canadien de fusion magnétique (CCFM), a joint 
venture of Hydro-Québec (HQ), Atomic Energy of Canada Ltd. (AECL), and the "Institut national de la 
recherche scientifique" (INRS). The mission of the CCFM is to conduct scientific experiments and to lead 
the experimental research and development effort related to magnetic nuclear fusion in Canada. 

The tokamak is a device in which an ionized gas (plasma) is confined by a very strong magnetic field and 
is heated to very high temperatures as measured by the atomic velocities. The TdeV fusion research 
concentrates on plasma behaviour and on the interaction of hot plasma with the walls. 

Until 1990, TdeV was operated with hydrogen. Deuterium plasmas, however, were used occasionally in 
1991-1992. Depending on the gas used, the tokamak emits one or two kinds of radiation. Only X-rays 
are emitted during operation with a hydrogen plasma; X-rays and a neutron flux are emitted during 
operation with a deuterium plasma. 

2 Description of the facility 

2.1 The TdeV tokamak 

The TdeV tokamak is the largest fusion energy research device in Canada. It is however of modest size 
with respect to the world's largest tokamaks. The dimensions of the vacuum vessel are shown in table 
1. The range of the physical parameters depends on the operating mode used. 

In the first operating phase of TdeV, simple blocs of material, called limiters, were used to delimit the 
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plasma edge and to prevent high-energy electrons from colliding with the chamber walls. 

In a second operating phase a divertor was used to define the plasma boundary. Deuterium gas was 
occasionnaly used to form the plasma in that phase. 

In the first two phases, the plasma was ohmically heated by the induced plasma current. 

In a coming third mode of operation, the temperature and plasma current duration will be increased 
considerably by radio-frequency plasma heating. 

The physical parameters and operating modes of TdeV are shown in tables 1 and 2. Since TdeV is an 
experimental facility, the machine and its operating parameters evolve with the results obtained and with 
time. 

Table 1 : Dimensions of TdeV and plasma 

Description 

Large plasma radius 

Small plasma radius 

Plasma volume 

Vacuum vessel diameter 

Vacuum vessel height 

Vacuum vessel volume 

Vacuum vessel thickness 

Symbol 

R 

r 

V P 

dc 

be 

vc 

ec 

Value 

0.87 

0.27 

1.25 

2.7 

1.0 

4.0 

0.01 

Units 

m 

m 

m3 

m 

m 

m3 

m 

Table 2 : Operating mode of TdeV 

Phase 

I 

II 

III 

Plasma 

Hydrogen 

Deuterium or hydrogen 

Deuterium or hydrogen 

Limiter or 
divertor 

limiter 

divertor 

divertor 

Impulsion 
length 

« 1 s 

* 1 s 

a 10 S 

Heating 

olimic 

ohmic 

RF + ohinic 

2.2 Description of the site 

TdeV is located in the test cell number 6 of the "Laboratoire Grande Puissance" of the "Institut de 
Recherche d'Hydro-Québec" (IREQ) at Varennes. The cell is a 32 m long by 19 in wide by 22 m high 
concrete room. The TdeV test cell, the control room and the klystron room are located in the test cell. 
CCFM offices are located near the test cell and outside the main building. 

2 



The tokamak axis is located 1.5 meter above an experimental platform for ease of access. It is supported 
by a stainless steel structure standing on a concrete slab. Figures 2 and 3 show a layout of the site. 

2.3 Shielding 

To protect the workers and the public against radiation, shielding is provided by the thick concrete walls 
of the experimental facility and by lead shielding in stategic places around the tokamak. TdeV is located 
at the center of a large test facility, and distance to the source is also an important factor in the field 
attenuation. During the operation, access to the tokamak itself is strictly prohibited. 

The concrete walls of the test cell are 50 cm thick. The control room and klystron room are delimited 
by 60 cm thick concrete brick and concrete walls. The ceiling of the test cell is a hollowed concrete slab. 
The height of the cell is such that any skylight effect can be neglected. Access to the roof during 
operation is, however, excluded by an interlock with the operating sequence. 

A series of tests has been done to assess the attenuation rate of the concrete walls of the test cell. Holes 
have been drilled at different deepness in the concrete. Measurements using pencil dosimeters have shown 
the tenth value layer to be 46 cm. 

Figure 1 : Side view of the test cell 
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Figure 2: Top view of the test cell 
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2.4 Operating procedure 

The operalion of TdeV is limited by available magnetic flux swing. A typical shot duration is currently 
1 s. About 30 shots are done on a typical day and tests are usally conducted three days a week. The 
annual operating schedule is variable but is about six months long and includes about 2000 shots. 

During a test, access to the cell is prohibited. A safety procedure is followed by the Operational Agent 
in which the test cell is visually inspected, an audible alarm is emitted and a sequence of visual indicators 
(green, yellow and red lights) is followed. All the access doors are equipped with interlocks to detect 
intrusion. On intrusion detection in the red state, TdeV is immediately shut down, and no more radiation 
can be produced. 

Radiation production 

3.1 X-rays emission 

When a tokamak is operating, a strong X-ray field can be emitted by runaway electrons which strike 
limiters, neutralizing plates and other metal objects near the physical boundary of the plasma. Some 
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electrons, as they are accelerated by the electric field, become separated enough in velocity from the bulk 
of the electrons so as to have a significantly lower collision frequency. This tends to further increase their 
separation from the others, causing a monotonie increase of their velocity, even though the electric field 
is only of the order of a volt per metre. When the drift of these runaway electrons is such that they are 
no longer confined by the magnetic field, they hit the wall and produce photons in the X-rays range. The 
maximum energy of these photons is not easily predictable, but energies up to 15 McV are observed. 
These runaway electrons are more likely to occur during the initial phase of the tokamak discharge when 
the density, and therefore the probability of collision, are low. 

Since these runaway electrons are neither inherent in the operation of the tokamak, nor desirable, every 
effort is made to operate in parameter space that minimizes their production, and the control system shuts 
down the tokamak if the hard X-ray intensity exceeds a chosen treshold. In the usual hydrogen operation 
of TdeV, these hard X-rays represent the only potential radiological hazard. 

3.2 Neutron and tritium production 

When deuterium is used, two reactions with almost equal probability but relatively low cross sections 
occur: 

D + D -)• 3He(0.82 MeV) + n(2.45 MeV) + 3.27 Mcv 

D + D -> T (1.01 MeV) + p(3.02 MeV) + 4.03 Mev 

The D-D reaction will result in the emission of a 2.45 MeV neutron or in the production of one atom of 
tritium. 

The radiological consequence of using deuterium in the tokamak is assessed by using conservative 
calculations based on extreme values of the operating parameters [1]. Some known parameters obtained 
from previous operation of TdeV or from other tokamaks have also been used. 

The neutron production rate (Pn) in the plasma was estimated [1,2] by integrating the reaction rate 
(RD-DM)

 o v e r t n e volume, taking into account the density and temperature profile. 

Pn = 4 7T R J RD.D(r) • r dr 
0 

The reaction rate is known as a function of the temperature (T) and density (nD") of the plasma. 

RD.D(n,T) = 1/2 nD
: <ov> 

The density and temperature distribution were available from the instrumentation of TdeV [3]. A 
reasonable fit is: 

n«(r) = 3.97 10" (1 - 0.494(r/a); + 1.876(r/a)3 - 2.138(r/a)4) m"3 

For neutron production: 

<cv>„ = 1.38 10-:o T/2'3 exp(-18.81 T,"1'3) mVs 
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and for the production of tritium: 

<av>, - 1.53 10"20 T,-M exp(-18.81 T'io) mVs 

where: 

Ti(r) = 597 (1 - (r/a)2)084 cV 

A conservative estimate results in a production rate from 108 neutrons/shot or 1012 neutrons/year for 
operating phase 1 to 10u neutrons/shot or 3 - 10M neutrons/year for operating phase 3. These number 
were obtained by assuming that all the tests (about 2000 a year) were conducted with .,,nrtcrium plasma. 
In fact, only a few dozen tests with deuterium plasma were conducted in TdeV since the beginning of its 
operation. 

3.3 Activation 

Activation of the structure by 2.45 Mev neutrons will be limited by the relatively low energy and by the 
very few neutrons produced. A Geiger counter is used during the opening of the vacuum vessel and 
activation measurements are done on a sample of a limiter. To this day it was not possible to detect any 
activation of the stucture. 

4 Radiation detection procedure 

TdeV is not considered as being a nuclear facility in Canada. However, the first step in the process of 
risk evaluation has been the issuing of a Safety Report [1] assessing the risks to the public and to the 
workers, using the same approach as that required for the licensing of a Nuclear Facility. 

The safety organization of CCFM is subject to the general rules used by Hydro-Québec for the operation 
of Gentilly-2 power reactor [4], These general rules are written in the "Directives de santé et Normes de 
Radioprotection" [5] which in turn are inspired by international and national regulatory recommandations 
[6]. Finally, a radiation protection program [7] based on previously defined practices has been established 
and systematic readings of radiations monitors are taken. 

Since the presence of personnel is not tolerated in the test cell during operation, the wearing of individual 
dosimeters is not necessary. 

The radiological surveillance at TdeV is done by dedicated radiation measurement devices distributed over 
the site. Since the tokamak emits only over very short periods of time, at low duty cycle, a relatively long 
period of exposure is necessary to achieve a measurable dose. 

It has been very difficult to obtain reliable neuronic measurements method since the neutron integrated 
flux is extremely low. 

For X-rays, the Gamma dosimeters (TLD) are of the same type as those used at Gcntilly-2. They were 
recommended by radioprotection experts for the measurement of the dose equivalent resulting from X-rays 
in the energy range expected at TdeV. The typical period of exposure for the TLD is approximately six 
months and varies with the operationnal schedule. 

The TLDs are installed at fixed locations in the control room to detect anv dose to the staff. The TLDs 
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are also installed on fixed locations inside the test cell (figure 2). This allows the identification of hot 
spots whitin the test cell which result from the details of the contact between material and the plasma. 

Figure 3 shows the azimuthal distribution of the X-ray field around TdeV as derived from the TLD 
measurements inside the test cell. In the limiter case DTL-0, covering the period from 1987 until 1989, 
one sees the expected hot spot in the direction of the impact of runaway electrons on the limiter blocks 
(seen at 60 degrees in Figure 3). The fairly high values are consistent with the lower operating pressure 
of much of the early operation of TdeV. The two totally divertor series DTL-2 and DTL-5, show a 
concentration, of the order of 1250 mrem per year, in the 210 degree direction and a smaller peak at 165 
degree. There is no obvious geometrical explanation of this effect since the divertor configuration is 
inherently axi-symmetric. All other values are below 500 m rem per year, most below 250. The mixed 
series DTL-1, of which the shot distribution was 10% limiter and 90% divertor, shows features consistent 
with both modes. 

Neutron detectors are used to evaluate the neutron flux emitted while the Tokaniak is operated with 
deuterium. CR-39 dosimeters were supplied and processed by Health and Welfare Canada and by Chalk 
River Nuclear Laboratories. The last results recently obtained from the Laboratories at Chalk River 
showed that no significant doses were detected in the past years of operation. 

The radiation detection procedures will be maintained at TdeV as the performance of the tokamak is 
increased. The introduction of other sources of heating such as radio-frequency waves may increase the 
amount of ionizing radiation emitted. The measurements made of X-ray emission, the measured 
attenuation of the concrete shielding and the rigorous methodology developped will prevent exposure of 
the personnel to any radiological risk. 
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A NEW FACILITY FOR THE DETERMINATION OF 
CRITICAL HEAT FLUX IN NUCLEAR FUEL ASSEMBLIES 

R.A. Fortman, G.I. Hadaller, R.C. Hamilton, R.C. Hayes, K.S. Shin, F. Stern 
Stern Laboratories Inc., 1590 Burlington Street East, Hamilton, Ontario, L8H 3L3 

A new facility for the determination of Critical Heat Flux in simulated reactor fuel assemblies has been constructed 
at Stern Laboratories for CANDU Owner's Group, Working Party #07. The COG technical representative for this 
work was Dr. W.I. Midvidy. 

Figure 1 is a schematic of the primary test loop. The main circulating pump (rated 55 l.s"1 at 380 m head) 
provides steady-state or transient light water flow at up to 14.6 MPa. Heat rejection from the primary loop is 
accomplished by passing flow through either or both of two heat exchangers and by feed and bleed using a 
separator and condenser. Depending on test parameters, the test section discharge is directed to either of the heat 
exchangers, one of which is constructed for primary flow in the tubes and used to cool single-phase water from 
the separator, the other is constructed for primary flow through the shell and used for steam condensation. The 
water is returned from the heat exchangers to the pump. The secondary water for the heat exchangers and 
condenser is recirculated by cooling water pumps through two cooling towers. 

DC POWER 
SUPPLY 

CONDENSER 

PREHEATER 
J00 kW 

Figure 1 SCHEMATIC OF CHF TEST SECTION 

The system pressure is maintained by controlling the rate of bleed from the separator through a pressure reducing 
station to a low pressure condenser. The temperature is adjusted by controlling the rate of feed of cold makeup 
water in conjunction with control of the flows through the heat exchangers. 
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A high pressure chemical feed pump is used to inject hydrazine into the primary loop water at the circulating 
pump inlet to control the pH level of the water between 7.9 and 8.5. This serves to maintain the dissolved oxygen 
content below 5 ppb to minimize corrosion of the test loop components which are mainly carbon steel. The 
electrical conductivity of the loop water is also monitored and generally held below 3 umho.cm'1 to prevent 
appreciable electrolytic corrosion. 

The facility is fully instrumented with many redundancies to ensure accurate measurements of power, flow, 
temperatures and absolute and differential pressures. All instrument signals are acquired by the laboratory 
computer system which consists of a DEC VAX 4000-100 computer, clustered with a MicroVAX 2000 computer 
and two VAXStation 3100 workstations running under the VAX/VMS V5.3-1 operating system. The system 
includes four CPI scanners (with 120 input channels each for analogue to digital conversion), an HP A600 
computer (with 80 input A/D channels), a MicroMAC digital input/output system (with various analogue and relay 
outputs used for process control), magnetic disk units (350 Mb, 600 Mb and two 150 Mb), a 1 Gb/650 Mb R/W 
optical disk unit, a tape backup system, various graphics terminals (VT340 & VT330), text display terminals 
(VT320 & VT240), video display monitors, and graphics printers (LN08, LA75 & LA210). Figure 2 shows the 
test loop control room. 

Figure 2 LOOP CONTROL ROOM 

During testing, the data acquisition system, which uses in-house custom software, scans and digitizes up to 480 
instrument signals at the rate of 10 samples per second per channel. The software program converts the signals 
into engineering units and performs additional calculations to convert the engineering units into other parameters 
required for on-line measurement and control, such as flow, average inlet temperature, average outlet pressure, total 
power, etc. Selected data are continuously displayed on terminals and video displays for on-line monitoring by 
the test personnel. 
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For steady-state tests, the signals are recorded for a selected period (typically 30 seconds) at operator selected 
times, and the average values are calculated, in engineering units, and stored in a file along with a listing of the 
channel identification and the conversion constants used. The voltage signals for all of the samples for each 
channel are stored on magnetic disk and may be retrieved for later evaluation or reprocessing, etc. 

For transient testing, the signals are recorded continuously for a selected period (typically 30 to 45 minutes). The 
signals of all the samples for each channel are stored along with the listing of the channel identification and 
conversion constants used. Also, via a communication link (Ethernet), the data can be transferred to IBM 
compatible computers for further processing or transmission to the customer in DOS compatible files. 

Electrical power is provided by 8 individually controlled rectifiers, (3 units rated at 1.0 MW and 5 
at 2.5 MW) with a total rated output capacity of 15 Megawatts DC (ie. 60,000 amps @ 250 volts) 
shows the high current internals of one of the 2.5 MW supplies. At the design voltage for the present 
220 volts, and the rated maximum current, a 
total power of 13.2 Megawatts DC is 
available. The rectifier units are specially 
designed for low ripple DC output with a 
maximum ripple of less than 3% over tne 
range of 25% to 100% power, where its 
influence on CHF is insignificant. The ripple 
frequency is 720 Hz. 

The supplies are remotely controlled using the 
laboratory computer system with custom, 
keyboard driven, software which outputs a 
control setpoint, handles the current sharing 
among supplies, and provides incremental 
control, ramping etc. of each power supply. 
Incremental steps of 25 kilowatts (total of all 
supplies) are used for large power increases 
and 5 kilowatts are used for small increases. 
Typically, the large power increases are used 
to bring the power level up quickly and small 
increases are used as the onset of CHF is 
approached. 

Incoming plant power at 13.8 kV is first 
transformed to 600 V, then enters the rectifier 
unit and is transformed to either 220 or 300 
V in a transformer having two secondary 
windings, one star and one delta connected. 
The resulting 60° offset between the 
transformer outputs effectively converts the 
three phase input into a six phase output. 
The output for each phase is controlled and 
rectified via two silicon controlled rectifiers, 
clearly visible in the figure, which results in 
12 pulses per cycle, i.e. very smooth output. 
The ripple is further reduced in a large 
inductive choke. Figure 3 POWER SUPPLY INTERNALS 

units rated 
. Figure 3 
fuel string, 
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For power measurement, current is measured by shunts in each power supply, and also the total current is 
measured by a Hall Effect device which surrounds the test section (visible in Figure 8, upper left, as a black 
hexagon). Voltage taps are directly attached to the "Fuel String" electrodes. 

Figure 4 shows the present test section which simulates the horizontal pressure tube of a CANDU reactor and 
provides the pressure boundary and the electrical isolation for the fuel string simulation. A ceramic liner, which 
is made from high purity alumina (99.8%) and serves to electrically isolate the fuel string from the pressure 
boundary, is used to simulate the inside surface of the reactor pressure tube with a surface roughness of less than 
1.5 micron rms. The liners are approximately 0.25 metres long and fit together with spigot joints for alignment. 
The diametral clearance between the liners and the pressure housing is kept small (nominally 0.23 mm) and special 
"piston ring" seals are installed between liners at various locations along the length in order to minimize flow 
bypass in the annulus. 

SCAL LOCATION (TYPICAL) 
OUTLET 

INLET 
(233.859) 

Figure 4 TEST SECTION 

The pressure boundary is fabricated from identical short lengths (1 metre) of 410 stainless steel forgings with 
integral flanges (spool pieces). The clamped connections are sealed with metal "O-rings" and are spigoted to 
ensure alignment and accommodate differential thermal expansion of the liners. The tee sections at each end 
incorporate calming regions with re-entrant geometries to minimize flow maldistributions. The test section is 
mounted on pipe rollers to allow for thermal expansion with the downstream flange fixed. Flexible cables connect 
the heater electrode extensions to the power supplies. 

The fuel string simulation is an electrically heated, 
37-element, segmented design with a 6 metre heated 
length and a non-uniform, skewed cosine, axial heat 
flux distribution as shown in Figure 5. The 
specified average radial flux distribution from outer 
to centre element is 1.102/0.932/0.859/0.826. The 
axial and radial heat flux profiles are achieved by 
varying the tube wall thickness of each element. 
The fuel string has end plate and appendage 
simulation to represent twelve fully aligned fuel 
bundles, each 495.3 mm long, and is designed to 
generate a maximum of 12.5 MW at 220 volts DC 
with a design pressure of 13.5 MPa and local sheath 
surface temperatures up to 650°C. Figure 6 shows 
the fuel string during installation. The test section 
is provided with sealing flanges for the electrode 
extensions at each end which allow relative motion 
due to differential thermal expansion. 

1 2 3 4 5 

AXIAL POSITON - metres 

Figure 5: AXIAL HEAT FLUX DISTRIBUTION 
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For CHF (dryout) detection, most of the elements downstream of the mid-plane (bundles H to L) have their tube 
wall internal temperatures monitored by a total of two hundred and twenty-two (222) internal thermocouples 
(ANSI Type K, with ungrounded junctions and 0.89 mm diameter Inconel X-750 sheaths), moveable axially and 
circumferentially on-power to survey approximately 90% of the element inner surface. The thermocouples are 
mounted in machined alumina carriers as shown in Figure 7. 

The thermocouple junctions are located under small silver bearing pads and the Inconel sheaths are made 
sufficiently springy to maintain contact with the tapered inside wall of the "fuel" at all times. This ensures fast 
thermocouple response to heater element temperature changes. Each thermocouple sheath is at the voltage of the 
heater element at the point of contact. To avoid short circuits, the thermocouple sheath is terminated inside the 
thermocouple carrier, and the Chromel and Atumel wires of the thermocouple are connected to another, smaller 
diameter sheathed thermocouple cable. The junction is potted in a fused glass frit to hold everything in place. 
The small thermocouple cables pass through tubes which connect all six (6) thermocouple carriers in an element 
string and out through the electrode extensions to the mechanism used to traverse and rotate the thermocouple 
carriers. This drive mechanism is shown in Figure 8 which also shows the test section with pressure taps for 
measuring bundle to bundle pressure drop. 

The traversing and rotation are controlled via Programmable Logic Controllers (PLC). These store preferred 
scenarios of thermocouple positions which can be recalled by the push of a button, and will then be automatically 
established. Alternately, individual thermocouple carrier strings can be rotated to any position. When traversing 
longitudinally, all thermocouple carrier strings move at the same time to the same axial position, but individual 
carrier strings can be parked in a preferred position while others are being moved. This is achieved by means of 
a brake mechanism being applied via the PLC. When a parked carrier disconnects from the drive due to 
application of the brake, or for any other reason, the appropriate lamp identifying this carrier string will light up 
at the PLC panel (Figure 2, right of centre). 
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Figure 7 THERMOCOUPLE CARRIER 

Figure 8 TEST SECTION WITH TC DRIVE MECHANISM 
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The data acquisition system is used for the on-line monitoring of the fuel string thermocouples for CHF 
determination. Up to 10 thermocouple signals can be graphically displayed in real time on each of two VS3100 
workstations, shown in Figure 9. The operators can select on-line, via keyboard, the thermocouple channels to 
view and several (up to 10) groups of channels can be preconfigured for individual selection by keyboard entry. 
Temperature changes of the order of 1°C are readily detectable on the screen and dryout behaviour is easily 
distinguished on the monitored thermocouples. In addition, all of the thermocouple signals are continuously 
scanned by the data acquisition system and the standard deviations of individual signals are calculated. If the 
standard deviation of any of the bundle thermocouple signals exceeds a pre-selectable value (usually 20 microvolts, 
which is equivalent to about 0.5°C) for initial dryout, that thermocouple identification channel is flashed onto the 
video screen to alert the test operators. The channel is then selected for real-time viewing on the VS3100, if not 
there already, for visual confirmation of dryout by the test engineers. This criterion was selected because it gave 
good agreement with the observations for initial dryout. 

Figure 9 CHF MONITOR 

At the start of a typical test day with the present, directly heated fuel simulation, instrumentation checks are 
performed to assure that the data acquisition system is operating satisfactorily. The loop is then warmed up to 
the required conditions and a heat balance test is performed at typical conditions of flow and inlet temperature and 
a bundle power level of 2.0 MW. Additional heat balance tests with power levels up to 8.0 MW are also 
performed on an intermittent basis. The heat loss is calculated as the difference between the test section measured 
power and the coolant enthalpy rise based on the measured temperature rise across the test section and the 
measured coolant flow. The heat loss, which serves as a check of the key test loop instrumentation, was small, 
typically less than 1.3% of the measured power, and consistent from one test to the next. One test in the test 
matrix was chosen as a "reference test" and this test was repeated each day to ensure that no changes that could 
affect CHF had taken place in the fuel string or other equipment. 
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The bundle thermocouples are selected for viewing and initially positioned by the drive mechanism at the locations 
where dryout is considered most likely to occur first for the test conditions. The loop conditions are maintained 
constant and the bundle power is increased gradually in small steps until the test engineers confirm the occurrence 
of dryout (CHF) on one or more of the bundle thermocouple signals. 

Once the initial dryout point is confirmed by visual observation on the VS3100 screen, the data are recorded for 
a 30 second period (at 10 samples per second per channel). The loop conditions and power level are maintained 
constant and the bundle thermocouples are rotated at the same axial location and then traversed axially and further 
rotated, as deemed appropriate, to ensure that dryout is not occurring at other locations. If dryout is found at other 
locations, the power is reduced below dryout and the test repeated with the thermocouples in the new positions. 
The power level is usually then increased in small steps until at least one more bundle thermocouple indicates 
dryout, or the temperature of any of the thermocouples already in dryout exceeds about 425°C. Again, the bundle 
thermocouples are rotated and traversed as deemed appropriée to ensure dryout is not occurring at other locations. 

Transient dryout tests can be performed for ramped flows and oscillating flows at various conditions. For ramped 
tests, the flow is rapidly reduced from reference conditions at the initial dryout flow to approximately 85% of the 
dryout flow. The flow is typically then oscillated ±15% of the reference flow with periods of 30, 20 and 10 
seconds and at least 10 cycles at each frequency. The data acquisition system continuously scans and stores data 
at 10 readings per second per channel. 

Post-dryout tests are performed in a similar manner to the steady-staie CHF tests described above. Post-dryout 
tests can be performed to investigate the drypatch spreading phenomenon. Drypatch spreading tests, where the 
power is increased in steps of typically 2% over the initial dryout level, holding all other parameters constant, have 
been performed up to about 15% overpower levels. At each step, the thermocouple drive mechanism is activated 
in automatic rotation mode to scan the heater elements and determine the locations and extent of the dryout 
patches. 

The test procedure for indirectly heated fuel simulations differs from the above only because the thermocouple 
junctions cannot be relocated on-power. 

At the time of presentation of this paper, we have completed the Phase I tests and the equipment has performed 
excellently. The CHF detection instrumentation has exhibited exceptional response characteristics. Measured CHF 
values have been very close to the predictions based on previous tests. 

We would like to acknowledge the contributions made by Bill Midvidy of Ontario Hydro, and De Groeneveld and 
John Schenk of AECL in reviewing our designs and making positive comments. The thermocouple carriers, which 
make moveable thermocouples possible, were originally developed by John Schenk for use in Freon. John Luxat 
of Ontario Hydro made a valuable suggestion for improving the reliability of the thermocouple carrier system. 
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ABSTRACT 
An advanced model for evaluating the temporal and spatial distribution of non condensable 
gases, including the simulation of buoyancy-driven flows, in a multicompartment containment 
system of a LWR is reviewed. The model employs an analogy technique with electrical networks 
to determine the convection flows among the containment compartments and evaluates, inside a 
single node, the profile of the vertical concentrations of steam and non condensable gases. The 
proposed model has been used to investigate the natural circulation phenomena occurring in the 
HDR El 1.2 and in the FIPLOC-F2 tests. The experiment performed on the HDR facility is 
fundamental for the analyses of the hydrogen distribution inside a multicompartment system, 
while the FIPLOC-F2 test was focused on the natural circulation phenomena during a typical 
severe accident sequence. The simulation of these two tests allowed to get relevant information 
relating to the knowledge of the buoyancy driven flows in the containment system of the actual 
and of the advanced generation of LWRs. 

1. INTRODUCTION 
The simulation of buoyancy-driven flows in a LWR multicompartment containment system, due 
to density gradients that may arise during a severe accident, were demonstrated to be a 
fundamental item to obtain a realistic description of the thermal-hydraulic transient and aerosol 
behaviour [1]. These phenomena have a great influence on various aspects of the containment 
safety analysis; the proper evaluation of energy and mass transfers is fundamental, particularly 
during the long term phase of a severe accident sequence, for the prediction of pressure loads, 
hydrogen distribution and aerosol dynamic [2]. The modeling of buoyancy-driven flows plays 
therefore a fundamental role in the source term evaluation and for the design and the operation of 
mitigative safety features. Besides, natural circulation is the most important way to remove the 
decay heat power and therefore to maintain the integrity of the system in the new advanced 
nuclear power plants. 
A complex theoretical and experimental activity has been performed by the international 
community in order to investigate the phenomenology that takes play during a severe accident 
and to obtain a systematic set of data for the assessment of the numerical models developed for 
the simulation of these transients. Of noticeable interest to this goals are the large scale HDR 
containment system tests [3] and the FIPLOC-F2 test [4]. These tests allowed for an assessment 
of physical models developed in the: present lumped parameter codes, highlighting also their 
limitations in analyzing the thermal-hydraulic transient in a containment system. The main results 
from the post-test analysis performed to simulate the thermal-hydraulic responses of the FIPLOC-
F2 and HDR El 1.2 experiments are presented. These analysis have been performed in order to 
validate the various models of the code in their applicability domain. 

2. OVERVIEW OF THE FUMO CODE 
The FUMO code [1], [5] was developed as a part of an ongoing severe accident research program 
by the DCMN of the Pisa University. The purpose of the code is to provide a best estimate tool 
for the analysis of containment system under severe accident conditions. In particular, it is able to 
predict pressures, temperatures and gas distributions within the containment for assessing loads 



and associated threats to the system integrity. The major phenomena that are simulated include: 
intercell flow, heat and mass transfer processes and simulation of emergency safety features. 
Specific models for the simulation of the cooling of the external surface of the containment liner 
by means of a gravity-driven spray [6] and of the internal "pool management" provide FUMO 
with the capability to analyze a wide range of both LWRs and advanced plants accident 
sequences [7]. The flexibility of the code also allows for the simulation of experimental facilities 
and other non-standard configurations. A new version of the code has been developed in 
collaboration with ENEL-CRTN; this version includes models related to hydrogen burning, 
simulation of direct heating of the containment [8] due to the heat debris released during a high 
pressure severe accident, corium-water interaction and it is able to perform coupled analysis of 
primary and containment systems [9]. 
The FUMO code uses a multicompartment configuration that allows an arbitrary arrangement of 
control volumes and flow paths. The junction flow-rate is derived from the acceleration flow 
model, with the option of being quasi-steady, and can be evaluated in three different ways: 
1) from the pressure difference across the flow-path, considering the inertia of the mixture as 

well as the frictional resistance. It can be also calculated by neglecting the inertia along 
the junction: the flow rate is assumed to cume instantly to the steady-state value, 
appropriate to the pressure quasi-steady flow model; 

2) for the flow regime characterized by small pressure differences compared to the pressures 
in the cells (situation typical of the long term phase) a fast running option, based on a 
semi-implicit model, has also been developed. 

In the previous flow models the driving-force is based only on the pressure difference across the 
flow path. The pressure at the two junction ends does not take account of the gravitational or 
density effects, so that it is impossible to describe natural convection currents among the 
compartments. To evaluate such buoyancy-driven flows, a specific model was developed. 

3. EVALUATION OF BUOYANCY DRIVEN FLOWS IN COMPLEX GEOMETRIES 
In the following the new models related to the simulation of the buoyancy driven flows are 
presented; using these models it is possible to describe the buoyancy-driven flows in anyhow 
complex geometries. In the first model for the description of closed loops, a realistic evaluation 
of the gravitational head developed within two consecutive compartments of a branch is 
performed. With reference to the situation presented in Fig. 1, the integration of density along the 
considered path is performed as indicated in Eq. (1). 

B hjj 

J p(x) dx = pi (hj ! - hj2) + Pj (hji - hj2) + J p dx (1) 

A h i 2 

The integration in a cell is therefore between the two ends of the flow path linked to the cell, with 
the hypothesis of a constant density of the atmosphere, while the integration along the junction 
that links two consecutive nodes is performed relating to an average value of the densities of the 
two connected cells. The natural circulation flow-rate in a single closed loop is determined 
integrating the momentum equation. The value of convective flow Q n c is given by Eq. 2: 

2 p m g ( A ^ - A ^ 2 ) 
vnc - Am -A / H 



wi th AÇj = Jp(x) dx (2.1) 

branch i 
where: 

A m average flow area of the loop; 
D junction hydraulic diameter; 

The convective flow may be also written as: 

Qn c Ki = y^Fttl where Ki = A 

H nodes relative elevation; 
g acceleration of gravity; 
X\ concentrated loss coefficients; 
X distributed loss coefficients; 
p m density in the closed loop. 

1 +A.p + Xj 

2 P m g 
(3) 

The momentum balance equation is therefore integrated using an electrical analogy. First the 
system is divided into a number of finite sized 
branches, then a resistance-capacitance network, 
with a proper generator, is used to represent the 
region. In this analogy the natural circulation flow 
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Q c n is equivalent to the current in a single 
network, the factor Kj, that represents the friction 
losses along the branch, is equivalent to the sum of 
electrical resistances present in the network, while 

the "driving force" ^Al^-Ac^, due to the 
difference of the integral of density along the two 
branches, is equivalent to a direct current 
generator. Finally, each node of the system is 
equivalent to an electrical capacitance. This 
analogy allows for the evaluation of convective 
flows also in complex containment geometries. 
The evaluation of the natural circulation flow in 
each loop of the containment is obtained solving a 
set of algebraic linear equations along the two Fig. 1: Branch of a closed loop, 

branches of the loop; each one of these equations may be put in the form of the following Eq. 4. 

G i k i - G i c k c = V^iT^i2 <i = 1>- n) (4) 

where: 
n number of independent closed loops; 
Gj natural circulation flow in the i-th loop; 
kj sum of terms in Eq. (3) for the i-th loop; 

J1C 

MC 

flow in the loop having a common 
branch with the i-m one; 
sum of terms in Eq. (3) for the 
common branch. 

Together with the model for the evaluation of the natural circulation flow between connected 
control nodes, a model for the simulation of buoyancy and diffusive flows due to gas and steam 
stratification inside a large containment volume has been also implemented in the FUMO code. 
This model is organized in two temporal phases: in the first one the buoyancy mass flow towards 
the upper zone of the analyzed node is described while, in the second one, the homogeneization 
of the gas and steam concentrations, due to the diffusion process towards the lower zone of the 
volume, is simulated. The first phase of this stratification process is analyzed by dividing the 
considered control volume into n vertical zones and resolving, for each zone, a balance equation 



for the specific flow-rate of considered gas moles. In this way it is possible to obtain a vertical 
distribution of the gas or steam concentrations in the form of the Eq. 5. 

where: 

C(x) = C0e 0x (5) C0 gas concentration at elevation 0; 

with 6 = £ l n K 

C(x) gas concentration at the height x; 
x direction along the volume height; 

(5.1) n number of zones; 
H volume height; 
K function of gas velocity and geometry. 

The second phase simulates the gas molecular diffusion due to the gradient of the concentration 
inside a single control volume. The Fick law for the diffusion (Eq. 7) is resolved at each time-
step, in a monodimensional geometry, using a completily implicit method of numerical solution. 

3 C (t, x) 3 2 C (t, x) 
at = D 3x2 

where: 
C(t,x) 
t 
x 

gas concentration; 
time; 
vertical abscissa; 
beginning of the time step. 

using the initial condition: 
C (0, x) = C 2 a s (to, x) 

and the boundary conditions: 
C (0, 0) : 
C(0,H): 

-sas 
-eas 

(tfl,0) 
(tfl,H) 

(6) 

4. VALIDATION OF THE NEW MODELS 
The natural circulation models, implemented in the FUMO code, were validated through the 
analyses of two international exercises: the FIPLOC F2 test, planned to provide information 
about the natural circulation flows during a severe accident sequence; the HDR El 1.2 Test [10], 
used to validate the code models for the atmospheric thermal-hydraulic during a SBLOCA 
followed by an hydrogen injection and, in particular, the stratification models. 

4.1 FIPLOC F2 Test 
The major objective of this test was to investigate the thermal-hydraulic long term phenomena, 
with special emphasis on natural convection phenomena in a containment loop type geometry. 

The natural circulation 
flow is affected by 
variations of steam and air 
injections at different 
locations as well as dry 
energy supply into various 
compartments. The loop 
type test geometry used in 
FIPLOC F2 has some 
analogies with the large 
loop in a PWR 
containment formed by the 
two steam generator 
compartments, with 
connecting flow paths at 
their lower ends, and with 
the large dome 

heater 

steam 
Injection 

Fig. 2: Natural circulation flows during FIPLOC F2 test. 
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Fig. 3: Natural circulation velocity through junction from R6 to R3. 

compartment at the top. It 
consists of the central 
injection zone at a low 
level, a dome and, in 
between, two connecting 
compartments. The 
convective loop flow 
which results from 
atmosphere density 
differentials between the 
right and left branches of 
this geometry, have been 
simulated either by heat 
release or by steam and air 
injections in different 

locations. Size and location of the connecting openings have been chosen somewhat asymmetric 
to effect a preferential flow direction in case of a steam release in the center zone. 
The description of natural circulation through both closed loops present in the configuration of 
the BMC (Fig. 2) for the F2 test, were correctly performed and also the prediction of the overall 
pressure transient was good [12], because the phenomenology was well described; some 
limitations were nevertheless highlighted for phenomena influenced by containment local 
conditions. The results obtained, with respect to natural convection flow patterns and changes in 
the main flow direction, are compared with the experimental data in Fig 3. The distribution of the 
flow velocity is characterized by the main global convection loop, which changes its direction 
under the influence of the different injections. The F2 test matrix is formed by four similar 
sequences, each consisting of four comparable tests at different levels of containment pressure 
and atmosphere composition. In particular, when the steam was injected into the central 
compartment, as it has a lower density than the existing air-steam mixture, a buoyancy supported 
natural convection flow is induced which, due to the asymmetric arrangement of the vent 
openings of the facility, ascends on the left branch of the main circulation loop, formed by R9, 
R7, R8, R3, R6 and R5 compartments, and descend on its right branch. 
When dry heat is introduced into the right branch, first the additional heat effects a significant 
decrease in the flow velocity and in the same time the atmosphere temperature within the loop 
region increases of about 5 K. This effects the temperature of the structures and, after a delay of 
about 1.5 hours, the convective flow loop develops in counter clockwise direction. During the 

experiment, the steam is 
injected into the right 
branch of the loop to 
maintain the actual flow 
direction and the new 
transition to a central 
steam injection soon 
results in a second flow 
reversion. The importance 
of a realistic simulation of 
natural circulation 
phenomena is evident from 
the analysis of the 
atmosphere temperature 
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Fig. 4: Temperature trends in the dome. 
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Fig. 5: Temperature trends in the annulus. 

trends. The values of this 
thermal-hydraulic variable 
calculated with the new 
models (Figs. 4 and 5), 
are plotted together with 
the experimental data. 
In particular, the natural 
circulation models are 
able to describe the local 
phenomenology and the 
timing of flow reversals 
for the main circulation 
loop, leading to a good 
prediction of steam and 

air distributions and consequently of the temperature trends in each one of these nodes. In the 
following the comparisons for the upper dome zone (Fig. 4) and the annulus compartment (Fig. 
5) trends are presented. In particular, the good prediction of the overall natural circulation field 
allows to describe the increase in the experimental temperature trend, at about 53 hours, due to 
the warmer steam injected in a lower compartment and carried by the buoyancy flows in the 
upper dome zone. 

4.2 HDR E11.2 
The experimental conditions of the HDR El 1.2 test simulate, in the first phase of the transient, a 
SBLOCA within a multi-compartment full pressure containment (Fig. 6). This first phase is 
followed by a steam and hydrogen mixture injection. The foremost objective of the test was to 
study the distribution of hydrogen inside a PWR containment. The comparison between the 
measured and the predicted total pressure trend is good for all the test and it is indicative for the 
quality of the FUMO code to simulate the overall transient. More insight into the problem of a 

correct prediction of the long term containment 
conditions is obtained from the analysis of the 
temperature and hydrogen distributions. The steam 
leaves the input location near the staircase and, being 
lighter than the air already in the containment, rises in 
the direction of the dome. The air already in the dome 
is thus displaced over the spiral stair into the lower 
region of the HDR containment like in a plug flow. A 
very large amounts of the air is displaced in the first 
100. minutes, so that at this time 50% of the air in the 
dome has been expelled. The injected steam strongly 
enriches volumes above the break location but it does 
not return down in a substantial quantity. Local gas 
concentrations of up to 16% by volume were measured 
near the point of injection and concentrations between 
12 and 14% were observed in the dome region (Fig. 7). 
The gas was only able to penetrate in small amounts 
into the lower regions through diffusion processes (Fig. 
8). The hydrogen gas distribution, which was according 
to the stratification in the temperature, occurred only in 

Fig. 6: Natural circulation in El 1.2. t h e " h o t " r e g i o n s o f t h e c o n t a i n m e n t - ™ s phenomenon 
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Fig. 7: Hydrogen concentration in the dome region. 

of low natural circulation 
flow towards the lower 
regions has been difficulty 
similated by the lumped 
parameter codes 
partecipating to the ISP 29 
[11]. Immediately after 
ending the gas injection, 
an additional steam 
injection in the lower part 
was begun, in order to 
accertain whether this 
would cause changes in 
the stratification. Up to the 

end of the additional steam injection in the lower region, the gas was enriched in small steps up 
to 16% by volume in the dome region; below the point of gas injection, convective or diffusive 
flow process leads to a enrichment of the atmosphere of the lower nodes of about 1% by volume. 

5. CONCLUSIONS 
The comparison between the experimental data and the new models predictions carried out in the 
framework of the post test analysis of the main international exercises in this field showed that an 
appreciable improvement in the modeling of the natural circulation phenomena exists, 
phenomena that determine the spatial and temporal distribution of non condensable, burnable gas 

and aerosol depletion 
processes in complex 
containment geometries. 
The errors on the 
temperature and gas 
distributions using these 
new models are reduced in 
a substantially way respect 
to the experimental data, 
necessary condition to 
perform a realistic 
prediction of a severe 
accident sequence inside 
the containment system of 
a LWR and in particular of 

the source term. The comparison with results obtained in preliminary assessment analysis show 
the validity of the new natural circulation models and their usefulness for the next step coupled 
analysis required from the new generation of LWRs. 
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Fig. 8: Hydrogen concentration in the lower containment region. 
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1 Introduction 

A code to predict the steady state as well as transient velocity and temperature distribution inside the 
calanc'ria of the Indian PHWRs was developed. The exercise was necessary to compute in reasonable detail 
the velocity and temperature distribution in the calandria of Madras Atomic Power Station (MAPS), in 
its present mode of operation. In the original configuration of MAPS calandria the inlet flow was through 
the inlet manifold and the heated moderator was taken out through the outlet manifold located at a higher 
elevation than the inlet. After the structural failure of inlet manifold in both MAPS1 and MAPS2, the 
reactors were rehabilitated by rerouting the moderator flow. In the present condition, the inlet connections 
are blocked, the outlet manifold is now serving as the moderator inlet to the calandria alongwith the top 
sprays, and the hot moderator exits through the dump ports at the bottom. With this new route of 
moderator it is necessary to know the velocities and temperatures at various locations to ensure that the 
values are within specified limits. 

2 Assumptions 

The major assumptions are: 
1. The calandria is symmetric about the vertical plane through the centre, perpendicular to the tubes. 
2. The properties of the moderator fluid are constant and there is no change of phase. For computational 
purpose the properties of heavy water at 50°C are used. 
3. The tube bundle is modeled as a porous body and its resistance to flow is modeled as a distributed 
resistance. 
4. The Boussinesq approximation is applicable for modeling free convection. 
5. The inlet velocity distribution is uniform for both inlets viz. inlet through outlet manifold and the top 
sprays. 
6. The free surface at the top is assumed to be horizontal, steady and at a specified level. 
7. The dump ports are modeled by a nodal lumped resistance in each corresponding cell. 
8. The relative axial and radial distribution of volumetric heat generation are as specified by Lai et al.[l] 
and Carlucci[2] respectively. 
9. Heat generated in the tubesheet is assumed to be transferred fully to the moderator. 
10. Viscous dissipation in the fluid is neglected. 

1 



Figure 1: Half Calandria and Vertical Cross Section at Symmetry Plane 

3 Geometry and Computational Grid 

Calandria tabes in the core are arranged in a square pitch, thus it was a natural choice to use the Cartesian 
co-ordinate system to represent the calandria. Figure 1 shows the vertical section of the calandria at the 
symmetry plane. This section shows the tube bundle, outer shell and the inlet and outlet connections. 
As a result of the choice of the X-Y co-ordinate system the core is represented perfectly. However, the 
circular shells of the calandria (both bigger and smaller) are approximated by a series of vertical and 
horizontal segments. This approximation is justifiable as the major activity or changes will be occurring 
in the moderator zone or the core rather than in the reflector zone. 

The origin of the co-ordinate system lies on the synv 'MI* at the centre of the plane. The 
domain of interest(Fig. 1) is divided into 25 cells in the X direction (homo,. 25 cells in the Y direction 
(vertical) and 13^ cells in the Z direction (along length of calandria). 

4 Solution Procedure 

The major governing equations for the 
Conservation of Mass: 

Conservation of X-momentum: 

n \dVx d(VxVx) d{VvVx) d(VtVx)] _ dp d / dVx\ 

d r /dvx dvv\\ d r /dvx av,\] „ 

situation are: 

dx dy dz 
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Conservation of Y-momentum: 

fw TO,»,™. 9p+BliuBVA po[-dr+-^r-+—^r+—dr-\--d^+d-y{2,iw) 

Conservation of Z- momentum: 

rev. 8(y,v.) a(vro a(v,v,)i __ aP a ( av,\ 

Conservation of Energy: 

rar 8(y,r) a(v„r) a(v,r) 
"°C p l"âT + ~dlT + a» + ~â7~ = k 

d2T &T_ (PT_ 
â r 5 " + dy* + a*2 + «'" 

A finite difference procedure is adopted to solve the set of governing equations. Since the equations 
are elliptic in space and parabolic in time, an iterative, time-marching scheme is implemented. The code 
is developed in such a way that either a real transient can be predicted, or a steady state result obtained 
using an iterative pseudo-transient procedure. The finite difference formulation and the solution scheme is 
based on the SIMPLE[3] procedure of Patankar-Spalding as modified by van Doormat and Raithby[4]. 

The presence of calandria tubes is modeled as a porous body using a distributed resistance model on 
lines similar to those of Dharne and Gaitonde[5]. For resistance of the calandria tubes (modelled as a 
square-arrayed tube bank) the correlation of Zukauskas[6] is used. 

The heat source term in the energy equation includes the heat generated in the moderator, heat transfer 
from the primary fluid across the calandria tube, heat generated in the structure and also the heat generated 
in the tube sheet. The external surface of the calandria shell and tubesheet is assumed to be insulated. 
This leads to a conservative computation of temperatures. 

The convergence criteria used in this job are: 
Mass conservation — (flowrate)xl x 10~5 

Energy conservation = (heat generation rate)xl x 10~s 

Change in any variable = (range of that variable) x 1 x 10"4 

5 Results and Discussion 

The program (called MFLO), was used to obtain results for a number of cases. The original flow configu
ration at full load was analysed as a basic case. Then the modified flow situation was analysed at various 
load levels and for different inlet temperatures. The basic data for the cases presented herein are tabulated 
in Table 1. 

5.1 Or ig inal Flow S i t u a t i o n 

Results are obtained for the original flow situation (which still exists in the RAPS reactors) for no load 
and 100% load. A summary of the results is in Table 1. All the velocity and temperature plots are for the 
plane of symmetry of the calandria(K=0) and near the tubesheet(K=12). 

The velocity fields in these planes at no load are presented in Fig. 2. It is seen that the flow is essentially 
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Table 1: The Two Configniations Considered 

Configuration 
Inlet flow (klpm) 
Top sprays (klpm) 
Tubesheet sprays (klpm) 
Reactor power (%FP) 
Inlet temperature (°C) 
Outlet temperature (°C) 
Max. fluid temperature (°C) 
Max. temperature of fluid near tubesheet (°C) 
Max. crossflow velocity (m/s) 
Max. axial velocity (m/s) 

Original 
20.22 
4.54 
1.08 
100 
49.46 
70.0 
80.71 
72.33 
0.794 
0.411 

Modified 
10.0 
4.54 
1.08 
75 
43.64 
70.0 
82.75 
79.88 
0.569 
0.228 

K= 0 ft! v.i K = 12 
Figure 2: Original Flow Configuration at No Load-Velocities 
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D. 10 
r e f v c I K = 0 ÏVÎ vei K = 1 2 

Figure 3: Original Flow Configuration at 100% Load-Velocities 

fO 0 K=12 
Figure 4: Original Flow Configuration at 100% Load-Temperatures 



?-.'? ve. K= 0 M , . l K = 1 2 

Figure 5: Modified Flow Configuration at No Load-Velocities 

a tank flow. The results foi 100% load are presented in the form of velocity vectors in the same planes in 
Fig. 3. The isotherms in corresponding planes are in Fig. 4. From these figures it is seen that (a) There is 
a significant effect of buoyancy forces, (b) There is a stable thermal stratification, (c) The cold fluid from 
the inlet manifold moves over the dump ports, distributes itself, and then rises through the core of the 
reactor. The top sprays deflect this upfiow, and the mixed stream then exits through the exit manifold, 
(d) It is noticed that there is hardly any short circuiting of flow from the inlet to the exit (e) The effect 
of the tube sheet sprays is very clearly seen. 

5.2 Modified Flow Situation 

Results obtained for modified flow situation are also summarised in Table 1. The velocity fields at no load 
are shown in Fig. 5. The following characteristics are noted: (a) The inflow through the original outlet 
manifold starts off as a jet but this jet gets diffused quite fast, (b) The flow through the dump ports is 
reasonably uniform. The effect of tubesheet sprays is clearly visible. 

The flow situation at 75%FP load was also analysed. The velocity fields for this case are shown in 
Fig. 6, and the isotherms are shown in Fig. 7. The following are the major characteristics: (a) The 
flow is significantly governed by buoyancy and has hardly any similarity with the no load isothermal flow, 
(b) Buoyancy effects make the flow jet turn and go down towards the dump ports. This downward motion of 
cold fluid is clearly seen from the isotherms in Fig. 7. The dissipation of this jet as it nears the dump ports 
is seen in Fig. 6. (c) The remaining parts of the calandria experience essentially an upward movement 
of the moderator as seen in Fig. 6. The consequent stratification is seen in the Fig. 7. (d) There are 
some significant zones of horizontal movement of moderator—above the dump ports and at the top of the 
calandria. (e) Near the tubesheet, the tubesheet sprays dictate the flow pattern and temperature profiles. 
This can be seen from Figs. 6 and 7. The evidence of these sprays in reducing the tubesheet temperature 
is clear, (f) No significant pocket of stagnating fluid is observed. 
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D. 10 
r B f v e I K = 0 Î . Î ».i K = 12 

Figure 6: Modified Flow Configuration at 75% Load-Velocities 

K = 0 K = 1 2 

Figure 7: Modified Flow Configuration at 75% Load-Temperatures 
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7 Nomenclature 

FX,FV,FZ 

9 
k 

P 
q'" 
T 
t 

p 
Pa 

specific heat 
volumetric body forces in s,y, z directions 
gravitational acceleration 
conductivity 
pressure 
volumetric heat generation rate 
temperature 
time 
velocities in x, y, z directions 
viscosity 
density 
mean density 

8 



EFFECT OF EXIT BOUNDARY CONDITIONS ON FLOW PATTERN 
TRANSITIONS IN HORIZONTAL FUEL CHANNELS OF A PHWR 
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1.0 INTRODUCTION 

Flow pattern maps play an important role in the modelling of 
two-phase flows. It is well known that prediction of pressure drop 
and void fraction using flow pattern specific calculations are far 
more accurate than the general ones. In the analysis of safety of 
nuclear reactors during accidental conditions, it is necessary that 
accurate models are used to predict the accident progression, 
thereby enabling designers to engineer safety features to avert core 
melt down. Of particular interest in this context is the onset of 
stratification in the system as it results in exposing some of the 
nuclear fuel rods to inefficient cooling leading to overheating. 

While there have b :.•• several papers published in the open 
literature to character:-:' flow pattern transitions in horizontal 
and vertical ducts, such studies for the case of horizontal 
circular ducts with fuel bundles in them, as encountered in 
Pressurized Heavy Water Reactors (PHWRs) is hardly reported. The 
only study known to th.* authors other than theirs(1) is that of 
Salcudean(2), and it is far from being comprehensive as far as flow 
pattern transitions are concerned. In the earlier study(l), the 
authors had reported the flow pattern transitions in horizontal fuel 
channels with a horizontal exit. In that study it was noticed that 
during stratified flow, there was a distinct inclination of the 
liquid-air interface. This suggested that the flow patterns would be 
dependent on the exit boundary conditions. Therefore, in order for 
the flow patterns to be useful for reactor applications, it is 
necessary to simulate the exit boundary conditions suitably. In the 
present paper, a systematic study is carried out to understand the 
influence of vertical exit condition on the flow pattern transitions 
in horizontal fuel channels. These would be of considerable value to 
reactor safety engineers. 

2.Q EXPERIMENTAL FACILITY 

A schematic view of two-phase test facility used to carry out 
the present study is shown in Fig. 1. It consists of air and wacer 
supply systems, test assembly, instruments for measurements of flow, 
pressure drop, and void fraction. 

The air supply system comprises of a two stage 25 KW air 
compressor capable of delivering up to 5000 1pm of air at standard 
conditions. To meter the air flow rates, a set of three orific 
meters of varying geometries are used. The useful range of these 
meters are kept overlapping so that for any given flow the overall 
accuracy is better than 2.5% of the measured value. These were 

* To whom correspondence may be addressed 
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calibrated with water and appropriate calibration curves for air 
wer'- obtained using Reynolds similarity. 

The water supply system consists of a 230 litre PVC tank fitted 
with a 100 1pm centrifugal pump. Suitable PVC plumbing is done in 
order to feed the test section with, metered flow rates ranging from 
0.16- 80 1pm. The flow is measured using three overlapping range 
rotameters and an orifice plate to provide an accuracy of better 
than 2.5% of the measured value. To keep the circuit closed, it is 
collected in a drain tank and returned to the main tank. 

The test assembly consists of air-water mixing tank, an entry 
section, test section, and a valve manifold. The mixing tank is a 
cubical box measuring 200x200x200 mm?, made of 15 mm perspex. The 
air and water line each measuring 50.8 mm nominal diameter join the 
tank at its top and bottom respectively. An entry section consisting 
of 90 mm inner diameter and 600 mm long perspex pipe is connected to 
its side. 

The main test section consists of 85 mm inner diameter and 4500 
mm long perspex pipe assembled from four individual pieces put 
together using flanged connections. The test assembly is mounted on 
an I-beam structure with supports, and levelled using a water gauge. 
The overall inaccuracy in level is estimated to be better than 1 
mm. Throughout the test section, spaced uniformly are 12 pressure 
taps, using which pressure drop in the test section is measured. 

Placed inside the test section are simulated fuel bundles. The 
bundle geometries used in the present study are (a) one rod (b) 
seven rod assembly, and (c) nineteen rod assembly. The design of one 
rod and seven rod bundles were based on the free flow area available 
in the fuel channel of a 230 MWe PHWR. The dimensions of the inserts 
used are shown in Fig. 2. While the one rod and seven rod bundles 
were locally fabricated using aluminum tubes, the nineteen rod 
bundles were procured from Nuclear Power Corporation of India, Ltd. 
These are full scale bundles (cobalt bundles) used in 235 MWe 
plants. The aim of using bundles of various geometries was to obtain 
a wide data base using which analytical models can be tested. 

To study the influence of exit boundary conditions, two 
attachments were fabricated. Fig. 2 shows the attachment used for 
studying the influence of vertical exit on the flow pattern 
transitions. A composite section was also fabricated to simulate the 
shield plug extension encountered in PHWRs. This enables complete 
simulation of a coolant channel of a PHWR. The schematic view of the 
composite section is shown in Fig. 4. 

3.0 TEST PROCEDURE 

Experiments were conducted for the delineation of flow pattern 
transition using one rod (annulus section), seven rod and nineteen 
rod bundles. The procedure adopted was as follows. For a given 
liquid and gas superficial velocities (Uis, ug<3), the necessary air 
and liquid flow rates were passed through the €est section. Once the 
flow settled, the flow pattern was noted visually. Subsequently, the 
air flow rate was increased in steps to cover up to the maximum 
possible gas flow rate. On completion of a set for a given liquid 
flow rate, the procedure was repeated for other liquid flow rates so 
as to cover the entire spectrum of the possible gas and liquid flow 
rates. The range of uls and uqs covered in the present study are 
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0.01-l.Om/s and 0.1-20.0 m/s respectively. 

4.0 EXPERIMENTAL OBSERVATIONS 
4.1 Horizontal Exit 

At low liquid and gas superficial velocities a characteristic 
two layered flow with water at the bottom and a smooth interface was 
observed. This is termed stratified flow. While this was quite 
expected, but it was remarkable to note a distinct inclination of 
the interface sloping downwards in the downstream direction. The 
slope was small for the annulus case, while it was increasingly more 
for seven and nineteen rod cases. These observations were made when 
the two-phase mixture was allowed to exit directly into the drain 
tank from the test section. This clearly indicated that the liquid 
pressure gradient along the length of the test section was larger in 
comparison with the gas pressure gradient, causing the free surface 
to dip as in the case of open channel flows. As the flow rate of air 
was increased, the slope of the interface decreased and gentle 
oscillations of the interface was seen. Since the amplitude was very 
small and wavelength large, the interface was still smooth. 

At higher gas flow rates, waves set in whose amplitude 
increased with increased air flow. In the initial stages two 
distinct observations were made (a) while waves were seen from one 
side of the test section, there were no waves on the other side, 
indicating non uniform flow, (b) while waves were seen in the first 
half of the test section, they were attenuated in downstream 
resulting in smooth flow in later half. At increased air flow rates 
both the above phenomena disappeared leading to sustained wavy flow. 
The reason for the wave attenuation in the downstream may be 
attributed to the fall of liquid level resulting in decreased air 
velocity, which could no longer sustain the waves. 

As the air flow was further increased, the waves were broken at 
the crest causing the water to be sprayed on to the sides of the 
tube. However the sprays were mild and only part of the tube was 
wetted by it. At higher air flow rates, the intensity and frequency 
of the sprays increased until the agitation was so much that the 
entire pipe was wetted by liquid. While the former is classified as 
wavy annular, the latter has been termed as annular. 

While the above patterns were seen at low liquid flow rates, a 
different set was observed at higher liquid flow rates. At around 
u^s of 0.1 m/s there is a distinct change in flow pattern from a 
continuous stratified flow to an intermittent elongated bubble or 
slug flow. Following Taitel and Dukler(3) no distinction was made 
between elongated bubble and slug flow. This transition was so 
distinct that there was no ambiguity in establishing the demarcating 
line as in the case of other transition lines. Around that 
transition line the formation of slug can be described thus; The 
clear interface suddenly became wavy and unstable, and entrapped a 
pocket of air. As the slug cleared the test section, the water level 
in the rear part of the slug was lowered than the original level at 
which the slug was formed. The water level then slowly raised until 
the interface became unstable and the process repeated. 

As the air velocity was increased, it resulted in increased 
frequency of slugging. Initially, the length of the slugs also 
increased. On further increase of the air velocity the slug got 
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aerated at its front and top, and it began to disintegrate. At 
higher air velocities, while the frequency of slugging increased, 
but length of the slug decreased and its shape highly distorted. 
Around this stage an intermittent wave of slug moved wetting the 
top of the test section. This pattern was also termed as wavy 
annular following Barnea et al. (4). 

Further increase in air velocity resulted in a stable film of 
water around the entire cross section. Although in reality this was 
also intermittent, but the frequency is so high that the entire pipe 
is always blanketed with water. This flow has been termed annular. 

The observed flow pattern transitions for the horizontal exit 
case for the annulus, the 7 rod assembly and 19 rod assembly are 
shown in Fig. 5. The flow patterns have been classified as smooth 
stratified (SS), stratified wavy (SW), intermittent (I), wavy 
annular (WA), and annular (A). The general trends observed are 
similar to that observed in empty ducts. The major difference is 
found in the intermittent-annular transition line which is more or 
less vertical or negatively sloped rather than positively sloped as 
observed in empty ducts. 

4.2 Vertical Exit 

The general features for vertical exit case has been similar to 
the horizontal case. However, there have been a few distinct 
differences. Only those are highlighted. 

(a) Flow at the vertical exit was always churned. 
(b) The flow at the last half of the fourth section was always 

intermittent owing to chugging caused at the exit. 
(c) The slope of the interface under stratified flow showed a 

small fall before rising monotonically towards the exit. 
The observed flow pattern transitions for the vertical case are 

shown in Fig. 5. 

4.3 Composite Section 

The flow pattern transitions obtained for the composition is 
shown in Fig. 6. This case was similar to the previous case but with 
some variations; 

(a) At low air and water velocities chugging was observed at 
the junction between the test section and composite section. At 
higher velocities, this shifted to the exit. 

(b) For the 7 rod case, instead of the usual transitions from 
smooth stratified to wavy and then annular, there was a transition 
from wavy back to smooth after which the usual transitions of wavy 
and annular were seen. The appearance of premature wavy flow was 
quite repeatable. The probable cause for this is explained in the 
next section. 

5.0 COMPARISONS BETWEEN FLOW PATTERN TRANSITIONS 

The comparison between the flow pattern transitions for the 
horizontal exit and vertical exit is shown in Fig.5. It may be 
noticed that the transition line ietween thn stratified and the 
intermittent flow is pushed down tn lower u, . This is because of 
the higher liquid levels in the vertical exit case, resulting in 
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increased local gas velocities. For the same reason the. waves also 
appear early for the vertical exit case. However, the wavy annular 
and annular lines did not show much deviation. Interestingly the 19 
rod case did not show much deviation for all the transition lines. 

Comparison of flow patterns transition for the vertical and 
composite sections is shown in Fig. 6. It may be observed that the 
composite section enforces an early wavy and intermittent 
transitions. However, the deviation is very marginal except for the 
7 rod case. 

The appearance of an early wavy flow that disappears with the 
increase of u for the 7-rod case needs an explanation. The 
appearance of waves is decided by the local air velocities, which is 
determined by two factors, (i) the local height, that is determined 
by the exit boundary condition and the dynamics of the system 
(momentum balance). (ii) the gas flow rate. Since the system is 
highly nonlinear, it is believed that initially the height of the 
liquid is not quite sensitive to gas flow rates. This causes the 
waves to be formed. However, at increased gas flow rates, the loss 
of liquid level decreases the local gas velocity and therefore, is 
not able to sustain the waves until the gas flow is sufficiently 
raised to increase the local air velocity wherein the waves appear 
again. 

6.0 CONCLUSION 

The present study reveals that the flow pattern transition are 
significantly changed by the channel exit conditions. It also points 
to the fact that the direction of the exit plays a more important 
role than the follow up composite section. The transition lines 
between stratified smooth flow and either wavy or intermittent flow 
is dependent on the height of the liquid gas interface, which is 
very much dependent on the exit boundary condition. Therefore, 
quantification of the liquid height is crucial for development of a 
model for flow pattern transitions. 
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SUMMARY 

Studies on disposal of used nuclear fuel in Canada have been carried out under a joint R&D program by AECL 
Research and Ontario Hydro. The work was formally initiated in 1978 by a joint statement from the 
governments of Ontario and Canada, and the mandate reconfirmed in 1981. The program of research has 
developed the technology and methodology for isolating used nuclear fuel from the biosphere through a series of 
engineered and natural barriers. The aim of the research has been to develop a full understanding of the 
underlying mechanisms of the behaviour of each part of this system. The work has been directed towards 
development of a concept for used nuclear fuel disposal. No site specific work has been, nor will be, carried out 
until there has been an environmental assessment and public review of the concept, and governments have made 
decisions on the safety and acceptability of the disposal concept, and the future steps that must be taken to ensure 
the safe, long-term management of nuclear fuel waste in Canada. 

In September 1988, the AECL concept for geological disposal of nuclear fuel waste was referred to the Minister 
of Environment for environmental assessment and review under Section 13 of the Environmental Assessment and 
Review Process Guidelines Order. A Review Panel was appointed, and a Scientific Review Group of 
independent experts was established by the Panel to examine the safety and scientific acceptability of the disposal 
concept. Public hearings are expected to take place sometime in 1994. 

In 1990, open houses and public scoping (information-gathering) sessions were held to provide information on 
the process for the review, and to identify issues that should be addressed in the formulation of the 
Environmental Impact Statement guidelines. The guidelines, which form the basis of the documentation that 
AECL is required to develop in preparation for public hearings on the concept, were issued in March 1992. 

There are two features of the review which make it different from other environmental reviews. Firstly, the 
proponent, AECL, is presenting a generic disposal concept, in other words an approach to disposal, rather than a 
site specific disposal project. This makes the review very comprehensive, because technologies adaptable to a 
range of conditions must be considered. The review is necessarily somewhat abstract in that questions on site 
specific issues must be considered in the absence of a directly affected community. Secondly, the sensitivity of 
the public and the media towards the nuclear industry and to disposal of radioactive waste have resulted in a 
need to engender a very high level of confidence in the proposed concept. 

The Canadian government is committed to policies and programs for the management of radioactive wastes from 
the nuclear fuel cycle, including nuclear fuel waste, that combine the need for public review, effective 
regulation, and the use of safe and environmentally sound technologies. As a whole, the objective is to ensure 
that our nuclear industries should be well placed to meet the highest standards of safety and environmental 
impact over the long term. 

The paper will discuss the details of the review process and the progress to date. It presents some perspectives 
from both the initiating department and the proponent in the review, and describes the opportunities for technical 
and public contribution to the program and its review. 
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INTRODUCTION 

The nuclear fuel cycle has been subject to intense scrutiny by the media and the public in Canada and in other 
countries around the world. A conference paper prepared by Energy, Mines and Resources (now Natural 
Resources Canada) staff ' noted that it had become a truism that the future of nuclear power would depend on 
public acceptance. It further stated that "in turn, public acceptance will be based on perceptions of the relative 
health and environmental impact of nuclear power at all stages in the nuclear fuel cycle". This basis for public 
acceptance will extend to the disposal of radioactive wastes. 

People today have in common the belief that protecting the environment is a shared responsibility: the activities 
of industries are no longer regarded as the sole preserve of industry and their regulators. In democratic 
countries politicians have become increasingly aware of evolving public concerns. However, the political 
process may not provide an adequately sensitive and comprehensive mechanism to identify and deal with the 
myriad of concerns related to the environment. A more interactive consultative mechanism needed to be 
developed. In Canada, environmental assessment and review processes were put in place at the federal and 
provincial levels to provide such a mechanism. 

The nuclear industry has tended to evoke a level of concern among the general public that is perhaps higher than 
that for other industries with similar or even greater health and environmental impacts. There are many reasons 
for this but perhaps a significant one is the intense scrutiny by the media that has been applied to this industry. 
Also, the nuclear industry, like some other industrial sectors such as forestry or biotechnology, encounters 
opposition from some groups within the public based on deeply held moral and ethical principles. Thus there is 
a need for the nuclear industry to be very aware of public concerns, and to try to use appropriate mechanisms for 
interaction and participation. This has been a key objective in planning for disposal of Canada's radioactive 
waste. 

Growing commitment to "sustainable development" will make environmental concerns an important element of 
industrial planning. The use of nuclear energy will need to be consistent with that objective. Thus industry will 
continue to be expected to conduct its activities in a publically responsive and environmentally responsible 
manner. In this context, the management of radioactive wastes is an issue of primary importance to the nuclear 
industry in Canada, the federal government including the regulatory agency, and the public. In particular, the 
public will need to have confidence in the technology being developed and proposed by the industry for disposal 
of radioactive wastes. It is believed that this confidence can be attained in time once the issues and related 
concerns have been fully addressed, and that the environmental review process will have an important role to 
play. 

ESTABLISHING THE CANADIAN NUCLEAR 
FUEL WASTE MANAGEMENT PROGRAM 

All nuclear generating stations in Canada use CANDU reactors developed by the crown corporation, AECL. 
Ontario Hydro is the largest operator of nuclear power plants with twenty units. New Brunswick Power and 
Hydro Quebec each operate a single unit. There is general agreement that safe and reliable storage is provided 
for the used fuel bundles at the reactor sites2. There are currently no plans in Canada to reprocess the used fuel. 
As the power program developed, consideration was given to how the used fuel would eventually be disposed of 
permanently 3. To address the issue of managing Canada's radioactive waste the federal Minister of Energy, 
Mines and Resources appointed a commission in 1977 under Professor Kenneth Hare of the University of 
Toronto to identify suitable disposal methods. The commission carried out a detailed survey of the options 
available, including surface and seabed disposal, burial in geological media including salt and hard rock, and 
disposal in the polar ice sheets. Various options were considered but there was clearly a need to focus limited 
resources on the most promising approach. The commission's report, "The Management of Canada's Nuclear 
Wastes", recommended that the option of disposing of nuclear wastes deep in the stable granitic rock of the 
Canadian Shield be investigated \ 

After considering the recommendations of the Hare report, the governments of Canada and Ontario issued a joint 
statement in 1978 announcing their commitment to a formal long-term program to assure the safe and permanent 
disposal of radioactive wastes. In this statement the federal crown corporation responsible for nuclear research, 
AECL, was directed to investigate methods for immobilization and disposal of high-level radioactive wastes, and 
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Ontario Hydro was asked to study methods for storage and transportation of those wastes s. This was the formal 
beginning of the Canadian Nuclear Fuel Waste Management Program (CNFWMP). 

The program, and the process for developing and reaching agreement on an approach to disposal, has been 
modified over the years both technically and in response to public input. Early in the program some 
communities who were approached for permission to carry out geological studies were strongly opposed to any 
such activities being undertaken in their environs. There was some uncertainty about the nature of the studies, 
and a lack of confidence amongst some community leaders that this was an appropriate program to participate in. 
Many people indicated a desire for a clear separation between a research program and a future site selection 
phase. They also expressed a desire to participate in discussions on the concept's acceptability. The program 
was modified, therefore, by a second joint statement in 1981 in which the governments directed that the studies 
should develop a concept for waste disposal before selection of a site for a disposal facility would take place. 
They further announced that, in addition to a regulatory review of this disposal concept, there should be a full 
public hearing to ensure that the public had an opportunity to be involved in the process 6. In 1985 and 1987 the 
Atomic Energy Control Board (AECB), the regulatory agency for the nuclear industry, published regulatory 
statements and guidelines documents describing its requirements for the disposal of radioactive wastes 7'8,9. At 
the time it was envisaged that review of the disposal concept would be conducted by a group of gcvernment 
departments which would include the AECB. 

INITIATING THE PUBLIC REVIEW 

The last two decades have seen considerable change in the planning and management of projects in which the 
federal and provincial governments have an interest. In 1973 the federal Environmental Assessment and Review 
Process (EARP) was established in response to the increasing public concern for protection of the environment. 
The EARP Guidelines Order in 1984 further defined the scope, mechanism and application of this review 
process. The process has been refined and modified as experience has been gained and, eventually, will be 
applied under the 1992 Canadian Environment Assessment Act. Over this same period each of the provinces has 
enacted its own environmental impact assessment legislation for the areas for which it has responsibility. Thus 
federal and provincial legislation now define the ground-rules for taking environmental issues into account early 
in program planning and review for projects expected to have significant environmental impacts. 

It was in this context that the federal government, with the concurrence of the province of Ontario, made the 
decision that the nuclear fuel waste disposal concept should be referred to the federal Minister of the 
Environment for a public review managed by the Federal Environmental Assessment Review Office (FEARO). 
The EARP is appropriate for a review of a federally sponsored program, in that it provides a defined mechanism 
for incorporating public input, technical review, and the views of affected government departments. It also 
complies with the requirements of the 1981 Joint Statement. The concept was formally referred for review by 
the Minister of EMR in 1988. The review is a challenging process for those involved because of some of its 
unique features. Firstly, the proponent, AECL, is presenting a generic disposal concept, in other words an 
approach to disposal, rather than a site specific disposal project. This makes the review very comprehensive, 
because technologies adaptable to a range of conditions must be considered. The review is necessarily somewhat 
abstract in that questions on site specific issues must be considered in the absence of a directly affected 
community. Secondly, the sensitivity of the public and the media towards the nuclear industry, and to disposal 
of radioactive waste, have resulted in a need to engender a very high level of confidence in the proposed 
concept. In its final report, a federal Environmental Assessment and Review Panel is being asked to make 
recommendations to the Ministers of EMR and Environment on the safety and acceptability of the disposal 
concept, and on the steps that must be taken to ensure the safe, long-term management of nuclear fuel waste in 
Canada. 

Defining the terms of reference for a review panel is an important part of the process, establishing the scope of 
issues to be covered for all the participants. Careful consideration is required to ensure that the scope is not too 
broad and diffuse to allow effective review and decision making. Nor should it be too narrow to permit all 
relevant issues to be fully discussed. This review will focus on the safety and acceptability of the disposal 
concept. It will do this in the context of approaches to long-term management of the nuclear fuel wastes in 
Canada. It will consider the potential social, environmental, and economic implications of a disposal facility, 
and compare the criteria for managing nuclear fuel waste to those that are used in managing other hazardous 
wastes. It will examine the degree to which future generations should be relieved of the burden of looking after 
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the waste. These terms of reference are broad, but they are a recognition of the technical, social, economic and 
environmental implications of a conceptual review, and the public sensitivities already mentioned. 

Some areas of broader policy bave been specifically excluded from the review. These include the energy 
policies of Canada and the provinces, and the role of nuclear energy within these policies; fuel reprocessing as 
an energy policy; and military applications of nuclear technology. None of these areas are of direct relevance to 
a review of a concept for disposal; however, some groups expressed a particular interest in a public review of 
nuclear energy within energy policy. In recognition of this, the Panel chairman proposed to the federal Minister 
of Energy that a task force should be appointed to consider the issues surrounding electricity and the 
environment. After the proposal WJS assessed very carefully it was decided to defer any decision to appoint such 
a task force until further progress had been made in provincial electricity reviews that were underway. 

Although the new Canadian Environmental Assessment Act was passed in 1992, reviews that are already 
underway will be conducted under the provisions of the earlier legislation. Thus this review will continue to be 
carried out under the EARP Guidelines Order of 1984. 

REVIEW PROCESS AND PARTICIPANTS 

A review Panel was appointed in 1989 under the chairmanship of Mr. R.M. Robinson who was subsequently 
succeeded by Mr. Blair Seaborn, a former Deputy Minister at Environment Canada. The review Panel has eight 
members with a wide range of technical, social, and economic experience and expertise. The Panel has been 
studying the background information on various aspects of its mandate. To gain an international perspective on 
the issues a number of members from the Panel have met with individuals and organizations in Canada and in 
other countries with well developed nuclear waste management programs. 

The EARP Guidelines Order establishes the basic principles which define the way reviews are conducted, but 
each Panel defines the details of its own procedures. These procedures lay out the review steps to assist those 
who participate in the review. They include: scoping sessions and public hearings; opportunities for review and 
comment on guidelines for the preparation of an Environmental Impact Statement (EIS) and the EIS itself; and 
the preparation of the Panel's report. Often a Panel will hold hearings in several locations in order to provide 
the opportunity for potentially affected publics to participate. This review is being carried out in each of the 
provinces in Canada which have a direct interest in the nuclear industry: New Brunswick, Quebec, Ontario, 
Manitoba, and Saskatchewan. 

To facilitate evaluation of the scientific and technical matters related to the concept, a Scientific Review Group 
(SRG) was appointed under the chairmanship of Raymond Price, Professor of Geology at Queen's University. 
Fifteen scientists have been appointed to the group. The SRG will conduct an in-depth examination of the 
scientific and engineering aspects of the concept. It will present its findings to the Panel in a report. It is 
customary for review panels to appoint scientific advisors, but the size and diversity of skills and experience of 
the SRG is unique to this review. It is a recognition of the complexity and depth of the technology that is being 
presented 10. The proposed concept includes a number of options to provide sufficient flexibility to take account 
of the conditions which may pertain at an eventual disposal site. This approach is a consequence of the decision 
of 1981 where development of the technology was detached from the process of selecting a site for a repository. 

In 1990, public "open houses" were held to provide some information to the public on the review process and 
opportunities for participation, and on the disposal concept. Later in the year scoping (or information gathering) 
meetings were held in 14 locations to solicit comments and suggestions for issues to be addressed in the EIS. 
These were used to help develop the draft EIS guidelines which were issued for comment in June 1991. The 
draft EIS guidelines were revised to take account of the comments received and issued to AECL and released to 
the public in their final form in March 1992 ". 

The general public is participating in the review as intervenors. In total, 130 groups (including government 
agencies) participated in the s:oping meetings. They represented a very diverse range of opinion and interest. 
Some examples being Project Ploughshares, Energy Probe, the Royal Society, the Association of Major Power 
Consumers in Ontario, Ontario Metis and Aboriginal Association, and numerous private individuals. Eleven 
aboriginal groups made presentations at the Scoping Meetings. In the past aboriginal groups have not expressed 
a strong interest in the disposal concept. In the absence of a specific site no one community is directly affected. 
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However, there are extensive aboriginal lands, and land claims, over the Canadian Shield, the region for a 
potential site, and hence an interest in the aboriginal community has developed. In recognition of their interest 
and unique perspective the Panel appointed an aboriginal member to their number, and convened a special 
scoping workshop at Thunder Bay to solicit further contributions. 

Although there is no legislative requirement that a proponent provide intervenor funding (as there is for instance 
in the Ontario review process) AECL is doing so. Applications for intervenor funding and distribution of the 
funds are being administered by FEARO. To assist the SRG a portion of intervenor funding is specifically 
designated for use by intervenors wishing to make presentations to the SRG. 

The EARP Guidelines Order identifies a number of roles and responsibilities for the department initiating the 
review, in this case, EMR. These include ensuring that the proponent's responsibilities are carried out, assisting 
the proponent, as required, and providing expert information at the public hearings. EMR, together with 
Environment Canada will be responsible for coordinating the responses of government to the final 
recommendations of the review Panel. In addition to this, EMR will undertake a scientific review of the concept 
using the expertise that the department possesses in the areas of mining engineering, rock mechanics, 
seismology, geodynamics, geophysics, geochemistry, hydrogeology and near surface geology. In the early days 
of the concept's development, EMR also participated in the geoscience studies for the program. 

Under the EARP Guidelines Order there is an expectation that every government department that has specialist 
knowledge or responsibilities relevant to the proposal will participate in the review within the scope of their 
responsibilities. Clearly EMR is directly affected, as is the AECB. Several other departments and agencies 
began participating during the Scoping Meetings and by commenting on the draft guidelines. More are expected 
to review the EIS and to participate in the Public Hearings. In particular, Environment Canada has established a 
comprehensive set of committees and consultants to prepare it for the review, focusing specifically on the ability 
of the disposal concept to protect the environment. The Panel is also seeking information directly from some 
government departments to assist it in addressing the broader aspects of its mandate. Thus there will be a very 
thorough technical examination of the concept, and the review is likely to impose a considerable demand on the 
resources of the affected departments. 

Although the CNFWMP has been a joint undertaking by both Ontario Hydro and AECL, it was agreed that 
AECL, as the agency which had conducted the greater part of the research and public involvement programs, 
should be the proponent for the review. As the proponent, AECL will prepare the EIS and provide the 
appropriate participants for the public hearings. The EIS will contain the information requested in the EIS 
guidelines prepared by the review Panel, present AECL's case for the acceptability of the concept, and discuss 
the historical context of the program and public involvement in its development. A summary of the EIS for the 
general reader will be written. Nine Primary Reference documents are also in preparation; these documents 
describe in detail the work done in the program and provide some of the analyses that have been carried out l2. 

AECL expects to take up to two years to complete preparation of the EIS and associated documents. As is 
customary the Panel has not specified a date for submission, preferring to allow the proponent to take whatever 
time is required to address the issues in the guidelines. Once the EIS is submitted it will be distributed for 
public comment, and when it is judged to have addressed all the issues in the guidelines, public hearings will be 
convened. There is some uncertainty attached to the schedule since much depends on the Panel's judgement of 
the acceptability of the information in the EIS and whether a deficiency statement is issued. However it is 
anticipated that public hearings will be held in 1995 and that the Panel's report would be submitted to the 
ministers in 1996. Thus the review process itself from the time of referral in 1988 until submission of the final 
report is likely to take a minimum of eight years to complete. 

During the course of the development of the CNFWMP much attention has been paid to soliciting input from 
both technical and general public constituencies. It is hoped that this will provide a solid foundation for the EIS. 
The following sections describe some of these initiatives. 
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EXTERNAL INPUT TO THE CNFWMP 

There is often a tacit assumption in discussion of the nuclear industry, as evidenced by media comment, that 
there is a veil of secrecy over its activities. In Canada, unencumbered by a military connection, the program has 
been free to consult, to solicit contributions, to publish its work, and to discuss the issues in public forums. 
Although the mandate for developing the concept for nuclear fuel waste disposal was assigned to AECL, the 
program was shaped and developed by many groups and individuals. 

Early in the development of the CNFWMP, assistance was sought from major scientific and engineering 
societies in Canada to provide an independent review committee to examine the programs and advise on their 
extent and quality. Thus in 1979 the Technical Advisory Committee, TAC, was established. TAC has a current 
membership of fourteen, each member being nominated by one of eight participating societies and appointed for 
three-year terms. TAC considers and evaluates the AECL program and publishes the results of its review each 
year in an Annual Report which is a public document n . In addition to providing advice to AECL, the members 
of TAC seek opportunities to discuss the program and TAC's role in it with Canadian scientific and professional 
societies, and make themselves available for interviews and presentations. 

During the course of the program AECL has endeavored to make the information developed as freely available 
as possible. Much of the information is published in the technical literature. In addition to making the 
information more accessible to a technical audience, this has the attendant benefit of exposing the technology to 
independent technical peer review. Although this is established practice in any scientific endeavor, it is less 
customary for a proponent in an EARP review to have had the opportunity to do this over the course of a 
program's development. Overview papers describing the current status of the program are produced regularly, 
often as invited papers in national and international conferences ,413. In recognition of the often lengthy time 
that elapses between the development of information and its publication, AECL instituted a series of semi-annual 
reports on the program. The intent of these reports is to provide a timely record of work in progress, and to 
provide fast dissemination of that information ", 

Two interim assessments have demonstrated the assessment methodology and evaluated the effects of a disposal 
vault. These were prepared in 1981 and 1985 1710 M. They were circulated to regulatory agencies, universities, 
consulting companies, elected officials, environmental organizations (government and private sector) and many 
others. In covering letters AECL formally requested feedback on the documents. A national news release was 
issued announcing the availability of the documents for public review and comment. The comments and 
suggestions received were used to shape the further development of the concept in preparation for public review. 
Comments on the second assessment from the regulatory and environmental agencies were coordinated by the 
AECB. This consultative and iterative process was laid out in the 1981 joint statement and was intended to 
ensure that there was opportunity for both government departments and the public to provide input to the 
program during its development. 

The program has also been shaped by the links established with similar programs in other countries. Studies 
carried out in most countries with a nuclear power program have determined that geological disposal is likely to 
be a safe and effective method for nuclear fuel waste disposal. To maximize the benefits derived from these 
programs and the information and understanding developed, several international agencies such as the 
International Atomic Energy Agency and the OECD Nuclear Energy Agency have coordinated joint activities 
and information exchange. There are also many two and three party information exchange agreements in place 
in which AECL has been an active participant. 

OPPORTUNITIES FOR PUBLIC INPUT 
TO THE CNFWMP 

Over the time during which the CNFWMP has developed, methods for understanding and taking account of 
public concerns regarding major projects and undertakings have seen a considerable change in Canada. They are 
a key component of the EARP itself, and it is now established practice that a proponent should actively seek 
public input. It was the intent of the review and information publication efforts described above not only to 
provide opportunity for comment to technical specialists, but also make the information available to the general 
public. In addition some specific initiatives have been undertaken to provide information, to consult with the 
public, and to solicit their input to the development of the program. 
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A first step in developing consultation is to provide information about a proposed program. Several information 
booklets and brochures have been prepared to describe the general features of the program and its objectives M,2i. 
Visits to the AECL Whiteshell Laboratories in Manitoba where the waste management program is based are 
encouraged, so that the public can have the opportunity to view the research facilities and discuss issues directly 
with the staff. In 1992 over 2000 visitors toured the research site. Some visits focused on the activities of the 
site as a whole, and some on the waste management program. That year more than 1000 visitors toured the 
Underground Research Laboratory, a facility devoted to long-term, large-scale testing of components of the 
disposal concept technology. Of these visitors close to half were members of the general public. Technical 
specialists are provided on request to describe the program to a variety of audiences, including professional 
societies, business groups, schools and local interest groups. A toll free phone line is available for people 
seeking information. Periodically advertisements are placed in the press briefly describing the program and 
indicating where to ask for information. A briefing program is carried out to keep elected and appointed 
officials informed of progress in the research program and the review process. 

In 1984 AECL formalized its public consultation program. A consultant was retained to develop a framework 
for identifying public interest groups that could be invited to participate to ensure a balanced reflection of public 
concerns M. As a result 52 groups were invited to participate. Some declined to participate, some participated 
in part of the program and some participated through to its conclusion. The consultation program was also 
publicly announced through a widely distributed news release to provide the opportunity for other groups to 
participate. Information briefings were followed by series of consultation meetings, during which issues were 
identified. These were reviewed and ranked by AECL staff, with input from the participants obtained during an 
interactive workshop. The issues were then incorporated into the development of the program v. 

AECL has carried out a sociological research program to further assist in identifying and understanding the 
issues of concern and in finding the appropriate way to address these concerns when developing the program M. 
It has conducted public opinion polling and focus group research to become aware of the issues of importance, 
as well as taking account of the feedback from its information program. During the program, workshops have 
been used to draw together expertise on particular social issues. One example was an ethics workshop held in 
the spring of 1991 to discuss the moral and ethical issues related to the nuclear fuel waste disposal concept M. 
The objective was for AECL to obtain advice about the approach that it should be taking towards the moral and 
ethical issues raised during the course of the program. Eight ethicists, social scientists, and theologians, with 
expert understanding of the moral and ethical consequences of technological decision making, participated 
together with ten senior representatives from AECL. A set of conclusions and recommendations to AECL were 
developed from the discussion. These are being used to provide an ethical framework and direction for the 
technical arguments to be presented in the EIS. 

Public consultation must be a continuing process in order to be effective. A technological program like the 
CNFWMP may take many years to develop. As society's thinking on the issues evolves, its ranking of the 
issues may change. AECL has developed and endeavored to maintain a knowledge and understanding of issues 
raised by the public so that it can effectively address these in the EIS. Public consultation will continue, even 
after the EIS has been prepared, since as described above, there is likely to be a considerable period of time 
between now and the conclusion of the review, during which there will be a need to keep abreast of emerging 
public concerns. 

With the start of the environmental review, it became possible to find further information on public perspectives 
in the forums incorporated in the review, such as the scoping meetings. Some of the issues raised included; 
comparison of the risks associated with methods of waste management; establishing criteria for assessing 
impacts; and criteria and processes for site selection. There was much discussion of ethical issues including both 
operational and jurisdictional responsibility for wastes. Although many of the issues raised were familiar some 
reflected the changes in Canadian society and its thinking that have taken place in recent times. Concern about 
potential microbial action in the vault was one example. The strong participation of aboriginal groups was 
another. 

At this conceptual stage in the development of the disposal concept, no site selection has taken place nor will 
take place until the concept has been found to be safe and acceptable. However, in the course of working on the 
program, AECL has gained some experience with consultation required to determine the level of community 
concerns about a project, as well as some success in addressing these concerns. The early experience in 
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identifying field research sites for the program in the Canadian Shield proved invaluable. In spite of the high 
level of concern in many communities, with good communication and by responding to local concerns, AECL 
was able to establish a number of field research sites in northern Ontario as well as a site for the Underground 
Research Laboratory in Manitoba. There is also a growing body of experience in Canada on siting potentially 
contentious facilities. 

Considerable care is needed in approaching the public for consultation. The information on new development 
projects available in the news media tends towards the more apocalyptic description of the technology. When 
asked to participate, people can be wary of the motives of industry representatives and concerned that they are 
being asked to participate in a token process. However consultation programs when built on a good foundation 
of trust can be successful. There have been some examples recently in Canada where mutual respect and 
openness in dealing with concerns has resulted in establishing facilities which otherwise could have been highly 
contentious. One such is the successful siting of an integrated hazardous-waste disposal facility at Swan Hills in 
Alberta x. Incorporating public input into the siting process and taking account of public concerns made it 
possible for a community to come forward and actively seek to have the facility sited within its jurisdiction, and 
to develop regulations for its operation which had public confidence. In Manitoba, the Hazardous Waste 
Management Corporation have gained acceptance for a disposal site. The Corporation's approach included 
public consultation, open communications and community participation in the decision-making process with the 
formation of an advisory group. 

In Ontario, a process based on voluntary participation of communities that are interested in developing a 
radioactive waste facility was launched in 1988 by a federally appointed Siting Task Force on Low-Level 
Radioactive Waste Management. The approach is based on a report of a previous Siting Process Task Force 
entitled "Opting for Co-operation"3I. The process includes joint planning, information-sharing and community 
based decision-making. It also includes full community compensation for those who may eventually host the 
facility. 

The relationship that AECL has with the community of Lac du Bonnet, the closest community to the 
Underground Research Laboratory, is an example of interaction between a proponent and a host community. A 
strong interactive relationship has been established between the community and AECL. A potentially 
controversial facility balances the economic benefits and the concerns of its citizens32. The community has 
defined its preferred means for receiving information from AECL, and it has developed an effective mechanism 
for working with AECL staff. This has been maintained even though there has been opposition to the 
establishment of the laboratory, and to the experimental program conducted there, from a small but active group 
of residents and non-residents. Plans for new experiments are discussed with municipal councils and described 
in the local media. All municipal councils in the area are provided with annual briefings on upcoming projects, 
and AECL representatives attend local council meetings on request to answer any questions that arise. 

CONCLUSIONS 

In conclusion, while used fuel is safely and acceptably stored at the reactor sites at present, the Canadian 
government has long recognized the public's concerns on this issue, and the need to identify options for the 
long-term management of radioactive wastes. 

In response to this, a detailed and comprehensive research program was initiated by governments in 1978 to 
develop a concept of deep geological disposal of nuclear fuel waste in crystalline rock. In 1981 the research 
program was decoupled from siting and committed to a full technical and public review. In 1989 the Canadian 
Minister of the Environment appointed a Panel to carry out a detailed public review of the disposal concept and 
related waste management issues. 

The research program has tackled what can be regarded as a controversial waste management issue, so the 
review process should engender many interesting and lively discussions. Results from the research program, 
and public consultation conducted over the past fourteen years, should assist in ensuring that relevant issues 
raised by both the public and the scientific community can be adequately addressed. The extensive scientific 
knowledge base and expertise, combined with the public input should together result in a safe, acceptable and 
technically feasible solution for the long-term management of Canada's radioactive wastes. 
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It may take a long time before a decision is reached on the future steps to be taken on the management of 
Canada's radioactive wastes. Experts including the US Nuclear Waste Technical Review Board have observed 
that, while lengthy, the Canadian review process provides many good opportunities for public input into the 
evaluation of the technology " . The success associated with establishing facilities such as the Swan Hills 
Hazardous Waste Treatment Centre in Alberta suggests that the public wants to be consulted on environmental 
matters and are prepared to participate in finding an acceptable solution. It is also observed while it takes time 
to resolve related issues, it can be done. It is believed that with a thorough review of the disposal concept and 
issues raised, support for a sound proposal to dispose Canada's radioactive waste may be achievable. 

The process for siting a facility for disposal of Canada's radioactive wastes will not be developed until the 
concept has been found to be safe, acceptable and technically feasible, although the proponent is asked to address 
the issue in the EIS. The Panel may make recommendations about siting methods and criteria. If a decision is 
taken to proceed with the next phase in the long-term management of Canada's radioactive wastes, then further 
opportunities for public input and review will be available as the research progresses and is directed towards site 
specific activities. 
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Introduction 

Social science research supported by nuclear programs has yielded many important 
conclusions about how to better understand societal issues (see: Figure 1). Since the late 
1970s, in particular, this research has allowed utilities, regulatory bodies and private 
companies involved in nuclear research and development to better understand how the 
'nuclear' issue has evolved as a societal issue. 

When social science research is applied, it helps society to better understand how to more 
effectively allocate our public affairs and communications dollars; how to better avoid 
rancorous conflict; and, how to make public policy decisions that are more informed. This 
research has the particular promise of helping the nuclear industry (and other industries and 
groups facing other societal issues) to better understand the interface with the public. 

In my view, the most obvious, but important finding of this social science research is that 
some of the societal issues we face have a depth and complexity that will far exceed other 
issues. And, thus, our approaches to these issues must be scoped accordingly. For example, 
through this paper, I suggest that of the many issues that we have to deal with as a society, 
some, like the 'nuclear issue', fall in the category of what one would call "systemic" issues. 
Systemic issues have a depth and complexity that must first be understood by anyone seeking 
to effectively scope public affairs programs, communications programs and approvals 
approaches. By implication, time and money will be better placed, if corporations and 
governments first analyze and accept the depth and complexity of these issues, before 
recommending solutions. 

Let me elaborate on the characteristics of the 'systemic' issue -- using nuclear energy as an 
example. 

Categories and Types of Issues 

A careful look at the 'nuclear' issue over the last 30 years, provides a picture of an issue 
evolving from a mere public relations problem to a systemic issue. 



F I G U R E 1 

S O C I A L S C I E N C E R E S E A R C H S U P P O R T E D BY N U C L E A R P R O G R A M F U N D I N G 

SYSTEMIC 
ISSUE 

Anthropology 
Research 

Cul ture -
Cul tura l Values -
World View 
Customs and Tradit ions -

Pol i t ical 
Science 
Research 

Voluntary Si t ing Processes -
Research on Trust -
Research on Route Policy -
Research on Local Veto -

Psychology 
R e s e a r c h 

Sociology 
R e s e a r c h 

Economics 
R e s e a r c h 

Phi losophy 
R e s e a r c h 

Risk and Perceived Risk -
Nature of Threat -
Psychology of Harm -

Fi-nction and Role of Issue Organizat ions 
Organizat ion of Bureaucracies 

i.e. change of Ontario Hydro 

Linkages of Socia l Movements to Nuclear Issue 
- fa i th groups -
- feminist groups -
- environmental organizations -

Role of Rawlsian Economics -
Economics of Alternatives -
Socia l Cost ing and Full Cost Accounting -

Values Issues -
Analysis of Wise and Right Action -

Understanding of our Obligat ions to the Future -
Trade Offs - Wil l ing to Accept Higher Cost for Less Risk 
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For example, there are many categories and types of issues that we face as a society. Health 
issues, environmental issues, and economic issues are a few of these categories. Moving 
from categories to 'types' of issues, we find a hierarchy. At the bottom of the hierarchy are 
issues that are simple and require decision-making within existing societal systems. At the 
top of the hierarchy are systemic issues. 

One of the more rudimentary issues are what one might call, the 'public relations' issue. 
The "Tylenol Issue" or the "Syringes in the Coke can" issues might be appropriate examples. 
When successful, public relations professionals will look at the problem, do a careful analysis, 
assess information needs and approaches, and fulfil those 
needs through advertising, marketing or political trouble 
shooting. And, with any luck, the issue will be addressed. 

At times the issues become more complex and have to deal 
'process'. These 'process' issues often arise because the 
interests of other people or sectoral groups are recognized 
too late. And, as a consequence, all sides will find 
themselves in court or in a hearing. When process issues 
are addressed early enough, the proponent will be most 
effective by scoping and implementing a fair process, 
finding the best information and making political choices. 
Often, professionals involved in these issues are lawyers, 
politicians, engineers and so on. Issues that come to mind Figure 2: Types of Issues 
are: those related to finding landfill sites, or, deciding 
societal policies for reducing, reusing and recycling potential garbage. 

Other issues are 'locationally based', like siting a housing development or an expressway. 
Once a location has been established, the decision is made and the arguments may, in many 
instances, either die off or shift. And, there are many other types of issues. 

The social sciences1 have had a contribution to make to the understanding of how each of 
these issues could be addressed. However, the greatest challenge is understand how to 
address a 'systemic' issue such as nuclear energy. Within types of issues that are called 
'systemic' issues nuclear energy is not unique and shares the spotlight with issues such as 
abortion, cutting old growth forests, invitro technologies, euthanasia, capital punishment, etc. 

SYSTEMIC 
ISSUE 

LOCATIONAL 
ISSUE 

PROCESS 
ISSUE 

PUBLIC RELATIONS 
ISSUE 

1 I refer here to philosophy, sociology, anthropology, psychology, political science and 
economics and related sciences. 
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The Nature of'Systemic' Issues 

Of the issues that we face in society, one might consider 'systemic' issues to be at the 
figurative, top-of-the-heap. These issues are deep, complex and pervasive. They are 
"systemic" issues because they are deeply routed within the psyche of a society. Often, public 
opinion polls will show that a community having to provide an opinion about a systemic issue 
will be deeply divided on the issue, and, opinions will be strong on either side. 

In my view, an issue evolves to become a 'systemic' issue because it: absorbs the interest 
of normally disinterested groups and individuals; causes individuals to formulate strong 
views on the basis of risks and perceived risks; has significant moral and ethical 
underpinnings; and, in some way, involves questions of human health, fear and dread. 

The key point that we, as a society and industry have to understand is that these issues are 
of sufficient complexity and breadth, that they will not be solved by a single political 
decision, they will not go away with time and they will not be satisfactorily influenced by 
providing better information. 

The Depth and Complexity of the Issue 

Several social scientists have drawn important conclusions about the nature of these issues. 
Ottway and Thomas, for instance state that, in relation to nuclear, part of the controversy 
about these issues stems from concerns which go beyond the technology and facts, to questions 
of social institutions and long term planning. The nuclear controversy, in these respects, seems 
to be providing a social arena where fundamentally different views of the future are being 
debated. (Ottway and Thomas, 1978). 

University of Detroit theology professor, George Pickering takes the analysis one step 
further when he observes, the nuclear debate is about personal and political power 
(Pickering, 1982, p. 163). It involves questions about whose values are important and what 
value system should prevail. 

Observing the 'political culture' of the nuclear issue, anthropologist Michael Thompson states 
we have to understand that people view energy sources, as being acceptable or not on the 
basis of their cultural and social traditions and customs. Looking at the 'political 
anthropology of risk', Thompson asks, why is it that different people in our society, will look 
at the same technology and react in different ways. More importantly, why do they react in the 
way that they do?" (Thompson, 1980, p.l) 

Observing the paralysis of institutions involved in the 'nuclear' issue he asks, "after years and 
years of debate and the expenditure of millions of dollars, we are still no nearer agreement on 
what the risks out there are" (Thompson, 1980, p. 2) He says, the contribution that political 
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anthropology makes to the energy debate, is to understand that nuclear safety is as much 
a cultural issue as it is a physics and engineering issue. Instead of assessing how risky each 
energy technology is, we should begin to address systemic issues by asking, "what would you 
like the risks of an energy technology to be?" 

These are only a few of the social scientists that have commented on the 'systemic' nature 
of the nuclear issue. Clearly, unless we approach this and other policy issues with an 
appropriate analytical framework and unless we understand the larger issues at play within 
which these issues are inexorably linked, then, our public affairs expenditures may be 
misdirected. And, any attempt to start meaningful dialogue on the issue will be less than 
fully informed. 

A More Promising Thrust 

In my opinion, a more promising thrust involves trying to apply the research being developed 
within the social sciences as the start to the formulation of an analytical framework. 

As a promising path to follow, I feel that the application of the findings of twenty years of 
social science research into this issue can be very helpful. 

The Contribution of the Social Sciences to Addressing Systemic Issues 

The Canadian, American and European nuclear programs have done much to support 
research and development in the social sciences. I speak specifically of Atomic Energy of 
Canada, Ontario Hydro, Battelle and Oak Ridge Labs, Electric Power Research Institute, 
U.S. Council for Energy Awareness, OECD and the American and Canadian Nuclear 
Societies and Association. And, for the remainder of this paper I want to focus on several 
research findings that offer promise in understanding systemic issues. The first finding deals 
with the issue of risk. 

a. Society's Perception of Risk is Different from Probabilistic Risk Assessments 

About fifteen years ago, the research problem that social scientists addressed was why is it 
that the public does not look at risk the same way as risk assessors, mathematicians and 
actuaries? This question is important because the issues of radiation risk and probabilistic 
risk assessments are a considerable impediment to the achievement of dialogue. 

Paul Slovic (Slovic, 1976), the Battelle Pacific Northwestern Labs (BPNL, 2400, 1978) and 
numerous others, for example, tell us that "...the general public often perceives the outcomes 
of an event to be more important than probability...however, [this also] often occurs in the world 
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of business and industry.,.where insurance companies would not insure nuclear reactors for 
unlimited liability..." because actuarities lacked data related to one large catastrophic event. 

In my opinion, the most promising way to address issues of risks being perceived differently 
by different people is to first, accept that the discussion of risk has a legitimate role to play 
as an event or phenomena that is being experienced as real in someones' life. Fischhoff 
(Fischhoff, 1985), for example, has drawn a number of common sense conclusions about how 
people make up their mind about radiation risk. He says: people simplify (for example, 
habit, tradition, advice from neighbours will have more weight than the opinion of scientists); 
they make their minds up and don't change them (for example people are adept at 
maintaining faith in their current belief, including the belief that it doesn't make sense to 
search for contrary evidence); people remember what they see (such as a media event, first 
impressions etc); people don't detect omissions in scientific evidence (for the vast majority a 
part of the truth is sufficient); people disagree more about what risk is than about how large 
it is (for example, we will find agreement on the facts but no agreement about riskiness); and 
finally, people have difficulty evaluating expertise. 

Given the above, the more promising analytical framework would appear to be the one 
where the policy issue at hand addresses, the question of how to understand how much risk 
one is willing to accept as each person defines risk? The second social science finding deals 
with social institutions. 

b. The issue of Nuclear Energy has become tied to the Issue of a General Shift in 
Confidence in our Social Institutions 

Sociologists have identified a considerable divergence of opinion between scientists and 
academics vs. environmental organizations and governments. But, in my opinion, a more 
serious rift occurs between the 'professions' as an institution as they approach systemic 
issues. The most obvious example of this rift within the 'nuclear' issue is the role of the legal 
profession vis a vis the physicists, the engineers, the medical professions. Is it any surprise 
that, the public has significant doubts about who to trust? Thus, the major issue hindering 
dialogue is the credibility of societal institutions and their spokespersons. 

A second institutional conclusion is the lack of coordination between the beliefs and postures 
of social institutions (these include, the courts, regulatory agencies, nuclear agencies, 
professions, etc.) versus the public. Thomas states (Thomas 1980), "...institutions are not just 
there • they flourish or wither according to whether they do or do not enjoy the credibility of the 
members of the society that created them". Understanding the role and fit of societal 
institutions is a fundamental component of the analytical framework required to address 
systemic issues. The third significant reseacrh finding has to do with siting issues involving 
systemic issues. 
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c. The Efficacy of Voluntary Siting Approaches 

One of the most significant problems that social scientists have tried to address is the 
inability to site contentious facilities. From my perspective, part of the problem in the past 
has been the definition of the problem as a 'location' problem as opposed to a 'systemic' 
problem. 

In the nuclear arena, the problem we currently face is finding sites for high, medium and low 
level nuclear waste and anything else to do with radiation. In the past, the consequences to 
the industry and society as a whole, is rancorous conflict, social disruption and, when one 
looks at some North-eastern US reactrs for example, very significant financial costs. 

While this issue is certainly not unique to nuclear facilities, political and social science 
research has made some progress toward investigating and classifying the characteristcis of 
siting issues (Armour, 1990; and Richards, 1992). Phrases such as NIMBY (Not in My Back 
Yard), YIMBY (Yes in My Back Yard), NOPE's (Not of Plane* Earth) and LULU's 
(Locally Unwanted Land Uses) are now part of the popular jargon. However, additional 
research also started to investigate whether, as a society, we could come up with better ways 
of siting unwanted facilities. In Canada, for example, significant research has occurred in 
the whole area of 'voluntary siting approaches'. Two toxic and hazardous waste facilities 
have been successfully sited in this manner, in Alberta and Manitoba. And, the Federal 
government has sponsored a task force to explore alternative siting approaches and find 
communities who may be willing to volunteer to be a site for low level radioactive waste 
disposal. 

This is an area of promise and risk. However, over the next ten years, we need to explore 
variations to the voluntary siting approaches. For example in one of our firm's recent 
research projects we recognized the need to split-off policy considerations associated with 
siting. 

It is an interesting observation that professionals working toward the siting of hazardous 
waste facilities will freely admit that nuclear siting research has led the way toward the 
exploration of alternative siting approaches. Hopefully, the diffusion of these approaches 
toward more conventional siting problems will not be far behind. The final research thrust 
toward the understanding of systemic issues involves the consideration of moral and ethical 
issues. 

d. The Moral and Ethical Aspects of Systemic Issues 

One of the most interesting and important future areas where the social sciences will make 
a contribution to developing appropriate analytical frameworks, is in the understanding of 
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the moral and ethical aspects of systemic issues. A colleague, Andy Brook, of the University 
of Ottawa, states that the associated [systemic] policy questions, "...have at their heart moral 
questions. [And], those posed by nuclear energy are often sufficiently complex to tax the full 
resources of modern moral philosophy." (Brook, 1980) 

Compared to the wider public policy discussion that characterized the political sciences, the 
philosophical debate is centred mainly within the scientific and academic community. 
However, philosophy and theology, in my opinion have a major contribution to make to the 
understanding of systemic issues for society at large. 

Philosophy is the study of the general principles or laws that underlie knowledge and reality. 
In relation to these issues, philosophy is concerned about human morals, character and 
behaviour. Recently, philosophy as begun wrestling with the question, how do we know what 
is wise and right behaviour regarding energy policy? Thinking philosophically means applying 
common sense thinking to difficult issues. This ranges from applying 2,000 years of 
deductive logic since Aristotle, to improving our understanding of how to identify personal 
values that each one of us brings to the discussion today. 

In my opinion, there have been several research efforts that have widened the analytical 
framework for thinking about nuclear energy: 

• the first is, research into the articulation and definition of theological issues and 
approaches 

An important component of an analytical framework is the understanding of the theological 
aspects of systemic issues. For nuclear energy, much of this discussion started after the 
Second World War with the efforts to turn swords into ploughshares, but shifted direction 
in the 1970s with the rise of the environmental movement (see: Dowell, 1984, for a thorough 
examination of the role of the churches in the nuclear debate). For example, in the 1970s 
a key event was the World Council of Churches meeting on Faith Science and the Future 
at MIT where they called for a five year moratorium on the development of nuclear energy. 

Regardless of the position taken, important to the analysis of systemic issues was the 
identification of the theological evaluation criteria, being: justice, sustainability and 
participation. 

Ten years later the Toronto-based, Interfaith Program for the Public Awareness of Nuclear 
Issues (IPPANI, 1985) multi-faith working group started to explore issues related to nuclear 
energy, nuclear technology exports and nuclear weapons. In an unprecedented move, 
IPPANI recognized the importance of 'process' concerns associated with moral and ethical 
issues. Both the CNA and Energy Probe (an anti-nuclear organization) participated in the 
discussion leading up to a hearing, although the nuclear industry only gave partial 
participation in the hearing. 



9 

Important to the IPPANI process, was the contribution of the smallest faith group, the Bahai 
Faith. Their approach to building consensus, insuring fairness, and listening to all sides 
became a dominant influence on the character of the dialogue. This approach offers 
considerable promise for how to try to achieve dialogue on systemic issues. 

• the second is, the examination of 'moral seriousness' (Pickering, 1980) and reasoned 
dialogue 

Following the release of the seminal analysis of the morality and ethics of uranium mining 
by the Cluff Lake Board of Inquiry (Cluff Lake, 1977), in 1979, several members of the 
Canadian Nuclear Association realized that energy arguments had shifted from the health, 
cost and safety issues, to also include moral and ethical issues. We started what resulted in 
a lengthy inquiry into the questions: "Wliat does it mean to support or oppose a policy or 
technology on moral grounds? and Wliat does it take to achieve dialogue?" What a number 
of us recognized at the time was the need to move beyond clashes of divergent beliefs and 
opinions. 

After years of meetings, conferences and dialogue at the university, professional and church 
level, it became all too clear that being serious about moral and ethical issues related to 
public policy decisions involves much more than convincing those holding conflicting views 
of the Tightness of your cause. It involves an intellectual rolling up of one's sleeves to reflect 
on: what obligations do we have to the future? how do you factor in equity considerations 
related to local communities, being asked to bear a disproportional amount of the 
risk/impacts for the wider society? When does a technology violate a trust to the planet? 
What is appropriate action in the face of uncertainty? Many of these issues have most 
recently been discussed by our firm, through research support from Atomic Energy of 
Canada Limited, (HSA, 1991). 

Conclusion 

One of the key research challenges within social science is how to continue to understand 
and effectively address systemic issues that society faces. International nuclear industry 
support has aided this research considerably. Over the next twenty years, if successful, we 
will increasingly look forward to improved ways of achieving dialogue, of understanding the 
impacts of technology and understanding the deeper and complex issues that society has to 
address. 



10 

References 

Armour, A., (1990) Facility Siting Processes: A State-of-the-Art Review. Armour 
Environmental Consultants, Inc. for Atomic Energy of Canada Limited. March 1990 

Battelle Pacific Northwestern Labs,. (1978) Nontechnical Issues in Waste Management: 
Ethical. Institutional, and Political Concerns. Prepared for the U.S. Department of Energy, 
PNL - 2400, Seattle, Washington. 

Brook, A. (1980) Uranium Mine Tailings and Obligations to Future Generations. In 
Canadian Nuclear Association, Moral and Ethical Issues Relating to Nuclear Energy 
Generation: Proceedings of a Seminar. Toronto, Ontario. 

Cluff Lake Board of Inquiry. (1978). Final Report. (Chapter XI.) Moral and Ethical Issues 
in the Development and Use of Nuclear Energy. 265-288. 

Dowell, T. (1984). Religious Organizations Debate: Nuclear Energy. Toronto: Ontario 
Hydro. (Prepared for Social and Community Studies Section, Corporate Relations Branch, 
Ontario Hydro. Background Paper, Report No.: 84349.) 

Hardy Stevenson and Associates. (1991). Moral and Ethical Issues Related to the Nuclear 
Fuel Waste Disposal Concept. Toronto: HSA. (Prepared for Atomic Energy of Canada 
Limited. Report TR-549, COG-91-140). 

Interfaith Program for the public Awareness of Nuclear Issues, (1985) Final Report 
Sponsored by Toronto Area Faith Groups, copies available from Ontario Hydro, 700 
University Ave, Toronto, M5G 1X6 

Pickering, George, W., & Forbes, Ian A. (1982). An Analysis of Social and Ethical Issues 
in Energy Use: The Case of Nuclear Power. (Prepared for the Electric Power Research 
Institute). Waltam, Mass: Energy Research Group. 

Richards, D. (1992), Siting Industrial Facilities: Lessons from the Social Science Literature. 
U.S. Council for Energy Awareness, Washington, D.C. 

Slovic. P. (1976) Psychological Factors in the perception and Acceptability of Risk: 
Implications for Nuclear Waste Management, Paper Presented at the Conference on Public 
Policy Issues in Nuclear Waste Management, Chicago, 111, October, 1976 

Thompson, M. (1980). Political Culture: An Introduction. Working paper prepared for the 
International Institute for Applied Systems Analysis, A-2361, Laxenburg, Austria. 



DISCUSSIBG BUCLEAR ENERGY ISSUES AT SCHOOL: 
HOW TO TEACH THE TEACHERS 

by Florence DE GALZAIN, Information Officer 

OECD Nuclear Energy Agency 'lllr'rico ft: 
Le Seine St Germain — 12, Boulevard des Iles 

92130 ISSY-LES-MOULINEAUX (FRANCE) 

We are by now firmly established in a technological society yet we are 
still largely unprepared for it. In fact we seem to be living through 
constant progress while doing our best to ignore it. Although we all agree 
that progress is useful in countless ways few attempts are made to understand 
how new things operate: you don't need know how a car works to drive it. 

The same line of thinking prevails concerning the nuclear issue. 
Those who are opposed to nuclear energy are often the same who are against 
technology and progress. This is why nuclear energy and technology in general 
are undissociable, and nuclear energy must therefore be approached, on a very 
broad level with reference to other issues relating to changing society, 
energy and the environment. 

The schoolplace seems an appropriate setting for developing such an 
approach. Through school education pupils can be prepared for the world of 
technology and industry they will enter later on when they start work and be 
given the means to contribute to technological growth as well as to decide 
which directions it should follow. 

However, teachers need to be prepared to take on this role and to 
undergo suitable training. Yet at the moment teachers in OECD countries do 
not have enough training in the nuclear energy field in terms of basic 
knowledge as well as in terms of teaching methods. Apart from physics 
teachers, secondary school teachers receive little information about nuclear 
energy during their initial training. The only way they can obtain sufficient 
information to handle this topic at school is through continuous training or 
via information disseminated by the nuclear industry. They very seldom 
receive any comprehensive and general information that would enable them to 
situate nuclear energy in a perspective embracing all aspects, economical, 
social, cultural, historical and ethical. 

With this in mind, the OECD Nuclear Energy Agency held an 
international seminar in June 1993 in order to evaluate the capacity of 
secondary school teachers to deal with nuclear energy at school and the 
methods and facilities at their disposal for this purpose. The seminar 
brought together teachers in several different fields, representatives of the 
nuclear industry and teacher trainers. It provided an opportunity to compare 
national experiences in teacher training and to identify teachers' information 
and teaching tool requirements. 

During the seminar, several major conclusions were drawn: 

1. Knowledge, even scientific and technological knowledge, is not passed 
on through intellectual learning but is primarily absorbed through 
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socio-cultural factors. Especially with a topic like nuclear energy, which 
remains abstract and controversial, pupils must be able to draw links between 
the information given to them and their own references, with their teachers 
showing them how to do so. 

2. The teachers' role must therefore change. Teachers must be aware of 
their duty, almost a civic duty, to prepare pupils to meet their role of 
future citizens by getting them used to weighing up the various aspects of a 
technological option such as nuclear energy and measuring its impact on 
society at economic, social, cultural and ethical levels. Teachers must 
therefore be capable of leading relevant discussions, encouraging pupils to 
take up positions in the course of controversial and controlled debate. 
Concrete information about nuclear energy, such as basic concepts of 
radioactivity or even electricity generation statistics, merely serve to 
support the arguments. 

3. The training and information supplied to teachers regardless of their 
specialisation should impart motivation and personal interest, making them 
eager to find out the requirements of a society issue such as nuclear energy, 
well beyond the gathering of objective information alone. 

4. Teacher training could be based on the direct relationship between 
teachers and the technology around them (TV, radio etc.) or the natural 
environment (the sun and stars) as in Switzerland for instance, or even the 
local environment (power plant construction as in the United Kingdom or the 
Yucca Mountain site in Nevada), thereby providing easy-to-use concrete 
examples introducing the topic at school, and encouraging pupils to draw a 
link between school knowledge and day-to-day life. 

5. The development of a nuclear energy education package that can be 
incorporated wherever appropriate in the school curriculum presupposes that 
teachers of all disciplines are prepared to co-ordinate their action to ensure 
that all aspects of the topic are dealt with. The removal of barriers between 
disciplines, especially for a subject that in our countries is usually 
approached only from a scientific standpoint and chiefly in physics courses, 
should lead towards multidisciplinary education. Several experiments with 
this type of co-ordination have already turned out to be very positive, 
especially in the United States. 

6. Since nuclear energy is a current society concern, it would seem that 
the best people to train teachers would be other teachers. Training would 
therefore be more akin to debate than formal education, where information 
would emerge from the discussions without having to be provided on a formal 
basis. In other words trained teachers would train other teachers. 

7. Teaching training should however involve some kind of partnership with 
the nuclear and non-nuclear industry to meet the demand of teachers and 
jointly work out with them suitable teaching material tailored to their 
requirements (e.g. information networks as in Germany and France). Teachers 
should also receive information about any nuclear industry experts willing to 
speak before schools or to organise on-site visits. 

8. The material for teachers and pupils should be based on pedagogic 
strategies calling for action and responses (practice leads to understanding), 
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and the new current trend in education placing more and more emphasis on 
experiment should be therefore strengthened. 

9. Existing teaching materials on nuclear energy are available in several 
forms, some highly developed and didactic, in all countries with a nuclear 
programme. In most cases, the material is developed by the nuclear industry. 
Teachers are unfamiliar with it, however, and it should be more widely 
disseminated. For instance, each country could set up a nuclear energy 
information centre where this material would be inventoried and centralised or 
even offered to schools. The centre could also supply references to 
equivalent material in other countries. 

10. As citizens, many of them with an acute civic sense, teachers should 
adopt their own personal strategies for acquiring multiple sources of 
information (media, industry, government departments, environmental bodies, 
associations etc.). By striving to collect diversified information in this 
way they will be in a position to teach on a neutral and objective 
comprehensive basis. 

Finally, this international exchange of experience involving a dozen 
OECD countries shows that while secondary school systems differ from country 
to country, the objectives remain much the same, namely to improve the flow of 
information while opening minds to all aspects of technological reality. In 
order to meet these objectives in the nuclear energy field, there is no ideal 
pedagogic method that can be applied throughout: each country, each school 
and even each teacher must adopt the most appropriate strategy (special 
courses or "peppering" during the school year when convenient) and adjust it 
to the field, the curriculum and the class. This flexibility must be 
emphasized in the course of teacher training. The role of teachers at school 
is also constantly evolving in this direction. 

The action taken by international organisations, in particular the 
IAEA, the European Communities and the OECD Nuclear Energy Agency, is 
precisely aimed at encouraging this evolution, by offering many national 
exchanges of experience about education on nuclear energy at school. These 
exchanges also cover the comparison and assessment of available teaching 
material. This is a way of promoting national initiatives in this area while 
giving them an international dimension which is essential in open education 
about energy. 

In order to support its action and on the basis of the lessons learnt 
from this international seminar held in Oxford, United Kingdom, the OECD 
Nuclear Energy Agency has made a video recording for the intention of teacher 
trainers and teachers to encourage them to become acquainted with the 
education experiments conducted in various countries and to tackle, in a 
broader context, nuclear energy at school. 
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PHYSICAL MODELS OF NUCLEAR PUBLIC ACCEPTANCE 

Teruaki Ohnishi 
CRC Research Institute, Inc.Nahase 1-3-D17, Chiba 261-01, Japan 

Abstract: Two physical models were developed to study how nuclear public opinion varies under the influence of the 
newsmedia, mutual communication among the public, and sociopsychological pressure in the society. One of these models is a 
statical one where the psychological and social behavior of the public is treated statically with the aid of the cellular 
automaton model, whereas it is treated dynamically in the other model using the method of multi-partiole model, 

1. Introduction 

The establishment of public consensus with strong support for nuclear energy is indispensable for the 
siting of nuclear facilities, such as power stations and waste depositories, and for further promotion of the 
development of nuclear energy. Various countermeasures for ameliorating nuclear public acceptance (PA) 
have been promoted in every country [11. Along with these practical measures, it seems quite significant to 
theoretically model the social situation regarding nuclear public acceptance and to clarify quantitatively the 
mechanism for the public to decide their altitude to nuclear energy. Indications of the measures to be taken for 
the recovery of PA together with the forecasting of its behavioral aspect in the future are expected to be 
obtained by such a model. Some quantitative studies have been done along this line [2], Noticing of an 
essentially important role of the interaction with the newsmedia for the public to decide their attitude, the 
author has recently proposed two types of physical models, of statical and dynamical ones, to simulate the 
collective phenomena in the society [3, 4]. These are respectively a cellular automaton model and a multi-
particle model, with which the PA for nuclear energy being intended to be treated quantitatively. In the 
followings, conceptual frameworks and representative results of numerical calculation are described for both 
models. 

2. Cellular Automaton Model 

2.1. Outline of the model 
Since the newsmedia generally cover a macroscopic region of space, the society reacts r a the r 

homogeneously in space to information from the media once information is released on the subject concerning, 
for instance, the accidents at nuclear facilities. The attitude change of the public regarding this reaction is 
called the transition mode (i) hereafter. On the other hand, individuals usually make personal communication 
with their surrounding people regarding the relevant issue and a part of them changes their attitude and 
opinion toward the adaptation to the surroundings. Since, despite of such mutual communication, the other 
part of people continues to sustain their original attitude, this type of communication makes the society to be o[ 
a heterogeneous slate. The attitude change with regard to this communication is called the transition mode 
(ii). Moreover, there exists the changing mode of attitude, the transition mode (iii), which voluntarily occurs in 
individuals caused by the change of politics, economics, life style, and the sense of value. Public opinion 
concerning a certain subject appears as a resultant realization of these three transition modes of attitude. 
Figure 1 depicts such a situation. 

In this paper the PA for the electricity generation by nuclear energy is exemplified as one of the problems 
regarding nuclear energy. In order to compare model calculations with the results of public opinion polls, the 
following six discrete states of attitude concerning this subject are introduced along with respective quantum 
numbers; 

state; P3: support it generally quantum number; 3 
P2: support it temporarily 2 
U: undecided 0 

Al: oppose it passively -1 
A2: oppose it temporarily -2 
A3: oppose it radically -3 

Corresponding to the above transition modes (l)~(iii), the following concrete transitions between those 
states arc assumed to occur; these transitions have all been actually observed in Europe, USA and in Japan. 
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Fig. 2. Schematic figure of cellularized 
system for the case m = 3. 
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where y is a branching ratio, S a model variable, and S l~S3 are constant parameters. The quantities S1~S3 
have respective meanings concerning mutual communication as follows: 

SI: The extent of the activity, such as the persuasion, education, advertisement and other PA activities, 
for the public or for the authority to make nuclear power generation to be affirmative. 

S2: The extent for the public with strong thought of naturalism and anti-nuclcarism to perform anti-
nuclear movement via the channel of personal communication. 

S3: The extent for the public on the pro-nuclear side gradually to shift their states toward naturalism and 
anti-nuclearism via the channel of personal communication mainly due to the change of life style and the sense 
of value of the surrounding people. 

The public is assumed to be of m-layered, two-dimensional planes composed of nXn meshes of hexagonal 
unit cell as schematically shown in Fig, 2, Each cell is assumed, at any given time, to hold one of the six states 
P3~A3 given above, and to communicate with the surrounding six cells on the same plane and with the cells on 
the (m —l)-layered stratified planes, which are superposed on the cell considered and its surrounding six cells. 
Since each cell on a given plane is regarded as an individual or a reference group with characteristics common 
to all cells on the plane, the effect of mutual communication can be investigated with this m-layered model, 
which occurs between constituents with different characteristics from each other such as the man and the 
woman, the young and the aged, and the residents supporting different political parties, with different 
occupation, and with different education. 

The probability for occurrence of the mode (i) at an arbitrary time is proportional to the strength of 
information at that time. That strength regarding nuclear power generation is assumed to be expressed by a 
linear combination of the strengths of the affirmative field and the negative field both of the subject, and these 
strengths, in turn, arc further assumed to he proportional to the amounts of information of affirmative and 
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negative contents, respectively, released by the newsmedia. The transition mode (ii) is quantified by the 
cellular automaton method 15], whereas the transition mode (iii) is assumed to take place exponentially with 
lime with the transitional time constants i, (i = 1~3). The fraction of the public with a specific attitude at a 
given time is just corresponding to the fraction of the cells with a specific quantum number at that time. 
Various constants arc determined by fitting the calculation to the actual values of public opinion. In the case of 
m = l , the quantity S for an arbitrary cell is defined as one-seventh of the sum of quantum numbers 
corresponding to the cell considered and its surrounding six cells. Setting a time step as 1/8 years and n = 100, 
model constants were evaluated as Sl = 1.75, S2=-1.85, S3 = -1.6, x =x2 = 8.0y and tn = G\2y. for the case of 
Japan. 
2.2. Results and discussion 

The case for m= 1 is discussed in what follows. Figure 3 shows the time behavior of the fraction of public 
opinion opposing to nuclear power generation. The places where calculations sharply vary are all 
corresponding to the time when a large scale nuclear accident was broken out. Taking into account also the 
time behavior of pro-nuclear and undecided fractions, it is found that the opinion fraction shows a rapid change 
at every major nuclear accident, and that the restoration of pro-nuclear fraction is incomplete even long after 
the accident whereas the anti-nuclear side increases its fraction with every nuclear accident. 
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fraction in Japan. public opinion at 1991.0. 

Figure 4 shows the time variation of graphical patterns of three types of cells with pro-nuclear, undecided 
and anti-nuclear characteristics. Since each cell is interpreted as an individual, this figure can be regarded as 
parts of a larger distribution of people in our actual society with different opinions concerning nuclear energy. 
Cells with different opinions are assumed to distribute randomly on the plane at the beginning (1973.0), but 
randomness is gradually reduced and non-homogeneity grows with time. On the anti-nuclear plane, the 
component with a radically anti-nuclear character, A3, becomes to grow round a few cells of radically anti-
nuclear thought initially existing on the plane as seeds. The extent of concentration of the cell A3 becomes 
notable after 1980, especially after the Chernobyl accident. At 1990.25, the plane becomes to be composed of a 
number of tightly bound aggregations which are distributed randomly on a somewhat homogeneous 
background of cells with a mildly anti-nuclear character. This process is a self-organization [6], and the anti-
nuclear movement is pointed out to form a dissipative structure. On the other hand, the aggregated groups of 
pro-nuclear cells almost disappear with every large-scale accident, and new aggregations begin to be formed 
after that around the seeds quite different from the previous ones. When the period of occurrence of nuclear 
accident is short as compared with the growing time-scale for the pro-nuclear aggregations, tightly aggregated 
groups of cells cannot be formed on the planes. This indicates that, even when pro-nuclear movement begins, it 
cannot be of strong power because of the lack of centralized bodies. The undecided cells disappear around the 
region where the anti-nuclear cells strongly aggregate, surviving otherwise to result in a patchy pattern on the 
plane. Both the aggregative and patchy patterns appear as a result of a non-linear interaction between the 
information environment and the personal communication. 

Figure 5 shows the dependency of public opinion at 1991.0 on the model constant SI. The nuclear opinion 
shows catastrophic behavior at SI =S1 C = 1.73—1.74, and the trend of public opinion on one side of this critical 
point remarkably differs from that on another side. This type of catastrophe is owed to the fundamental 
characteristics of cellular automata such that the transition mode (ii) suddenly appears or disappears at 

3 



Fig. 4. Distributional aspects of pro-nuclear (top row), undecided (middle row) and anti-nuclear 
(bottom row) cells at four different times shown by gradation patterns. 

certain specified values of S. It has been pointed out that the social issues including nuclear and political 
problems and the attitude of politicians generally show such a catastrophic behavior with a change of certain 
control variables [7]. The cellular automaton model seems, in itself, to be a promising way for quantifying such 
social and political phenomena as induce catastrophes. This figure also shows that the final public opinion 
becomes to be substantially changed depending on whether or not the elaborate PA activity such as education 
and persuasion have continuously been made from an earlier era of nuclear development. The anti-nuclear 
fraction also for the case of SI = 1.73 is shown in Fig. 3, just below the threshold for the catastrophe as for 
comparison. 

To estimate the future trend of public opinion, the future amount of information R(t) released by the 
media is required in this model. This is set in what follows as R(t>to s1990.75)=aR(to), a being a constant 
parameter. Figure 6 shows the dependence of the public opinion at 2002.0 on the parameter a . When the a 
decreases from unity to ~0.25, the anti-nuclear fraction gradually decreases and inversely the pro-nuclear 
fraction increases, as expected. At the value a = a c = 0.23~0.25, a quite conspicuous catastrophe appears again 
to reverse public opinion. For the a less than unity, the anti-nuclear fraction begins to decrease at a finite time 
after 1991.0 and becomes to about 15% at about 5 years after then. After this, the anti-nuclear seeds do not re
appear in the system and the fraction leniently decreases with a lifetime 8.0 years. Hence, if the amount of 
nuclear information continues to be decreased throughout the future period, the acceptability of nuclear 
energy becomes to be ameliorated but only after a finite time from the beginning of the decrease of information. 
Such a catastrophic trend in the future appears also in the case of reduced Si . From the definition of meaning 
of Si , the following interpretations can be made: There exists a certain threshold for the advertizing activity 
such as education and persuasion for ameliorating nuclear PA. The activity under the threshold can never 
lead the recovery of nuclear PA. When it continues to exceed the threshold, however, the situation of nuclear 
PA is markedly ameliorated within several years and the society changes revolutionarily from a state 
dominated by anti-nuclear people to a state dominated by pro-nuclear people. 
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3. Multi-Particle Model 

3 J- Outline ofthe model 
The attitude change of the public is assumed to occur depending not only on the sociopsychological forces 

acting on the public, but also on the quality and quantity oï information released by the newsmedia. The 
reports by the media consist of two components; the one is the fundamental news component and the other is 
the prevalent component whose amount varies from time to time in accordance with the movement of public 
opinion. Since the media change their reportorial stance by perceiving the change of publicjapinion, the public 
and the media are in the relation feeding back their effects to each other. Figure 7 shows a schematic diagram 
for this situation. To mode! the situation, both the individual person and the individual medium are 
represented by a respective single particle, so that each group of the public and the newsmedia is of a multi-
particle system where structureless particles interact with each other through an intra-molecular-type 
potential. 
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The quantitative variable xt- is attributed to the i'th particle of the public for the measure of the state of 
actual attitude. The average value of x; over all particles, S, represents public opinion. To see the social 
distance between individuals, two-dimensional coordinates (yj, Zj) are introduced for the particle i. The 
position r, = (yi, •/,) fluctuates with time depending on the strength of sociopsychological forces of the repulsion 
and the attraction exerted among the public. The similar quantities Xj and (Yj, Zj) as these are introduced also 
for the j ' th particle of the newsmedia. When the socially collective phenomena are expressed by such a type o! 
physical model, the interactive system of the public and the media can be regarded as a system where one 
component excite the other and becomes to be resonant with each other. 

The time variation of the variable x,- = {x;£[-l, 1]} is given by 

1 dx. 
--ag.{X~x.)/\X • x.\ + R.(xù~x.)/\x°\ + rcl.(x. -x.)ftx.-x.l (15) 

Ix.i dt 
i 

where a,, {34 and n are constants, X is the average of the reportorial stance of the media, and x ° the initial 
value of x;. The first term on the right hand side is to give an effect for the public attitude to shift toward X, 
where g; is the quantity to give the extent of resonance for x; with information from the media and is given by 

r l 

g.= FU,XmX-x)dX, (16) 
1 ' - 1 ' 

F(t, X)dX being the amount of information falling in the range [X, X + dX], and 6(x) the Cronecker's delta. 
The second term of Eq. (15) is to give the effect for individuals to recover their home style whenever 

external forces cease to exert, and the third term represents the effect for the public to change their attitudes 
toward the average opinion of their surroundings by adapting themselves to the general trend. The quantity d; 
is the psychological pressure exerted from the surroundings and x, the average of the public attitude which is 
perceived at the position r,. These arc represented as follows using the intra-particlc potential ijiji; 
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. - d*u (17) - • u - - d^it - d^ie 
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where r
j c ( s ' " -r.) is the social distance. The functional form of «j> is assumed to be <J,iC

 = Ç1'
rtfl"ni + ^2 ' r i f ' "2 ' *>i> *>2> 

n and n being constants. 
The time variation of the position rt on the sociopsychological plane is assumed to be given by the 

following Langevin-type equation of motion 

dV dx d$., rf<t>.-

where CJ and Z,\ are constants. The first term on the right hand side is a deceleration term which gives 
resistivity to the change of psychological situation, and the second term is for the force for a given particle to 
approach the particle with the same opinion as itself but to part from the particle with a different opinion. The 
third term is to give the manifestation of individuality without adapting oneself to the surroundings. Also for 
the media particles, the similar equations as thuse are introduced. 

The distribution of information released by the media F(t, X) can be derived from the amount of news 
component QN(t) and the amount of prevalent component Qp(t). In this model, the former quantity is given as 
an exogenous variable and the latter is assumed to be given by Q p = Kylds/dtl2, where ky is a constant and x is 
the average of {x;}, that is public opinion. 

Numerical calculations are performed with the numbers of particle 500 for both systems of the public and 
the newsmedia and with the time step of 1/12 years. Various constants relating to particles are assumed to 
differ from each other to mimic the actual situation such that characteristic traits vary from person to person. 
The set of a certain constant is, therefore, supposed to obey a Gauss' distribution or an overlapped Gauss' 
distribution. The value of constants are all determined so that the calculations best fit the time behavior of 
actual public opinion in Japan. 
3.2. Results and discussion 

Figure 8 shows the time variation of public opinion together with the results of opinion polls, whose 
selection branches for nuclear power generation are (1) approve it (this fraction being set as fa), (2) oppose to it 
(fp), and (3) undecided. The actual value xA corresponding to the calculated public opinion x is given by 
xA = Oa(t) fa + Op(t) fp> where Oa(l) and Op(t) are coefficients with a linear dependence on time. Such a 
dependence is introduced to give an effect for the strengths of the approval and the opposition to vary with time 
due to the gradual change of lifestyle and the sense of value [8]. In general, public opinion is calculated to get 
worse with large-scale nuclear accident, and after an accident it is recovered never to the former value so that 
the global trend of public opinion gradually becomes negative with time. These trends are quite similar to 
those obtained by the static model. In the case when large-scale accidents do not take place during a long time 
and when the amount of negative information released by the media continues to be decreased, however, public 
attitude to nuclear energy is naturally ameliorated. When the calculation is extended to the future with the 
input amount of information after March 1992, R, set equal to the same value as that in February 1992, Ro, a 
society with 0.084 for the value of public opinion XA is realized at t=January 2000. When the conditions 
R = 0.1Ro and R = 3.0Ro a r e adopted, on the other hand, public opinion becomes 0.114 and 0.039, respectively, 
in January 2000. 

Figure 9 shows the time variation of the first term on the right hand side of Eq. (15) and of the similar 
term in the equation for the media, which represent respectively, the extent of influence of reportorial stance of 
the media on the public attitude and that of the public attitude on the stance of the media. Although, at a calm 
period, the newsmedia show only negligible influence on the public attitude, it impulsively and strongly affects 
public opinion at the accident so that the public attitude to nuclear energy becomes to be aggravated toward a 
negative direction. Although the attitude change of the public influences on the reporlorial stance of the media 
by about one-tenth the influential degree in the reverse direction, its effect clearly appears in the case of 
nuclear accident; the public affect the media during the first half period of attitude change such that they draw 
the stance of the media in the same direction as the public's one, but conversely to this, the media move in the 
reverse direction to public opinion and recover their own original positions in the second half period. 

Figure 10 shows the spatial distribution of model particles on the sociopsychological (y, z)-plane. The size 
of each symbol was set to be proportional to the strength of attitude, lx,l. In the case of the public, although the 
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particles have a tendency lo cohere around the particles with the same sign and with stronger attitude, the 
particles of passive attitude with smaller lx;l distribute almost uniformly on the plane lo form a background. 
The situation seems to mimic the actual society at least qualitatively in that a part of the public with strong 
wills of pro- and anti-nuclear energy approaches to each other to form groups for enhancing or discarding 
nuclear facilities more actively, and in that many people with no definitive opinions exist independently with 
each other and distantly from those active groups in the sense of sociopsychology. Such a cohesive phenomenon 
appeared in the society is a manifestation of a self-organization in a non-linear system as mentioned in the 
previous section. The media particles, contrary to this, do not show any trend of cohesion indicating the 
psychological isolation of the media from each other. 
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Fig. 11. Distribution of attitude {x,} for 500 
public particles at four different times. 

Figure 11 shows the distribution of attitude for the public particle. The public is assumed, at the 
beginning, lo be an aggregate composed of a few people strongly arresting to nuclear energy (jcalled the 
component a), many people with weakly arresting to or weakly supporting it (;n) and a moderate number of 
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people positively supporting it (;p). Whenever a large accident occurs as for the case at 1974.50, a peak 
corresponding to the component p disappears and its component seems to bo changed to another component n, 
shifting toward x<0 . Since a major part of people originally belonging to n also moves toward a negative 
direction, the fraction of people with negative attitude rapidly becomes to be increased. The component p can 
barely recover its fraction with the expense of a finite lime after the accident, as is seen in the distributions at 
1988.50 and 1992.0. At these times, a peak corresponding to p is reformed at its original position and the 
attitude distribution is recovered to a form with three local maxima. Roughly speaking, the public attitude 
oscillates between two distributional patterns corresponding to the accident and calm times. . 

4. Conclusion 

In this paper, the time variation of public opinion regarding nuclear power generation in Japan was 
investigated by using the cellular automaton model and the multi-particle model. In these models, the extent 
of the influence of a variable on a certain quantity is dilficult to precisely estimate because of the strong non-
linearlity of the interaction between particles. It is, however, such non-linearlity that acts as a source for 
driving the complex movement of public opinion and for inducing the psychologically cohesive state of the 
public. Success or failure of a sociological model can be said almost to depend on its ability of the proper 
reproduction of self-organization appearing in the society, which originates from non-linearlity of the social 
system itself. From this viewpoint, these sorts of collective models seem to be quite successful ones and useful 
for understanding quantitatively, or at least qualitatively, the states of sociopsychological forces prevailing in 
the public. It should be noted also to be useful for forecasting the future state of public opinion, or more 
generally speaking, of the socially collective phenomena under specified external conditions. 
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RECYCLING : THE ADVANCED FUEL CYCLE FOR EXISTING REACTORS 

Guy LAMORLETTE, 

COGEMA, 
BP4, 

78141 VELIZY CEDEX 
(FRANCE) 

In early 1993, the installed capacity of the world's 427 nuclear power plants was over 
335 GWe. An additional 87 plants representing 67 GWe were under construction or on 
order. Taking construction schedules into consideration, their start-up will stretch out 
over a period of ten years. Nuclear power will therefore increase by 20 % at best in ten 
years, translating into a relatively modest 2 % average annual growth rate. 

Of these 511 units, more than three out of four are "light water" reactors, whether PWR, 
BWR or WER. All of these reactors utilize enriched uranium oxide fuel clad with 
zirconium alloy. From a fuel perspective, these reactors form a pretty homogeneous 
group. During reactor residence, energy is supplied by fission of three-fourths of the 
initial uranium 235, but also by plutonium fission, which is formed in the fuel as soon as 
it is irradiated. The plutonium supplies 40 % of the generated power. 

When the fuel is unloaded, it consists of four elements : fission products and structural 
materials, such as cladding and end-fittings, which are the real waste, and residual 
plutonium and uranium, which are energy materials that can be recycled in accordance 
with French legislation applicable to both non-nuclear and nuclear industries : "the 
purpose of this law is to ... make use of waste by reusing, recycling or otherwise 
obtaining reusable material or energy from it". 

The nuclear power industry has entered a phase in which most of its capital-intensive 
projects are behind it. Now, it must devote itself to ensuring the competitiveness of 
nuclear energy compared to other sources of power generation, while protecting the 
environment and respecting safety regulations. Significant gains have been achieved 
by improving fuel performance : optimization of fuel design, utilization of less neutron-
absorbant materials, and increases in fuel burn-up have made it possible to increase 
the amount of energy derived from one kilogram of natural uranium by more than 50 %. 
Recycling of the fuel in light water reactors may bring gains of the same magnitude, 
while lessening nuclear's environmental impacts. 
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THE REWARDS OF RECYCLING : 

In the economic sector : 

The competitiveness of nuclear energy measured over the three or four decades of a 
power plant's life is contingent on stable and predictable fuel prices. Any major jolts in 
natural uranium prices upsets the industry for a long time for structural reasons. The 
recovery and recycling of energy products contained in spent fuel helps to limit natural 
resource requirements, thereby stabilizing prices. 

Figure 1 (Ref. 6) shows a theoretical case of self-recycling for a 900 MWe PWR, and 
illustrates the potential savings offered by the systematic reutilization of materials. 
Based on current conditions for EDF in France, the reactor consumes annually 150 
tons of natural uranium and 105,000 SWUs. If all the plutonium recovered from the 
previous cycle is used, savings for fresh uranium and enrichment services represent 
more than 30 %. The utilization of reprocessed uranium enables an additional uranium 
savings of 15 %. The UP2 and UP3 COGEMA reprocessing plants, with enough annual 
capacity for 64 of this type of reactor, could therefore theoretically substitute for a 4,800 
ton per year mine. Even if this figure is cut in half, it still matches the production of 
Rabbit Lake, the second largest mine in the Western world (Ref. 7). 

In the environmental sector : 

Efforts to minimize the amount of waste generated by nuclear power, particularly waste 
with long half-lives requiring deep disposal, must continue. This is also one of the 
recommendations of a report commissioned by the French Government in 1992 on the 
treatment of products from the back end of the nuclear power cycle (Ref. 1 ) : "accepted 
safety criteria must be applied to the assessment of proposed solutions. The goal of 
minimizing the amount of radioactive products from the back end of the nuclear power 
cycle is as important as the goal of containment". 

In addition to reducing mining waste, inherent in avoided uranium costs, recycling 
reduces the radiotoxicity of long-lived waste to be disposed of in a deep repository. 

Three examples : 

1. Reprocessing shortly after the fuel is irradiated, and the accompanying separation of 
the plutonium 241 isotope, reduces the amount of neptunium in high-level waste. 
Neptunium is the primary source of very long-lived radioactivity. 

2. Disposing of the spent fuel amounts to dumping 100 % of the plutonium into the 
environment, whereas waste from reprocessing contains only 0.1 % plutonium. 

3. Mox recycling consumes separated plutonium. In the above-mentioned reference 
reactor with a third of a core of Mox fuel, 25 % less plutonium is discharged after 
irradiation than initially contained in the fuel, as shown in the following table. 

2 



CONTENT 
Enriched U 
Plutonium 

MOX 
Plutonium 

Total Plutonium 

LOADING 
16.6 MTU at 3.25 % U235 

0 
7.4 MT at 5.30 % Pu 

392 kg 
392 kg 

UNLOADING 
15.9 MTU at 0.86 % U235 

117 kg 
7MTat2.5%Pu 

175 kg 
292 kg 

Moreover, high-level waste volumes requiring geologic disposal are reduced 
considerably by reprocessing. A program to achieve even greater volume reduction is 
currently under way at the La Hague plant, with the goal of reducing high-level waste 
volumes from reprocessing to less than the volume of fuel itself by the year 2000 
(Figure 2). This will lead to major savings for waste disposal. 

IMPLEMENTATION OF RECYCLING : 

The contents of spent reactor fuel depend on its burn-up. Under current conditions, i.e., 
40 GWd/MTU, 1 % of the fuel is plutonium, which is equivalent to 0.7 % in terms of 
fissile isotopes, and 96 % is uranium with 0.8 % of the 235 isotope. These products can 
be recycled in existing reactors. 

Plutonium (figure 3) : 

The material discharged from current LWRs is about 70 % fissile. With most breeder 
reactor programs delayed, plutonium is recycled in light water reactors in the form of 
Mox fuel, which contain 5 to 7 % plutonium oxide, usually in a depleted uranium matrix. 
Fuel fabrication facilities are necessary to recycle plutonium from the material 
separated in reprocessing plants. A sufficient number of reactors must also be licensed 
to use Mox fuel. Belgium and Germany have used Mox for over 25 years. Both 
countries have Mox fuel fabrication facilities -a 35 MTU/yr facility in operation in 
Belgium and a 100 MTU/yr facility ready to start up in Germany. Design is in progress 
to upgrade the Belgian facility to 40 MTU/yr. In France, the Cadarache site has had a 
15 MTU/yr facility since 1963 ; originally devoted to breeder fuel fabrication, the facility 
has been converted to Mox fuel. The Melox plant under construction at Marcoule will 
start up in 1994 and achieve its nominal capacity of 120 MTU/yr by 1995 (Figure 4). In 
England, BNFL plans to construct a 100 MTU/yr plant in the year 2000. Over 400 
MTU/yr of capacity will thus come available in Europe by the turn of the century. 

Most European reactors may be loaded with Mox fuel. Twenty-eight of them have been 
licensed for Mox, and licensing actions are in progress for 18 others. The following 
table provides a break-down of Mox units by country. 
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Country 

Belgium 
France 

Germany 
Switzerland 

TOTAL 

TotaL 

7 
55 
21 
4 
87 

NUMBER OF NUCLEAR UNITS 
Licensed 

0 
16 
10 
2 
28 

License 
Application 

2 
6 
8 
2 
18 

Loaded 

0 
5 
7 
2 
14 

Mox% 

20 
30 
37 
40 
-

Assuming an average reload of 8 MTU/yr per reactor, European reactors can absorb 
from 225 to 370 MTU of Mox per year, corresponding to 11 to 26 tons of plutonium. 
These quantities are perfectly in line with COGEMA and BNFL reprocessing programs. 
Put together, European resources for plutonium recycling - reprocessing, Mox 
fabrication and reactors - - combine to make a good whole in the end. Moreover, in 
1992 the La Hague plant reprocessed Mox fuel without additional cost. 

Japan is following the same path, although lagging behind a few years. This delay is 
not because of lesser motivation. Recently, Japanese utilities publicly expressed their 
support of start-up of BNFL's Thorp plant. Rather, the delay is linked to the specific 
requirements of the Japanese nuclear industry. This country has a small reprocessing 
plant and is getting ready to start up two plutonium fuels reactors, a breeder reactor 
and an advanced test reactor. Both reactors are fueled with a combination of domestic 
plutonium and Japanese plutonium separated at La Hague in the past. In parallel, the 
Japanese have established a program to license 12 LWR reactors for Mox fuel by the 
year 2000 and are building a large reprocessing plant in Rokasho Mura. 

Theoretically, plutonium from LWRs can be recycled in Candu reactors. The plutonium 
may come from conventional reprocessing and be mixed with uranium. This approach 
has been studied in depth by AECL. Mox fabrication technology could be used for the 
fuel. The simultaneous reutilization of irradiated uranium and plutonium is aiso 
envisaged (Ref. 3). Although this probably provides the best neutronic utilization of the 
material, it raises serious technical issues and is still in the preliminary assessment 
stage. 

Uranium (figure 5) : 

Uranium discharged from the reactor is still slightly enriched. However, it must be re-
enriched to be recycled in LWRs to give it the isotopic characteristics necessary for its 
reutilization. In addition, it contains artificial neutron-absorbant isotopes which require a 
slight increase in the uranium 235 concentration (over-enrichment). 
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A test program was conducted on the recycling of reprocessed uranium in 1986-87. 
Reprocessed uranium from La Hague was converted and re-enriched by EDF. Fuel 
elements were fabricated with this uranium and loaded in the 900 MW Cruas 4 reactor 
(Ref. 4). No major problem was detected during the use of this new material. No special 
precautions were necessary at the power plant during loading. 

The assemblies of reprocessed uranium behaved like conventional assemblies during 
irradiation. The test program demonstrated the technical feasibility of recycling 
reprocessed uranium at all stages of the cycle. It also suggests that all PWR reactors 
can accommodate reprocessed uranium. EDF is therefore preparing to recycle it on a 
production scale. 

A similar program in Germany gave comparable results. Tests are scheduled for 
Japanese reactors as well. 

Reprocessed uranium is also a very good fuel for Candu reactors. Its low residual 
enrichment allows reactor burn-up to be increased, thereby reducing the number of 
irradiated bundles per KWh generated. A study conducted by AECL with COGEMA's 
participation demonstrated that the fabrication of Candu bundles with reprocessed 
uranium does not pose special problems (Ref. 5). 

CONCLUSION ; 

In countries dedicated to the continued growth of nuclear power, industry has 
demonstrated the feasibility of reusing energy materials recovered by reprocessing. 
The fuel cycle industry has the necessary facilities. The processing of recycled 
materials can be done in accordance with safety and radiation protection requirements 
comparable to those for fresh materials. Transportation and conversion, are performed 
under national and international controls. Reactors have been modified for this new 
fuel. In Europe and Japan, all the conditions are present for a commercial recycling 
industry. 

To go even further, future reactors will have to be designed with the spent fuel issue in 
mind. Reactor design optimization will reduce final waste volumes even more. When 
this occurs, the experience beinq gained today in the recycling field will prove very 
useful. 
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THE INTERNATIONAL URANIUM MARKET 

K. L. Smith. UNECQ * 
October 3, 1993 

INTRODUCTORY REMARKS 

Persons not directly involved in the uranium industry are puzzled by what they see in the market 
today, and frequently ask similar questions: 
- Why is it that western uranium production is only half of the western reactor requirements? 
- With production at such a low level, why is the spot market price so low, and when will it rise 

again? 
A contrary question is often asked by the anti-uranium lobby: 
- With such a weak uranium market, how can the producers contemplate building more production 

facilities? Wouldn't their additional output merely serve to keep prices low? 

The questions are straight-forward, but the answers require an understanding of the complexity of 
the international uranium market. This paper attempts to answer these questions in a manner that 
is understandable to the "uninitiated", while at the same time putting forward a new analysis of the 
current market situation. It is hoped that the latter contribution will provide some "food for thought" 
for those within the industry. 

URANIUM IS AN INTERNATIONAL COMMODITY 

Although there are a few exceptions, many of the major uranium consuming countries do not have 
any significant indigenous uranium production capability, and many of the uranium producing 
countries produce far in excess of their domestic requirements. In fact, several have no domestic 
requirements. In recent years, the Eastern Bloc countries, notably the former Soviet Union (FSU) 
and China, have been selling uranium on the western market in order to obtain badly needed hard 
currency. Thus, much of the world's uranium trade crosses international boundaries. 

Much of the western world uranium production is sold on long-term contracts between producers and 
utilities, but the terms of sale are not published. Various contracting patterns exist: Utilities in 
those countries with no domestic uranium resources tend to rely on long-term contracts, whereas 
utilities in other countries adopt a mix of long-term and short-term procurement. In all cases, utilities 
are concerned about security of supply, and most of them divide up their purchases between different 
suppliers located in various countries. 

Some uranium is sold in small quantities, for immediate or early delivery. Although there is no 
uranium sold on any commodity exchange, certain uranium trading companies and consultants publish 
what is usually referred to as a "spot-market" price, which indicates (according to their best 
information) the price currently being received for immediate or near-term delivery. 

Until recently, only about 5% of the uranium was sold by short-term "spot" contracts, but this volume 
has increased somewhat in recent years due to sales of excess inventory by utilities, and by the 
willingness of utilities to rely on short-term contracts for a portion of their requirements. A small 
increase or decrease in the amount of uranium available for short-term delivery can have significant 
price effects on this so-called "spot market". Unfortunately, the "spot-market" price receives more 
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attention than it deserves, because there is no other convenient weekly or monthly monitor of the 
health of the uranium market, and no available mechanism to monitor the world-wide prices being 
agreed to on long-term contracts. 

URANIUM SUPPLY AND DEMAND 

Detailed demand and supply forecasts are published by various organizations. The best known 
forecasts are generated by: 
- The Uranium Institute (an international organization of producers and consumers); 
- The NEA/IAEA biennial survey of uranium resources, production, and demand; 
- Consultant forecasts (e.g. Nuexco, Nukem). 
Each of these forecasts adopts slightly different assumptions and the results therefore differ by a few 
percentage points. However, all of them agree that, even with significant supply from the Eastern 
Bloc countries, new sources of western supply may be needed in the latter half of the 1990s. 

The phrase "Supply and Demand" is often taken to imply "Production and Consumption". This is a 
valid interpretation for those industries that do not carry large inventories. For example: 
- In the context of the generation and distribution of electricity, there is no such thing as an 

inventory of electricity. Thus, "supply" means production (i.e., generation), and "demand" means 
consumption. 

- In the petroleum and most other commodity industries, inventory is held by producers, processors, 
marketers, and in some cases governments. However, the size of the inventories can usually be 
defined in terms of weeks or months of consumption. In these industries, commodity prices react 
to the so-called "law of supply and demand". Increased consumption or reduced production will, 
fairly quickly, lead to increased prices, because inventory volumes are only sufficient to cope with 
short term fluctuations in production or consumption. 

However, the uranium market must be viewed from a totally different perspective, because the total 
western world uranium inventory (held by producers, traders, consumers, and governments) is 
typically measured in terms of years of consumption. For example, over the past decade, uranium 
inventories held in western world countries have ranged from three to five years of consumption. 
The entry of the Eastern European countries, China, and the republics of the former Soviet Union 
(FSU) into the western uranium market have added to available supply. The relaxation of the cold 
war, and the potential for the de-enrichment of military stockpiles of highly enriched uranium (HEU) 
in Russia and the United states, could add even further to potential sources of supply. 

Given the availability of excess inventory to supply the market, supply is not equivalent to 
production, and demand is not equivalent to consumption. These terms need to be clearly defined 
and understood in the context of the uranium market: 

Production is normally taken to include production of uranium from mined ore, plus uranium 
produced by in-situ chemical leaching, plus by-product production from other processes, such as 
phosphate production. In Canada, this is referred to as primary production, in order to distinguish 
it from the small quantities that are generated through the recycling of waste streams from uranium 
processing facilities, which is often referred to as secondary production. 

In the future, a whole new category of production may develop from what is sometimes referred to 
as the "mining of HEU". The de-enrichment of HEU could displace significant requirements for 
natural uranium (see Appendix 1). De-enrichment will not be an inexpensive process, and will 
probably require the establishment of new corporate structures utilizing dedicated processing 
facilities. 
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Inventory Tails into Tour basic categories: operating inventories needed by utilities to ensure security 
of i'uel supply, inventories held by utilities in excess ol' minimum requirements, inventories held by 
governments, and working inventories held by producers and traders. In recent years, the draw-down 
or sale of excess inventories by the utilities, and the sale of government inventories, has fulfilled a 
substantial fraction of western world uranium requirements. 

Supply that is available to the western uranium market includes four components: 
- primary production from traditional western-world producers: 
- sale of inventory, or the draw-down of excess utility inventory; 
- sale of uranium from Eastern Bloc countries (the FSU, China, and the Hast European countries); 
- the reprocessing of uranium and plutonium from spent fuel. 

Consumption can be defined as the natural uranium equivalent of the fuel loaded into nuclear 
reactors. The conversion, enrichment, and fabrication of nuclear fuel typically involves a lead time 
of up to two years. In order to emphasize this lead lime, the uranium industry tends to use the 
phrase "reactor-related uranium requirements" to describe uranium requirements at the start of the 
fuel preparation "pipeline". 

Demand is not a useful term in the uranium industry unless a qualifying adjective is used. 

Procurement Demand is a term that could be used to define all utility procurement, regardless of 
source. 

Primary Procurement (or "Primary Procurement Demand") is the term used in this paper to define 
the procurement of natural uranium from western world primary producers. 

To "close the loop" on these definitions, it is important to recognize that production is not an 
independent variable. Uranium companies will not produce uranium unless they have reasonable 
assurance that it can be delivered at a price that will provide an adequate return on investment. 
Therefore, on average, actual western world production is a reflection of actual primary procurement. 
Forecasting future western world production is basically equivalent to forecasting future primary 
procurement demand. 

A further important consideration is that, unlike the situation in many other commodity markets, 
uranium consumption does not respond to price fluctuations. Uranium requirements are firmly 
defined by the long-term needs of nuclear power stations. 

In summary, the uranium market must be viewed differently from most other mineral commodity 
markets. Supply is not the equivalent of uranium production, primary procurement demand does 
not correspond to consumption, and consumption does not respond to price fluctuations. In fact, 
on average, uranium production will tend to reflect primary procurement demand, and price is 
determined mainly by availability. 

A BRIEF HISTORICAL REVIEW 

Data on western world uranium requirements, production, and spot-market price during the period 
from 1966 to 1993 is presented in Figure 1. The historical uranium requirements and production 
data are based on data assembled by the NE A/IAEA, and published in their "Red Book" (1). The 
spot-price data are published by Nuexco (2). The spot price is shown in dollars of the day. Also 
shown, beginning in 1988, is an estimate of imports from Eastern Bloc countries, labelled FSU. 
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Those familiar with the industry understand the causes of the wide fluctuations in spot price, and 
the reasons why production was so different from reactor requirements throughout this period. For 
those not familiar with the industry, the key to understanding the graph is that uranium production 
reflected the primary procurement demand from the utilities. Utility procurement through the latter 
half of the 1970s and early 1980s resulted in a large inventory build-up, which was then partially 
drawn upon during the second half of the 1980s. A more detailed review of the developments during 
those years is provided in Appendix 1. 

THE FUTURE 

In the near term, up to the year 2000, forecasts of nuclear generating capacity are well established 
because of the lead time needed to build new generating stations. Thus, for the remainder of this 
decade, there is very little variation between the forecasts prepared by different companies or 
agencies. 

The 1992 forecast from the Uranium Institute (3) indicated that western world nuclear generating 
capacity will increase by approximately 10% between 1993 and 2000 (i.e.. from 289.1 GWe in 1993 
to 319.3 GWe in 2(KK)). The anticipated growth is mainly due to construction commitments in Japan 
(+11.7 GWe), France (+5.3 GWe), South Korea (+4.8 GWe), and India (+2.3 GWe). The picture 
from 2000 to 2010 is much more uncertain. The Uranium Institute (Ul) predicts a further 8% 
growth to 345.7 GWe, mainly due to additional increases in France, Japan, and South Korea, 
offset by some reductions in other countries. 

Uranium Requirements 

Because of the lead time needed to process the uranium and fabricate fuel assemblies, the fuel 
requirements calculated for a particular year are normally used to define uranium requirements two 
years earlier. In other words, the reactor fuelling requirements for the year 2000 are used to 
define uranium requirements for the year 1998. 

The Uranium Institute has estimated reactor-related uranium requirements for the period to 2010. 
Sec the Reference Case line on Figure 2. The VI data exhibit year-to-year up and down variations 
because of the refuelling cycles of the various plants, but the gradual upward trend is apparent. 

However, it is important to recognize that estimating the requirements for natural uranium is subject 
to many assumptions. The major factors which affect the estimates include: 
- plant capacity factors; 
- fuel enrichment levels; 
- U235 assay in the "tails" from the enrichment process; 
- energy extraction from the fuel (usually referred to in terms of megawatt-days per tonne). 
Beyond the year 2(KX), the estimate is also dependent on the accuracy of the estimate for the growth, 
or lack of it, in nuclear generating capacity. 

As a result, the actual requirements could prove to be substantially different from the Ul reference 
case estimate. Figure 2 shows a somewhat arbitrary upper and lower estimate based on a ±7% 
variation by 2(XH) and a ±14% variation by 2010. In the lower case scenario, uranium requirements 
return to current levels by 2010, but in the higher case scenario, requirements increase to about 
62,<X70 tU/yr. Even these possible variations might not be sufficient to capture an extreme situation. 
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Uranium Supply to Western Utilities 

The uranium supply that is currently available to western utilities is made up of lour components: 
(a) the draw-down (or sale) from western inventory; 
(b) imports of low-priced uranium from Eastern Bloc countries; 
(c) the reprocessing of spent fuel; and 
(d) procurement from western producers (or from intermediates thai procure from producers). 

One possible scenario for the supply of uranium to western utilities is shown in Figure 3. Various 
assumptions were used in deriving this graph: 

1. Uranium Requirements are based on the Uranium Institute reference case in Figure 2. 
2. Estimates of the excess uranium inventory have been generated by various organizations. 

Figure 3 is based on the assumption that western organizations had approximately 75,000 tU of 
disposable excess inventory at the end of 1992, and that this will be drawn down in the period 
to 2000. If this estimate is modified, the production requirements would be affected accordingly. 

3. It is assumed that a small amount of spent fuel will be recycled, increasing slowly to displace 
approximately 2,000 tU/yr of natural uranium requirements by the year 2000. 

4. It is assumed that western world imports from the Eastern Bloc countries could gradually 
increase to 13-14,000 lU/yr by 1998. Perhaps half of this material will be derived from their 
inventory and from natural uranium production, but the remainder is likely to be the natural 
uranium equivalent of the LEU obtained from the "mining" (de-enrichment) of HEU. 

Given the above assumptions, the primary procurement demand (i.e., the required production from 
western uranium production facilities) will move upwards over the next ten years, levelling out at 
about 39.000 tU/yr early in the next century, around 2002 (sec Figure 3). If the upper and lower 
forecasts of reactor requirements arc used instead of the reference case, without changing the other 
assumptions, the primary procurement demand could reach about 43,000 tU/yr in 2002 in the upper 
requirements case, and about 34,000 tU/yr in the lower case. 

Various questions can be posed regarding the assumptions. With regard to assumption #2, what is 
the total quantity of disposable inventory held by western world organizations, and would it be drawn 
down at the rate suggested by the ^raph? Regarding assumption #4, to what extent would western 
utilities be willing to depend on supply from Eastern Bloc countries? Would this reach 25% of total 
requirements, as implied by Figure 3. This might be an upper limit for some utilities, but is it 
perhaps too high for an average value? The assumed increase in imports from the Eastern Bloc 
would presumably include low-enriched uranium derived from HEU, if the U.S. government is able 
to reach an agreement on the purchase of such material. It could account for a few thousand tU/yr 
of the uranium exports from Russia. And what about the possible de-enrichment of the large U.S. 
inventory of HEU? The current policy of the U.S government is to avoid taking any action that 
would have a significant impact on the western uranium market, but will this policy remain in place 
over the next two decades? 

If the above assumptions #1 to #4 are modified, the predicted primary procurement from western 
uranium producers will move up or down accordingly. However, it is worth pointing out that these 
assumptions arc not totally independent variables. For example, if future uranium requirements 
prove to be slightly lower than the reference case, it is quite likely that the utilities would reduce the 
rate of draw-down from inventory and reduce the amount of uranium purchased from the Eastern 
Bloc countries. Thus, it is felt that the range of primary procurement that has been calculated for 
the year 2002 (34,(KX) to 43,000 tU/yr. with a reference case value of 39,000 tU/yr) should cover most 
situations that are likely to arise. On the other hand, the uranium market has been full of surprises 
over the past two decades. It seems unlikely that the next two decades will be more predictable. 
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Future Uranium Production 

As noted earlier in this paper, actual production in previous years has basically reflected the 
primary procurement by utilities. Phrased another way, western uranium companies will not produce 
large quantities of uranium (from existing or new mines) that would be in excess of sales. Thus, 
the forecast of future primary procurement from the western producers shown in Figure 3 can be 
regarded as a reasonable forecast of future western world uranium production, allowing for an 
appropriate plus and minus variation. The only obvious proviso, is that (on average) production 
cannot exceed production capability. 

Production Capability 

The Uranium Institute regularly assembles, by country, a compilation of the full nominal capacity at 
existing production facilities. Because few facilities operate full time at full capacity, the UI 
also estimates the realistic production capability by assuming an 82.6% capacity factor. The latest 
Ul estimate for existing facilities is about one year old, and has been adjusted to factor in the latest 
developments in Canada. This adjusted curve is shown in Figure 4. As can be seen, production 
capability drops off sharply in 1998, as the reserves are depleted at the existing Canadian operations. 
Proposals to access additional ore bodies at Rabbit Lake and Guff Lake are now awaiting 
Environmental Assessment recommendations. The proposed development of the McArthur River 
deposit would extend the operating life of the Key Lake production facility. If these "ancillary" 
developments proceed, the total production capability will increase as shown in Figure 4. 

Also shown in dotted line is the possible additional increase in production capability due to the 
addition of new production facilities in Canada during the next decade (Midwest and McGean Lake, 
Cigar Lake, and Kiggavik). The timing of the construction and start-up of these additional facilities 
will depend on environmental approval and on market demand. 

Superimposed on this graph is the estimated primary procurement demand from Figure 3. As can 
be seen, the reference case primary procurement line crosses the existing capability line around 1996. 
(If Figure 4 is modified by using the upper and lower forecast of uranium requirements, without 
changing the other assumptions, the crossover point would occur slightly sooner or later.) The 
ancillary Canadian developments would provide sufficcnt production capability through to 1998, and 
the addition of new facilities would provide sufficient capability until 2(K)1. Beyond 2001, it appears 
that other new developments would be required. 

If one accepts all of the assumptions that were used to generate this graph, the proposed expansion 
in Canadian production will occur at an appropriate time. One of the major problems that the 
uranium industry faces is the long lead-time needed to bring a new production facility into operation 
after a mineable deposit has been identified - typically seven or eight years. Thus, if primary 
procurement demand increases faster than shown for any of a variety of reasons, or if the proposed 
new developments experience further delays, a production shortfall cannot be corrected quickly. 

What About Price 

As pointed out previously, the price structure of new long-term contracts is not published. Without 
such knowledge, it is difficult to predict what will happen to long-term prices in the next few years. 
However, it is generally accepted that uranium companies (and their financial backers) will not 
commit funds for the construction of uranium production facilities unless they have assurance that 
they can sell their product at a price that will provide a reasonable return on investment. Such 
assurance normally requires the existence of procurement commitments from reliable purchasers. 
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covering a signilicant portion ol' anticipated production. It is the (unpublished) delivery price on 
future long-term contracts that will determine when and il' a producer will decide to proceed with 
the large capital expenditure needed for the development of a new production facility. Similarly, 
those contracts will determine the revenue that will be generated. 

In recent years, the spot-market price has depended primarily on the price that Eastern Bloc 
countries were willing to accept for their uranium. At present, the spot price bears no relation to 
the western cost of production. It appears that this situation could continue for a few years. 
However, if utilities become concerned about a possible lack of availability of western primary 
production, the demand for contingency material on the spot market could increase. A small increase 
in the demand for spot market material, or a decrease in the amount of uranium available for short-
term delivery, can have significant price effects on this "spot market" price. It is obviously not 
possible to predict what might happen to prices in the next decade. At some point during the 1990s, 
it is entirely possible that we might sec a repetition of the spot price surge that occurred in 1974/75. 
Conversely, the current spot price doldrums could continue for some time. 

CONCLUSIONS 

The most significant and reliable conclusion about the international uranium market is that it is 
relatively unpredictable. The market has consistently proven most forecasts to be wrong, and the 
analysis presented in this paper is unlikely to escape from the same fate. 

Nevertheless, based on what is known today, and what we think might happen in the future, we can 
draw some reasonably confident conclusions: 

The total uranium requirements will continue to increase over the next decade. Beyond that, 
requirements could remain steady, increase, or decline, depending upon the future growth (or 
lack of it) of the nuclear industry. 
A significant quantity of uranium will enter the western market from Eastern Bloc countries 
(mainly the FSU), probably including some low-enriched uranium derived from HEU. 
Primary procurement demand (for uranium produced by western producers) will increase steadily 
over the next decade, as the existing excess inventory is consumed. 
Additional western production capability will be needed by the latter half of the 1990s in order 
to meet the increasing primary demand, and to replace the output from existing facilities as they 
reach the end of their reserves. 
Prices arc likely to continue to rise slowly, but any unexpected event might upset this trend. 
If the proposed developments in Canada are delayed, because producers have not received 
sufficient long-term contracts, or due to delays in the environmental assessment process, a 
production shortfall could occur later in the 1990s, and this could trigger a price escalation. 
The future of the uranium market will continue to be difficult to predict. 
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Appendix 1 
Historical Perspective or the Uranium Market 

Reactor-related uranium requirements climbed 
steadily from 1965 to the present. However, the 
increase was well below that which was forecast in 
the early 1970s. At that time, western world utilities 
were planning a rapid increase in the construction of 
nuclear power stations. For example, forecasts 
assembled in 1973 predicted that western world 
uranium requirements would reach about 50,001) 
tU/yr by 1980, and about 90,(X)0 tU/yr by 1985. 

The utilities were very concerned about a supply 
shortage, and during 1974, '75 and '76 they signed 
many long-term firm-delivery contracts at rapidly 
increasing price levels. The spot price climbed 
to a high of SUS 43.40 per lb U308 in mid-1978. 
Production rose rapidly as new uranium mines were 
brought into service, particularly in the United 
States, to meet the contracted delivery commitments 
(i.e., production was driven by primary procurement 
demand). 

In fact, actual requirements did not come close to 
matching the levels anticipated in the early 70s. 
During the late 1970s, reactor construction programs 
met with large delays and many cancellations. As a 
result, the procurement activity tailed off and the 
spot price began to drop. Nevertheless, production 
continued to rise to meet the firm delivery 
commitments on existing contracts, and did not peak 
until 1980. During this period, the utilities built 
up huge uranium inventories. 

The first half of the 1980s saw a retrenchment of 
the uranium industry. Some of the multi-year 
contracts approached completion, but the utilities 
were not picking up the optional quantities or the 
contract extensions that had been allowed for in the 
original contracts. Producers cut back production 
to match reducing delivery commitments, and had 
surplus uranium to sell on the spot market, driving 
the price down. 

Meanwhile, utility inventories still continued to 
climb due to continuing deliveries on long-term 
contracts. Faced with high interest rates on capital, 
many utilities began selling their excess uranium on 
the spot market. The high-cost producers that had 
come into production as prices rose still had delivery 
commitments, but many found that it was cheaper to 
buy the uranium than produce it. Thus, the spot 
market inverted, with some utilities sellinc uranium. 

and some high-cost producers buying uranium. 
Production gradually dropped, but didn't fall below 
the real reactor requirements until 1985. 

By 1985 the market appeared to have stabilized: 
Production had finally fallen to match reactor-
related uranium requirements, and the spot price 
seemed to have hit bottom at about SUS 15.00/lb 
UjOg. However, it was a delicate stability. It 
is important to recognize that the majority of 
the uranium production is delivered on long-term 
contracts, and the volume traded on the so-called 
spot market is relatively small. Therefore, it 
docs not take much volume to make an impact on 
the spot-market price. 

Towards the end of 1988, the spot market was in 
fact upset by two new sellers. Both China and the 
USSR started selling both uranium concentrates 
and/or enriched uranium into the Western uranium 
market at low prices, in order to obtain hard 
currency. The USSR also became more aggressive 
in selling enrichment services. These factors, 
combined with the resulting reduced primary 
procurement demand from Western suppliers, 
caused the spot price to start falling again. 

During 1989, the weak market was further 
aggravated by the decision of the West German 
government to reduce its stockpile of enriched 
uranium, and by the apparent decisions of large 
utilities in England, France, Switzerland and Italy 
to lend some of their surplus inventory to traders, 
for return at a later date. The traders became major 
players on the spot market, and some would argue 
that they have contributed to the market weakness. 

Once the spot price fell below about S12, even the 
lowest-cost western producers withdrew from selling 
on the spot market. Whereas this would normally 
result in a price upturn, such was not the case. 
Because of the influx of Eastern Bloc uranium, 
there was no longer a low-price boundary that was 
dependent on the cost of production in the western 
world. The new lower boundary became dependant 
on the price that the Eastern Bloc suppliers (or 
their intermediaries) were willing to obtain for 
their surplus uranium. 

Now one might well ask: "If the producers arc 
making all their deliveries on their long-term 
contracts, what difference docs it make if the spot 



price is low?" The answer is related to the 
contracting practices that were initiated by U.S. 
utilities in the mid- to late-1980s. Many of the 
producers (in Canada and elsewhere) accepted 
contracts with pricing terms that were tied either 
wholly or partially to the spot price, in expectation 
that the spot price would find a hard bottom that 
would be slightly above the cost of production. 
When the spot price dropped through this level, 
contract income dropped below costs. Many 
producers cut back production and purchased 
uranium on the spot market to cover delivery 
commitments. In addition, the low spot-market 
price also impacts the price that western producers 
can obtain when negotiating new long-term sales 
contracts. 

Recent Developments 

In October 1991, ihc uranium spot market price 
reached a new low of SUS 7.25/lb U3Og, and this 
prompted a coalition of U.S. uranium producers and 
trade unions to file a petition with the U.S. 
Department of Commerce (DoC) seeking relief from 
unfair trade practices by the former Soviet Union 
(FSU). According to the petition, imports into 
the U.S. from the FSU increased rapidly, from 72 
tonnes U in 1988 to about 2,500 tU in 1990, and 
greater than 5,000 tU in 1991. During the same 
period, the annual uranium production in the USA 
was only about 3,000 tU. The petition claimed that 
without the "dumping" of Eastern Bloc uranium, the 
uranium spot price would climb rapidly until the 
Western producers rc-cntcrcd the spot market, and 
would stabilize due to normal market supply/ 
demand pressures at around SI3/lb, or possibly 
higher. 

At the end of May, 1992, the U.S. Department of 
Commerce released a preliminary decision that an 
import tariff of 115.82% |such precision!] should be 
charged on uranium imports from the republics of 
the former Soviet Union. Importers would have to 
post a cash bond equal to the value of the tariff. 
A finalization of the tariff level was scheduled 
for Octoher 16. 

The imposition of a tariff prompted the FSU 
republics to respond to attempts by the DoC to 
find a negotiated solution. On September 16, the 
Department of Commerce released a statement that 
the parties had "initialled" a tentative agreement thai 
would suspend the anti-dumping duty in return for 
quantitative price-related limitations on FSU exports 
to the USA. The draft agreement was initialled bv 

the U.S. DoC and by the major uranium-producing 
republics of the former Soviet Union: Russia, 
Kazakhstan, Uzbekistan, Kyrghystan, and Ukraine. 

Ai the end of the month, the finalized agreement 
was released. It lied the permitted import volumes 
to a derived "market" price, based on a weighted 
average of actual prices in new U.S. procurement 
contracts on both the long-term market and the 
spot market. No new imports, beyond those already 
committed on existing contracts, would be permitted 
while the defined "market" price remained below 
SUS 13/lb Uj08. At S13/lb, the import limit would 
be 1,115 tU/yr, increasing to 6,077 tU/yr if the price 
reached S20/lb. No restriction would apply if the 
derived market price exceeded S20/lb. 

Since then, the spot market price increased to 
around the Sl()/lb level, but the derived "market" 
price remained below the S13 level. Thus, no new 
contracts for the sale of FSU uranium to U.S. 
utilities have been permitted since October, 1992. 
The surprise to everyone, including those that 
negotiated the agreement, has been the limited 
upward movement in the spot-market price, as the 
obvious intention of the agreement was to limit 
additional imports, not to prevent them entirely. 
Thus, it seems likely that some revision of the 
price/quota structure will be negotiated in order 
to achieve the intended result. 

In a parallel action, the European Community 
imposed its own restrictions on the procurement of 
FSU uranium. During 1992, approximately 3,(XX)tU 
of FSU uranium was imported into the European 
Community, accounting for about 25% of the EC 
uranium requirements. As a result, the EC imposed 
volume and minimum-price restrictions on any 
further contracts for the purchase of FSU uranium. 

"Mining" of High Enriched Uranium (HEU) 

In mid-1992, the USA reached a tentative agreement 
with Russia on the purchase of low-enriched 
uranium (LEU) derived from the Russian stockpile 
of HEU. This agreement could initially displace up 
to 2,300 tU/yr of natural uranium requirements, 
increasing over five years to 6,900 tU/yr. However, 
the stated objective is to negotiate a detailed 
mechanism that would avoid any significant impact 
on the western uranium market. 

One year later, there is still no finalized agreement 
on this issue, and no clear picture on how the 
purchase of de-enriched uranium will be handled so 
as to minimize the impact on the uranium market. 
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ABSTRACT: The Crow Butte project, located in the northwest corner of the state of 
Nebraska, is one of four commercial in-situ leach (ISL) uranium mines currently operating 
in the United States. The facility began commercial production in April 1991 some 12 
years after the discovery of the sandstone, roll front uranium deposit. The ore body lies 
about 200 metres below the surface in a highly permeable aquifer with excellent confining 
shale/clay layers above and below the deposit. The exploration and development period 
included ore body delineation, pilot testing, environmental licensing, engineering design, 
and facilities construction. Production at the mine is planned to increase from the current 
annual level of 600,000 pounds UJQJ to one million pounds UgOg in 1995. Commercial 
ISL mining operations, using alkaline leach chemistry and oxygen, have gone smoothly 
with no major technical or regulatory problems. The mine, in year three of commercial 
production, is now operating in the third mining unit with some production still coming 
from the first and second mining units. The method for establishing the locations of the 
injection and recovery wells, and the method of well construction have been modified 
since the first commercial mining unit, Mine Unit 1, was installed. These modifications 
enhanced the recovery efficiency of the solution mining process as evidenced by the 
performance of the newest mining unit, Mine Unit 3. This paper presents the well field 
development procedures and the performance results at the Crow Butte mine. 

1 INTRODUCTION 

The Crow Butte in-situ leach (ISL) uranium mine, located 6 kilometres southeast of 
Crawford, Nebraska (see Figure 1), commenced commercial production of yellowcake in 
April 1991. The project site is situated at an elevation of 1,190 metres in a rolling plains 
topography with local relief less than 30 metres that is typical of western Nebraska [1]. 
The land surface is used primarily for livestock grazing, and for growing hay and wheat. 
The annual precipitation is 39.5 centimetres, and the temperature extremes are 43 
degrees Centigrade summer and -35 degrees Centigrade winter. The well field is 
presently operating near 177 litres per second with this flow to be increased to the 220 
litres per second capacity of the processing plant. The mine uses an alkaline leach 
(sodium bicarbonate) solution with oxygen as the oxidant. Pilot scale mining in 1986-87 
demonstrated the technical and economic feasibility of both the mining and aquifer 
restoration phases of the project. The Crow Butte project is held and operated by Ferret 
Exploration Company of Nebraska, Inc. (FEN) under a Joint Venture and Operating 
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Agreement to which FEN is a party. The owner of the underlying mineral rights is the 
Crow Butte Land Company, a subsidiary of FEN. The beneficial owners of the project, 
and the owners of all production, are Uranerz U.S.A., Inc., Geomex Minerals, Inc., and 
Kepco Resources of America, Inc. 

1 

SOUTH DAKOTA 

Figure 1 Location map. 

2 GEOLOGY AND HYDROGEOLOGY 

The ore body is located in the basal sandstone of the Chadron Member of the White River 
Group (see Figure 2). Below the basal Chadron Sandstone is the Pierre Shale, a dark 
gray to black marine shale some 450 metres thick locally, which very adequately serves 
as the lower confining unit for ISL operations [2]. The unconsolidated basal Chadron 
Sandstone containing the uranium ore is about 12 metres thick, being the depositional 
product of a large, braided stream system that formed during the early Oligocène. The 
middle Chadron Unit, immediately above the basal Chadron Sandstone, consists of clays 
and siltstone, and serves as an excellent upper confining layer for ISL mining operations. 
This upper confining layer is 60 to 90 metres thick over the project area. The ore body 
is a typical roll front deposit with the oxidation/reduction front about 10 kilometres long 
and up to 900 metres wide. The ore, at any location, is located in one to three separate 
horizons. Ore thickness ranges from 1.5 to 4.5 metres and the depth to the ore body 
from the surface varies from 84 to 250 metres. Uranium mineralization occurs within the 
Crow Butte deposit as a thin coating on the sand grains with an average ore grade of 
0.25% UjQ). The in-place uranium reserves for the project are estimated at over 30 
million pounds UjQ, [3]. 
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Figure 2 Stratigraphie column. 

The basal Chadron Sandstone, the uranium host sand, is water saturated and forms a 
regionally extensive confined aquifer that produces artesian (flowing) conditions where the 
local topography is depressed. The ore body aquifer, referred to locally as the Chadron 
Aquifer, has a piezometric surface some 150 metres above the top of the sand dipping 
gently to the north-northwest. The results of two aquifer pump tests indicate that the 
Chadron (ore body) Sandstone is a non-leaky, confined, slightly anisotropic aquifer with 
an average hydraulic conductivity (permeability) of about 2.8 metres/day. The pump tests 
demonstrated, to the satisfaction of the regulatory agencies and the project owners, that 
the upper and lower confining units sufficiently restrict the vertical movement of water out 
of the Chadron Aquifer [4] [5]. 
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3 COMMERCIAL MINING ACTIVITES 

In order to construct and operate an ISL uranium mine in Nebraska it was necessary for 
the operator to obtain project approvals from both the state and federal governments. 
License application documents had to be submitted separately to several agencies. 
Preparation of the commercial licensing applications, containing extensive information on 
hydrology, vegetation, soils, wildlife and radiological conditions, started in 1986 and 
submittal of the application documents took place in October 1987. All necessary licenses 
were issued in April 1990.... three years following the submittal of the applications. 

The construction of the commercial ISL mining facilities started in May 1990 and was 
completed in March 1991. Major construction items included the processing plant and 
equipment, the first well field (Mine Unit 1) and two plastic lined solar evaporation ponds. 
The processing plant contains the plant equipment and includes the laboratory, 
maintenance shop, warenouse and staff offices. The 220 litres per second capacity plant 
uses eight up-flow ion exchange columns loaded with a strong base anion resin. Down
stream of the ion exchange circuit is the precipitation, thickener, and de-watering circuits. 
Stripping of the ion exchange resin is accomplished with sodium chloride/sodium 
bicarbonate solutions, and precipitation is handled with hydrogen peroxide and caustic. 

Well field construction consists of drilling and completing injection, recovery and monitor 
wells, installing pumps, pipelines, valves and meters, and the erection of manifold houses. 
Rotary drill rigs, typically found in the water well drilling business, construct the wells. 
Each well, by law, must pass an integrity test before being placed into service. From 15 
to 20 recovery wells, along with the associated injection wells, are piped to a well field 
manifold house using buried plastic pipe. Well field manifold houses contain a flow meter 
and flow control valve for each well connected to the house. From the well field manifold 
house the solutions are routed to and from the main processing plant building in buried 
25.4 centimeter ID plastic pipe. The project uses 5-spot and 7-spot well patterns with a 
nominal spacing between recovery and injection wells of 20 metres. 

The leaching solution, or lixiviant, at the Crow Butte mine consists of Chadron Formation 
groundwater fortified with soda ash and carbon dioxide to form a sodium bicarbonate 
alkaline leach chemistry [6]. The pH of the lixiviant is kept in the 7.2 to 7.6 range. 
Oxygen is added to the lixiviant at each well field manifold house. The carbonate strength 
of the lixiviant is kept at 1,300 to 1,500 mg/l CQj and the target oxygen concentration is 
200 to 400 mg/l. Since the start of commercial mining in April of 1991 the flow rate has 
been increased from 76 litres per second to the present rate of 177 litres per second. 
The 1993 uranium production target of 600,000 pounds UjOg will be easily achieved. 

4 WELL FIELD DEVELOPMENT 

At the Crow Butte ISL mine the operator constructed the first commercial well field (Mine 
Unit 1) using a conventional water well drilling and completion procedure. This procedure 
will be referred to as the "internal cement basket" technique (see Figure 3). The driller, 
under the direction of the field geologist, drills a 21 centimetre diameter hole through the 
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mineralized zone continuing a short distance into the bottom confining shale stratum. The 
hole is then geophysically logged to determine the precise location of the uranium 
mineralized zone(s). Based on the downhole log and the logs from other exploration 
holes in the area, the geologist determines the mineralized interval to screen. After 
logging, the driller runs a string of 11.4 centimetre ID plastic casing into the hole with the 
calculated length of well screen attached to the bottom end. A cement basket is attached 
to the bottom of the casing about 2 metres above the top of the screen. The cement 
basket allows the driller to cement the annulus of the well from the bottom of the casing 
to the land surface. 

During the pilot testing phase of the project the internal cement basket technique was 
utilized to construct two 5-spot test patterns. The favorable pilot test results, both in 
terms of uranium recovery and the pumping/injection rates, lead the operator to use the 
internal cement basket technique in the construction of Mine Unit 1. After about four 
months of commercial production from Mine Unit 1 it became apparent that while the 
flow rates in the production and injection wells were excellent, the uranium recovery rate, 
as reflected in the concentration of uranium in the recovery solution (head grade), was 
somewhat disappointing. A technical evaluation of Mine Unit 1 performance was initiated 
to determine the reason(s) for the less-than-anticipated head grade performance. 
Correlations between the uranium head grade and various parameters were made for 
each of the 38 patterns (recovery wells). The parameters evaluated included ore grade, 
ore thickness, length of screen interval, ratio of screen interval to ore thickness (called 
dilution factor), percent clay blockage, pattern size, and amount of uranium per pattern 
area. While none of the comparisons produced a statistically significant correlation, the 
relatively high and consistent correlation coefficient of 0.5 for the dilution factor parameter 
suggested that over- screening of the mineralized zone(s) was causing excessive dilution 
of the uranium concentration in the recovery solution. 

The obvious solution of decreasing the length of the screen interval to match the 
mineralized thickness does not solve the problem for several reasons. First, the internal 
cement basket completion technique leaves exposed weil face above and below the 
screen interval open for the movement of water into and out of the formation (see Figure 
3). Second, the sporadic depositional nature of the mineralization (anywhere from one 
to three ore horizons) coupled with a lack of geological data cause the geologist to 
overscmfin the wells to ensure all ore is contacted by leach solution during mining. To 
give tnu ^ :~* more information before deciding on the screen interval and to 
decrease the factor, it was decided to test the "underreaming" method of well 
completion at the On. ^ mine. The underreaming method consists of drilling a 21 
centimetre diameter hole trom surface through the mineralized sandstone continuing a 
metre or so into the underlying shale. After geophysical logging, the 11.4 centimetre ID 
plastic casing is then put into the hole stopping about 0.5 metre from the bottom. The 
annulus is then cemented from bottom to surface by pumping through the casing. At 
some later date, after the cement has hardened, the driller re-enters the casing with an 
underreaming tool to cut out the casing and cement adjacent to the mineralized zone(s) 
as specified by the well field geologist. A stainless steel well screen assembly with packer 
is then telescoped into the bottom of the casing. 
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INTERNAL CEMENT BASKET UNDERREAMING 
WELL COMPLETION COMPLETION 

Figure 3 Well construction schematic. 

The underreaming test program consisted of the following steps. First, a small area was 
selected within the first mine unit that had under performed. Second, a 5-spot test pattern 
(one recovery well surrounded by four injection wells) was installed in the selected test 
area using the underreaming well completion technique. Third, the test pattern was 
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operated for a sufficient length of time to gather performance data for comparison with 
the performance of the original pattern constructed using the internal cement basket 
technique. The test program was designed to answer two questions.... will the lithology 
from the surface to just below the very unconsolidated sandstone hosting the uranium 
allow wells to be constructed using the underreaming technique and will the operation of 
the test pattern produce a significant improvement in terms of uranium recovery? 

The test program was successful on both counts. The physical installation of the five test 
wells using the underreaming technique was achieved without any serious difficulties. The 
unconsolidated mineralized sandstone unit was sufficiently competent following under
reaming to remain open for the insertion of the screen assembly, and the uranium head 
grade increased dramatically. The original production pattern in the test area, PR10, had 
a uranium head grade that peaked at about 85 mg/l but the head grade had fallen off 
rather sharply to about 33 mg/l after 13 months of operation. When the replacement 
underream test pattern, UF{1, was turned on the head grade very quickly improved by 
over 250%. An unexpected but very pleasant result from the test pattern was that the 
decline portion of the uranium head grade curve was much flatter overall than the decline 
curve for the original pattern and was also flatter than most of the other production wells 
in Mine Unit 1. This translates into higher uranium recovery from a pattern in a given 
period of time thereby reducing operating costs. Based on the positive results of the UR1 
underreaming test pattern, the project owners approved the use of the underreaming 
method for the construction of injection and recovery wells in Mine Unit 3 (Mine Unit 2 
was already in an advanced stage of construction). The success of the underreaming 
method is attributed not only to the reduction of dilution by decreasing the amount of 
overscreening, but just as importantly, the method allows the well field geologist to obtain 
substantially more geologic information before making the final decision on where to 
underream (screen) each well. 

The installation of wells in Mine Unit 3 using the underreaming technique was successful 
with the cost per well essentially the same as the internal cement basket technique of well 
construction. The first portion of Mine Unit 3, Well House #6, consists of 19 patterns and 
has been in operation since early January 1993. The results so far from Well House #6 
are extremely encouraging as reflected in Table 1. 

TABLE 1 

Comparison of Mine Unit 1 and Mine Unit 3 Production Data 

Category Mine Unit 1 Mine Unit 3 

Peak Monthly Avg. Head Grade 
(mg/l MA) 

Average Composite Head 
Grade for 5 Months (mg/l U3Q,) 

Percent Uranium Recovered 
After 5 Months 

96 150 

64 132 

19% 36% 



5 SUMMARY 

The Crow Butte in-situ uranium mine located in northwest Nebraska, USA began 
commercial production in April 1991. The performance of the first commercial well field 
in terms of uranium recovery was less than forecasted based on pilot testing. A technical 
evaluation revealed that dilution of recovery solution from over screening might be a major 
factor contributing to the less than optimal performance. The well construction procedure 
used in Mine Unit 1 promoted over screening of the uranium mineralization zone(s) for 
both geologic and physical construction reasons. To overcome the -J deficiencies a test 
program was initiated to determine if wells could be completed in the unconsolidated 
Chadron Sandstone using the underreaming technique, and if so, would the technique 
cut down on dilution and improve the efficiency of the uranium recovery process. The 
underreaming test was successful and resulted in the use of this technique for 
construction of injection and recovery wells in Mine Unit 3. The uranium recovery 
performance results to date from the first five months of operation of Mine Unit 3 are very 
encouraging and generally on the order of 100% better than the Mine Unit 1 results. The 
costs of completing wells using the two different techniques are essentially the same, and 
environmentally both techniques prevent contamination of adjacent aquifers. 
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URANIUM ORES TREATMENT AND URANIUM DIOXID PRO
DUCTION FOR FUEL ELEMENTS PRODUCTION FOR CANDU 
NUCLEAR POWER PLANT IN ROMANIA-ACHIEVEMENTS AND 
AVAILABLE ASSETS 

C.BEJENARU, D.GEORGESCU,M.BOBE, A.ALDA 
Rare Metals Autonomous Regie 

Bucharest, Romania 

ABSTRACT 

In order to ensure the necessary fuel for NPP Cernavoda with 
5 x 700 MW, which is now under construction, Romania has organized 
its own activity of exploitation and treatment of uranium ores based 
on the deposits located in the territory. 

The exploitation started in 1952 with the deposit from the Apuseni 
Mountains, oneof exceptional grade, in 1956 began exploitation of 
deposits from the Banat area and in 1980 at one deposit in Oriental 
Carpathians. 

The uranium ore production reached a peak in 1952-1961, for export 
purposes. The exploitation started again when the possibilités of ore 
processing whitin the country became actual by a new processing plant 
ready for operation in 1378 at Feldioara, district of Brasov. The 
technological flowsheet comprising basically the carbonate lixivia-
tion in autoclaves with mechanical agitation, extraction-backextrac-
tion of the solubilized uranium usine RIP méthode, uranium precipita-
tionand dryng by atomising of sodium diuranate. 

In 1985 a processing plant of the technical concentrates has been 
achieved and commissioned whitin the same plant, in order to obtain 
the sintering powder for the nuclear fuel production in the HPP 
Cernavoda, based on a classical flowsheet consisting mainly in solubi 
lization in nitric acid, TBP solvent purification in mixer-settlers, 
precipitation with ammonium hydroxide roasting and hydrogen reduction 
of the pure ammonium diuranate to uranium dioxide. 

After 1987, in order to ensure the demand of nuclear fuel for the 
five units of the NPP Cernavoda, the development with modern equip
ment and technology has been started. Due to the moderate and gradual 
program of commissioning of the NPP Cernavoda, after 1990 the invest
ments ceased and the works already executed, about 30% at the new 
concentration plant and about 80% at the new refinery, are being 
preserved. 

The paper presents some aspects regarding uranium romanian ores 
and methods, equipments, technical end economical parameters for the 
operating plants, introduction in this plant ofanew technology for 
achieving new technological parameters, similar to those obtained in 
others advanced plants and also the level reached and available 
assets for the partially executed installations. 



Author Index 

A 
Abbate, M.J., Paper C8.3 
Aitchison, I., Paper C18.J 
Ahlf, J., Paper CI 1.3 
Aida, A., Paper C14.4 
Aldridge, S.A., Paper C18.1 
Allan, CJ., Paper C7.1 
Amrouni, J.-C. 

Paper C2.4 
Paper CJ1.4 

Anand, R.P., Paper C23.4 
Anderson, H.L., Paper C9.3 
Andrews, W.S., Paper C16.4 
Apostoaie, I., Paper C1.4 
Atlia, M.H. 

Paper C9.2 
Paper C9.3 

B 
Baburajan, P.K., Paper C6.4 
Baetsen, C.W. 

Paper C2I.4 
Paper C27.3 

Bajsz, J., Paper C3.2 
Baker, R., Paper C24.1 
Ball, J., Paper CJ6.2 
Barbucci, P., Log 030 
Barcelô, G.N., Paper C8.1 
Batislic, J., Paper C22.3 
Bayoumi, M.H., Paper C22.2 
Beaudet, M., Paper C23.1 
Bediou, F., Paper C28.3 
Bejenaru, C, Paper C14.4 
Bergallo, J.E., Paper C8.1 
Bobe, M., Paper C14.4 
Boczar, P.G., Paper C8.4 
Bokhari, A.A. 

Paper C21.4 
Paper C27.3 

Bolton, R.A., Paper CI 1.4 
Bonin, H.W., 

Paper C20.3 
Paper C26.2 

Bordeleau, C, Paper C26.2 
Boss, C.R., Paper C17.4 
Boulé, J.R.M., Paper C26.2 
Boyd, F.C., Paper C3.1 
Bratic, A., Paper C22.4 
Brisclte, D., Paper C23.I 

Bui, V.T., Paper C20.3 
Bucliillier, T., Paper C23.4 

c 
Calabrese, C.R., Paper CI7.1 
Catchpole, G., Paper C14.3 
Chang, P.L., Paper C6.1 
Chapados, S., Paper CI 1.4 
Cbatry, J.P., Paper C28.3 
Choi, CO., Paper CI 1.1 
Chuaqui, C.A., Paper C16.2 
Clausner, J.-P., Paper C21.1 
Clausse, A., Paper C8.3 
Coleman, CE., Paper C18.1 
Collins, N., Paper CI0.2 
Collins, R., Paper C26.1 
Cousins, T., Paper C1.3 
Cox, D.S. 

Paper CI6.1 
Paper C16.4 

Craik, N.G., Paper C24.1 
Cramer, JJ., Paper C2S.4 
Cserhati, A., Paper C3.2 
Cuevas, G., Paper C10.3 

D 
Darnell, G.R. 

Paper C19.3 
Paper C25.3 

Davies, P.H., Paper C18.1 
Davison, C.C, Paper C19.2 
De Galzain, F., Paper C13.3 
Dhame, S.P., Paper C12.3 
Dinh, N.B., Paper CI 1.1 
Dormuth, K.W. 

Paper C7.1 
Paper C19.4 

Droll, R„ Paper C27.4 
Durante, R.W., Paper Cl.l 

E 
Edward, J., Paper CI6.2 
Edwards, W.J., Paper C26.1 
Elder, G.G., Paper C9.1 
Elter, J., Paper C3.2 
Evans, G.J., Paper CI6.3 

1993 August 26 



Author Index 

F 
Feltus, M.A., Paper C8.2 
Hondo, P.C., Paper C8.3 
Fluke, R., Paper C16.2 
Fortman, R.A., Paper CJ2.1 
François, J.L., Paper C28.1 

G 
Gadô, J., Paper C3.2 
Gaitonde, U.N., Paper C12.3 
Galeriu, D., Paper CIA 
Garland, W.J. 

Paper C21.4 
Paper C27.3 

Gay, M.K., Paper C21.3 
Georgescu, D., Paper C14.4 
Gersberg, S., Paper C22.3 
Girgis, S., Paper C22.1 
Goodwin, B.W., Paper C19.4 
Graham, R.A., Paper CI8.1 
Grant, C , Paper C17.I 
Gray, B., Paper C13.1 
Gresham, J.A., Paper C2.2 
Guéry, G., Paper Cl.3 
Gurbin, G.M., Paper C5.3 

H 
Hadaller, G.I., Paper C12.1 
Hallett, J.B., Paper C4A 
Hamilton, H., Paper C8.4 
Hamilton, R.C., Paper C12.1 
Hardy, D.R., Paper CI3.2 
Hartmann, WJ., Paper C6.1 
Hasnaoui, C , Paper C2.4 
Hayes, R.C., Paper CI2.1 
Hébert, A., Paper C17.2 
Hollô, E., Paper C3.2 
Hotte, G., Paper C6.1 
Hudson, D., Paper C1.3 
Hudson, J., Paper C4.3 
Hunter, T.A., Paper C24.4 
Huynh, H.M., Paper C2.4 

I 
Iglesias, F.C., Paper C16.1 
Invemali, G., Paper C2.3 

Ives, G., Paper C2S.2 
Iyer, D.R., Paper C15.3 
Iyer, K. 

Paper C6.4 
Paper C12.4 

J 
Jelinski, E., Paper C5.2 
Jenkins, D.A. 

Paper C23.2 
Paper C23.3 

Jeong, CJ., Paper C8.4 
Johnson, L.H., Paper C25.2 
Joneja, O.P., Paper C23.4 

K 
Khan, A., Paper C1.2 
Kirchner, G., Paper C14.3 
Kirchner, R.F., Paper C10.4 
Knowles, W.J., Paper C24.2 
Kochurov, B.P., Paper C20.4 
Konovich, M., Paper C28.4 
Korolev, S., Paper C28.4 
Kosierb, R., Paper CI.3 
Kotelenets, V., Paper C28.4 
Kovâcs, K., Paper C3.2 
Kundurpi, P.S., Paper C22.2 

L 
Lafrenièrc, P., Paper C10.2 
Lamorlette, G., Paper CI4.1 
Lankenau, W., Paper C18.4 
Lapoinie, M.A.T., Paper C26.2 
Laslau, P., Paper C17.3 
Lee, J.B., Paper CU.l 
Lee, Y.O., Paper C8.4 
Lerner, A.M., Paper C17.1 
Leung, H., Paper C1.2 
Lewis, B.J. 

Paper C1.3 
Paper C16.1 
Paper C16.4 

Litke, D.G., Paper C22.1 
Lone, M.A. 

Paper C18.2 
Paper C26.1 

Lorenzetti, J.R., Paper C22.3 

1993 September 7 



Author Index 

M 
Magei, E.E. 

Paper C9.2 
Paper C9.3 

Makuuchi, K., Paper C20.2 
Manfrcdini, A., Paper CI2.2 
Mao, A.C., Paper C23.3 
Margineanu, R., Paper Cl.4 
Mariotti, G., Log 030 
Mardti, L„ Paper C3.2 
Martin, D.J., Paper C27.1 
Mcllwain, S., Paper C6.3 
McNeil, M.B., Paper C19.1 
Mesbah-Oskui, M., Paper C16.3 
Middlemiss, N., Paper C7.2 
Mikô, S., Paper C3.2 
MiloSevié, MJ., Paper C11.2 
Moan, G.D., Paper C18.1 
Mocanu, N., Paper Cl.4 
Moyer, R.G., Paper C22.1 
Mozelev, A., Paper C26.3 
Mugnier, C, Paper C8.4 
Muir, W.C., Paper C22.2 
Murtliy, L.G.K., Paper C12.3 

N 
Nadeau, E., Paper C9.3 
Nair, B.R., Paper CI5.2 
Naincr, 0., Paper C17.3 
Nayak, R., Paper C6.4 
Newman, C , Paper C23.3 
Nichita, E., Paper C17.3 
Notari, C, Paper C17.I 
Notini, V., Paper C2.3 
Nuttall, K., 

Paper C7.1 
Paper C25.2 

o 
O'Donnell, T.P., Paper C2.2 
Ohnishi, T., Paper CJ3.4 
Oriolo, F. , Paper C12.2 

Pad, S.. Paper CI2.2 
Pak, H.M., Paper C20.3 
Parkansky, D., Paper C22.3 
Paulsen, D.L., Paper C2.3 
Paunescu, N., Paper Cl.4 
Penington, J., Paper C2I.2 
PeSic, M.P., Paper CI 1.2 
Poehlman, W.F.S. 

Paper C2J.4 
Paper C27.3 

Pollock, D.R., Paper C24.4 
Pollock, M„ Paper C24.3 

Q 
Quan, R.C., Paper C16.3 
Quinn, E.L., Paper C7.3 

R 
Ramos, J.C., Paper C10.3 
Rhcaumc, D., Paper C20.3 
Rosinger, H.E., Paper C22.1 
Roilistein, J., Paper C5.1 
Rouben, B. 

Paper C23.2 
Paper C23.3 

Russell, S., Paper C1.2 

Sakurada, M., Paper C4.1 
Sanderson, D.B., Paper C22.1 
Sappa, N.N., Paper C7.4 
Sargent, F.P. 

Paper C19.2 
Paper C25.4 

Sasaki, T., Paper C20.2 
Sauvé, R.G., Paper C9.3 
Schmaltz, G.D., Paper C4.2 
Schnecberger, J.-P., Paper C23.4 
Schwarzbiat, M., Paper C27.2 
Scrghiuta, D., Paper C17.3 
Serra 0., Paper CI7.1 
Shin, K.S., Paper C12.1 
Simmons, G.R., Paper C25.1 
Singh, A., Paper C20.2 
Smith, J.C., Paper C15.1 

1993 August 26 



Author Index 

S (cont'd) 
Smith, J.E., Paper C27.2 
Smith, K.L., Paper C14.2 
SokCié-Kostie, M, Paper C3.3 
Solis, J., Paper C10.3 
Soulard, M.R., Paper C6.I 
Spinks, N.J., Paper C2.J 
Stem, F., Paper C12.1 
Stephenson, J., Paper C5.2 
Stevanovic\ V. 

Paper C6.2 
Paper C22.4 

Stirling, AJ„ Paper C20.1 
Studovic\ M. 

Paper C6.2 
Paper C22.4 

Suk, H.C., Paper C8.4 
Sullivan, J.D., Paper C8.4 
Sutherland, J.G., Paper C27.2 

T 
Talbot, K.H., Paper C5.3 
Téchy, Z., Paper C3.2 
Tennanu D., Paper C27.4 
Theaker, J.R., Paper C18.1 
Thompson, J.W., Paper C21.3 
Thompson, P.D. 

Paper C6.1 
Paper C21.3 

Tsang, KX, Paper CJ7.4 
Tsotridis, G., Paper CI 1.3 
Turner, K.H., Paper C7.3 
Turricchia, A., Paper C10.1 

u 
Underdown, G., Paper C13.1 

V 
Vidovszky, I., Paper C3.2 
Vikis, A.C., Paper C20.2 
Villotti, A., Paper C1Z2 

w 
Wallace, D.J., Paper C6.3 
Wasekar, V.M., Paper C12.4 
Weaver, K., Paper CI6.2 
Wensel, R., Paper C18.3 
Welheriil, T.M., Paper CI8.4 
Wliitaker, S.H., Paper C19.2 
Wikjord, A.G., Paper C19.4 
Wills, M.E., Paper C2.3 
Wilson, R.J. 

Paper C21.4 
Paper C27.3 

Wong, P.Y., Paper C26.1 
Woodcock, J., Paper C2.2 
Woods, T.L, Paper CI 9.1 

X 
Xian, C, Paper C2I.3 

Y 
Young, E., Paper C23.3 

1993 August 26 



ttyiï£-'~^Ç--Ji+&c& 

INC 93 CA960036T 

CA9600419 

International 
Nuclear Congress 
October 3-6,1993, 
Toronto, Ontario, Canada 

Contributed Paper Proceedings 
Volume 3 of 3 



ISBN-0-919784-34-8 (SET) 

ISBN-0-919784-33-X 
VOL. 3 OF 3 

INTERNATIONAL 
NUCLEAR CONGRESS 93 

1993 OCTOBER 3-6 
TORONTO, ONTARIO 

CANADA 

CONTRIBUTED-PAPER PROCEEDINGS 

EDITOR: B. ROUBEN (AECL CANDU) 

POST-CONGRESS PRINTING, 1993 NOVEMBER 

Acknowledgements: 

The Editor would like to thank all reviewers on the Contributed-Paper 
Review Committee (see next page) for their help in reading and providing 
comments on the contributed abstracts. 

The Editor is also very grateful to Cheryl Gaver and David Kidston for 
their invaluable assistance in assembling these Proceedings. 



INTERNATIONAL 
NUCLEAR CONGRESS 93 

1993 OCTOBER 3-6 
TORONTO, ONTARIO 

CANADA 

CONTRIBUTED-PAPER REVIEW COMMITTEE 

B. Rouben 

H.W, Bonin 

D. Champ 

J.M. Cuttler 

P. De 

H.M. Huynh 

F. McDonnell 

D.A. Meneley 

K. Nuttall 

R. Osborne 

G J. Phillips 

E.G. Price 

H. Rosinger 

D. Rozon 

P.D. Stevens-Guille 

K.H. Talbot 

P.D. Thompson 

Chair 
AECL CANDU 

Royal Military College 

AECL Research, Chalk River 

AECL CANDU 

AECL Research, Ottawa 

Hydro-Québec 

AECL Research, Whiteshell 

AECL CANDU 

AECL Research, Whiteshell 

AECL Research, Chalk River 

AECL Research, Chalk River 

AECL CANDU 

AECL Research, Whiteshell 

École Polytechnique 

Ontario Hydro 

Ontario Hydro 

New Brunswick Power 



International Nuclear Congress *93 

Copyright © 1993 by the Canadian Nuclear Society 
144 Front Street West, #725 
Toronto, Ontario 
M5J 2L7 



CANADIAN NUCLEAR SOCIETY 
INTERNATIONAL NUCLEAR CONGRESS '93 

CONTRIBUTED PAPER PROCEEDINGS 

Session CI 

Session C2 

Session C3 

Session C4 

Session C5 

Session C6 

Session C7 

Session C8 

Session C9 

Session Cl( 

Session CI 

Session CI 

Session CI 

Session CI 

Session CI 

Session CI 

Session CI 

Session CI 

Session CI 

Session C2 

Session C2 

Session C2 

Session C2 

Session C2 

Session C2 

Session C2 

Session C2 

Session C2 

VOLUME 2 
Radiation and the Environment 

Passive Safety 

Safety 1 

Operational Issues 

Other Reactor Applications 1 

Thermalhydraulics 1 

Social Issues 1 

Fuel & Fuel Cycles 1 

Steam Generators 1 

3: Safety 2 

1: Other Reactor Applications 2 

2: Thermalhydraulics 2 

3: Social Issues 2 

4: Fuel & Fuel Cycles 2 

VOLUME 3 
5: Steam Generators 2 

5: Safety 3 

7: Physics 1 

8: Plant Components 

9: Waste Management 1 

0: Accelerators & Industrial Radiation 1 

1: Human Factors 1 

2: Safety 4 

3: Physics 2 

4: Life Extension 

5: Waste Management 2 

6: Accelerators & Industrial Radiation 2 

7: Human Factors 2 

8: Safety 5 



Contributed-Paper Program 

MONDAY OCTOBER 4 

11:00-12:30 Session CI: Radiation and the Environment 
Wentworth Room 
Chaired by: R. Osborne (AECL Research, CRL) 

Cl.l Nuclear Electric Power Generation: An Evaluation of the Environmental Impact 
by R.W. Durante (Durante Associates) 

C1.2 Radiological Impact of Fossil-Fired Stations in Ontario 
by A. Khan, S. Russell and H. Leung (Ontario Hydro) 

CI.3 Measurement of Neutron Radiation Exposure of Commercial Airline Pilots Using 
Bubble Detectors 
by B.J. Lewis and R. Kosierb (Royal Military College of Canada), T, Cousins 
(Defence Research Establishment Ottawa), D. Hudson (Air Canada Flight Operations), 
and G. Guéry (Air France) 

C1.4 Assessment of Operational Release Limits for CANDU-600 Nuclear Generating Station 
in Cernavoda, Romania 
by D. Galeriu, N. Paunescu, N. Mocanu, R. Margineanu, and I. Apostoaie (Institute of 
Atomic Physics, Bucharest) 

11:00-12:30 Session C2: Passive Safety 
Kenora Room 
Chaired by: Y.W. Na (KAERI) 

C2.1 Passive Emergency Heat Rejection Concepts for CANDU Reactors 
by N.J. Spinks (AECL Research, CRL) 

C2.2 Options for Passive Containment Cooling in Next-Generation Nuclear Plant Designs 
by J. Woodcock, T.P. O'Donnell, J.A. Gresham (Westinghouse Electric Corporation) 

C2.3 Effectiveness of External Cooling and Associated Studies on Westinghouse AP600 
Passive Plant 
by M.E. Wills and D.L. Paulsen (Westinghouse Electric Corporation), V. Notini and 
G. Invernali (Ansaldo) 

C2.4 Considerations to Improve Decay Heat Removal by Natural Circulation under 
Accident Scenarios for Gentilly-2 Nuclear Generating Station 
by H.M. Huynh (Hydro-Québec), and J.-C. Amrouni and C. Hasnaou' énergie & 
analyses Énaq du Québec Limitée) 

l»3No»<mb«r 2 



Contributed-Paper Program 

MONDAY OCTOBER 4 

11:00-12:30 Session C3: Safety 1 
Kent Room 
Chaired by: L. LeSage (Argonne National Laboratory) 

C3.1 The Distinctive Aspects of the Canadian Approach to Reactor Safety 
by F.C. Boyd (Wild & Boyd Management Advisors Ltd.) 

C3.2 Safety Reassessment of the Hungarian NPP (The AGNES Project) 
by J. Gadô, L. Marôti, and I. Vidovszky (KFKI Atomic Energy Research Institute, 
Budapest, Hungary), J. Bajsz, A. Cserhdti, J. Elter and S. Mik<5 (Paks Nuclear Power 
Plant Co.), E. Hollo and Z. Techy (VEIKI Institute for Electric Power Research) and 
K. Kovâcs (ERÔTERV Engineering and Contractor Co.) 

C3.3 Some Aspects of Safety Characteristics of High Temperature Reactors 
by M. SokCié-Kostic' (Institute of Nuclear Sciences VINCA, Belgrade, Yugoslavia) 
(NOT PRESENTED) 

11:00-12:30 Session C4: Operational Issues 
Huron Room 
Chaired by: A. Boothroyd (IAEA) 

C4.1 Projected Costs of Generating Electricity from Power Plants for Commissioning 
Around the Year 2000 
by M. Sakurada (OECD Nuclear Energy Agency) 

C4.2 Decommissioning of Fort St. Vrain Nuclear Generating Station 
by G.D. Schmalz (Public Service Company of Colorado) 

C4.3 Darlington Nuclear Generating Station Low Level Radioactive Waste Management 
by J. Hudson (Ontario Hydro) 

C4.4 QA in an R&D Environment 
by J.B. Hallett (AECL Research, CRL) 

1993 Nottmtxr 2 



Contributed-Paper Program 

TUESDAY OCTOBER 5 

8:30-10:00 Session C5: Other Reactor Applications 1 
Windsor East Room 
Chaired by: P. Girouard (OECD Nuclear Energy) 

C5.1 Nuclear Energy, Environmental Problems and the Hydrogen Energy Economy 
by J. Rothstein (Ohio State University) 

C5.2 Issues Pertaining to Electrolytic Hydrogen Production Using Nuclear Power 
by E. Jelinski (Ontario Hydro) and J. Stephenson, (Ontario Hydro, Retired) 

C5.3 Nuclear Hydrogen - Cogeneration and the Transitional Pathway to Sustainable 
Development 
by G.M. Gurbin (Integrated Energy Development Corp.) and K.H. Talbot (Ontario 
Hydro) 

8:30-10:00 Session C6: Thermalhydraulics 1 
Kenora Room 
Chaired by: H.M. Huynh (Hydro-Québec) 

C6.1 NUCIRC Simulations of Asymmetries in CANDU6 Heat Transport Operating 
Conditions 
by M.R. Soulard and W.J. Hartmann (AECL CANDU), G. Hotte (Hydro-Québec), 
P.D. Thompson (New Brunswick Power), and P.L. Chang (Ontario Hydro) 

C6.2 One-Dimensional Model of Separated Two-Phase Flows 
by V. Stevanovic and M. Studovic" (University of Belgrade, Yugoslavia) 

C6.3 Two-Dimensional Modelling of Fluid Flow in a CANDU-Type Header 
by D.J. Wallace and S. Mcllwain (AECL Research, WL) 

C6.4 Moderator Flow Distribution in a Simulated Calandria Model 
by R. Nayak, P.K. Baburajan and K. Iyer (Indian Institute of Technology, Bombay) 
(NOT PRESENTED) 

1993 Not tmtxr 2 



Contributed-Paper Program 

TUESDAY OCTOBER 5 

8:30-10:00 Session C7: Social Issues 1 
Windsor West Room 
Chaired by: F. De Galzain (OECD Nuclear Energy Agency) 

C7.1 Update on Canada's Fuel Waste Management Program: Preparing for the 
Environmental Review of the Concept 
by C.J. Allan, K.W. Dormuth and K. Nuttall (AECL Research, WL) 

C7.2 Research by British Nuclear Industry Forum into Public Support for Nuclear Power 
by N. Middlemiss (British Nuclear Industry Forum) 

C7.3 The Role of ANS in Enhancing Public Understanding of Advanced Nuclear Energy 
Plants 
by E.L. Quinn (MDM Engineering) and K.H. Turner (Dames and Moore) 

C7.4 Public Acceptance of Nuclear Energy in the Ukraine 
by N.N. Sappa (Kharkov Institute of Physics & Technology) 
(NOT PRESENTED) 

8:30-10:00 Session C8: Fuel & Fuel Cycles 1 
Wentworth Room 
Chaired by: A. Lane (AECL Research, CRL) 

C8.1 Analysis of Advanced Fuel Cycles in Argentina 
by J,E. Bergallo and G.N Barcelô (Comisiôn Nacional de Energfa Atômica, 
Argentina) 

C8.2 Advanced Fuel Cycle Options - Extended Burnup and Low Leakage Core Designs for 
Spent Fuel Volume Reduction 
by M.A. Feltus (Pennsylvania State University) 

C8.3 Application of Modern High Conversion Concepts to Pressure Tube Reactors with 
Breeding Capabilities 
by P.C. Florido, M.J. Abbate and A. Clausse (Comisiôn Nacional de Energfa 
Atômica, Argentina) 

C8.4 Recovered Uranium in CANDU: A Strategic Opportunity 
by P.G. Boczar, J.D. Sullivan, and H. Hamilton (AECL Research, CRL), Y.O. Lee, 
C.J. Jeong and H.C. Suk (KAERI), and C. Mugnier (COGEMA) 

1993 No»«nb»r 1 



Contributed-Paper Program 

TUESDAY OCTOBER 5 

8:30-10:00 Session C9: Steam Generators 1 
Huron Room 
Chaired by: E. Price (AECL CANDU) 

C9.1 Managing Steam Generator Margin 
by G.G. Elder (Westinghouse Electric Corporation) 

C9.2 Characterization of Wear Scars on Fretted U-Bend Steam Generator Tubes 
by E.E. Magel and M.H. Attia (Ontario Hydro) 

C9.3 Prediction of Long-Term Fretting Wear Behaviour of Steam Generator Tubes 
by M.H. Attia, E.E. Magel, E. Nadeau, H.L. Anderson and R.G. Sauvé (Ontario 
Hydro) 

8:30-10:00 Session C10: Safety 2 
Kent Room 
Chaired by: J. Gadd 
(KFKI Atomic Energy Research Institute) 

C10.1 Better Containment Systems for a Safer Nuclear Future 
by A. Turricchia (ENEL Spa, Rome, Italy) 

C10.2 On-line Reactor Building Integrity Testing at Gentilly-2 
by N. Collins and P. Lafrenière (Hydro-Québec, Gentilly) 

C10.3 Overpressure Protection Analysis Methodology with RAMONA-3B 
by J.C. Ramos, J. Solis, and G. Cuevas (Instituto de Investigaciones Eléctricas, 
Cuernavaca, Mexico) 

C10.4 Nine Mile Point Unit 2 IPE Results 
by R.F. Kirchner (Niagara Mohawk Power Corporation) 
(NOT PRESENTED) 

1WJ NoMmWr 1 



Contributed-Paper Program 

TUESDAY OCTOBER S 

10:30-12:00 Session C l l : Other Reactor Applications 2 
Windsor East Room 
Chaired by: N.B. Dinh (AECL CANDU, Montréal) 

C11.1 Description of the Korean Multipurpose Research Reactor 
by J.B. Lee and CO. Choi (KAERI) and N.B. Dinh (AECL CANDU, Montréal) 

C11.2 The "RB" Reactor as a Source of Fast Neutrons 
by M.P. PeSic and M J. Milosevic" (Institute of Nuclear Sciences 'VINCA*. Belgrade, 
Yugoslavia) 

C11.3 The High Flux Reactor at Petten 
by J. Ahlf and G. Tsotridis (Commission of the European Communities Joint Research 
Centre, Institute for Advanced Materials, Petten, The Netherlands) 

CI 1.4 Safety and Radioprotection for the TdeV Tokamak Experiment 
by S. Chapados and J.-C. Amrouni (Énergie & analyses Énaq du Québec Limitée) and 
R.A. Bolton (Centre canadien de fusion magnétique, Varennes, Québec) 

10:30.12:00 Session C12: Thermalhydraulics 2 
Kenora Room 
Chaired by: V.S. Krishnan (AECL CANDU) 

C12.1 A New Facility for the Determination of Critical Heal Flux in Nuclear Fuel Assemblies 
by R.A. Fortman, G.I. Hadaller, R.C. Hamilton, R.C, Hayes, K.S. Shin, and F. Stern 
(Stern Laboratories Inc.) 

C12.2 Challenges to Computing Buoyancy-Driven Flows in the Containment System ofLWRs 
by A. Manfredini, F. Oriolo, A. Villotti (Universita degli Studi di Pisa), and S. Paci 
(THEMAS s.r.l.) 
(NOT PRESENTED) 

CI2.3 Analysis of Moderator Flow and Temperature Distribution in the Calandria of Madras 
Atomic Power Station 
by S.P. Dharne and L.G.K. Murthy (Nuclear Power Corporation of India Ltd.) and 
U.N. Gaitonde (Indian Institute of Technology, Bombay) 
(NOT PRESENTED) 

C12.4 Effect of Exit Boundary Conditions on Flow Pattern Transitions in Horizontal Fuel 
Channels of a PHWR 
by V.M. Wasekar and K. Iyer (Indian Institute of Technology, Bombay) 
(NOT PRESENTED) 

199J No«mt»r 2 



Contributed-Paper Program 

TUESDAY OCTOBER 5 

10:30-12:00 Session C13: Social Issues 2 
Windsor West Room 
Chaired by: R. Summers (Canadian Nuclear Association) 

C13.1 Perspectives of the Proponent and Initiating Department on the Federal Environmental 
Review of the Canadian Nuclear Fuel Waste Management Program 
by B. Gray (AECL Research, WL) and G. Underdown (Department of Natural 
Resources Canada) 

C13.2 Twenty Years of Nuclear Program Support for Social Science Research 
by D.R. Hardy (Hardy Stevenson and Associates) 

CI3.3 Discussing Nuclear Energy Issues at School: How to Teach the Teachers? 
by F, De Galzain (OECD Nuclear Energy Agency) 

C13.4 Physical Models of Nuclear Public Acceptance 
by T. Ohnishi (CDC Research Institute, Japan) 

10:30-12:00 Session C14: Fuel & Fuel Cycles 2 
Wentworth Room 
Chaired by: P. Boczar (AECL Research, CRL) 

C14.1 Recycling: "Die Advanced Fuel Cycle for Existing Reactors 
by G. Lamorlette (COGEMA) 

C14.2 The International Uranium Market 
by K.L. Smith (UNECO, Canada) 

C14.3 Well Field Development at the Crow Butte ISL Uranium Mine 
by G, Kirchner (Uranerz Exploration and Mining Limited), and G. Catchpole (Uranea 
U.S.A. Inc.) 

C14.4 Uranium Ores Treatment and Uranium Dioxide Production for Fuel Elements 
Production for CANDU Nuclear Power Plant in Romania - Achievements and 
Available Assets 
by C. Bejenaru (Rare Metals Company, Bucharest), D. Georgescu (Institute for Rare 
and RadioacUve Metals, Bucharest), and M. Bobe and A. Alda (Mineral Dressing Plant 
"R", Brasov) 
(NOT PRESENTED) 

1993 November 2 



Contributed-Paper Program 

TUESDAY OCTOBER 5 

10:30-12:00 Session C15: Steam Generators 2 
Huron Room 
Chaired by: P. Lafrenière (Hydro-Québec) 

Cl5.1 Advances in Nuclear Steam Generator Technology for Improved Reliability 
by J.C Smith (Babcock & Wilcox International) 

C15.2 Laser Welded Sleeving - A Proven Technology for Steam Generator Life Enhancement 
by B.R. Nair (Westinghouse Electric Corporation) 

C15.3 A Horizontal Steam Generator for Indian 235-MW Heavy-Water Nuclear Power Plants 
by D.R. Iyer (Nuclear Power Corporation, Bombay) 
(NOT PRESENTED) 

10:30-12:00 Session C16: Safety 3 
Kent Room 
Chaired by: L. Simpson (AECL Research, WL) 

CI6.1 A Kinetic Model for Fission-Product Release and Fuel Oxidation Befiaviour for 
Zircaloy-Clad Fuel Elements Under Reactor Accident Conditions 
by B.J. Lewis (Royal Military College of Canada), D.S. Cox (AECL Research, CRL), 
and EC. Iglesias (Ontario Hydro) 

CI6.2 The Importance of Organic Compounds in Evaluating Accident Management Strategies 
by C.A. Chuaqui and J. Ball (AECL Research, WL) and R. Fluke, J. Edward and 
K. Weaver (Ontario Hydro) 

C16.3 The Radiolysis of Aqueous Organic Systems and Its Effect on Iodine Volatility 
by R.C. Quan, M. Mesbah-Oskui and G.J. Evans (University of Toronto) 

CI6.4 A Neural Network Model of Volatile Fission Product Release from Fuel Elements and 
Fragments Under Severe Accident Conditions 
by W.S. Andrews and B.J. Lewis (Royal Military College of Canada) and D.S. Cox 
(AECL Research, CRL) 

] *M Nntnbcr 2 



Contributed-Paper Program 

WEDNESDAY OCTOBER 6 

8:30-10:00 Session C17: Physics 1 
Huron Room 
Chaired by: G. Hotte (Hydro-Québec) 

Cl7.1 HUEMUL: A Transport Code for General Geometries Including Reactivity Devices -
lu, Validation Against Measurements 
by C.R. Catebrese, C. Grant, A.M. Lerner, C. Notari, and 0. Serra (Comisicm Nacional 
de Energfa Atômica, Argentina) 

CI7.2 A General Comparison of tlie Lattice Codes APOLLO-2 and DRAGON 
by A. Hébert (École Polytechnique de Montréal) 

C17.3 Burnable Poison: A Solution for Fuel Management in 1.2% SEU Fueled CANDU 6 
MK1 Core 
by D. Serghiuta, E. Nichita, O. Nainer, and P. Laslau (Institute for Nuclear Research, 
Pitesti, Romania) 
(NOT PRESENTED) 

Cl7.4 Selection of Materials with Low Induced Activity Following Neutron Irradiation 
by K.T. Tsang and C.R. Boss (AECL CANDU) 

8:30-10:00 Session C18: Plant Components 
Kenora Room 
Chaired by: H. Stremler (GE Canada, Inc.) 

CI8.1 Improvements in the Fracture Toughness of CANDU Zr-2.5 Nb Pressure Tubes 
by G.D. Moan (AECL CANDU), J.R. Theaker, P.H. Davies, I. Aitchison, and 
CE. Coleman (AECL Research, CRL), R.A. Graham (Teledyne Wah Chang), and 
S.A. Aldridge (NU-TECH Precision Metals) 

CI 8.2 Nuclear Sources of Hydrogen in CANDU Fuel Channels 
by M.A. Lone (AECL Research, CRL) 

C18.3 Using Improved Elastomers To Enhance CANDU Station Reliability 
by R. Wensel (AECL Research, CRL) 

C18.4 A Versatile Electrical Penetration Design Qualified to IEEE Std 317-1983 
by W. Lankenau and T.M. Wetherill (Imaging and Sensing Technology) 

IWJ No»cmt*r 2 



Contributed-Paper Program 

WEDNESDAY OCTOBER 6 

8:30-10:00 Session C19: Waste Management 1 
Kent Room 
Chaired by: F- McDonnell (AECL Research, WL) 

C19.1 Mineralogical and Corrosion Problems Underlying the Choice of Materials for 
High-Level Nuclear Waste Disposal 
by M.B. McNeil (U.S.NRC) and T.L. Woods (East Carolina University) 

CI 9.2 Role of the Geosphere in the Canadian Concept for Nuclear Fuel Waste Disposal 
by C.C. Davison, F.P. Sargent and S.H. Whitaker (AECL Research, WL) 

C19.3 Fully Treated and Solidified Radioactive and Hazardous Wastes Belong in an 
Above-Grade, Earth-Mounded, Concrete Disposal Vault 
by G.R. Darnell (INEL-EG&E Idaho Inc.) 

CI9.4 Long-Term Safety Assessment of the Disposal of Nuclear Fuel Waste 
by K.W. Dormuth, B.W. Goodwin and A.G. Wikjord (AECL Research, WL) 

8:30-10:00 Session C20: Accelerators & Industrial Radiation 1 
York Room 
Chaired by: T. Sasaki (JAERI) 

C20.1 AECL's IMPELA™ Electron Accelerators for Industrial Uses 
by A.J. Stirling (AECL Accelerators) 

C20.2 Advances in Radiation Processing of Polymeric Materials 
by K. Makuuchi and T. Sasaki (Takasaki Radiation Chemistry Research Establishment, 
JAERI) and A.C. Vikis and A. Singh (AECL Research, WL) 

C20.3 Effects of High Radiation Environments on Polymer Composite Epoxies 
by H.W. Bonin, H.M. Pak, V.T. Bui and D. Rhéaume (Royal Military College of 
Canada) 

C20.4 Some Calculational Results for Transmutation of Plutonium and Wastes in Blankets of 
Accelerator-Based Systems 
by B.P. Kochurov (Institute of Theoretical and Experimental Physics, Moscow, Russia) 

199J No«emb*r 2 



Contributed-Paper Program 

WEDNESDAY OCTOBER 6 

8:30-10:00 Session C21: Human Factors 1 
Peel Room 
Chaired by: L. Innes (Atomic Energy Control Board) 

C21.1 Coping with Human Factors in Nuclear Power Plants 
by J.-P. Clausner (OECD Nuclear Energy Agency) 

C21.2 Framework for Human Factors Input to Design Projects 
by J. Penington (AECL Research, CRL) 

C21.3 A Tool to Assist in Plant Data Monitoring and Diagnostics 
by P.D. Thompson and M.K. Gay (New Brunswick Power) and C. Xian and 
J.W. Thompson (Atlantic Nuclear Services) 

C21.4 Performance Support Systems and Artificial Intelligent Considerations 
by W.F.S. Poehlman, W.J. Garland, A. Bokhari and C.W. Baetsen (McMaster 
University) and R.J. Wilson (EACS - Engineering and Computing Services) 

8:30-10:00 Session C22: Safety 4 
Wentworth Roore 
Chaired by: L>. Weeks (New i>i.. -Ht Power) 

C22.1 Reduction of Pressure-Tube to Calandria-Tube Contact Ccnduc nee to Enhance the 
Passive Safety of a CANDU-PHW Reactor 
by D.B. Sanderson, R.G. Moyer, D.G. Litke and H.E. Rosinger (AECL Research, 
WL), and S. Girgis (AECL CANDU) 

C22.2 Simulation of the Pressure-Tube Circumferential Temperature Distribution Experiments 
(Variable Make-Up Water Experiments) 
by M.H. Bayoumi and P.S. Kundurpi (Ontario Hydro), and W.C. Muir (IDEA 
Research International) 

C22.3 Liquid Relief Valve Failure Simulation in the Embaise Nuclear Power Station 
by S. Gersberg, J.R. Lorenzetli, D. Parkansky and J. Batistic (Comisiôn Nacional de 
Energfa Atômica, Argentina) 
(NOT PRESENTED) 

C22.4 Simulation and Analysis of a Main Steam Line Transient with Isolation Valves Closure 
and Subsequent Pipe Break 
by V. Stevanovid and M. Studovic" (University of Belgrade, Yugoslavia) and A. Bradé 
(Thermal Power Plant Nikola Tesla-A, Yugoslavia) 

1WÎ Norcmtxr 2 



Contributed-Paper Program 

WEDNESDAY OCTOBER 6 

10:30-12:00 Session C23: Physics 2 
Huron Room 
Chaired by: P. Akhtar (Atomic Energy Control Board) 

C23.1 Flux Mapping Theory Application for Channel Power Prediction 
by D. Brissette and M. Beaudet (Hydro-Québec, Gentilly) 
(NOT PRESENTED) 

C23.2 A Review of the History-Based Local-Parameter Methodology for Simulating CANDU 
Reactor Cores 
by B. Rouben and D.A. Jenkins (AECL CANDU) 

C23.3 Validating the History-Based Diffusion Metlwdology for Core Tracking Using In-Core 
Detectors 
by A.C. Mao, B. Rouben and D.A. Jenkins (AECL CANDU), and E. Young and 
C. Newman (New Brunswick Power) 

C23.4 On-Line Heat Deposition Rate Measurements with a Quasi-Adiabatic Graphite 
Calorimeter in a Fusion Environment and Comparison with Calculations 
by O.P. Joneja and J.-P. Schneeberger (École Polytechnique Fédérale de Lausanne, 
Switzerland), R.P. Anand (Bhabha Atomic Research Centre, Bombay, India) and 
T. Buchillier (Institute of Applied Radiophysics, Lausanne, Switzerland) 
(NOT PRESENTED) 

10:30-12:00 Session C24: Life Extension 
Kenora Room 
Chaired by: K. Talbot (Ontario Hydro) 

C24.1 Planning the Retubing of a CANDU 6 Reactor 
by N.G. Craik (Canatom Inc.) and R. Baker (New Brunswick Power) 

C24.2 Improvements in Remote Removal Techniques for Active Components during 
Large-Scale Retubing of CANDU Reactors 
by W.J. Knowles (GE Canada Inc.) 

C24.3 Developments in Orbiting Took for Refurbishment of CANDU Fuel Channel 
Components 
by M. Pollock (Spectrum Engineering Corporation Ltd.) 

C24.4 CANDU Single-Fuel-Cliannel Replacement Reducing Time and Radiation Exposure 
by T.A. Hunter and D.R. Pollock (GE Canada Inc.) 

1993 November 1 



Contributed-Paper Program 

WEDNESDAY OCTOBER 6 

10:30-12:00 Session C25: Waste Management 2 
Kent Room 
Chaired by: J. Graham (British Nuclear Fuels Ltd.) 

C25.1 Progress at AECL's Underground Research Laboratory 
by G.R. Simmons (AECL Research, WL) 

C25.2 The Role of Engineered Barriers in the Disposal of Nuclear Fuel Waste - The 
Canadian Perspective 
by K. Nuttall and L.H. Johnson (AECL Research, WL) 

C25.3 Sulfur Polymer Cement, A Solidification and Stabilization Agent for Radioactive and 
Hazardous Wastes 
by G.R. Darnell (INEL-EG&G Idaho, Inc.) 

C25.4 The Cigar Lake Analog Study: An International R&D Project 
by J.J. Cramer and F.P. Sargent (AECL Research, WL) 

10:30-12:00 Session C26: Accelerators & Industrial Radiation 2 
York Room 
Chaired by: A. Stirling (AECL Accelerators) 

C26.1 Nuclear Data for Feasibility Assessment of HLW Transmutation 
by M.A. Lone, P.Y. Wong, W.J. Edwards, and R. Collins (AECL Research, CRL) 

C26.2 Neutron Activation Analysis of Mortars from Stone Houses Built in Canada During the 
French Régime 
by H.W. Bonin, C. Bordeleau, J.R.M. Boulé and M.A.T. Lapointe (Royal Military 
College of Canada) 

C26.3 Handled Gamma Quant Generator in Density Measurement 
by A. Mozelev (Small Scale Research & Production Company RADICAL, Dubna, 
Russia) 
(NOT PRESENTED) 

1993 NoTcmUr 2 



Contributed-Paper Program 

WEDNESDAY OCTOBER 6 

10:30-12:00 Session C27; Human Factors 2 
Peel Room 
Chaired by: E. Davey (AECL Research, CRL) 

C27.1 Technology-Assisted Training in the Nuclear Regulatory Environment 
by D.J. Martin (Atomic Energy Control Board, Canada) 

C27.2 Alarm Processing for Diagnosis Using a Holographic Neural Network (HNeT) 
by J.E. Smith, M. Schwarzblat, and J.G. Sutherland (AND America Ltd.) 

C27.3 The Design and Implementation of an Operator's Performance Support System 
by RJ. Wilson (EACS - Engineering and Computing Services), A.A. Bokhari, 
W.J. Garland, W.F.S. Poehlman, and C.W. Baetsen (McMaster University) 

C27.4 Training Program Evaluation: Current Regulatory Activities 
by D. Tennant and R. Droll (Atomic Energy Control Board, Canada) 

10:30-12:00 Session C28: Safety 5 
Wentworth Room 
Chaired by: A. Carnino (IAEA) 

C28.1 A Turbine Trip Transient Analysis with TRAC-BFJ 
by J.L. François (Institute de Investigaciones Eléctricas, Cuernavaca, Mexico) 

C28.2 Should We Install a Software-Based Reactor Protection System? 
by G. Ives (Colenco Power Consulting Ltd., Baden, Switzerland) 

C28.3 Operating Under Fire the French Way 
by F. Bediou and J.P. Chatry (EDF-CIG) 

C28.4 Nuclear Plant Safety Enhancement by Early Identification of Slow Developing 
Abnormal Processes 
by V. Kotelenets, S. Korolev and M. Konovich (Yuzhnoukrainskaya NDP, Ukraine) 
(NOT PRESENTED) 

1993 November 2 



TUESDAY OCTOBER 5 

10:30-12:00 Session C15: Steam Generators 2 
Huron Room 
Chaired by: P. Lafrenière (Hydro-Québec) 

C15.1 Advances in Nuclear Steam Generator Technology for Improved Reliability 
by J.C. Smith (Babcock & Wilcox International) 

C15.2 Laser Welded Sleeving - A Proven Technology for Steam Generator Life Enhancement 
by B.R. Nair (Westinghouse Electric Corporation) 

C15.3 A Horizontal Steam Generator for Indian 235-MW Heavy-Water Nuclear Power Plants 
by D.R. Iyer (Nuclear Power Corporation, Bombay) 
(NOT PRESENTED) 



ADVANCES IN NUCLEAR STEAM GENERATOR TECHNOLOGY 
FOR IMPROVED RELIABILITY 

James C. Smith 
Babcock & Wilcox International 

581 Coronation Blvd. 
Cambridge, Ontario f o / o 3 .* o o • ^ 

Canada 
N1R5V3 

Introduction 

Nuclear steam generators are the principal interface between the reactor coolant 
fluid and the secondary steam system in Pressurized Water Reactors (PWR) and 
CANDU reactors. Heat produced by the reactor is transferred to the secondary 
fluid in the steam generators. In the vast majority of cases, steam generators in 
both PWR's and CANDU reactors are of the "invented U-tube recirculating" type 
(see Figure 1). The reactor coolant enters one side of the primary head, enters 
the inside of a large group of small diameter tubes, flows through the U-shaped 
tubes and exits from the other side of the primary head. The secondary fluid, 
which is at a lower temperature and pressure, and is on the outside of the tubes 
picks up heat from the primary fluid, and boiling occurs. The mixture of steam and 
water then flows upwards, entering steam separator equipment. The steam exits 
the steam generator, destined for the steam turbine. The liquid is recirculated via 
an annular space between the outer shell and the wrapper. Makeup, or feedwater 
is added either via a feedwater distribution header in the upper part of the steam 
generator, or via a preheater section in the lower part of the tube bundle in some 
designs. There are typically two, three or four steam generators in a PWR system. 
Recent large CANDU reactors (CANDU 6, Darlington) use 4 steam generators per 
reactor. Older CANDU's have used as many as 12 per reactor. 

There sre, at present, more than 1000 nuclear steam generators in operation 
worldwide. In many cases, the steam generators have become a serious reliability 
problem for the nuclear plants they reside in. Most of the reliability issues have to 
do with the tubing. The tubes are thin-wall alloy material, which forms the 
boundary between high pressure reactor coolant and lower pressure secondary 
fluid. Each steam generator contains thousands of tubes, and a leak in any one 
of the tubes can lead to plant shutdown. Leakage of reactor coolant into the 
secondary fluid results in contamination of the secondary fluid. The only solution 
is to shut down the reactor, cool and drain the steam generator, find and repair the 
leak. This is a time consuming process, which underscores the importance of 
assuring that tube integrity is maintained. 
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In this paper, the causes of tube leakage will be examined, the cases where tube 
leakage is most common will be isolated, and the methods of detection and repair 
will be examined. Most importantly, the advances in nuclear steam generator 
technology aimed at eliminating the problems for future operation are examined. 

Causes of Reliability Issues in Current Steam Generators 

A total of 45 possible sources of steam generator reliability issues have been 
identified (1) as shown in Figure 1. These sources go far beyond just tube leakage 
integrity. However, of these 45 potential issues, the following are identified as 
being the most severe, at various periods over the last 20 years. 

A. Wastage - general corrosion attack of the outside surface of the tubing, 
particularly in areas where chemicals in the secondary fluid can concentrate, 
such as crevices and sludge accumulation. Widespread occurrences of 
wastage occurred in the early 1970's, but changes in plant water chemistry 
practice, such as elimination or limiting of the use of phosphates, largely 
eliminated this problem. Wastage has been observed with Alloy 600, Alloy 
800 and Monel 400 steam generator tubing (2). 

B. Denting - radial constriction of the tubing caused by a buildup of corrosion 
products in the crevice between a tube and a carbon steel solid tube 
support. This was the predominant cause of tube failures in the mid-to-late 
1970's, but was brought under control by modifications to secondary side 
water chemistry, such as applying stricter chloride limits, eliminating copper 
sources from the feedwater system, changing feedwater pH to eliminate 
oxidation of copper, and in some cases, addition of boric acid (3). Denting 
has been seen primarily in steam generators with Ally 600 tubing, but as the 
mechanism has to do with steam generator tube support design and water 
chemistry, the association with Alloy 600 is largely coincidence. It is 
significant, however, that Alloy 600, when dented, becomes prone to stress 
corrosion cracking, either from the OD or ID. 

C. Stress Corrosion Cracking - some tube alloys used in nuclear steam 
generators have demonstrated a tendency to develop cracks after a period 
of operation, which are generally most prevalent in cases of 

• Alloy 600 material, mill annealed condition, anneal temperature below 
1900°F 

• areas of tubing with high residual or operating stress level 

• areas of tubing exposed to highest temperature reactor coolant 
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• water chemistry can contribute to the problem, but is not necessary 
to crack tubes. Primary water SCO will occur in well treated "pure" 
water, with only the presence of susceptible material, high stress, 
and temperature. Certain secondary side chemical conditions, such 
as the presence of oxides of copper, or heavy elements such as 
lead, will accelerate both the initiation and propagation of OD stress 
corrosion cracks. 

SCC has been observed in Alloy 600 materials with higher mill anneal 
temperatures, and in stress relieved conditions. Initiation and 
propagation of cracks were both much slower to take place. 
Although SCC has been demonstrated in laboratory conditions for 
Alloy 800 in chloride or caustic secondary side environments, neither 
has been observed in operating steam generators. At the present 
time, stress corrosion cracking is the single most serious problem 
affecting the reliability of nuclear steam generators. 

3. Repair Alternatives 

Steam generators wi;h mill annealed Alloy 600 tubing, and particularly those with 
high operating temperatures (the temperature of reactor coolant entering a steam 
generator is generally in the range of 305°C to 330°C; the rate of crack initiation 
and propagation can be more than twice as fast at 330°C than it is at 305CC, if all 
other conditions are identical) must be monitored very carefully for the presence 
of cracks. The locations to be most carefully monitored are 

• roller expansion transition zones in the tubesheet region, particularly in the 
hot leg 

• small radius U-bends 

• vicinity of tube supports, where OD crud accumulation, or potentially 
denting could create stress and chemistry conditions conducive to cracking. 

Inspection techniques to detect cracking must be carefully selected (bobbin coil 
ECT, Roating Pancake ECT, UT, etc.) to ensure that cracks, which in some cases 
are longitudinal, in some cases circumferential and in some cases random) can be 
reliably and efficiently detected. If cracks are detected, or if conditions exist where 
cracks are expected to form, a variety of countermeasures have been developed 
to deal with the problems. These are as follows: 
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A. Material Conditioning 
Stress corrosion cracks are generally associated with tensile stresses. 
Placing a compressive stress layer on the tube surface is an effective 
counter measure to retard crack initiation and propagation. This can be 
achieved through 2 commercially available processes; shotpeening and 
rotopenning. Some steam generators in Europe used shotpeening on the 
OD of tubing to pre-condition the tube material against OD SCC. 

Resistance to SCC can also be enhanced by stress relieving the tubing. 
This can be done to the tubes prior to steam generator assembly (generally 
referred to as "thermally treating" the tubing at the tube manufacturer's 
facility), by putting the entire steam generator into a stress relief furnace, or 
by individually heating sections of tubes with the steam generators installed, 
using electric heaters. This latter process is most commonly used in small-
radius U-bend sections of tubing. 

B. Water Chemistry Methods 
Water chemistry can contribute to SCC problems, particularly on the OD 
surface. Countermeasures include chemical cleaning of steam generators 
to remove concentrated contaminants from crevices, careful pH and 
element concentration control in the secondary water, and in some cases, 
use of boric acid in the secondary water to neutralize alkaline species which 
can accelerate OD SCC. (3) 

C. Tube Plugging 
This is a simple, fast repair technique which is satisfactory if only a limited 
number of tubes have cracks. However, SCC is generally an epidemic in 
susceptible steam generators. 

D. Tube Sleeving 
A tube "sleeve" or tube within a tube, can be effective in preventing cracked 
tubes from leaking, and still permitting the tube to be useful for plant heat 
transfer performance. However, sleeving is a relatively costly process, and 
can be prohibitive in cases where cracking exists in epidemic quantities. 

E. Advanced Repair Techniques 
Experiments and limited site prototype testing have been performed on 2 
advanced repair techniques for ID SCC. These are nickel plating of the 
tube ID (developed in Europe, test applications in Belgium and France), and 
laser remelting of the tube in the vicinity of cracks to close the cracks. The 
first field trials of laser remelting have recently been completed. 
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F. Alternate Plugging Criteria 
Considerable work is being done in Europe and the U.S. to categorize 
stress corrosion cracks by size and orientation in order to separate those 
likely to leak during a cycle or operation vs. those unlikely to leak even 
though they may exceed standard plugging criteria. Alternate plugging 
criteria have been approved in Europe in some cases for short axial cracks 
of up to 90% thru-wall depth. 

G. Steam Generator Replacement 
The ultimate resolution of steam generator problems, in many cases, is 
complete replacement of the steam generator. When tube problems 
become so severe that total plant reliability and/or safety are adversely 
affected, in many cases economics of steam generator replacement 
becomes the most attractive solution. Steam generator replacement is 
becoming a common practice worldwide. The process has now been 
completed at 15 reactors, and commitments have been made for steam 
generator replacement in the near future at an even greater number of 
reactors. Steam generator replacement is a costly process, in terms of 
cash outlay, loss of power generation from the reactor for 2-4 months, and 
in terms of personnel radiation exposure. However, it is seen as a good 
investment, particularly in newer plants which develop steam generator 
problems early in life. The investment is good only, however, if the new 
steam generators will last at least through the remaining life of the reactor. 

Technology Advances in New Steam Generators 

In order to assure long, reliable life of new and replacement steam generators, 
widespread advances in the technology have been made. The following are some 
of the key areas where the product has been approved. 

A. Tubing Material 
Most of the problems with existing nuclear steam generators are with units 
having mill annealed Alloy 600 tube material. Many of the problems can be 
eliminated by changing tube material, or heat treating the Alloy 600 material 
("thermal treat, typically 700°C for 10 hours in a vacuum furnace, plus an 
additional 2 hours at 700CC for tight radius U-bend tubes). Alternate 
candidate tube materials are Alloy 800, used widely in Germany and 
Canada, and Alloy 690, the new material of choice in France, Japan and the 
U.S. Drawing on information contained in literally hundreds of reports, far 
too numerous to reference, the following is a general comparison of Alloy 
600 TT (thermally treated), Alloy 800, and Alloy 690TT, in steam generator 
environments. 
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Table 1 

Summary of Material Performance 

1 = Worst 2 = Intermediate 3 = Best 

Alloy 600 TT Alloy 800 Alloy 690TT 

Thermal Conductivity 3 1 2 

Expansion Coefficient 3 2 3 
(compatibility with 
steam generator) 

Strength per ASME 3 2 3 
Code 

Primary SCC 2 3 3 

Phosphate Wastage 3 2 2 

Chloride SCC 2 1 3 

Caustic (1%) SCC 2 2 3 

Caustic (10%) SCC 2 1 3 

Sulfur Pitting 2 3 3 

Chloride Pitting 2 3 2 

Caustic (10%) + Lead 1 1 1 

Caustic (10%) + Sulfur 2 1 2 

Alloy 800 has performed well in operating units in Germany and Canada, 
despite laboratory results suggesting a susceptibility to OD problems in 
chloride and caustic environments. Alloy 800 is not susceptible to ID SCC. 
Neither, however, is Alloy 690. Alloy 690 seems generally to be less 
susceptible to corrosion attack than Alloy 800, although Alloy 690 can be 
made to crack in severe caustic plus lead conditions quite readily. Alloy 
690 has certain mechanical advantages over Alloy 800, in the areas of 
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higher thermal conductivity, higher mechanical strength, and a lower 
expansion coefficient, more compatible with the other materials in the steam 
generator. Either Alloy 800 or Alloy 690TT is viewed as a significant 
improvement over Alloy 600. The following table compares ordering trends 
for tubing in replacement steam generators over recent years (1). 

Table 2 

Number of Replacement SG's ordered with: 

Alloy 600TT Alloy 800 Alloy 690 

Up to 1983 23 2 0 

1984-1991 0 3 39 

1992 0 12 35 

B. Tube Supports 
It is essential that the tube supports used in a steam generator should be 
of a non-corroding material, and should have no crevices adjacent to the 
tubes. There are two basic types of tube supports on the market currently; 
broached stainless steel plates and stainless steel lattice grids. 

Figure 2 

Broached Plate Lattice Grid 

7 



Lattice grids are widely used in Germany and Canada, and feature line 
contact between the tube and bar, thereby eliminating crevices. With the 
evidence of excellent performance of lattice grid steam generators in Europe 
and Canada, again the buying trend in replacement steam generators is 
switching to lattice grids. 

Table 3 

Replacement Steam Generator Design Trends (3) 
Prior to 1992 1992 

# of replacement steam 55 12 
generators ordered with 
broached plate tube 
supports 

# of replacement steam 12 35 
generators ordered with 
lattice grid tube supports 
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Steam Generator Industry Wide Problem Areas 



LASER WELDED SLEEVING - A PROVEN TECHNOLOGY FOR 
STEAM GENERATOR LIFE ENHANCEMENT 

Bala R. Nair 
Westinghouse Electric Corporation ( /- ̂  16 coc ". f.) 
Madison, Pennsylvania 15663-0158 

INTRODUCTION 

Pressurized Water Reactor steam generators are subject to environmental 
conditions during operation that can result in tube wall degradation in the form 
of stress corrosion cracking. Regulatory requirements place specific limits on 
the extent of tube degradation permitted before remedial action is required. 
Such remedial action is currently limited to tube plugging or sleeving. Sleeving 
provides an option that allows tubes to be maintained in service and can be 
used to support delaying or even canceling the large capital expense of steam 
generator replacement. In the sleeving process a length of tubing is inserted in 
the degraded tube to bridge the affected area. The upper and lower end of the 
sleeve are then bonded to the tube with a leak-tight or limited leak seal. 

The laser welding process was selected for sleeve installation because of 
several advantages over current methods such as the mechanical or Hybrid 
Expansion Joint (HEJ), Tungsten Inert Gas (TIG), and explosive welding 
processes. Some of the advantages are: 

• Provides a hermetic ^eal 

• Addresses Primary Water Stress Corrosion Cracking (PWSCC) as well as 
Outer Diameter Stress Corrosion Cracking (ODSCC) mechanisms. 

• Insensitive to secondary side conditions such as moisture and surface 
emissivity. 

• Tolerant of field variability in sleeve/tube fitup. 

• Focused application of energy results in smaller heat affected zone, 
lower heat input compared to current fusion welding methods, less 
distortion, and greater control of weld quality. 

• Gradual sleeve hydraulic expansion process minimizes parent tube 
distortion. 

• Repair welds can be made using the same process parameters as the 
initial weld. 

Laser welded sleeving can be applied "\ both the tubesheet (for secondary side 
corrosion or roll transition primary wai^r stress corrosion) and tube support 
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plates (for secondary side stress corrosion and inter-granular attack). Potential 
locations for sleeving are shown in Figure 1. 

Support 
Plate 
Crevice 

Tubesheet 
Crevice 
and Roll 
Transition 

Figure 1 - Sleeve Application Locations 

SLEEVE DESIGN 

Thermally treated Alloy 690 was selected as the sleeve material for its superior 
corrosion resistance compared to Alloy 600. 

The basic tube support plate sleeve design is shown in Figure 2. After the 
sleeve is located at the proper elevation in the tube, it is hydraulically expanded 
near each end, and the welds are made in the expansion zone at each end. 

The tubesheet sleeve design is similar to the support plate sleeve, as shown in 
Figure 3. The upper weld is located in the expansion zone. At the lower end, 
the joint consists of a hydraulically expanded section and a smaller section 
within the expanded zone which is hard-rolled. The hard-rolling is performed at 
a pre-set torque level that was established through testing to provide a 
leak-tight joint. An optional weld is made at the elevation of the tubesheet 
cladding to provide a hermetic seal. 
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Figure 2 - Support Plate Sleeve Figure 3 - Tubesheet Sleeve 
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Figure 4 - Laser Welding System Schematic 
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The support plate and tubesheet sleeve designs are optimized to be 
compatible with the tube dimensional constraints and variations, while meeting 
the structural design criteria of the ASME Boiler and Pressure Vessel Code. 

An optional postweld heat treatment is performed to relieve the residual 
stresses in the tube for the free-span weldments. Tests on laser welded joints 
in Alloy 600 tubing found to be susceptible to PWSCC have shown that the 
heat treatment enhances corrosion resistance significantly. 

WELD JOINT DESIGN 

The laser weld joint design is a partial penetration, autogenous weld that meets 
the following criteria: 

1. Weld width at the sleeve/tube interface that meets the ASME Code 
structural requirements. 

2. Weld free of cracks and inclusions. 

3. Weld depth less than 85% of tube wall thickness. 

4. Weld surface amenable to ultrasonic test (UT) inspection. 

The weld is designed to meet ASME Code stress limits for plant operating and 
postulated accident conditions. A proprietary Westinghouse structural analysis 
program, WECAN, was used to calculate the weld interface width, and the 
calculations were verified by tensile, fatigue, and thermal cyclic testing of weld 
specimens. Additional margins were added to allow for the accuracy of UT 
measurements. 

WELD ACCEPTANCE CRITERIA 

All free-span welds, namely, the upper and lower support plate sleeve welds 
and the upper tubesheet sleeve welds were required to pass a 100% UT 
examination. The UT process is used to verify the integrity of the weld and to 
measure the structural width of the weld at the sleeve/tube interface. 

The optional tubesheet sleeve lower welds perform a hermetic sealing function 
only, therefore visual examination is all that is required for acceptance. 
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LASER WELDING SYSTEM 

The energy for welding is provided by a 1000 Watt (average power) Lumonics 
Model JK706 pulsed Neodymium: Yttrium Aluminum Garnet (Nd:YAG) laser. 
The laser system, shown schematically in Figure 4, consists of a pair of lasers 
with independent control systems, but sharing a common power distribution 
system and cooling water system. Only one laser is used for welding with the 
second unit serving as a backup that could be quickly brought on line if a laser 
required maintenance or repair. The lasers, cooling system, power supplies, 
and control consoles are housed in a standard road trailer that is located 
outside the containment building. 

Energy from the laser is transmitted to the weld head positioned within the 
steam generator through a fiber optic delivery system. The fiber optic system 
consists of four segments, as shown in Figure 4. The segments are joined 
within special junction boxes that house the couplings for the electrical and 
control wiring, and the fiber optic couplers. Each fiber optic segment is about 
50 meters in length. 

An optical multiplexer located at the end of the third fiber optic segment permits 
switching of the laser beam to one of four beam paths. This feature enables 
welding to be performed in up to four steam generators on a time-shared basis. 
Fiber optic segments from the multiplexer terminate in junction boxes located 
below each steam generator platform. The laser power is monitored 
continuously at this point. The shield gas for welding is injected into the weld 
head conduit and measured at this junction box. 

A 15m long weld head conduit transmits laser power and the shield gas to the 
weld head. The weld head is shown schematically in Figure 5. It includes a 
motor, gearbox, encoder, focusing optics, fiber termination, gas flow channels, 
and an easily replaceable turning mirror that directs the laser beam to the weld 
area. A sealing bladder holds the weld head in position and serves as a purge 
dam for the cover gas. A spring loaded centering device supports and centers 
the weld head near the top end. Eddy current coils are used to position the 
weld head at the required elevation in the tube. 

WELD PROCESS DEVELOPMENT 

Process variables that were considered during development were weld mode 
(continuous molten pool or solidification between pulses), pulse width, pulse 
height (energy), pulse frequency, pulse shape, weld head rotational speed, spot 
size, weld head aperture, focal distance and focus location, cover gas 
composition, cover gas flow rate, cover gas flow direction, weld orientation, 
effects of tube oxidation, tube secondary side thermal effects, moisture, single 
versus multiple passes, weld width, weld depth, porosity, microfissuring, and 
surface finish. After initial weld tests on flat plates and split tubes, over 1200 
welds were made using prototype welding equipment and representative 
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sleeved tube samples were sectioned and examined. The process 
development program yielded the necessary data required for selecting a 
suitable set of weld process parameters that provided consistent, structurally 
adequate, and inspectable welds. 

Final weld process qualification was performed in a full-scale mockup of the 
steam generator, with welds made up to the sixth support plate location. 

IMPLEMENTATION AT FARLEY NUCLEAR PLANT 

The detailed laser welded sleeving production sequence for both the Farley 
Units was developed after eddy current analysis was completed and the 
specific tube locations to be sleeved were known. Factors such as tooling 
changes and robot base plate movements were important in developing the 
sequence for the job. The production sequence that was implemented at 
Farley employed eight separate processes that were, in general, performed in 
the following order: (1) Tube Cleaning; (2) Sleeve Installation; (3) Tubesheet 
Sleeve Hard Roll; (4) Free Span Welds; (5) UT Examination; (6) Tube Sheet 
Sleeve Lower Weld and Visual Inspection; (7) Post-Weld Heat Treatment; (8) 
Baseline Eddy Current Inspection. 

All the processes used for laser welded sleeving were performed remotely 
using the Westinghouse steam generator service robot, ROSA III, and required 
no manual entry inside the steam generator channel head. Sleeves were 
loaded on the tooling at the steam generator manway by platform workers. 

In April 1992, laser welded sleeving was performed for the first time in the 
United States in the Unit 2 steam generator. Ninety-eight sleeves were installed 
in 35 tubes in two steam generators in parallel. They included 68 support plate 
sleeves and 40 tubesheet sleeves. This was followed by a larger sleeving 
campaign in October 1992 in the plant's Unit 1 steam generators. At that time, 
194 sleeves including 148 support plate sleeves and 46 tubesheet sleeves were 
installed in 142 tubes in three steam generators in parallel. The weld 
acceptance success rate increased from 97 percent at Farley Unit 2 to 99 
percent at Farley Unit 1. 

A repair weld process was also used with 100 percent success at Farley Unit 1. 

CONCLUSIONS 

The Farley campaigns showed that laser welded sleeving offers a high level of 
process control not found with other methods and produces welds that can be 
fully inspected by ultrasonic examination. The laser welds hermetically seal the 
ends of the sleeve isolating the tube defect from the primary side, therefore, 
these welded sleeves are effective for addressing both primary and secondary 
side steam generator tube degradation. All the major components of the 
sophisticated laser welding system and the peripheral equipment operated 
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smoothly without a single hour of production being lost as a result of laser or 
fiber optic system malfunctions, demonstrating the ruggedness of the system. 

The successful field implementation of laser welded sleeving at the Farley 
Nuclear Plant has proven the feasibility of this process for repairing steam 
generator tubes and enhancing plant performance. 
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"A HORIZONTAL STEAM GENERATOR FOR THE 

INDIAN 235 MW HEAVY WATER NUCLEAR POWER PLANTS 

D.R. IYER 

NUCLEAR POWER CORPORATION 

BOMBAY, INDIAN 400094 

Abstract 

In this paper the thermal design of a horizontal steam generator 
for the Indian ?HWS Nuclear Power plant is described. Tbe main 
attraction is absence of tube sheet and use of stainless steel 
*U' tubes. It is emphasised that with approrpiate water chemistry 
it is possible to use stainless steel tubes which is many times 
cheaper than the incoloy tubes used elsewhere. The design 
approach, applicable equation for the design and the results of 
computation in form of heat trnasfer area and soin* important 
dimensions of the steam generator are presented. 

Abbreviation 

Q - Total heat capacity of the SG. 

Q.e- Heat capacity of the evaporator. 

Qp- Heat capacity of économiser or preheater. 

D - Flow rate of live steam from the steam generator 

Db- Flow rate of blow down water 

hf- Enthalpy of feed water. 

hi- Enthalpy of primary at the inlet. 

ho- Enthalpy of primary at the outlet of S.G. 

G - Flow rate of primary 

ns- Efficiency of heat transfer. 

hr- Ethalpy of total water i.e. feed water and down comer 
flow). 

Ks- Recirculation rstio 
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h'- Enthalpy ci steam at the out-let. 

Ds- Total water flow at the inlet i.e. feed water + down comer 
flow. 

nd- Design number of tubes. 

VI*- Specific volume of the primary at design pressure and inlet 
temperature. 

Wl- Velocity of flow. 

F - Cross sectional area of the flow. 

Re- Reynold number at reference temperature. 

Pr- Prandtle number at reference temperature. 

Pre -Prandtle number at the flow core temperature 

p r w _ Prandtle number at the wail temperature. 

Kl, K2- Correct.ive coefficients. 

P2- Secondary pressure. 

q - heat flux 

A t - temperature drop across the primary & secondary in a 
particular sect ion. 

A t - Conductivity of tube material 

Rf- Fouling factor for the tube. 

Kd- Correction factor to account, increased area due to 
tube plugging etc. 

Atm- Lograthemic mean temperature difference. 

Atn- highest temperature difference. 

j^ti- Lowest temperature difference. 

Pc- Design pressure 

Po- Operating pressure 

T - Factor of safety 

<ù - Allcwble stress 
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In our country like in most parts of globe, the steam generators 
for the Nuclear Power Plants are designed as a vertical type and 
this is true particularly in a heavy water based Nuclear Power 
Plants. The horizontal steam generators have been successfully 
used in the Nuclear Power Plants of the CIS countries (former 
Soviet Union) and other pan-Soviet countries. Here an attempt is 
made to consider the use of horizontal steam generators for the 
235 MWe Heavy water based Nuclear Power Plants particularly in 
the context of our country. The -nain advantage of horizontal 
steam generator is the large evaporation surface and ability to 
circulate coolant water without much concentration of impurities 
in the given section unlike the tube sheet area of most of the 
vertical steam generators. This factor reduces the possibility of 
crevice corossion in the tube sheet area and makes it possible to 
use even austenetic stainless steel tubes for the heat transfer 
surface though with appropriate water chemistry control. The 
large water volume in the horizontal steam generators makes the 
cool down much easier during the emergency shut down of the 
reactor. Besides it is possible to design the S.G. for removal of 
residual heat during shut down through natural convection. The 
paper covers some of the aspects connected with thermal design, 
preliminary mechanical computation of important dimensions of the 
SG, materials for S.G. construction and water chemistry. There 
have been problems with the horizontal S.G. in the form of cracks 
in the collector area but it is felt that v/ith proper selection 
of materials, fabrication methods and water chemistry it will be 
possible to have a fail safe design. In fact horizontal SGs for 
the NPPS of up to 500 MW capacities have been successfully 
operated in the CIS countries. 

Tie description Q£ iho. ftfroam Generator (S.G.) 

The construction of the typical horizontal steam generator is 
shown in fig.1. The preheating, evaporation and moisture 
separation is all accomplished in a single shell. The primary 
coolant enters the S.G. through the primary inlet header and 
after passing through the large number of tubes leaves the S.G. 
through the outlet header. The preheating is organised in the 
return path of the primary coolant. The feed water enters the S.G 
in the prehater zone together with the re-circulating flow in the 
down-comer. After the evalorizing in the tube bundle area the 
steam passes through the primary separators (cyclone separators) 
followed by louver driers. The tubes are .joined to the 
collector!! primary headers) either by explosion welding or by 
mechanical/hydraulic rolling. The material of construction of the 
shell and secondary side pressure boundary is steel type (Host 22K 
(Composition by percentage: C-0.2, Si 0.3 *0i - 0.8, Cu 0.3. Cr -
0.4, Ni - 0.3, ? and S •-•: 0.040 and 7i \ .00 ? . The primary 
headers are made of Aus.-enetic Stainles.v. ;'-"'v-el cr low alloy steel 
type iO--Mn-Ni2-MoV ( competition by percent-r.jîv-: 0-0.2. Si - 0.3, 



Mn - 1.0, Cr - 0.1, Ni 2.0, Mo - 0.6, V- 0.07). The tubes are 
ma.de of stainless steel type QCr-18- NilO-Ti (Composition in 
percentage: C-0.1, Si-0.8, Mn - 1.5, Cr-18.0 Ni-10.0, Ti - (5C -
0.6), p<0.03 and S< 0.02). For the new designs use of 20J4n MoNi55 
for pressure boundary and lh ho. 2 for S.G internals, including 
headers and inconel/incolloy for tubes may be considered. The 
secondary watr chemistry suitable to stainless tubes is given in 
table I. 

S.G. Operating Parameters 

2 

- Priory pressure - 91.4 Kgf/ CM 

- Primary temeprature at the inlet - 293.4 deg.C 

- Primary temperature at the outlet- 249.3 deg.C 

- The secondary (steam) flow - 332.5T/hr 

2 

- Secondary pressure - 40 kgf/Cm 

- Secondary (feed -water) temper at ure at inlet, - 171 deg.C 

- Secondary temperature at the outlet- - 250.6 deg.C 

- Reheat condensate flow - 25T/hr 

- Reheat condensate temperature - 250 de:ë,.C 

The 

S.G. Design: 

following steps are normally involved in the design of the 

Fixing of thermal layout, of the S.G, determination of 
thermal capacity, primary flow required, representation of 
heat balance in a Q-T digrams, and fixing the re
circulation and related parameters. 

lector •• i,(j: W s shell and SG Material selection for the tubes» < 
internals selection of ~ube outside ::ia::-e"er and collector 
inside diameter 

Determination 
collecter5. 

of" r.h : .'-Vr!«v?>•=•. o f *•>» ti:bs: O* nn inlet./ outlet. 
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(5.2) Correction of the temperature regimes and 
as surae cl v e. 2/ae s. 

(5.3) Computation of length and mass of the tubes. 

6. Mechanical Design including: 

Computation of dimensions and masses of all S.G. elements 
and particularly: 

(6.1) Design of tubes and tube spacings. 

(6.2) Computation of shell dimensions. 

(6.3) Computation of dispensions of collectors, and 
other 'pressure boundaries including the inlet 
and outlet chambers. 

(6.4) Design of feed water distribution system. 

(6.5) Design of cyclone separators and driers. 

(6.6) Hydraulic Design of the S.G. including. 

(6.6.1) Pressure drop in the primary loop. 

(6.6.2) Pressure drop in the secondary loop. 

(6.6.3) Determination of primary and secondary piunp capacities 

7. Analysis of fabrication approaches and techno economics of 
the S.G. design. 

Due to space limitation it is not possible to cover all the above 
aspects here. However some approaches to some important design 
parameters like heat transfer area and some basic dimensions of 
the SG components are given in the. latter part of this paper. All 
the applicable equations used in the computation are given in the 
annexure. 1. 

S. Results a£ .the Ĉ mpjjLtaklon and Conclueions 

For the heat transfer surface in for:r. of 14 can O.D, 1.4 <ni« thick 
stainless tubes and 1.3 M 1.D stainless steel collectors with 
ciruclation ratio as 6, the computed heat transfer area is 2270 

!̂  . The number of perforations for the tubes on each of the 
collector is 2520. The LMTD for the evaporator section is 19 deg 
C. For steam generator v;ith incoioy tubes of 16 in CD.. IHHK thick 

the heat transfer area is 2050 M ID of the S.G. pressure vessel 
is around 3.2 K and 1 ength around 12:::. Considering the high cost 
of the incoioy it is felt that the horizontal 3.G with stainless 
steel tubes and appropriate ware 
for our country. 
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Table X 

Norms of Water Regime for Slcam Generators of NFS 
with Water-Moderated Waler-Coolcd Power Reactors 

Normalized characteristics 

Dissolved oxygen, ng/kg 
Chlor-ion, nig/kg 
Hardness, ug-eq/kg 
Silicic acid in terms of Si03, mg/kg 
Iron oxides in terms of Fe, ug/kg 
Copper o.vidcs in terms of Cu, fig/kg 

1 
Feed water 

< J 5 
<0.02 
< 0 . 5 
<0.05 
< 2 5 
<1S 

Steam-gene-
rntor water 
In steady 
operation 

None 
1.0 

<100 
< 5 . 0 

— 
— 

Noies; i. Concentration of chlor-ion In tlic teed water corresponds to tlie minimum 
determinate value. 

2. In the usual trilonomctrlc definition the hardness of feed water should be within 
the Units of the method sensitivity, I.e., less than n fig-cq/kg. 

n. Pliosphatlzlng of fllcom-gcncrator wntcr Is not applied. 
4. All Impurities can he maintained In tltc 6tcnin-»cncrator water In a dissolved 

state by dosing a complcson in the feed water in the amount of 18G.0 »'iard+G.7 «Fe4-
+G.0 JC" pp/kg. 

I 
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J—sectional steam collector: 
/—manhole; J—blowdown and • 
drainage connections; 4—coolant 
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7—steam generator bousing; 
J—coolant outlet collector; 
9—primary circuit air vent; 

JO—louver separator 



Annexure - 1 

APPLICABLE EQUATIONS. 

Q = Qe + Qp = (D + Db) {h*- h f ) + D . r {1 > 

Q = G ( h i - ho) n s (2) 

h r= (hf + ( K s - l ) h ' 3 / K s (3) 

Ks = Ds/D (4 ) 

Pd . = 1.125(Po) (5) 

t d = 0 . 5 C ( t i i - ( K / « ( 1 3 E t i ' - t s 3 + C t s + [ E A 2 3 [ t i ' - t s ] (6) 

cSt = P d . d i / c a V t f - Pd] 4C (?) 

i t = P d d o / {2V^+ Pd] +C (8) 

nd = GVi ' / (WlF) (9) 

o .S 0 .4 0 .25 
o(\ =0 .021 .Re » Pr . [ P r c / P r w ] . Kl • K2 ( J 0 ; 

. 0 .14 - 2 2 0 .7 
o(2=4.32 CP2 - f l . 2S .10 . P 2 ] . q ( U ; 

q = O.S.K'. z i t .y. , , . . . d z : 

F For f i r s t i te i^at ion 
Ky= [l/o(i+ 0 t /A t - 2 Rf 3 t (13) 

Ad = [Q/K*Atm3 .Kd (14) 

K = [1 /o^ tg . i t / / \ t + l / o ^ l . . - (15) 

Atm = [Atn - <6tl 3 / 2n£A t h / Z> t l ] (16) 
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A KINETIC MODEL FOR FISSION-PRODUCT RELEASE AND FUEL OXIDATION BEHAVIOUR 
FOR ZIRCALOY-CLAD FUEL ELEMENTS UNDER REACTOR ACCIDENT CONDITIONS 
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1. INTRODUCTION 

In a severe accident, the oxygen potential is an important parameter which influences the fission product release. 
This effect was demonstrated in the early work of Lindner and Matzke,1 and Miekeley and Felix,2 which showed 
an enhanced diffusivity of xenon in uranium dioxide with increasing stoichiometry. The effects of fuel oxidation 
on the volatile release kinetics have been recently investigated in annealing tests on bare specimens of U02 at the 
Chalk River Laboratories (CRL).3'4 Experiments with short-length fuel elements have also shown that the 
Zircaloy cladding in breached rods can present a physical and chemical barrier that can delay or reduce the 
release of fission products. For instance, the cladding can provide a sink for oxygen (and a source of hydrogen) 
due to metal water reaction at high temperature, and hence retard the oxidation of the U02 fuel and fission 
product release.5 

Based on the research work at CRLj a semi-empirical treatment has been used to model the volatile fission 
product release for bare U02 fuel specimens at high temperature and for various atmospheric compositions 
(Hj/HjO ratio).* In this paper, experimental data from the CRL program are used to extend the previous analysis 
with the development of a physically-based model to detail the release kinetics and the fuel oxidation behaviour 
for U02 fuel contained in a Zircaloy cladding. 

2. EXPERIMENT 

Several post-irradiation annealing experiments were performed at CRL for temperatures ranging between 1200 to 
1700°C. The experiments consisted of fuel specimens from CANDU-type spent fuel elements. A short-length 
test element (i.e. "mini-element") was obtained by cutting a section of a CANDU fuel element and then adding 
Zircaloy end caps on both ends. The end caps were held in place by welding a cylindrical spigot onto each end 
cap through which a thin wire could be attached (see Fig. 1). Bare U02 specimens were also collected as 
fragments from the spent elements. The fuel samples were exposed to an oxidizing environmtnt at high 
temperature. Fission products released from the fuel specimens were swept away such that a gamma-ray 

spectrometer, collimated at the sample location, 
provided information on the kinetic release 
behaviour. A typical arrangement of the test rig is 
shown in Fig. 2. Details of the experiments are 
briefly summarized in Table 1. 

The univeral cell experiments (UCE) were ramped to 
a high temperature in a flowing "pure" argon 
environment and held at a constant temperature for a 
given period of time. (In fact, the commercial argon 
was not 100% pure but had a small partial pressure 
of oxygen.) When the sample reached the test 
temperature, water was fed to a steam generator (30-
75 g/h) and the steam was then mixed with an argon 
carrier gas (flow rate of 100 mL/min) in order to 
transport the fission products beyond the steam 
condenser. In the hot cell experiments (HCE), the 
fuel specimens (fragments or mini-element) were 
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Figure 1. Schematic of the fuel element used in 
experiment HCE2-CM2 (all dimensions are in mm). 
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introduced to a flowing mixture of 
argon/2%H2 (400 mL/min) and ramped 
in temperature. After the the test 
temperature was reached, the fuel was 
subjected to an oxidizing mixture of 
stearn (60 g/h) and argon (100 mL/min). 
The oxygen partial pressure of the 
atmospheric composition at the upstream 
and downstream locations of the fuel 
were continuously monitored in the 
various experiments with yttria-
stabilized zirconia oxygen sensors. The 
measured oxygen partial pressure was 
used to calculate the rate of oxygen 
consumption and hydrogen production 
in the fuel specimens.6 

Table 1: Summary of Annealing Experiments at CRL 

Pretest conditions 
Element identity 
Discharge linear 

power (kW/m) 
Bumup (MWh/kgU) 

Test description 
Fuel specimen 

Enrichment (wt% 
^U in uranium) 

Number of chips/ 
fuel element 

Specimen weight (g) 
Temperature (°C) 
Environment' 

Grain radius (urn) 

Universal Cell Experiments 

UCE9-5 

9543 

27.1 
531.6 

U02 fragments 

1.38 
22 

2.4262 
1205 

Temperature ramp 
argon (0.9°C/s) 

Hold argon (I li; 
275 ml/niin) 

Hold steam (3 h; 
30 g/h steam. 

100 ml/min Ar) 

2.7 to 35.8" 

UCE9-4 

9543 

27.1 
531.6 

U02 fragments 

1.38 
22 

2.6551 
1409 

Temperature ramp 
argon (l°C/s) 

Hold argon (1 li; 
275 ml/min) 

Hold steam (4 h: 
30 to 75 g/h 

steam, 
100 ml/min Ar) 
2.7 to 35.8" 

UCE9-1 

9543 

27.1 
531.6 

U02 fragments 

1.38 
22 

2.8415 
1690 

Temperature ramp 
argon <0.4°C/s) 

Hold argon (1 h; 
300 ml/min) 

Hold steam (2 h; 
30 g/h steam, 

100 ml/min Ar) 

2.7 to 35.8" 

Hot Cell Experiments 

HCE2-CF2 

AC19 

32.1 
457.2 

U02 fragments 

1.38 
3 

0.534 
1365 

Temperature ramp 
argon/2% H2 

(400 ml/min) 
(0.9°C/s) 

Hold steam (2 h; 
60 g/h steam. 

100 ml/min Ar) 

3.5e 

HCE2-CM2 

AC19 

32.1 
457.2 

Mini-element 
UOj/Zr-4 clad1 

1.38 

1 
14.969' 

1360 
Temperature ramp 

argon/2% H, 
(400 ml/min) 

(0.9°C/s) 
Hold steam (3 h; 

60 g/h steam, 
100 ml/min Ar) 

3.5 to 21" 

'For standard temperature and pressure conditions. 
''Based on grain size measurements of as-received, irradiated fuel pellet. 
"Range of 2 to 5 urn (peripheral fragments chosen based on a high Cs/Rh ratio). 
'Estimated length and diameter of U02 is 9 mm and 12.15 mm, respectively. 
'Includes the weight of the Zircaloy end caps (each end cap weighed about 2.03 g), and cladding (1.07 g). 
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Figure 2. Schematic of experimental apparatus for CRL annealing 
tests. 

The release kinetics of 137Cs from the universal and hot cell experiments are given in Figs. 3 and 4, respectively. 
The average fuel stoichiometry deviation x in U02„ is also shown as a function of time, based on 
calculation from the oxygen partial pressure measurements, for the experiments involving fuel fragments. 
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After steam was introduced into the rig for the fragment tests UCE9-1, UCE9-4, and UCE9-5 (see Fig. 3), a 
second stage of release was observed coincident with an increase in the slope of the stoichiometry deviation 
curve at a value of x between 0.07 and 0.1. This effect was not pronounced in the fragment test HCE2-CF2 
(Fig. 4) where steam was immediately introduced when the test temperature was reached. A delay was observed 
in the release kinetics of ,î7Cs in the mini-element test HCE2-CM2 (Fig, 4) even though both hot cell 
experiments were conducted under similar conditions of atmosphere and temperature. This latter result can 
therefore be attributed to an inhibiting influence of the Zircaloy cladding. This release behaviour is described 
mathematically in Section 3. 

3. MODEL DEVELOPMENT 

3.1 Bare Fuel Model 

The fission product release behaviour in the universal cell experiments with bare fuel can be represented as a 
two-stage process. The initial release component is in agreement with classical diffusion theory. A diffusional 
approach, for example, has been used in the recent analysis of annealing tests performed at the Oak Ridge 
National Laboratory (ORNL).7 However, the second component cannot be described by this process, and it has 
been suggested that the kinetic behaviour is dominated by a release from the grain-boundary inventory in 
accordance with first-order kinetics.4 A first-order approach has also been adopted for the CORSOR model to 
correlate the temperature and time-at-tempcrature dependence of the release behaviour.8 In the present work, this 
second process is invoked at a small value of the stoichiometry deviation (see Fig. 3), prior to any phase change 
in the fluorite lattice structure of U02„. During this latter stage, the pure steam environment provides an 
increased oxygen potential, which may lead to enhanced grain-growth kinetics and grain-boundary sweeping.9'" 
Hence, it is expected that the release kinetics would differ from that of diffusion. 

The release fraction for diffusion is given by4 

F„ - o-s;>yo+ s,< o < / < to, (i) 
where t = 0 is taken to be the time at which the experiment has reached isothermal conditions, and t0 is the time 
at which the second release process is first observed to occur. The parameter g0 is the experimental value of the 
release fraction at t = 0, and was introduced into Eq. (1) to account for the loss of information during the initial 
temperature ramp in the CRL tests as a consequence of the experimental setup. The function FM(t) is given by 
an equivalent grain-sphere model for the discrete-time interval t̂ ., < t < ^ (where m = l,2...n): 

where x = (x,+Xi.,)/2. The function FM(t,x,T) is given by the appropriate analytical expression 

F - 6\ID'I/K - 3D't, D't<0.\, 
(3) 

F - 1 - JLe -n'D\ D't >0.l. (4) 
n2 

where D' = D/a2, a is the radius of the equivalent grain sphere, and D is a standard diffusion coefficient which is 
dependent on both the test temperature (T) and stoichiometry deviation (x) in U02„. A generalized diffusion 
model is required because the diffusion coefficient is changing with time as the fuel is oxidized. 

For the calculation of Eq. (1), the fission gas diffusivity D must be evaluated for hyperstoichiometïic fuel. The 
theoretical work of Grimes and Catlow has indicated that in U02 the most stable solution site for xenon is at a 
neutral tri-vacancy site;12 this analysis is in agreement with the experimental work of Matzke.13 However, these 
calculations also show that in U02tx the most favourable solution site for both xenon and cesium is the uranium 
vacancy. With fuel oxidation, the extra oxygen is incorporated within the existing lattice as interstitials.14 On 
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the existing sub-lat t ices there is a reduction in the number of oxygen vacancies, and an increase in the uranium 
vacancy concentra t ion which depends on the deviat ion from stoichiometry x such that:15 

v -Sxl 

Fl 
L + ÏL + L i ^ 

2<\ x 

(5) 

where F0 = exp(-Q^RT), S = exp(-Q!/RT), Qs is the Schottky energy (147200 cal/mol), and Qf is the Frenkel 
energy for the oxygen lattice (71300 cal/mol). 

Thus, as supported by the recent work of Grimes and Catlow, the rare gas diffusion coefficient D (in m2/s) can 
be extended to hyperstoichiometric conditions where the gas atom mobility is influenced by the presence of the 
uranium cation vacancies Vu according to the following expression proposed by Turnbull et al. for small values 
of the stoichiometry deviation:16 

D(x,T) - 7.6xl0-,oexp(-7^1O4//?7) +4s2jvVu (6) 

where R is the ideal gas constant (1.987 cal mol"1 K'1), s is the atomic jump distance (~3xl0'10 m), j v = 10'3 exp(-
5.52xl04/RT) s'\ and T is the temperature (K). Equation (6) is appropriate for out-of-pile conditions, but it must 
be modified to account for the effects of the fuel microstructure (e.g. intragranular trapping) and for different 
chemical species (e.g. cesium) in the annealing experiments:13,17 

Dt/x,T)-(ùD(x,T). (7) 

Based on an earlier analysis of the universal cell experiments, w is taken to be equal to 4.4 Thus, Eqs. (6) and 
(7) are used in the release model of Eq. (1) where Def((x,T) is assumed to be constant over the given time step. 

For the second period of release, t > t0, the release fraction is given by4 

Fb - (1 -Ç -FJLQ)[\ -e-^} + FJJ), t > ta, <8> 

where k is a first-order ra te coefficient (s'1) and £, is the fraction of the fission product inventory which is 
trapped in the grain sphere (or in the porosity ne twork) . T h e parameter k accounts for release from the grain 
boundary inventory, including the release due to grain-boundary sweeping that results from the enhanced grain-
growth kinetics in s team. The constant Fd(t„) is directly evaluated with Eq . (1) for t ime t = t„. 

3.2 Comparison With Universal Cell Experiments 

The preceding model is applied to data for the release of ,37Cs for the universal cell experiments. Before 
carrying out a least-squares fit of Eqs. (1) and (8) to experiments UCE9-1, UCE9-4, and UCE9-5, the constant go 
is fixed as the initial release fraction (at t = 0) in Fig. 3. The parameter a must be fit since the observed grain 
radius is unknown for the fuel fragments (see Table 1). The other fitting parameters of the model are \ and k. 

A nonlinear regression analysis of the model to the experimental data was performed with a Marquardt-
Levenberg algorithm. The excellent fit in Fig. 3 suggests that the present model may be used to describe the 
release process. Values of the various fitting parameters for the model are listed in Table 2. The fitted grain 
radius a for each test is in the range of the mctallographic measurements of the as-received fuel pellet (see Table 
1). As seen in Table 2, the fraction of the trapped inventory, 4, is between 12 and 21 percent. This range is in 
excellent agreement with measurements of the residual cesium found in ceramic melts from integral in-pile tests 
and in the Three Mile Island Unit 2 reactor.18 The first-order rate coefficient k determines the rate at which the 
inventory in the fuel porosity network (i.e. at the grain boundaries) is released. As seen in Table 2, k is 
dependent on the fuel temperature resulting in a faster release with increasing temperature which can be 
represented in an Arrhenius form as k = 1.61x10"2exp(-5720/T) in s'1, where T is the temperature in K. 
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Table 2: Evaluation of Fitting Parameters 

Filling Parameters 

Grain radius, a (pm) 

Fraction of trapped 
inventory, Ç (%) 

Burst-rale coefficent, 
k (x Vf s') 

Universal Cell Experiments 

UCE9-5 
(1205°C) 

6.42 ± 0.15 

16.7 ± 0.3 

2.56 ± 0.04 

UCE9-4 
(1409°C) 

2.92 ± 0.03 

12.3 ± 0.2 

6.35 ± 0.25 

UCE9-1 
(1690°C) 

9.09 ± 0.48 

20.8 ± 0.4 

8.44 ± 2.35 

Hot Cell Experiments 

HCE2-CF2 
(1365°C) 

3.5" 

7.5 ± 0.5 

14.8 ±0.5 

HCE2-CM2 
(1360°C) 

17.0 ±1.8 

18.6 ±2.5 

3.48 ± 0.31 

The grain size was fixed. 

33 Fuel Oxidation Model 

In the universal cell experiments, commercial argon (with a finite oxygen partial pressure) was used for the 
initial test environment. In this case, the oxygen partial pressure had to be measured in order to calculate the 
rate of fuel oxidation. However, in the hot cell experiments, only steam was used at the high-temperature 
plateau. Consequently, the fuel oxidation behaviour can be determined theoretically as detailed below." 

The oxidation of uranium dioxide in steam has been studied by a number of investigators in experiments 
performed out-of-pile.9,10,20"22 In the early work of Bittel et al.,' it was suggested that the oxidation process was 
controlled by oxygen diffusion through the fuel matrix. However, Carter and Lay20 subsequently showed that 
this process was controlled by a reaction at the solid/gas interface. Based on these results, an expression for the 
oxidation rate was proposed: 

dx/dt = a[\ - x(t)](S/V) (9) 

where a is the surface exchange coefficient of oxygen (m/s), x, is the equilibrium deviation from stoichiometry, 
x(t) is the deviation from stoichiometry in U02„ at time t, and (S/V) is the surface-to-volume ratio of the solid 
(m"1). The surface exchange coefficient, a has been determined experimentally by Cox et al.,10,22 in the 
temperature range 1073 to 1873 K: 

a = 36.5 x l a 2 exp (-23500/T), (10) 

where T is the temperature in K. The fuel oxidation model of Eqs. (9) and (10) has been validated for irradiated 
fuel in a number of annealing experiments at CRL. The analytic solution of Eq. (9) can be readily obtained if 
the temperature and xe are constant: 

x(t) = x, [1 - exp{-a(S/V)t}], (11) 

wh jre it has been assumed that the fuel is initially stoichiometric (i.e. x(0)=0). 

The equilibrium deviation from stoichiometry (xj in Eq. (11) is defined by the oxygen potential of the gas 
phase. At a total system pressure of p, (atm), the oxygen partial pressure po2 (atm) can be obtained from 
equilibrium thermodynamics as a solution of the equation23 

K(p, X)"2 [(Q/2 - 1) + (Q/2 + 1)X] = 1 - (Q + 1)X, (12) 

where X is the mole fraction of oxygen in the gas = pOj/p,, K = exp(-AG°/RT), AG0 = -250.8 + 57.8OV103) 
(kJ/mol), and R is the ideal gas constant (= 8.314 x 10"3 kJ/molK). The parameter Q in Eq. (12) is the 
hydrogen-to-oxygen (H/O) atom ratio of the gas environment: 
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Q = (PHÎ + pHjOjApO, + lÂ pH20). (13) 

For example, Q = 2 for a pure steam environment, and Q = 2.02 if the steam contains 1% excess hydrogen. 
With the calculation of the oxygen partial pressure, the oxygen potential of the gas mixture is 

AGOj = RT ln(pOi). (14) 

The oxygen potential, or equivalently the partial molal free energy of oxygen in the solid_per mole of 02 , can 
also be expressed in terms of the partial molar enthalpy AHo, (in kJ/mol) and entropy ASo2 (in J/molK) of 
oxygen in the solid 

AGÔ2 = AHÔ2 - A'SÔ, (T/103) (15) 

where the thermodynamic parameters are given in Fig. 5 as a function of x.24 These parameters can also be 
described by a polynomial correlation in x (see Fig. 5): 

-AH02 = 501.9 - (7.392 x 104) x + (5.779 x 106) x2, 
= 249.1 + 849.5 x - (2.779 x 103)x2, 
= 695.8 - (4.737 x 103) x + (1.402 x 10*) x2, 

-ASÔ2 = 118.1 - (3.715 x 10") x + (3.224 x 106)x2, 
= 3.698 x 102 + (1.270 x 103) x - (3.568 x 103)x2, 
= 333.4 - (3.066 x 103) x + (1.016 x 104) x2, 

0 S x < 0.007, 
0.007 < x < 0.1625, 
x > 0.1625, 

0 S x < 0.005, 
0.005 < x < 0.1625, 
x > 0.1625. (16) 

The equilibrium stoichiometry deviation (xe) is therefore obtained as the solution of the quadratic equation for x 
on equating Eqs. (14) and (15), where the thermodynamic parameters are given by the correlations in Eq. (16). 
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Figure 5: Partial molar entropy and enthalpy of 
oxygen in U02„. The solid fitted curves are given 
by the polynomial expressions in Eq. (16). 

3.4 Comparison With Hot Cell Experiments 

3.4.1 Bare Fuel Experiment 

The models for fission product release (Section 3.1) and fuel oxidation (Section 3.3) can be applied to the hot 
cell experiment HCE2-CF2. Since the experiment was conducted in pure steam at constant temperature (see 
Table 1), the time t0 at which the burst will occur can be determined directly from the fuel oxidation model. 

The measured stoichiometry deviation as a function of time for the HCE2-CF2 test is shown in Fig. 4. Using a 
measured value of x, = 0.18, the model for the stoichiometry deviation in Eq. (11) is in excellent agreement with 
experiment where the surface-to-volume ratio (S/V) is fitted to be 19,800 ± 440 m"1 (see Fig. 4). This value is a 
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factor of three greater than the calculated value of 6450 m"\ assuming that the three fragments are equivalent 
perfect cubes. The actual S/V is greater due to an increased surface area from micro-cracks and surface 
roughness. In addition, the model for the equilibrium stoichiometry deviation in Eqs. (12) to (16) yields a value 
of x. = 0.19 assuming pure steam (Q = 2) at atmospheric pressure. This calculation is in good agreement with 
the above measured value of 0.18. Hence, for this experiment, t0 can be calculated from Eq. (11) as 

m ln(l-0.07/*,) ( 1 7 ) 

0 (oSAO ' 

where it is assumed that the burst occurs at a value of x ~ 0.07. Equation (17) yields a value of t„ = 120 s. In 
comparison, the second stage of release does not occur until much later in the universal cell experiments because 
of the lower oxygen potential of the argon atmosphere, and therefore more release by diffusion results in the 
latter experiments (see discussion below). 

The fission product release behaviour can be modelled with Eqs. (1) and (8). In this case, the grain size is fixed 
as a = 3.5 urn (i.e. the fuel fragments were taken from the periphery of the fuel pellet). The stoichiometry 
kinetics are described by Fig. 4. The filling parameters of the model are therefore given by ^ and k. The 
results of the regression analysis in Fig. 4 indicates excellent agreement between theory and experiment. As 
listed in Table 2, the value of k is within a factor of - 3 of the universal cell value estimated with an Arrhenius 
relationship. This result suggests that k may be dependent on the irradiated fuel burnup and microstructure. 
Approximately 8 percent of the cesium is trapped in the fuel, consistent with the universal cell experiments. 
This analysis also indicates that little diffusion was able to occur before the second process of release was 
invoked. In particular, as observed in Figs. 3 and 4, the characteristic break at time t„ cannot be observed in the 
hot cell experiment HCE2-CF2 because of a rapid oxidation of the fuel due to the greater oxygen potential of the 
steam. 

3.4.2 Zircaioy Oxidation Model 

The hot cell experiment HCE2-CM2 was conducted under similar conditions to that of experiment HCE2-CF2 
(see Table 1), except that the fuel specimen was clad in Zircaloy-4. As shown in Fig. 1, Zircaioy end caps were 
also added so that the fuel specimen was characteristic of a short-length fuel element. With this addition, the 
oxygen potential of the steam environment in the experiment was continuously changing as a consequence of 
hydrogen production from the Zircaloy-steam reaction at high temperature. As such, Q must be calculated as a 
function of time in order to determine the fuel oxidation kinetics. 

The reaction of Zircaioy with steam at high temperature is described by the chemical equation: 

Zr + 2H20 = Zr02 + 2H2. (18) 

This reaction generally follows the parabolic rate law" 

w2 = M (19) 

where w is the mass of Zircaioy reacting per unit area with steam (kg/nr), k„ is the reaction rate constant (kg: 

m"4 s'1), and t is the time (s). 

The hydrogen production rate (in mol/s) due to metal-water reaction is given by25 

RH2(t) = 2 (dw/dt) Si/Ma = Çfw. (20) 

where S, is the surface area of the i* component of the fuel element (see Fig. 1) (m2), M& is the atomic weight 
of zirconium (= 0.091 kg/mol), and Ç = k J ^ S / M ^ The factor of two in Eq. (20) arises since two moles of 
hydrogen are produced for every mole of zirconium that is consumed. If S is the input rate of pure steam (= 
9.26 x 10"4 mol/s for a production rale of 60 g/h), the outlet sleam rate is S - Çt""2. From symmetry, the ratio of 
the average number of moles of hydrogen-to-steam (i.e. at the mid-length of the element) is therefore given by 
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q/2)Çr1 / 2 

S - (1/2) Çr" 2 ' 
(21) 

Finally, in the case of a hydrogen-rich environment such that po2 « pH2o, Q in Eq. (13) can be written as 

2 - 2 ( 1 + /V>V>- 2 < 1 + " " /V- (22) 

Hence, Q is now a function of time as a consequence of the Zircaloy oxidation process. 

3.4.3 Mini-Element Experiment 

The rate of hydrogen production in the mini-element test HEC2-CM2 can be estimated with Eq. (20) and 
compared to experiment. The parameter Ç = kJ^S/Mz,, where S, corresponds to the surface area of the given 
component (of the Zircaloy sheath or end cap) as modelled in Fig. 1. The oxidation process itself will continue 
until the slab thickness of the given component (lj) is reached, i.e. 

w l i m=(l j /d)pZ r , (23) 

where pz, is the density of the Zircaloy-4 (= 6.50 x 103 kg/m3). The parameter d accounts for single-sided (d = 
1) or double-sided (d = 2) oxidation. Using Eqs. (19) and (23), the oxidation process will cease for the i"1-
component at time 

l t o = (lipzr/d)2/kw. (24) 

For the case of the solid spigot in Fig. 1, cylindrical geometry effects must also be considered. The parabolic 
rate constant k„ has the form25 

k. = k„0 exp(-Q/RT), (25) 

where k„0 and Q are constants (see Table 3), R is the ideal gas constant (= 8.31 J mol'1 K'1), and T is the 
temperature (in K). In order to model the mass transfer of steam from the outside of the element, through the 
loose-fitting end caps, and into the fuel-to-sheath gap, the surface area Sj is multiplied by the factor d (for those 
components with internal surface area). The post-test metallographic examination indicated that double-sided 
oxidation had occurred, and hence d = 2. The calculated results of the Zircaloy oxidation model as described by 
Eqs. (20) and (24) are shown in Fig. 6. The coefficients of Pawel et al. (Table 3) yielded the best prediction of 
the oxidation kinetics for the HCE2-CM2 test. A similar finding was also reported in the analysis of 
experiments at ORNL." 

Table 3: Parametric Values for Parabolic Rate Constant for Zircaloy Oxiation in Steam 

Investigators 

Baker and Just 

Urbanic and Heidrick 

Pawel et al. 

Prater and Courtright 

Temperature Range (K) 

1273 to melting point 

1323 to 1853 
1853 to melting point 

1273 to 1773 

1783 to 2773 

k.„ (kg2 m-4 s"1) 

3.33 x 103 

2.96 x 10' 
8.79 x 10' 

2.94 x 102 

2.68 x 104 

Q (x 105 J/mol) 

190 

140 
138 

167 

220 

Hence, with a knowledge of RH2, the ratio nHj/nH2o can be estimated with Eq. (21) and, in turn, Q(t) from Eq. 
(22). The present treatment implicitly assumes that the H/O atom ratio in the fuel-to-sheath gap is equal to that 
in the bulk stream. Finally with a knowledge of Q(t), the fuel oxidation model given by Eqs. (12) to (16) can be 
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Figure 7: Calculation of the equilibrium 
stoichiometry deviation (xt) as a function of time 
for experiment HCE2-CM2. The solid fitted curve 
is given by the function in Eq. (26). 

used to calculate \ as a function of time (see Fig. 7). In order to solve Eq. (9) analytically, xe in Fig. 7 can be 
approximated by the expression: 

x,.(0 = a,exp(a2f), 

= a3t + a4, 

0 < t < t*, 

t > t * . (26) 

where a, = 0.0345, a2 = 2.67 x 10"4, a3 = 1.51 x 106, a, = 0.168 and t* = 3400 s. Thus, using Eq. (26), the 
solution of Eq. (9) is given by 

- *«•)*-"<'-'•' + alt-h - (t'-he-n-'-\ + aA{\ 

(27) 

,-P(/-n '}, t>t: 

where p = a (SA'). The fission product release behaviour in Fig. 4 can now be modelled with Eqs. (1) and (8), 
where the fuel stoichiometry deviation is detailed in Eq. (27). The grain radius a is unknown for the fuel pellet 
and must be fit. The fitting parameters are a, Ç, and k for the fission product release model, and S/V for the 
fuel oxidation model. The present release model is again in excellent agreement with experiment (see Fig. 4). 
The fuel oxidation kinetics in Fig. 4 also agree with the measured weight gain of the element at the end of the 
test (i.e. x = 0.18). For example, the measured weight gain (1900 mg of oxygen uptake) indicates that the fuel, 
clad and end caps have reached U02.18 and Zr02. 

The fitting parameters of the model are listed in Table 2. The value of a indicates that the release is originating 
from the larger fuel grains (i.e. those closer to the centre of the fuel pellet). The value of k is consistent with 
the results of the universal cell experiments. The fitted value of the surface-to-volume ratio (SA7 = 1840 m'1) is 
approximately three times the geometrical ratio of the fuel specimen, as observed in the fuel-fragment test with 
steam (HCE2-CF2) (see Section 3.4.1). 
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The present work suggests that the reduced release of cesium from the Zircaloy-clad element, relative to that of 
the bare fragments (see Fig. 4), is due to the inhibited oxidation of the uranium dioxide fuel as a result of. 
hydrogen dilution. Moreover, as observed in a similar short-length element test at 1500°C, the release kinetics of 
cesium and krypton were similar, and therefore holdup due to chemical retention in the fuel-to-sheath gap is not 
an important process.5 At high temperature, physical diffusion in the gap is also not expected to result in any 
significant delay. 

4. CONCLUSIONS 

Based on annealing experiments conducted at the Chalk River Laboratories (1205 to 1690°C), an empirical 
model has been developed to describe the release of volatile fission products (cesium) during high-temperature 
accident conditions. The model accounts for the influence of tite atmosphere (i.e. oxygen potential) on the 
kinetics of fuel oxidation and fission product release. The retarding influence of the hydrogen produced by the 
Zircaloy-steam reaction on the oxygen potential is treated. It is demonstrated that the release occurs as a two 
stage process. The first stage of release is governed by a diffusion mechanism in the hyperstoichiometric fuel. 
The enhanced diffusivity, of fission products in the fuel matrix is modelled with the assumption that diffusion 
takes place on vacant cation lattice sites. When the fuel reaches a state of oxidation of x - 0.07 for the U02„ 
phase, a more rapid release process occurs in accordance with first-order rate kinetics. 
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1. ABSTRACT 

The behaviour of iodine in reactor accidents is a concern because of its 
radiological importance, and longstanding programmes of continuing research 
in Canada have brought about radical changes in its understanding. 
Although iodine remains a potential hazard, past analyses and practices 
have tended to underestimate the complexity of its behaviour while 
overestimating its probable radiological impact. The Radiolodine Test 
Facility (RTF) at Vhiteshell Laboratories as veil as separate effects tests 
and fundamental research has identified four factors of significance 
affecting iodine behaviour: pH, radiation, organic materials and surfaces. 
Radiation fundamentally alters iodine behaviour, radiolysis of organic 
materials can form acids vhich can increase the volatility of iodine, and 
by maintaining the sump vater at a high pH, iodine volatility can be 
minimised. This latter finding has significance for accident management 
strategies. Hovever, the detailed chemical reactions involved are not veil 
understood, and it may be difficult to retrofit pH control into existing 
systems. Therefore it is important to understand the chemistry and to 
evaluate alternative strategies. This paper focuses on aqueous iodine 
chemistry in the presence of radiation and typical organic materials and 
suggests alternative mitigation strategies. 

2. INTRODUCTION 

The potential radiological importance of iodine in reactor accidents has 
been studied since the release of 20,000 Ci of I 1 3 1 in the landmark 
accident at Vindscale. Such studies became more prominant when iodine 
release during the accident at Three Mile Island vas negligible. Radical 
changes have been brought about in the understanding of iodine behaviour by 
long-standing programmes of continuing research in Canada and around the 
vorld. Although iodine remains a potential hazard, past analyses and 
practices have tended to underestimate the complexity of its behaviour 
while overestimating its probable radiological impact. 

A cornerstone in the Canadian programme on iodine chemistry under reactor 
accident conditions is the Radioiodine Test Facility (RTF) at Vhiteshell 
Laboratories [1]. It vas commissioned in 1987 to confirm the conservatism 
in analytical models and assumptions, to identify any unforseen phenomena, 
to provide integral all-effects test data for model development and 
validation, and to evaluate accident management strategies. Complemented 
by separate effects tests to screen potential reactions of sigr.ificance, it 
provides a focus for fundamental research aimed at developing <:he LIRIC 
data-base and model [2]. This research has made it clear that there are at 
least four factors of significance affecting iodine behaviour, and that 
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there are complex interactions among these factors. The factors are pH, 
radiation, organic materials and surfaces such as containment paints having 
an affinity for iodine. 

The key findings are: radiation fundamentally alters iodine behaviour; 
radiolysis of organic materials can form acids which can increase the 
volatility of iodine; and, by maintaining the sump water at a high pH the 
volatility of iodine can be minimised, even when radiation and organic 
materials are present. This latter finding has significance for accident 
management strategies. 

Because it would be impracticable to remove organic materials, and because 
it may be difficult to retrofit a system to monitor and control sump water 
pH It is important to understand the chemistry of the system, and to 
evaluate alternative strategies. This paper focuses on the aqueous 
chemistry of iodine and organic materials in the presence of radiation, and 
suggests alternative mitigation strategies. Although pH control remains 
the best proven strategy, it is anticipated that alternatives will also be 
demonstrated. 

3. EXPERIMENTS IN IODINE BEHAVIOUR 

Over the past several years, tests have been conducted in the RTF using a 
number of different containment surface coatings, various chemical 
conditions in the "sump" water, and with and without the presence of a 
radiation source [1]. These tests have resulted directly or indirectly in 
the clarification of surface effects and their importance for iodine 
reactions, the role of soluble organic species and particularly the 
relationship between pH and radiation in aqueous solutions containing 
organic species, and the associated influence on iodine volatility. It is 
the volatility of iodine that is of paramount concern in reactor accidents, 
from the viewpoint of release from containment and consequent off-site 
effects. 

3.1 Radiation Effects in Solution 

Radiolysis of a solution can greatly increase the numbers and 
concentrations of chemical species. This proliferation includes not only 
species involving iodine but also species involving hydrogen and oxygen 
only. The relative concentrations of many of these species can be vastly 
altered by changes in H+, and this indicates that a relatively strong 
interaction is present between pH and the presence of radiation. Some of 
these species are very strong reducing or oxidising agents and can 
influence the propensity of iodine or organics to react. 

3.1.1 Radiolysis of Organic Compounds in the Absence of Iodine 

The radiolytic reactivity or organics depends, among other things, on their 
structural characteristics. The radiolysis of aliphatic compounds in 
aqueous solution starts with the radiolysis of water, which produces a 
number of radiolytic products (i.e., hydroxyl radicals, hydrated electrons, 
hydrogen atoms, hydrogen peroxide, etc). The hydroxyl radical is the 
species with the greatest reactivity to saturated hydrocarbons. These 
radicals remove hydrogen atoms from C-H bonds, producing water and a 
corresponding organic free radical. The fate of the organic free radical 
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depends on environmental conditions. In the absence of oxygen, the radical 
nay abstract a hydrogen atom from vater or another suitable molecule and 
then revert to the original substrate or react further with other solutes. 
However, if oxygen is present, the dominant reaction is the peroxidation of 
the free radical (R- + 02 = R 0 2 ) .

 T n i s process is irreversible and 
determines the course of the radiation induced oxidation process. The 
peroxyradical undergoes complex oxidation processes, which eventually lead 
to the production of alcohols, aldehydes, carboxylic acids and carbon 
dioxide. All of these products are more acidic than the parent compound. 

If the organic substrate has functional groups other than C-H bonds, the 
radiation-induced process may take a different direction. For example, a 
ketone such as R-CO-CH2-R. may react with hydroxyl radicals at its CH2 
group. At the same time, hydrated electrons undergo reaction at the 
carbonyl group, forming a ketyl radical intermediate (R-CO-.CH2R'). The 
ketyl radical may then undergo a ^-scission process, in which the molecule 
splits into two fragments. The scission occurs, as the name indicates, at 
the ^-position from the carbonyl, that is between the methylene and the R' 
groups in the example above. In the absence of oxygen, the process 
proceeds to final products such as ketones and alcohols. If oxygen is 
present, oxidative processes happen at a faster rate. 

Since the radiolysis of aliphatic compounds involves oxidations to acidic 
products such as carboxylic acids, the overall effects are a consumption of 
oxygen and an increase in the acidity of the reaction medium. These are 
factors that affect both the volatility and reactivity of iodine species. 

In the current experimental work, we are using methyl ethyl ketone (HEK) to 
represent the organic compounds that could be present in containment, since 
HEK possesses many of the structural characteristics of these orgardes and 
is sufficiently simple to allow reasonably comprehensive mechanistic 
studies. Horeover, HEK is used as a solvent in many paint preparations 
used in containment buildings. Our study of MEK under different conditions 
has characterised many of the products formed during the radiolysis of this 
ketone. In the presence of oxygen, irradiated HEK yields several products 
including 2-keto-3-hydroxybutane, acetaldehyde, formaldehyde, acetone, 2,3-
diketobutane, carboxylic acids and carbon dioxide. These products are the 
result of both thermal and radiation-induced reactions occurring in 
consecutive and parallel modes. An analysis of the reaction products as a 
function of dose allows one to propose a possible reaction scheme for this 
process. The products detected are consistent with two coexisting 
processes, one induced by hydroxyl radicals and the other by hydrated 
electrons. Further confirmation of this reaction scheme is expected from 
mechanistic studies underway [3]. This work will also attempt to evaluate 
the importance of the ^-scission process as a possible general mechanistic 
pathway to form small organic molecules from larger ones. 

The differences in the radiation induced reactivities between aliphatic and 
aromatic derivatives may be stated briefly as follows: while -OH reacts 
with saturated aliphatic compounds by abstracting a hydrogen from the 
organic substrate to yield a free radical, its reaction with aromatic 
compounds proceeds with the formation of an adduct between the aromatic 
ring and the hydroxyl radical. While the fate of the adduct depends on 
structural and reactivity factors, in general aromatic compounds tend to be 
harder to oxidise or degrade than are aliphatic compounds. 
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3.1.2 Reactions of Iodine Species with Organic Compounds 

Thermal reactions of iodine vith hydrocarbons in the gas phase are slov. 
However, in the presence of ionizing radiation, the formation of organic 
radicals becomes an important process by which organic iodides are formed 
(R. + I2 « RI + I«). Other reactions (such as reactions of organic free 
radicals vith N03 and 02) mitigate the production of organic iodides by 
reducing the concentration of organic free radicals intermediates involved 
in their formation. The gas phase radiation-induced reactions of iodine 
vith aliphatic compounds are relatively simple in comparison to the 
corresponding reactions in aqueous solution, since processes in aqueous 
solution also involve reactions betveen primary aqueous radiolytic products 
and other species. An important process of this class is the oxidation of 
iodide by the hydroxy1 radical to produce atomic iodine which eventually 
forms molecular iodine. I2 and its hydrolysis products, HOI and 01-, are 
thermally reactive tovards many organic substrates. 

Organic iodides may also be formed by reaction of organic radicals with I2. 
Since I2 is a good scavenger of organic radicals in solution, the reaction 
of organic raaicals with iodine could result in the production of organic 
iodides. Several workers [4-8] have demonstrated that iodoalkanes are 
produced when various iodine solutions saturated with methane are 
irradiated. Conversely, organic compounds may also act as mitigants for 
formation of volatile iodine species by acting as OH. radical scavengers. 
For example, reaction of the hydroxy radical with aromatic compounds could 
compete vith formation of Iz by radiolytic processes, since this occurs 
primarily by reaction of I- with OH». This would in turn decrease organic 
iodide formation by reaction of R. with I2. 

3.1.3 Organics in Containment 

Organic materials are present in abundance in reactor containment 
buildings, and will react thermally and radiolytically to the form organic 
iodides in the aqueous phase. In the short term, because of the high 
volatility of some organic iodides, a significant proportion of the iodine 
species in the gas phase of a containment building after an accident is 
expected to be organic iodides. In the long term, these species may be 
removed by hydrolytic and radiolytic reactions in the aqueous phase, and by 
radioactive decay. 

Since these reactions have complex mechanisms and mass transfer effects may 
be involved, computer modelling, with intermediate scale experiments to 
validate the model, is used to estimate iodine distribution as a function 
of time in the presence of radiation and organic impurities. The 
experiments used for validation are carried out in the aforementioned 
Radioiodine Test Facility (RTF), which has been designed to include as many 
features of reactor containment as possible. The inner surface of RTF main 
vessel can be changed to allow testing of different materials, such as 
stainless steel, concrete and coatings, such as epoxy, vinyl and primer 
paints. 

A series of four RTF tests performed in carbon steel vessels coated with a 
vinyl coating have demonstrated that the presence of organics in the 
aqueous phase has a significant effect on the formation of volatile iodine 
species from solutions initially containing I", and that organic coatings 
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commonly used in containment are not inert in the presence of ionizing 
radiation. 

In the first radiation test performed, a number of unexpected phenomena 
were observed. Vithin 140 hours of test initiation and prior to intentional 
introduction of organic impurities, only 10Z of the iodine originally in 
the aqueous phase remained in solution. In the first 10 hours of the test, 
the pH fell from 10 to 6.9, the concentration of dissolved oxygen decreased 
from 8 to 4 ppm, while the concentration of iodine species in the gas phase 
reached 3 x 10-9 mol.dm-3. 

The above observations may be explained by considering vinyl paints as a 
source of organic material. Decomposition of the paint and further 
reaction of its radiolytic products results in three conditions that may 
lead to formation of volatile iodine species: 

3.1.3.1 Formation of organic radical intermediates in solution 

The high concentration of iodine in the gas phase during the test may be 
partially attributed to the significant proportion of iodine converted to 
volatile organic iodides. Analyses shoved that in the initial stages of the 
test, 30 to 7OX of the total gas phase iodine vas present in the form of 
low molecular weight organic iodides. This contrasts with quite low levels 
of the same species in tests conducted in the same vessel but without 
ionizing radiation. 

3.1.3.2 Reduction of the concentrations of dissolved oxygen 

The use of HEK to typify the radiolysis of organics has confirmed that 
radiolytic decomposition of aliphatic organic compounds involves the 
reaction of organic radical intermediates with dissolved oxygen, leading to 
the formation of organic acids: 

CH3C0CH2CH3 + HO- = CH3COCB-CB3 + E20 

CH3C0CH-CH3 + 02 --» 2CH3CH0 

CH3CH0 + 02 -•-» CH3C00H 

Reactions such as this deplete the concentration of 02 and also, 
necessarily, that of the superoxide radical anion (02). The latter species 
is an effective reductant for I2 (02 + I2 = 02 + Ij) [10J 

3.1.3.3 Reduction of pH 

The formation of organic acids decreases the pH while at the same time 
increasing the concentration of I2• The former effect is caused by the 
acidity of carboxylic acids, whereas the latter is due to the inverse 
dependence on acid concentration of both hydrolysis of I2 [13] and 
reduction of I2 by peroxide [14]. Furthermore, since 0j may be protonated 
at low pH (pKa = 4.8), an increase in acid concentration would reduce the 
concentration of this reductant further. B02 is not an effective reductant 
for I2 in fact, it oxidises I2- [12]. All these effects are responsible for 
the high concentration of volatile iodine species observed in RTF tests 
performed in vinyl-coated vessels. 
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The relative importance of the effect of pB on Iodine volatility in the 
presence of vinyl paint vas investigated in another RTF test, employing the 
same conditions as described above, but with pH maintained at 10 throughout 
the test. Although the steady-state concentration of organic iodides in 
the gas phase were similar in both tests, the total gas phase iodine 
concentration was an order of magnitude lover in the pH-controlled 
experiment. This was true even though the concentrations of dissolved 
oxygen during this test were significantly lower than those observed in the 
test vith controlled pH. These results indicate that the change in pH 
accompanying radiolytic decomposition of organics is the most important 
factor in determining the total amount of iodine released to the gas phase. 

Although the initial decomposition products of the vinyl paint used in 
these RTF tests are not known, it is apparent that the reactions undergone 
by some of the vinyl components and the HER components are similar. This 
vas illustrated by a fourth test, in which the vinyl coating on the vessel 
vas aged for 12 months prior to the start of the experiment. The purpose 
of this aging period was to allow time for the paint solvent to evaporate 
so that it would not contribute significantly to the concentration of 
organics in the aqueous phase. Gas chromatographic studies performed 
during the test detected large quantities of both acetaldehyde and acetone 
in the gas phase. The presence of these compounds, which have already been 
identified as secondary radiolysis products of MEK, provides strong support 
for the use of MEK as representative of organ!cs in containment. The series 
of RTF tests performed in vinyl coated vessels also show that there are 
significant reactions between I2 and the vinyl surface, particularly the 
surface exposed to the gas phase in the vessel. In tests where the 
concentrations of I2 in the gas phase were high, up to 98X of the iodine 
lost from the aqueous phase was adsorbed by the vinyl coating vhich was in 
contract vith the gas phase. Most of this iodine was chemically adsorbed, 
and could not be removed by washing the walls of the vessel with water. It 
is apparent that surface reactions play an important role in determining 
the final distribution of iodine between the aqueous phase and the surfaces 
exposed to these phases. 

3.2 pH 

In terms of its effect on iodine volatility, pH is an important variable. 
Among all the effects that occur when a solution containing organ!cs and 
iodine is irradiated, the drop in pH, which will naturally ensue without 
intervention, is the most important factor in causing changes in iodine 
volatility. Holding the pH at a high level can result in a significant 
reduction of the iodine volatility. 

3.3 Other Effects 

3.3.1 Role of Surfaces 

As indicated above, surfaces can be either (or both) a source of organ!cs 
or a sink for iodine species. The nature and quantities of organics 
provided by different types of surface coating are not known, but the RTF 
tests indicate that the end result may be generic in nature and not 
strongly dependent on the type of coating involved. In contrast, the 
importance of surfaces as iodine sinks may be quite dependent on the nature 
of the surface coating involved. Some, such as vinyl paint and zinc 
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primer, act as sinks for irreversible iodine adsorption. Even polished 
stainless steel surfaces are far from inert, and can reversibly adsorb 
significant amounts of iodine species. 

4. IMPLICATIONS FOR ACCIDNENT MANAGEMENT STRATEGIES 

The desirability of applying information from the fission product chemistry 
programme to control iodine volatility (as opposed to predict it) is a 
practical matter. A decision to embark on post-accident volatility control 
could only be taken after its costs and benefits had been assessed. Data 
from the fission product chemistry programme are an important input to this 
process, by determining vhat may be possible. Given adequate information, 
it may be possible to make reasonably good predictions of iodine volatility 
in containment. Knowing in advance the conditions that might give rise to 
the greatest iodine volatility, one could prepare contingency plans for 
dealing with such a situation. These plans may be purely operational, 
involving the mode in which existing safety systems are operated. As 
indicated, control of iodine volatility implies a more urgent necessity or 
a greater desirability and would require a more extensive review. There 
are some evident constraints. Organic materials are present throughout 
containment. They will inevitably result in some burden of aqueous 
organics and consequently iodine behaviour such as that described above can 
be expected. To bring the volatility of iodine under some control, a means 
of controlling the aqueous chemistry may be needed, and the method that 
appears to be most accessible is through control of the pH. Passive or 
perhaps active means for accomplishing this may be desirable, but would 
have to take into account the probability of success as well as any 
additional problems that such systems may introduce. 

5. CONCLUSIONS 

Some of the more significant findings from this work are: 

a) Radiation fundamentally alters iodine behaviour; 

(b) Radiation interactions with organic materials can form organic acids 
in solution, which can increase iodine volatility; and 

(c) By maintaining the sump water at a high pH, the iodine volatility can 
be minimised, even in the presence of radiation and organic materials. 

Although a pH control strategy has been demonstrated to be effective, pH 
control may not be available or practical. There has been some progress 
made in alternative methods of volatility control, some of which are 
effective, but the mechanisms are not yet known. Any control strategy 
should be understood at an adequate mechanistic level to be implemented, 
and modelled. 

The very large number of organic species present in containment is a 
complicating factor; however, within the broad groupings of aliphatic and 
aromatic compounds, it is expected that common reaction schemes will hold 
for many species, simplifying the situation. A prime focus of the present 
work is therefore, on the understanding of the relevant organic reactions 
involved. 
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The conclusions of work to date are that pH control may be the key to 
controlling iodine volatility, and that the presence of organic compounds 
has important implications for the nature and characteristics of iodine 
volatility. Kinetic processes are very important in estimating the 
inventory of species in containment. Further fundamental understanding is 
required and it is important to understand the mechanisms involved. 
Significant progress is being made in both these areas. 
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INTRODUCTION 

Because of its radiotoxicity and ability to assume volatile forms, radioiodine (1-131) is 
an important fission product which may be released in the event of a nuclear reactor accident. 
Recently, questions have been raised regarding the influence of organic compounds on both the 
degree and composition of such a release. An example of this influence may be seen in the 1979 
accident at TMI-2, where the majority of the airborne radioiodine release was in the form of 
organic iodides'. 

Organic compounds may arise from many sources in reactor containment following an 
accident, such as paints, wiring, and organic bases, such as morpholine, which are used to 
maintain the pH of reactor coolant. The radiolysis of these organic compounds in the aqueous 
phase could influence the chemistry of radioiodine species, resulting in the formation of either 
I2 or organic iodides, both of which are quite volatile. 

The purpose of this work2 was to identify specific organic compounds which could 
significantly influence the formation of volatile iodine. A secondary goal was to establish 
whether the influence was characteristic of a whole class of compounds, or specific to each 
individual compound. The iodine partition coefficient (IPC=liquid phase iodine concentration/gas 
phase iodine concentration) was used as the measure of the degree of iodine volatility. 

The investigation of the effects of mass transfer on the formation of volatile iodine species 
was also part of this research. To this end, the effect of dissolved oxygen concentration on the 
volatility of Csl solutions containing MEK. and paraldehyde was studied. 

EXPERIMENTAL 

The solutions used in this work consisted of an aqueous 10'5 M Csl solution, containing 
on average, 10"2 M of a given organic solute. The solutions were labelled with 1-131 tracer. 
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These test solutions were placed in specially designed glass flasks which allowed for a liquid 
volume of 10 mL and a gas volume of 50 mL. During experiments, the temperature in the flasks 
was maintained at approximately 25'C. 

Samples of the gas phase were taken after the completion of irradiation by passing air 
through an inlet in the flask, which displaced a volume of the gas phase through an outlet and 
into a polyethylene tube containing adsorbents capable of trapping specific chemical forms of 
iodine. Three adsorbents were used: cadmium iodide to trap I2, iodophenol to trap higher weight 
organic iodides, and finally TEDA charcoal to contain lower weight organic iodides. The 
properties of these adsorbents have been described in previous literature4. Typically, only one 
gas sample (plus a duplicate to test for precision) was taken in each experiment, to reduce any 
errors associated with dilution of the gas phase. 

Liquid samples were taken by opening up the flasks after gas phase sampling and 
removing a 0.1 mL volume using a micropipet. The activity counts were measured on a LKB 
Wallac 1282 Compugamma gamma ray detector. From the combined gas and liquid phase 
counts, the IPC was determined. 

Irradiation was provided using a Cobalt-60 'Gammaceil 220' radiation source. The dose 
rate was typically 12.5 kGy/hr, and the irradiation time, 2.5 hours. For the mass transfer 
experiments, a dose rate of 0.25 kGy/hr was used. 

The mass transfer experiments were conducted in an agitated 950 mL stainless steel 
vessel, sealed with a lead ring and maintained at a temperature of 25"C during the experiments. 
Agitation was applied using a magnetic stirrer connected to a 5.6 cm diameter impeller, capable 
of producing speeds up to approximately 500 rpm. The interfacial area was manipulated by 
placing perforated stainless steel plates at the interface between the gas and liquid phases, which 
allowed the area to be reduced from 105 cm2 to 9 and 2.5 cm2. 

Samples of the gas and liquid phases were taken while the vessel was being irradiated, 
as were measurements of the dissolved oxygen concentration and pH. Gas samples were 
withdrawn using a syringe, which was connected via stainless steel tubing to the liquid phase. 
A TEDA charcoal filter was placed between the tubing and the syringe to trap the gas phase 
activity. 

RESULTS AND DISCUSSION 

Results from the organic compound experiments (Fig. 1) showed that out of the 33 
compounds tested, many were able to enhance the formation of volatile iodine. Three distinct 
categories of IPC/pH behaviour were identified. Group 1 comprised those compounds which 
showed a drop in both IPC and pH after irradiation. Group 2 showed essentially unaltered 
behaviour, with little significant effect on IPC and pH. Group 3 compounds showed a deviation 
from this general relationship between IPC and pH, with high IPC values and lower pH values 
than were seen in group 2. Examples of compounds from each group are shown in Table 1. 
An aqueous Csl solution with no added organic compounds was used as a control, and showed 
behaviour characteristic of group 2. 
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Fig. 1: The iodine partition coefficient (see text) for irradiated 10'£ M 
Csl solutions with various added organic compounds. 

Table 1: Examples of Compounds from each Group 

Group 1 

Chloroform 

MEK 

Methanol 

Group 2 

Hexane 

Toluene 

PVC 

Group 3 

Phenol 

Chlorobenzene 

Diethylamine 

IPC 

3.2xl02 

LlxlO3 

6.1xl02 

IPC 

4.9x104 

7.8xl04 

5.5xl04 

IPC 

1.2xl05 

5.5xl04 

5.8xl03 

pH 

2.2 

3.0 

3.1 

pH 

7.7 

7.7 

6.6 

pH 

4.5 

2.5 

8.6 
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The gas phase iodine concentrations measured in this work were quite small so that 
consequently the errors in the measurement of the IPC were significant. The average error was 
approximately 45%. 

The major effect of low-LET radiation (such as Co-60) on water is to cause the 
production of primary free radicals. The most important of these are the oxidizing hydroxyl 
radical OH, and the reducing hydrated electron, e"a(] and hydrogen atom, H. 

The enhanced volatility shown by some of the compounds in group 1 can be explained 
through the preferential consumption of the reducing e"aq species. An example of this may be 
found in the reactions concerning chloroform5: 

e'aq + CHC13 -> CI' + CHC12 

OH + CHCI3 -> H20 + -CC13 

0,+ CHC12 -> 02CHC1, 
02CHC12 + H20 -> OH + C02 + 2HC1 

02+ CCI, -» 02CC13 

02CC13 + 2H20 -> HO, + C02 + 3HC1 

(1) 
(2) 

(3) 
(4) 

(5) 
(6) 

In this case the reaction for the consumption of OH has a rate constant 100 times smaller 
than that for the consumption reactions for the reducing radicals. This would leave the OH 
radical free to oxidize I" to volatile I2. 

f + OH -> I + OH' (7) 

I + I ->I2 (8) 

In the case of other compounds, such as methanol, reduced volatility might be expected 
due to the preferential consumption of OH over e"aq. However, this was not the case. It is 
speculated that organo-peroxides produced by the destruction of these compounds contributed to 
I" oxidation. 

Factors that could result in enhanced iodine volatility can be seen in the mechanism 
proposed for the radiolytic destruction of MEK6: 

CH3CH2COCH3 + OH -» CH3CHCOCH3 +H20 (9) 

CH3CHCOCH3 + 02 -4 CH3CH02COCH3 (10) 

2 CH3CH02COCH3 -> 2 CH3CHOCOCH3+ 02 (11) 

CH3CH0C0CH3 + H02 -> 2 CH3COOH (12) 

Firstly a reduction in pH due to acetic acid formation would have enhanced iodine 
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volatility. It is believed that the radiolytic elimination of volatile I2 occurs primarily through 
reactions involving superoxide (02') and peroxide7. 

I2 + 02 ' -> V + 02 (13) 

I2- + 02 ' -» 21- + 02 (14) 

o r + H2O2 -> r + o 2 + H 2O (15) 

i2 + OH- -* r + or + H+ (16) 

The rate of elimination through both these mechanisms is substantially slower at lower 
pH due to the conversion of 02" to H02 and, for the H202 pathway, the left hand side of reaction 
(14) being favoured. Slower elimination would result in a larger fraction of the iodine being 
present as volatile I2 and hence higher overall volatility. A second factor that could potentially 
contribute to enhanced volatility is the oxidation of iodide by organo-peroxide radicals. The 
significance of this potential contribution are largely unknown. The third factor is the depletion 
of dissolved oxygen, which is discussed at a later point. 

The low IPC values seen in the group 2 compounds may be explained by mechanisms 
which produce the opposite effect to that seen in group 1. It would appear that for most of these 
compounds the OH radical is consumed in preference to both e'aq and H. An example of this 
may be found in the mechanisms associated with methane. 

C6H14 + OH -> -C6H13 + H20 (17) 

Straight chain aliphatic hydrocarbons are not reactive with e'aq. Reactivity8 of these 
compounds with OH is approximately 106 rn'mol'V, with the reactivity of H lower at a 
maximum rate constant of 105 m3mol'V. This would indicate that e_

aq and H would predominate 
in the system, producing a reducing environment which would maintain iodine in its I' form. 

Results from group 3 may be explained through the preferential consumption of OH, but 
with the production of acids to produce the observed drop in pH. An example of possible 
reaction mechanisms leading to group 3 behaviour may be seen in the case of chlorobenzene, 
where the following reactions are speculated to occur: 

C6H5C1 + OH -> C6H4C1 + H20 (18) 

QH4C1 + OH -4 C6H4C1-0H (19) 

C6H5C1 + H -> -C6H5 + HC1 (20) 

In this case, the production of hydrochloric acid may produce the drop in pH seen in these 
experiments. It is speculated that for the group 2 and 3 compounds any organo-peroxide radicals 
produced were relatively unreactive with I'. 
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Fig.2: Transients induced by the addition of MEK to an irradiated 10s M Csl solution. 

The preceding discussion implies that the impact of many organics on iodine volatility 
is predominantly indirect, through scavenging of free-radicals and changes in solution pH. 
Experiments were performed in the stirred vessel in order to evaluate the potentially important 
role that dissolved oxygen may also play. For example when MEK was added with the pH held 
relatively constant (Fig. 2) the gas phase iodine concentration increased by a factor of over ten. 
This increase can be rationalized in terms of a lowering of the concentration of superoxide: 
reducing the concentration of dissolved oxygen reduces the superoxide concentration thereby 
decreasing the rate of elimination of volatile iodine through reactions 13 and 14. It is anticipated 
that a more complete understanding of the role of dissolved oxygen will be obtained through the 
investigations currently underway. 

Finally, the direct reaction of organic compounds with iodine species may also be 
important to some extent, considering that in many experiments the airborne iodine is 
predominantly in an organic form. However it appears that the impact of organic compounds is 
mostly indirect, through changes in the solution chemistry resulting in increased oxidation of the 
inorganic iodine species. It can be speculated that increased organic iodide formation is governed 
by this increased oxidation rather than through direct reactions with the organic compounds. It 
would then follow that organic iodide formation changes the gas phase speciation as opposed to 
increasing the overall volatility. 

CONCLUSIONS 

It has been established that organic compounds can have a significant impact on 
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radioiodine volatility. Out of some 33 compounds tested, three distinct categories of IPC/pH 
behaviour were identified. Group 1 comprised those compounds which showed a drop in both 
IPC and pH after irradiation. Group 2 showed (he opposite behaviour, with little significant 
effect on IPC and pH. Group 3 compounds showed a deviation from this general relationship 
between IPC and pH, with high IPC values and lower pH values than were seen in group 2. 
The observed behaviour could be interpreted to some extent in terms of the radiation chemistry: 
the impact appears to be for the most part indirect, through scavenging of free radicals, induced 
reduction in pH and consumption of dissolved oxygen. The importance of pH changes was 
clearly demonstrated in this work. Preliminary results for MEK indicated that dissolved oxygen 
may also play a significant role. Further investigation is required in order to clarify the relative 
importance of the various mechanisms by which organic compounds can affect iodine volatility. 
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INTRODUCTION 

The accidents at Three Mile Island and Chernobyl have underscored the need to define 
nuclear power reactor source terms for fission products released during severe accident conditions. 
In the United States, tests have been conducted involving the heating, or annealing, of fuel 
fragments and short segments of Light Water Reactor (LWR) fuel rods under varying 
environmental conditions, such as steam and hydrogen1. Analysis of early annealing experiments 
performed at the Oak Ridge National Laboratory (ORNL) has provided a correlation of the 
cumulative release of volatile fission products with temperature and time in a steam environment. 
This correlation, called CORSOR-M, is used by the United States Nuclear Regulatory Commission 
for LWR source term prediction2. Its applicability to CANDU pressurized heavy water reactor 
(PHWR) fuel has yet to be established. Further, it only considers two variables (temperature and 
time) in one environment (steam). 

Corresponding annealing experiments have been conducted at the Chalk River Laboratories 
(CRL) on fuel fragments and mini-elements of CANDU fuel. In fact, the Hot Cell Experiments 1 
and 2 (HCE-1 and HCE-2)3'4 and the Metallurgical Cell Experiment (MCE-1)5 include a total of 37 
separate tests conducted under a wide variety of sample size, conditions and environments. The 
resulting large data base has yet to be analysed to the point that an overall comprehensive model 
could predict experimental results with any degree of confidence. 

The physical mechanisms involved in the release of volatile fission products under severe 
accident conditions are felt to be extremely complex. In the U.S., the FASTGRASS code has been 
developed to model such phenomena as fission gas bubble nucleation, migration, interlinking and 
resolution®, while in Canada, FREEDOM is a mechanistic model for CANDU fuel7. Both of these 
codes, however, are computation-intensive and thus do not run in real time. As a result, work 
continues on simpler, semi-empirical models which are based on the controlling physical 
phenomena. Examples of this are recent work by Osborne and Lorenz at ORNL8 and by Lewis et 
al. in Canada9. This notwithstanding, the comprehensive model of fission product release 
considering the full spectrum of conditions of the annealing tests and able to run in real time has 
not appeared yet. Consequently, this paper will outline a novel approach to empirically model the 
results of 29 CRL tests with the use of an artificial neural network (ANN) in order to predict the 
cumulative fission product release of volatile fission products (specifically Cs-134). 

ARTIFICIAL NEURAL NETWORKS 

Neural network development began in the mid 1940's, but went into a hiatus due to a lack 
of discernable applications and sufficiently powerful computers. The most widely-used paradigm, 
back propagation, emerged in the mid 1980's from the work of two psychologists, McClelland and 
Rumelhart, in their efforts to model the functioning of the brain10. Neural networks are composed 
of simple nodes (neurons) which take inputs, sum them, perform a simple mathematical operation 
on this sum via a transfer function and pass the result on to other nodes. Before the output arrives 
at a subsequent node, however, a weight is applied to it. As a consequence, nodes receive outputs 
of preceeding nodes which have been modified by these weights. 



Current practice is to use three 
layers of neurons in back propagation 
networks. As can be seen in Figure 1, 
these layers are usually named input (X), 
hidden (Y) and output (Z). The input layer 
contains the values of the variables and 
parameters considered for correlation. In 
this application, each node would 
correspond to a value from the list in Table 
1. These inputs are normalized, either to 
the highest value of the particular variable 
in the input space, or to some other 
conveniently high value. It is also 
customary in back propagation networks to 
connect each input node to each node in 
the hidden layer. It is also usual to connect 
a bias node to all hidden and output nodes. 
This bias node has a set value of unity (1). 
It offsets the origin of the transfer function 
and tends to cause the network to converge 
more quickly. 

INPUT LAYER HIDDEN LAYER OUTPUT LAYER 

Figure 1. Architecture of a Back Propagation Artificial 
Neural Network 

Table 1. Variables and parameters for input 
layer used to train neural net model. 

1 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

13 
14 

VARIABLE or PARAMETER 

Time sample is above 
1000-C (s) 
Temperature (°C) 
Time at Temperature (s) 
Time in steam (s) 
Time in air (s) 
Rate of temperature change (°C) 
Zircaloy weight (g) 
Cladding open (y or n) 
Steam flow rate (mL/min) 
Air flow rate (mL/min) 
Inert gas flow rate (mL/min) 
Peak linear power of fuel in 
reactor (kW/m) 
Sample burnup (MWh/kgU) 
Bare fuel weight (g) 

As stated above, each connection to a 
hidden layer node contains the normalized 
input value leaving the input layer or bias 
node, which has a weight applied to it. Thus, 
the ith input value, Xj, connected to the j l h 

hidden node, has a weight, Wji, applied to it, 
so that the hidden node receives as an input 
from the ith node, the value w ^ . Also, as 
noted above, each node receiving inputs sums 
these inputs. Consequently, in Figure 2, Ij is 
the sum of i inputs, each multiplied by its 
own connection weight, so that 

*rE wjiXi 

When optimized, this is the equation of a 
linear regression, with the intercept being 
the weight associated with the bias node, Wj0. 

Non-linearity is introduced into the 
model by the transfer function, which is 
applied to the summed inputs, Ij. Several 
different functions are available (sinusoidal, 
sigmoidal), but the one found particularly 
useful in this application is the hyperbolic 
tangent. 
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The application of the tanh transfer function 
yields an output yj from the j l h hidden node, 
such that 

yy 

These transfer functions are continuous and 
continuously differentiable, with the derivative 
being expressed in terms of the function itself, 
as shown below for the tanh function: 

y'^d+yj) ( l - y j ) 

In fact, the tanh is the smooth version of the 
step function from -1 to +1. 

This same process is repeated between 
the hidden layer and the output layer, with 
the transfer function again applied to the 
summed inputs to produce the output. When 
the network is initialized, the values of the 
weights are randomly assigned. The 
"knowledge" or "artificial intelligence" within 
the network, however, resides in the 
distribution of these weights which must be adjusted to be able to produce an output as close as 
possible to the desired output. This process of adjusting the weights is called supervised learning 
and is conducted during the training phase of the network development. 

To effect training, the network is not only presented with a full array of inputs, but also 
with known (measured) outputs for each input set. When the initial pass through the network for a 
given set of data is complete, an output, Zj,, is determined. This value is then compared to the 
desired output value, dk, to arrive at a global error E: 

Figure 2. Architecture of the j t h neuron in the 
Hidden Layer 

2 
E=±(dk-zk)> 

The global error is then propagated backwards through the network to adjust the individual 
connecting weights. This back and forth iterative process is continued until the global error is 
minimized. At this point, another set of input data (vector) is introduced into the network and the 
process is repeated. Generally, the connecting weights are adjusted after an "epoch" of up to about 
500 different inputs (this can be adjusted to facilitate learning, but updates are rarely done after 
each input set, in order to prevent oscillations in weight values). 

Back propagation networks usually use modifications of the "delta" learning rule during 
training. When the global error is propagated backwards, the local error at the output from each 
hidden node, ej( is determined by 
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which can ah J be expressed as 

k 

where, in this specific application, with one output node, k=l. The corresponding expression for the 
local error at the output, ek, is 

ek=(l+zk) (l-zk) {dk-zk) 

The adjustment to each connecting weight, AWJ,, needed to minimize the local error 
(and hence the global error) is determined by the gradient descent rule. Thus 

A BE 

where r\ is the learning coefficient and usually has values between 0.1 and 0.3. 

This learning rule can be modified by adding a momentum term to take advantage of the 
previous adjustment (âwy)M 

l^jJ n e w ^ W ^ J ou 

where a is often referred to as the momentum coefficient, with a < 1 and is often set as a = (1 - "n). 

For training, input vectors should be used in random order, and may have to be used a 
number of times. Training is considered complete when the global error has stabilized and been 
minimized. At this point, the network is considered to have converged onto the optimal or best 
solution possible. 

Once training is complete, the network is tested against data which had not been seen 
during training. Like the training set, the test set should represent, to the greatest extent possible, 
the whole range of the input space. Also, like the training set, the test set must have known 
output values available for comparison with the network predicted values. Finally, the network 
should be validated by predicting results for a data set representative of a likely application. 

Essentially, then, a trained neural network is an n-dimensional correlation, and provides a 
result similar to a non-linear regression. The link with the physical phenomena it is modelling is 
through the choice of variables or parameters. Any relationship among these inputs is established 
by the learning rule itself, and not by any real or postulated physical relationships. 

Neural networks have a number of advantages over other types of models or correlations: 

1. With the "knowledge" or "intelligence" distributed throughout the network, a reasonable 
response is possible when the input space contains incomplete, noisy or previously 
unseen values. 

2. A careful analysis of the weights throughout the network permits the various 
parameters or variables in the input space to be ranked in order of influence on the 
output. 

3. A trained neural network model operates in real time, making it suitable for being 
embedded in much more complex computer codes, such as modelling the progression of a 
severe reactor accident. 
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EXPERIMENTAL 

The data base used to construct the 
model comprised 9 tests of HCE-1, 12 of HCE-
2 and 8 of MCE-1, with the tests conducted 
between 1350 and 2100°C and in steam, air or 
argon/hydrogen atmospheres. Each annealing 
test involved placing a fragment or mini-
element in an induction furnace, as shown in 
Figure 3, and introducing the appropriate 
environment (steam, air or argon/hydrogen) 
into the furnace. The release of fission 
products from the sample is determined by 
measuring the change in fission product 
activity by using gamma ray spectrometry. As 
well as environment, other factors varied 
included temperature, time at temperature, 
heating ramp rate, sample size, amount of 
zircaloy cladding and sample burnup. The 
fission products measured included cesium 
(Cs-134 and Cs-137), ruthenium (Ru-103) and 
iodine (1-131), although the model reported on 
in this paper was developed for Cs-134, as the 
cumulative release values showed minimal 
randomness and the cesium behaviour was felt Figure 3. Schematic of equipment used in HCE-2. 
to be representative of volatile fission products 
in general. 

ANALYSIS 

The neural net used to model the CRL tests was based on NeuralWorks Professional 
II/Plus by NeuralWare and featured 14 different inputs, as listed in Table 1. Related to Figure 1, 
the input space would extend from xt to xu . A single hidden layer was used with differing numbers 
of nodes (from 2 to 15). All the architectures returned comparable results, except the networks 
with only 2 hidden nodes, which provided poor correlations. The output layer contained a single 
node and represented the cumulative fractional release of Cs-134. 

Much of the effort needed to train a neural network must be invested in creating the data 
base to provide the input vectors. Each test contained values for temperature and cumulative 
fractional release measured at intervals of 100 to 300 s. Most tests exhibited a characteristic 
response of an initial plateau on the Time/Fractional Release curve (Figure 4) displaying an initial 
low release rate, a fairly steep climb due to an increased release rate as the grain boundary fission 
product inventories were depleted and a final plateau, indicating a much lower release rate due to 
diffusion (if there is any release at all). Most of the data provided, then, was confined to the initial 
and final plateaus, with little available from the high release rate portion. Further, more tests 
were conducted at 1600°C than at any other temperature, although the isothermal test 
temperatures ranged from 1350 to 2100CC. In order for the model to be able to interpolate with 
any degree of confidence, the input space had to be as balanced as possible. Without this, 
inadvertent biases would be introduced and trained into the network. In other words, the network 
would tend to provide better predictions for conditions approximating the preponderance of 
training data and provide poorer predictions for other areas in the input space. To redress this 
imbalance, the data available for each test were expanded significantly by linear interpolation, so 
that the available number of training vectors was increased from 1371 to 4049. Any inaccuracies 
introduced by this approach were felt to be well within the actual noise of the data itself. 

FISSION PRODUCT RELEASE / UO, OXIDATION 
EXPERIMENTAL ARRANGEMENT 
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Figure 4. Cumulative release of Cs-134 during 
Test HCE-2 CM6, as measured by CRL and 
predicted by neural net model. 
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Figure 5. Scatter plot of cumulative fractional 
release values of Cs-134 predicted by neural 
net model vs values measured by CRL. Values 
are for test set. 

The expanded data base was separated into two portions, with 90% of the data provided for 
the training set and the remaining 10% for the test set. In order to achieve balance, data from 
some tests were repeated, so that the total input space contained 12,516 vectors. Further, the 
results from a complete test, HCE2-CM6, were withheld from both the above sets to provide a 
validation by exposing the trained network to conditions it had not been trained on. 

Model effectiveness was gauged in three ways: 

1. Network predicted cumulative fractional releases (outputs) were plotted against the 
corresponding values actually determined by CRL. A perfect correlation would have all 
points fall along the diagonal with a slope of 1 and an intercept of 0. The corresponding 
values from the linear regression through the data were compared to the ideal values. 

2. The correlation coefficient, r, (or the square root of r2, which is sometimes referred to as 
Pearson product moment correlation coefficient or the correlation of determination, and 
is a measure of the closeness of fit of a scatter graph to its regression line with 1̂ =1 
being a perfect fit) is the covariance divided by the product of the sample standard 
deviations11. 

3. The standard error (standard deviation) of the mean, which is computed by dividing the 
sample standard deviation by the square root of the sample size. 

As noted already, networks of differing numbers of hidden nodes had comparable r values 
for the test set. An example of the scatter plot for a network having 4 hidden nodes in one hidden 
layer can be seen in Figure 5. The solid dots show a perfect correlation, which can be compared 
with the actual linear regression through the points. Most of the 396 test vectors provide points 
very close or on the regression lines. Overall, the slope of .899 and intercept of .080 are fairly close 
to the optimal values of 1 and 0 respectively. The r value of .932 shows that the regression itself 
accounts for 93.2% of the dispersion in the data, with the remainder attributable to the data itself. 
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The validation of the network involved 
using the vectors of a complete test, HCE2-CM6, 
with the results contained in Figure 6. For this 
particular test, the network provides a good linear 
correlation (r is verv good at .98). At low fractional 
releases, the erroi is as high as 60%, although in 
this region there is considerable uncertainty in the 
CRL data itself. In the middle third of the test, 
the predicted values are virtually identical to the 
measured values. At the upper end, the 
discrepancy is 16%, for an overall average 
standard error of 11.7%. Returning to Figure 5, 
however, it can be seen that some tests are 
underpredicted while others are overpredicted, 
while the vast majority of vectors are well 
predicted. 

-0.2 0.0 0.2 0.4 0 

CRNL MEASURED VALUES Figure 4 shows the measured and 
predicted cumulative fractional release plotted 
against time that the sample is above 1000°C. Two 
points are of note here. The neural network model 
provides a smoothing of the data, with the 
exception of the discontinuity at about 4000 s. 
The second point is that the model is able to 
reproduce the non-linearity of the relationship 
between fractional release and time, due to varying release rates. In this particular test, though, 
the model values diverge rrom the measured at less than 4000s and beyond about 7500 s. The first 
14 points (26% of the data ^et) have discrepancies of about 40%, while the remainder of the 
population is significantly lower. 

Figure 6. Scatter plot of cumulative fractional 
release values of Cs-134 predicted by neural 
net model vs values measured by CRL. Values 
are for validation set, test HCE-2 CM6. 

The overall relative closeness of the model predictions to the values measured by CRL 
indicates that a trained neural network model has been able to establish a good correlation 
between a number of disparate parameters representative of possible severe reactor accident 
conditions and the cumulative fractional release of fission product cesium. This also suggests that 
the network model can be analyzed further to provide insights into the relative importance of the 
various input parameters to fission product release and release rates. Further work will also 
involve comparing network model predictions of release with CORSOR-M and will investigate the 
performance of a trained model as a source term subroutine in a more comprehensive accident 
progression code. 

CONCLUSIONS 

A back propagation neural network model with a modified delta learning rule has been 
trained to predict the cumulative fractional release of the volatile fission product cesium from 
CANDU fuel fragments and mini-elements under a variety of simulated severe accident conditions. 
The model was able to reproduce the non-linearities inherent in the relationship between fractional 
release and time, and provided a smoothing of the data. Finally, the model was able to predict the 
general trend of the release kinetics for a validation set which was not used for training, and to 
predict the cumulative fractional release to within a standard error of 12%. 
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HUEMUL: A TRANSPORT CODE FOR GENERAL GEOMETRIES INCLUDING 
REACTIVITY DEVICES 

ITS VALIDATION AGAINST MEASUREMENTS 

Carlos Ruben Calabrese, Carlos Grant, Ana Maria Lerner, Carla 
Notari, Oscar Serra 

Comisiôn Nacional de Energia Atômica (CNEA) 
Centro Atômico Constituyentes, Gerencia de Ingenieria 

Avenida del Libertador 8250, (1429) Capital Federal,Argentina 

1.Introduction 

The HUEMUL code (reference 1) was developed in Comisiôn 
Nacional de Energia Atômica (CNEA), Argentina. It solves the 
Two Dimension (2D) Transport Equation using the multigroup 
collision probability method for general geometries. Arbitrary 
segments and circunference arc combinations, permit a great 
flexibility in the geometric treatment. Boundary conditions in 
the form of an albedo matrix (J+/J-) are included for each 
face of the model. 
Due to these characteristics HUEMUL becomes a useful tool to 
face a great variety of problems, specially the calculation of 
parameters associated to control rod and reactivity devices. 

2. HUEMUL validation 

Several calculations were performed using HUEMUL: 

2.1 Comparisons of results between HUEMUL and WIMS 
(reference 2) 

A light water cell with 3% wt enriched U02 as sht-wn in 

CAD CED 

Figure 1. (A) Model Used by WIMS (B) Model used by HUEMUL 

1 



TABLE I. WIMS/HUEMUL FLUXES (*) AND K-INF COMPARISONS (3 w% U02 enr. fresh fuel, see fig.1) 

I 
Group 

1 
2 
3 
4 
5 
6 
7 
8 

FUEL FLUX 
HUEMUL WIMS 

1.719 1.709 
2.168 2.161 
0.902 0.901 
1.016 1.017 

0.3236 0.3237 
0.2702 0.2708 
0.3998 0.4 
2.1383 2.1379 

CLAD FLUX 
HUEMUL WIMS 

1.5595 1.5689 
2.0063 2.012 
0.8962 0.9012 

1.024 1.0295 
0.3388 0.3404 
0.2835 0.2844 
0.4037 0.4056 
2.3484 2.3414 

MODERATOR FLUX 
HUEMUL WIMS 

1.4441 1.4476 
1.8706 1.8728 
0.8942 0.8952 
1.0377 1.0385 
0.3511 0.3513 

0.296 0.2957 
0.4115 0.4109 

2.65 2.6223 

CELL FLUX 
HUEMUL WIMS 

1.5128 1.5134 
1.9455 1.9457 
0.8961 0.8976 
1.032 1.0333 

0.3442 0.3447 
0.2895 0.2894 
0.4085 0.4083 
2.5206 2.4975 

k-infWIM =1.3934 
k-infHUE =1.3939 

(*) Fluxes are normalized to one fission neutron born in the cell 



figure 1 (A) was calculated using the WIMS code. This cell was 
circularized using the Wigner-Seitz approximation. 

Using eight energy group physical properties calculated with 
WIMS, HUEMUL reproduced the flux distribution in a square 
arrangement (See figure 1 (B) ), supposing reflection along 
the boundary (J+=J-). Forty equidistant lines and 16 
directions (considering simetry) were chosen for the 
calculation. Normalized fluxes to one neutron born per second 
uniformly in the cell are shown in Table I. They show a very 
good agreement in fluxes and multiplication constant k (better 
than 1.5% in fluxes and 0.5 mk in k, see figure 1 and Table 
I). 
(Detailed calculations may be found in reference 1). 

2.2 Comparisons between HUEMUL calculations and copper 
activity measurements performed in the Canadian D20 facility 
ZED-2 (Reference 3) 

Adjuster rod activity measurements in the Canadian heavy water 
critical facility ZED-2 were simulated with HUEMUL. 
The experiment simulated was an adjuster rod located at the 
center of the core, parallel to the ZED-2 fuel channels. 

Figure 2. ZED2 model used by HUEMUL 

Figure 2 shows the model used by HUEMUL to represent the 
configuration described above. A very good agreement was 
obtained (better than 2%, see figures 3 and 4). 
(Detailed calculations may be found in reference 1). 
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2.3 Comparisons between HUEMUL calculations and manganesum 
activity measuremets performed in the Argentine H20 facility 
RA-2 (Reference 4). 

Activity measurements in the Argentine light water critical 
facility RA2 were simulated with HUEMUL. The neutronic flux 

Figure 5. RA2 fuel model used Figure 6. Measured vs 
by HUEMUL HUEMUL calculated val. 

was calculated within a 2D MTR cell, considering the leakage 
across the boundary in such a way that the location of the MTR 
fuel element is taken into account. A 14 group calculation was 
performed. The results were compared with experimental values 
obtained by Mn-Ni activation (See reference 4). 
The <_, 1 is shown in figure 5, and the comparison can be 
seen in fit 
The calculaL ^lues agree with the measurements within 

their experimental :i. 

2.4 Rod calculations for the Atucha I power plant (CNA1). 

A new methodology to calculate the control rods for the 
ATUCHA I power reactor was required in order to face problems 
such as reactivity devices design changes, or slightly 
enriched uranium calculations. For that reason, and 
considering that the 2D scheme is appropriate to describe the 
geometry of the problem, HUEMUL was used. 
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In order to validate the proposed methodology and code, the 
first stage was to obtain values of the incremental cross 
sections for the control rods for Atucha 1 nominal conditions 
in order to reproduce the experiments mentioning below. 

Figure 7 ATUCHA 1 multice11 model used by HUEMUL 

The model used by HUEMUL can be seen in figure 7. WIMS code 
was used to calculate the cross sections, and the incremental 
cross sections representing the control rods were obtained, as 
usual, as the difference between the perturbed case (rods 
inserted) and the reference case (without rods). 
Comparisons were made between reactor calculations performed 
with PUMA (finite difeferences, see reference 5) and DELFIN 
(finite elements, see reference 6) using incremental cross 
sections calculated by HUEMUL and experimental data obtained 
at zero power (reference 7). The results show a very good 
agreement (better than 2%, see figures B and 9). PUMA results 
required a slight adjustement due to the dilution effect. 

3.Conclusions 

The results obtained show that HUEMUL is a powerful tool to 
face 2D reactivity device problems. It can be used in 
experimental and power reactors, specially for Atucha I and II 
power stations. 

6 



REACTIVITY VALUES (G ROD GROUP) 
Measured vs Calculated (PUMA-HUEMUL) 

«•00-

(J 1»6-

D . 

* 
(J • 
CD 

• * ' 

measured 

calculated 

4.1 • « . t t 
A W «.M O.TI 

Insertion (cm) 

Figure 8. Reactivity values (Measured vs calculated)(PUM/HUE) 

REACTIVITY VALUES (G r o d g roup) 
Measured vs Calculated (DELFIN-HUEMUL) 

( J 1000-
CX. 

a 
03 

o-ace 
1.00 400 

measured 

calculated 

• be 

Insertion 

Figure 9. Reac t iv i ty v a l u e s . Measured vs c a l c u l a t e d (DEL/HUE) 

7 



4.References 

1) CALABRESE C. R., GRANT C. R. .(1991) "HUEMUL, a two 
dimensional multigrup collision probability code for general 
geometries". Ann. nucl. Energy, Vol IB, No 2 pp 63-73. 
2) ASKEW J. FAYERS F. J. and KEMSHELL P. B. J. Br. Nucl. Soc. 
5, 564-585 (1966). 
3) JONES R. T. (1977) Report AECL-5853, Chalk River Nuclear 
Laboratories, Ontario. 
4) RICABARRA G., RICABARRA M., BANG M. (1984) "Anâlisis de 
Mediciones de Buckling en nucleus tipo MTR". CNEA. Proyecto 
Centro Atômico Peru. 
5) GRANT C. (1980) Report CNEA-Re 163. 
6) GRANT C. (1991) "DELFIN, Descripciôn y Uso". CNEA Report IT 
1054/91. 
7) CALABRESE C. R., GRANT C. , LERNER A. M. , NOTARI C , SERRA 
0. (1992) "Incremental cross sections for control rods in 
CNA1". XX Congreso de la Asociacion Argentina de Tecnologia 
Nuclear. 

8 



A General Comparison of the Lattice Codes APOLLO-2 
and DRAGON 

ALAIN HÉBERT 

Institut de Génie Energétique 
Ecole Polytechnique de Montréal .') # V V <•' ' <': •-/ 

Montréal, Québec, H3C 3A7, CANADA 

ABSTRACT 

APOLLO-2 and DRAGON are two lattice codes which have recently been designed 
at the Commissariat à l'Énergie Atomique and at the École Polytechnique de Montréal 
respectively. They are based on integral transport theory and provide the power to handle 
complex geometries that are typical of current nuclear reactors, whether the lattice is 
rectangular or hexagonal. The two codes have a common ancestor. APOLLO-1 and many 
similarities related to their theoretical background, but also many differences related to 
their computer implementation. This paper will provide a general description of both 
codes, in an attempt to reveal their peculiarities in term of design specifications. We will 
finally examine the possibility of creating a next-generation lattice code that retains the 
best characteristics of both APOLLO-2 and DRAGON. 

I. INTRODUCTION 

LA. A historical overview 

We will first present a historical overview of the lattice codes based on a fine-group 
representation of the energy variable (typically between 65 and 200 groups). These codes 
are noticeable in that they do not use the four-factor approximation, nor do they assume 
Maxwell or Westcott flux distributions. Instead, they solve the neutron transport equa
tion in space and energy, using microscopic cross sections measured or evaluated using 
nuclear physics models. Generally speaking, these codes link the world of nuclear physics 
and nuclear engineering. Multigroup lattice codes are therefore expected to retain their 
accuracy in a wider class of physical situations than codes based on the four-factor for
mula. However, such multigroup lattice codes are an order of magnitude more complex 
to write and their accuracy is strongly influenced by the quality of the microscopic cross 
section data. 

Every multigroup lattice code seems to originate from THERMOS , developed at the 
MIT in 1960 or from WIMS2, developed at Winfrith in 1966. Whereas THERMOS was 
limited to the thermal energy range, WIMS already encompasses the complete functional
ity of a lattice code: treatment of the complete energy domain, a resonance self-shielding 
model and diffusion coefficient calculation. These two codes lead to a variety of descen
dants, as illustrated in Fig. 1, which took advantage of the advances in reactor physics 
and improvements in computer hardware. 
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Figure 1. A chronological presentation of some multigroup lattice codes. 

Development of the WIMS family at Winfrith has been straightforward: WIMS-D2 in 
1970, WIMS-D4 in 1975 and finally, WIMS-E in 19823. WIMS-E is worth noting because 
it represents an attempt at implementing "modular coding" in which each function of the 
code is performed by an independent module that communicates with other modules using 
disk files. However, this implementation was found to be significantly slower than the 
WIMS-D approach for solving a given problem and has constrained Winfrith to continue 
supporting WIMS-D4 over the years. 

WIMS-D2 was transferred to Chalk River National Laboratories (Canada) in 1971 
and used as a basis for the development of WIMS-CRNL. ' Modifications were required 
in order to adapt the code to the specific architecture of a Cyber computer and to the 
various types of lattice cells under investigation at CRNL. The latest version of the code 
is now known as WIMS-AECL and is widely used across Canada. The discretization of 
the transport equation in WIMS-AECL can be performed as follows for various types of 
geometry: 

• Slab, cylindrical and spherical ID geometries can be analyzed using the Sn technique 

• For the collision probability (CP) calculation, cylindrical ID geometries can be 
considered using the PERSEUS module and general 2D cluster geometries can be 
analyzed using the PIJ module. 

In parallel with the British effort, a French team located at Saclay developed the 
APOLLO family of codes. The first element was a code named EXCALIBUR", which 
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was based on CP methods to solve the multigroup neutron transport equation. This code 
also included the Livolant-Jeanpierre resonance self-shielding procedure and a homoge
neous By leakage model embedded in the flux iteration. However, since EXCALIBUR 
was intended to solve fast reactor problems, it lacked the multigroup treatment of ther-
malized neutrons. APOLLO-1 was therefore conceived by merging EXCALIBUR with 
a thermalization algorithm similar to that of THERMOS. This first version was limited 
to the treatment of ID geometries, but various 2D geometries were subsequently added. 
The final version, named APOLLO-1 2D, was finally released in 1979 with the following 
CP modules: 

• The CP module already present in EXCALIBUR for treating basic ID geometries 
(slab, cylinder and sphere)9. 

• A PWR assembly module, named EURYDICE , based on the multicell theory 
of Sanchez1 ' ^ with cell merging and DP-0 or DP-1 expansions of the interface 
currents. 

• A CP module, named MARSYAS, for treating general 2D mixed Cartesian-cylindrical 
geometries. 

• A module for treating double heterogeneity problems (a material with a statistical 
i n 

mixture of grains made of various isotopes) . 

The EXCALIBUR code also led to the development of HETAÏRE14 for treating fast-
breeder lattices. This code was obtained by replacing the Livolant-Jeanpierre self-shielding 
procedure of APOLLO with a sub-group method, and by creating a new library of cross 
sections and probability tables. This work was performed in another French laboratory, 
located at Cadarache. 

However, APOLLO-1 suffers from the obsolescence of its programming style, and 
its size makes any further modification extremely difficult and hazardous in terms of 
code quality control. The APOLLO-215 project was therefore set up as an opportunity 
to use modular programming techniques and to recode the entire software into a new 
language, named ESOPE, which is a super-set of FORTRAN-77 with structures, pointers 
and dynamic memory allocation. The first commercial version of APOLLO-2 was released 
at the end of 1990. 

During the same period, DRAGON was developed at the École Polytechnique de 
Montréal as an open-domain code for performing lattice cell calculations.1" 

II. THE APOLLO-2 AND DRAGON LATTICE CODES 

ll.A. The structure of APOLLO-2 

The main goal of the development of the APOLLO-2 lattice code, carried out at 
the Commissariat à l'Énergie Atomique, was to provide an up-to-date alternative to the 
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aging APOLLO-1 code. The APOLLO-2 design specifications emphasize quality control, 
documentation and the maintenance facilities of its source, which were problematic issues 
with APOLLO-1. APOLLO-2 is written in ESOPE, a super-set of FORTRAN-77 which 
features dynamic memory allocation and user-defined structures. The modular structure 
of APOLLO-2 relies heavily on the ESOPE programming capabilities not available in 
standard FORTRAN-77. However, most of these capabilities should be available soon 
with the forthcoming FORTRAN-90 compilers. 

APOLLO-2 is a collection of about sixty independent modules, each of which performs 
a very specific task, as represented in Fig. 2. For example, the module GEOM: allows 
the definition of a geometry; the module PONDFLUX : achieves a group condensation and 
spatial homogenization, and so on. Each module can only communicate through pointers 
to input and output data types containing all the useful information. These data types are 
called "objects" in GIBIANE terminology (this is not an object in the Object-Oriented 
Programming sense). About twenty APOLLO-2 objects are available. For example, the 
object o.calcul contains a solution of the transport equation; the object o.macrolib 
contains a set of multigroup macroscopic, cross sections and nuclear properties, and so on. 
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Figure 2. The structure of APOLLO-2. 

A user-specific application can be built by linking together a collection of modules, 
connecting the output objects of some modules to the input objects of others. This is 
made possible by an application named GIBIANE, also written in ESOPE, which supports 
a macro-language to connect the modules, performs logical loops with conditional testing, 
and allows the programming of procedures (a type of subroutine written in the ESOPE 
macro-language). The APOLLO-2 lattice code is therefore a GIBIANE procedure which 

4 



calls a collection of independent modules. Note that the GIBIANE application is not 
specific to reactor physics and is currently used in other areas of engineering. Finally, we 
should note that archiving modules makes it possible to backup objects on, or recover 
objects from, a flat database. 

Each input data statement is read and interpreted by GIBIANE as a macro-language 
instruction. The input to a module named HOD: will always be of the form: 

(list of output objects) = MOD: (list of input objects) (list of options) ; 

where the input and output objects are GIBIANE pointer variables, i.e. variables contain
ing the address of the objects in the computer memory managed by ESOPE. Moreover, 
loops and conditional testing can be introduced in the input deck, as shown in the follow
ing example: 

REPETER LOOP ; 
SI ( conditionl ) 

(list ofoutpi 
SINON ; 

(list ofoutpi 
FINSI ; 
SI ( condition2 ) 

FIN LOOP ; 

ALORS ; 
it objects) = 

it objects) = 

MODI: 

M0D2: 

; QUITTER LOOP 

(list of 

(list of 

FINSI 

input objects) (list of 

input objects) (list of 

> 

options) ; 

options) ', 

An input deck is built as a collection of statements similar to the previous one and 
mixed with conditional logic. This type of programming provides much more flexibility to 
the user than the conventional approaches. New applications can be built without recom
pilation, simply by changing the order of the module calls and by making modifications 
to the conditional logic. For example, it becomes very simple to build an application to 
find the critical volume of a sphere, even if this possibility is not programmed into any 
module. 

However, GIBIANE and APOLLO-2 are programmed in ESOPE and this choice gives 
rise to a number of practical problems: 

• The memory management is performed by ESOPE and not by the computer's mem
ory management algorithm (malloc on UNIX computers). Codes written in ESOPE 
cannot co-exist and exchange information with codes written in other languages. 
The pointers to ESOPE structures cannot be exchanged with pointers to C struc
tures. 

• Two ESOPE applications cannot exist simultaneously in the computer and a single 
load module should always be created. 
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• An ESOPE subroutine can call a FORTRAN-77 subroutine, but a FORTRAN-77 
subroutine cannot call an ESOPE subroutine. FORTRAN-77 subroutines called by 
ESOPE cannot call directly the memory ni? .agement functions of the computer. 

• The FORTRAN generated by ESOPE is very difficult to understand and to debug. 

II.B. The structure of DRAGON 

The lattice code DRAGON was developed at the Ecole Polytechnique de Montréal 
with the following characteristics: 

• The code is simple to use, to understand, to modify and to install on various work
stations that support a FORTRAN-77 compiler. Dynamic memory allocation is 
extensively used and is based on the memory management algorithm of the com
puter. The number of common blocks is kept to a minimum. A simple hierarchical 
database (HDB) is used to transfer information between modules, to collect impor
tant lattice parameters and tc permit code restart. 

• The use of modular coding does not cause any substantial increase in CPU time. 
This is partly because of the direct access format of the HDB and by the careful 
organization of its contents. 

• The code is capable of reproducing all the functionality of WIMS-AECL for treating 
CANDU clusters and of APOLLO-1 2D for treating PWR assemblies. New options, 
such as 3D supercell calculations, have been included in the code. 

• All the work related to the production of interfaces for subsequent reactor calcula
tions is left to simple computer programs located outside DRAGON. These interfaces 
can recover all the information they need from the HDB. This technique is useful 
for keeping the source of DRAGON as small as possible. 

• DRAGON can access any standard MATXS-type library, as produced by NJOY , 
using the cross section reconstruction algorithm of the codes TRANSX-CTR ° and 
TRANSX-219. It can also use its own DRAG LIB library format or accesses the 
same cross section libraries as WIMS-AECL and APOLLO and leads to the same 
results within 2 mK (200 pcm). 

The main objective of DRAGON was to unify various algorithms currently used in 
solving the neutron transport equation and to simplify the implementation of the new 
resolution techniques on which we were working. For example, the code can easily accom
modate new CP or J± options for the flux and resonance self-shielding modules. The 
code is written in standard FORTRAN-77, apart from a single subroutine for dynamic 
memory allocation which is machine dependant. DRAGON is presented in a modular 
form so as to simplify, as much as possible, the interaction between the different levels 
of calculation involved in a complete lattice analysis. For example, a unique multigroup 
flux solution module is used for all CP calculation routines. This modularity allows new 

6 



techniques to be easily implemented in specific parts of the code without the need for 
further modifications along the calculation chain. 

DRAGON has been divided into thirteen independent modules, as indicated in Fig. 3. 
Some of these modules can access various types of doors. A door is a subroutine that per
forms a monoenergetic task using a specific technique. The doors are classified according 
to the following families: 

• The SYBIL family is related to simple ID CP and interface current techniques for 
Cartesian or hexagonal 2D assemblies.9, 1 0 , ^ ' ^ ^ 

• The JPM family is related to the J± techniques for representing ID, 2D and 3D sim
ple geometries, Cartesian or hexagonal 2D assemblies and 2D CANDU clusters. ' ^ 

• The EXCELL family is related to mixed-Cartesian or mixed-hexagonal CP tech-
OA 9^ 0(\ 97 

niques involving a tracking file. • °' °' 

• The BIVAC family is related to diffusion theory calculation in pure Cartesian or 
hexagonal 2D geometry. It is used only in the $EDI module to perform transport-
diffusion equivalence calculations based on the SPH algorithm. ' ^° 

The doors were implemented in such a way that for each CP discretization method 
(tracking performed in one module of DRAGON) a compatible multigroup CP integration 
technique (a different module of DRAGON) can be used. DRAGON was initially devel
oped for validation purposes, and new calculation techniques can be easily programmed 
without major software modification. In fact, of its thirteen modules, there are five ($SHI, 
$TRK, $ASM, $FLU and $EDI) that can access the external monoenergetic doors. 

The modules and doors of DRAGON are written around an optimized kernel respon
sible for the following tasks: 

• Dynamic memory management (SETARA). 

• File allocation (KDROPN). 

• Free format data reading (REDLEC). 

• XSM file management, including: 

- Word-addressable direct-access method (KDIGET). 

- Hierarchical organization of file content. 

- Utility actions on file content (EXPORT, IMPORT, etc.). 

- Dynamic archiving of results and restart capabilities. 

- Cross-section library management. 

• Clock information retrieval. 

• Linear algebra subroutines. 
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Figure 3. The structure of DRAGON. 

The kernel is a toolbox of around 25 subroutines containing highly optimized code 
not related to reactor physics and shared with other codes developed at GAN. A large 
proportion of CPU time is spent in this kernel. 

The data transfer from one module to another is performed using three different meth
ods. Dimensioning and other important information (such as the volume and mixture 
associated with each region) are transferred directly from one module to another via the 
parameters of each subroutine. A direct access hierarchical database (HDB) is used to 
transfer most of the remaining information (such as the fluxes, CPs, cross sections) from 
one module to another. Finally, a minimal number of common blocks are also required 
to transfer some information between associated doors. 

Some of the DRAGON characteristics were required in a university environment 
where research activities predominate. It was previously found to be very difficult to 
use production-type codes, such as WIMS-AECL and AP0LL0-1, to perform research 
activities because any modification is a hazardous and time-consuming task. After a few 
years of operation, DRAGON was found to be a very valuable tool by researchers and 
we now expect to freeze a version for production calculations. We should also mention 
that its development relies on the years of experience gained with the WIMS-AECL and 
AP0LL0-1 lattice codes. 

We will now use the Mosteller^ benchmark to present a tutorial on the practical 
use of DRAGON. This case is rather a simple one which allows us to present only a 
small subset of the possibilities of the code. Let us first present the DRAGON input 
data corresponding to the benchmark of Ref. 29 with hot zero power and 0.711 wt% fuel 
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enrichment: 

$INI ; 
TITL 'MOSTELLER BENCHMARK FOR DOPPLER EFFECT WITH EXCELL' 
MAXR 4 
NMIX 3 
CTRA WIMS 27 
XSML NEW 
STOP 

$LIB ; 

NGRO 69 

MIXS LIB: MATXS FIL: MATXS7A 
MIX 1 600.0 
U235 .000166078 INF 1 THER 42 FREE 
U238 .0228994 INF 1 THER 42 FREE 
016 .0461309 INF THER 42 FREE 

MIX 2 600.0 
ZRNAT .0383243 INF THER 42 FREE 

MIX 3 600.0 
HI .0442326 INF THER 42 H20 
016 .0221163 INF THER 42 FREE 
BIO .102133E-4 INF THER 42 FREE 

STOP 
$GEQ ; 

GEOM SIMPLE := CARCEL 3 
X- REFL X+ REFL 
Y- REFL Y+ REFL 
RADIUS 0.0 0.19653 0.39306 0.45802 
MESHX 0.0 1.26209 
MESHY 0.0 1.26209 
MIX 1 1 2 3 

ENDG STOP 
$TRK EXCELL SIMPLE ; 

NEWT SIMPLE 
TRAK TSPC 24 40.0 STOP 

$SHI ; 

GRMIN 5 GRMAX 27 STOP 
$ASM ; 

PIJ STOP 
$FLU ; 

TYPE K STOP 
$EDI 3 ; 

UPS MERG COMP 
COND 27 69 
STOP 
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$END ; 

The $INI module sets the title, the maximum number of regions (4), the maximum 
number of mixtures (3), the type of transport correction for scattering cross sections 
(WIMS-type with the use of microreversibility for groups with an index higher than 27), 
and asks for a reformatting of the main HDB, named 'XSM'. 

The $LIB module is used to interpolate the microscopic cross sections against absolute 
temperature and dilution and to produce mixture-ordered macroscopic cross sections. We 
use a MATXS microscopic cross section library (NJOY-89 type), named 'MATXS7A', with 
69 energy groups . Each mixture is specified with its index and its absolute temperature 
(in Kelvin). Each material is specified with its MATXS name (U235, U238, 016, etc.) 
followed by the number density (in 1024 particules per cubic centimeter), the dilution (INF 
stands for infinite dilution), the optional resonant region index for self-shielded isotopes 
and the type of thermal scattering approximation used with the 42 thermal groups (free 
gas or H<iO molecular model). The dilution value given here will only be used as an initial 
estimate for the iterations performed in the $SHI module. Only MATXS-type libraries 
require the thermalization model to be specified. 

The unique objective of the $GEQ module is to define the geometry of the case. This 
geometry is set before knowing which type of discretization or numerical treatment will 
follow. The first line indicates that the geometry is a 2D rectangular cell with three 
concentric annuli inside. The following data is used to set the boundary conditions (re
flection on each side), the annular radius, the external side widths and the mixture indices 
corresponding to each region of the cell. 

The $TRK module allows the geometry named 'SIMPLE' to be discretized by the EX-
CELL door named 'EXCELT'. A new tracking file is created and named 'SIMPLE'. A 
cyclic tracking (with 24 angles and 40.0 tracks per cm) is used in order to represent a 
specular boundary condition. 

The $SHI module uses microscopic cross section data from the $LIB module and 
tracking information from the $TRK module in order to compute the actual dilution of 
each resonant isotope (U235 and U238) and to perform a new interpolation in the MATXS 
file. Only dilutions where the energy groups have indices between 5 and 27 are computed; 
the other groups are assumed to remain at an infinite dilution. 

The $ASM module uses macroscopic cross section data from the $LIB and $SHI modules 
and tracking information from the $TRK module to compute the reduced and scattering 
modified CP matrices for each of the 69 energy groups. We have not used the important 
potential of DRAGON to base self-shielding and flux calculations on a different tracking. 

The $FLU module uses macroscopic cross section data from the $LIB and $SHI modules 
and CPs from the $ASM module to compute the neutron flux for each of the 69 energy 
groups. The transport equation is solved for the critical effective multiplication factor 
without a buckling or leakage model. No diffusion coefficient will therefore be obtained. 
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Finally, the $EDI module performs spatial homogenization (the cross sections are 
smeared over the complete cell) and coarse energy group condensation. The first coarse 
energy group contains micro-groups 1 to 27; the second coarse energy group contains the 
remaining micro-groups. A correction is performed to remove any up-scattering residue 
from the coarse energy group scattering cross sections. No SPH correction is applied to 
the resulting cross sections. 

U.C. A next-generation lattice code 

The two lattice codes AP0LL0-2 and DRAGON are based on similar theoretical 
models (with the exception of the resonance self-shielding model) and similar numerical 
analysis techniques. However, they differ noticeably in their programming style and in 
their user interface. Each approach has its advantages and drawbacks, but we should 
recognize that the APOLLO-2 user interface is more flexible and straightforward. Ex
perience gained with the two codes allows us to propose the design of a next-generation 
lattice code that will retain the best ideas of the two approaches. As indicated in Fig. 4, 
we propose to write a code with the following specifications: 

DRAGON 
1991 

APOLLO-2 
1990 

Next generation 
lattice code 

1 1 
1990 2000 

Figure 4. A next-generation lattice code. 

• An advanced kernel will be built to handle a custom data type similar to the GIB-
IANE object, but implemented as a linked list. Each data type will map to a 
hierarchical structure, will be dynamically allocated using the computer's memory 
management algorithm and will be accessed with a pointer. Linked lists will be the 
only data type used to transfer information between modules (common blocks will 
no longer be used). An example of a linked list is shown in Fig 5. 

• The same theoretical models and numerical analysis techniques already implemented 
in DRAGON will be used. This should reduce the development period to about 
a year and a half. The new programming will be limited to the definition and 
management of the linked lists. 

• The next-generation lattice code will be programmed in straight FORTRAN-77 or 
FORTRAN-90 but other utility modules could be written in one of the following 
languages: 
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- reoordl 

- record2 

{ record3 

i— recofd7 

directory3 —J 

- record4 *- records 

I — diroctory2 — - reoord5 

— record6 

Figure 5. An example of a linked list. 

- straight FORTRAN-77 

- FORTRAN-77 with M1L-STD 1753 extensions (Cray-style pointers, structures 
and records) 

- FORTRAN-90 

- C 

The first demonstration version of the advanced kernel will be written in FORTRAN-
77 with MIL-STD 1753 extensions, but will be translated into FORTRAN-90 when 
available. 

• A driver similar to GIBIANE will be written to support the linked lists and to 
read macro-language instructions. The modules will be callable from this driver, 
but we will also add the possibility of having "embedded modules", i.e. modules 
called directly from a subroutine written in any of these four languages. The actual 
DRAGON doors will therefore become embedded modules, as shown in Fig.6. 

• The actual hierarchical database (HDB) of DRAGON will be used to backup the 
linked lists on a direct access file and to permit code restart. 

With this new user interface, the input to a module named MOD : with two embedded 
modules EMBi : and EMB2: will always be of the form: 

(list of output linked lists) := MOD: (list of input linked lists) (list of options for MOD:) 
: : EMBI: (list of options for EMBI:) 
: : EMB2: (list of options for EMB2:) ; 

The input data of the Mosteller benchmark, presented in the last section, will now 
appear as 
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Generalized driver 

_roador physic» modules UWy modules 

fFLuh 

| JPMF: | | JPMT: 

5" 711 
I XSM:I 

I ITRK: I I ASM: I 

1 — - 1 1 c n -
[ JPMT: I I JPMP: 

SYBILT: | 

IEXCELT:! 

JPMA: I 

SHI 
I 

I JPMP: I 

JPMA: I 

I EDI 

.3" 
ITRFICF:! I SYBILT: | 

1SYBILP.I jSYBILP:! 

rëNôn 

EXCELP:! IEXCELP:! 

IEXCELT:! 

|BIVACT:| 

Figure 6. The structure of a next-generation lattice code based on DRAGON. 

LINKED.LIST TITLE LIBRARYl LIBRARY2 SIMPLE DISCR CP CALC OUT 
FILE TRACKS ; 
EMBEDDED.MODULE EXCELT: EXCELP: TRFICF: ; 

TITLE :» INI: 
TITL 'MOSTELLER BENCHMARK FOR DOPPLER EFFECT WITH EXCELL' 

MAXR 4 
NMIX 3 
CTRA WIMS 27 ; 

LIBRARYl :• LIB: TITLE 

NGRO 69 
MIXS LIB: MATXS FIL: MATXS7A 
MIX 1 600.0 
U235 .000166078 
U238 .0228994 
016 .0461309 

MIX 2 600.0 
ZRNAT .0383243 

MIX 3 600.0 
HI .0442326 

016 .0221163 

BIO .102133E-4 

INF 1 
INF 1 
INF 

INF 

INF 
INF 
INF 

THER 42 FREE 
THER 42 FREE 
THER 42 FREE 

THER 42 FREE 

THER 42 H20 

THER 42 FREE 

THER 42 FREE 

SIMPLE := GEO: TITLE 
CARCEL 3 

X- REFL X+ REFL 
Y- REFL Y+ REFL 
RADIUS 0.0 0.19653 0.39306 0.45802 
MESHX 0.0 1.26209 
MESHY 0.0 1.26209 
MIX 1 1 2 3 
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ENDG ; 
DISCR TRACKS := TftK: SIMPLE 

:: EXCELT: TRAK TSPC 24 40.0 ; 
LIBRARY2 :« SHI: LIBRARYi DISCR TRACKS 

GRMIN 5 GRMAX 27 
:: EXCELP: ; 

CP :- ASM: LIBRARY2 DISCR TRACKS 
PU 
: : EXCELP: ; 

CALC := FLU: CP 
TYPE K 
: : TRFICF: ; 

OUT :» EDI: CALC 
PRINT 3 
UPS MERG COMP 
COND 27 69 ; 

END: 

Here, the input deck begins with declarations for linked lists, files and embedded 
modules. Any word not declared is considered as a key-word option. The generalized 
driver keeps track of the dependencies between the linked lists and the files, as shown in 
Fig. 7. 

TITLE — * • LIBRARY1 -v__ 

{ DISCR - i > LIBRARY2 —+• CP — - CALC — * - OUT 

TRACKS-J 

Figure 7. An example of linked lists and files dependencies. 

For example, DISCR depends on SIMPLE, which means that 

• Any module using DISCR as an input parameter will have access to the contents of 
SIMPLE if this information is required. 

• SIMPLE cannot be deleted or modified until DISCR is deleted. 

The programming of the advanced kernel and generalized driver is expected to be 
realized in three phases, with the completion of phase 1 at the end of 1995: 

1. The generalized driver will be written without the possibility to include conditional 
logic, local variables and/or procedures. All the modules will be linked together as 
a single load module. 
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2. The conditional logic, local variables and procedures will be added. Each module 
will be implemented as a different load module, but the code will execute on a single 
computer. The modules will be loaded from a run-time library at execution time. 

3. The potential to execute different modules on different computers will be added. 

III. CONCLUSION 

APOLLO-2 and DRAGON are two lattice codes that are similar in terms of theoretical 
models and numerical analysis techniques, but very different from the programming and 
user interface point of view. Understanding these differences and a knowledge of their 
drawbacks have led to the design of a next-generation code that will retain the best ideas 
of both codes. The first phase of this reprogramming effort could be carried out within 
a year and a half, provided that we avoid developing new theoretical models or new 
numerical analysis techniques. 

The advanced kernel and generalized driver are not specific to lattice calculations and 
their use could be extended to other aspects of engineering. Linked lists and modules can 
be defined to handle full core diffusion calculations, fuel management and optimization, 
thermalhydraulics, structural mechanics and metallurgy. This would enable these topics 
to be easily interfaced without programming a single line of FORTRAN. Finally, an 
expert system could be designed to manage the interaction between all the modules and 
databases involved in the complete design study of a nuclear reactor.^ 
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Abstract 

Utilization of burnable poison for the SEU fueled CANDU 6Mkl core is proposed. The main incentives for this 
proposal are the reduction of void reactivity effects - due to increased fuel absorption - and the achievement of 
better axial as well as radial power shape control. The latter aEows the preservation of construction parameters of 
the standard core ( e.g. number and location of reactivity devices ). It also permits the use of regular shift fueling 
schemes, as opposed to the more involved "advanced schemes", usually proposed for the SEU fueled core. 
Burnable poison is a good solution especially for the enrichments exceeding 1% 235rj 

. The paper makes an 
analysis of a 1.2% SEU - boron added - fueled CANI/J 6Mkl core. Comparison is made to a reference case 
consisting of a 1.2% SEU - no boron - CANDU core. Two-, and four-bundle regular shift schemes are 
considered for the boron case. A two-bundle regular shift scheme is used for the reference case. 

1.0 Introduction 

Burnable poisons are often used in PWR fuel assemblies to compensate for the initial reactivity 
excess, to flatten the radial power shape and to achieve higher discharge burnup. A recent 
study , [1], for the "Sizewell B" PWR , under construction in Suffolk - England , is a good 
example for the above statement. The study assumes the use of Gadolinium fuel assemblies -
fuel pins 3.84 w/o UO2 and poison pin 0.6 w/o Gd2Û3 in 2.0 w/o enriched uranium - and 
infers an increase in the discharge burnup from 32 Gwd/the to 40 Gwd/tHE. 
Burnable poisons are not attractive for natural uranium fueled CANDU reactors , for neutron 
economy reasons. In change, there are good reasons for using bumuble poison in SEU fueled 
CANDU reactors : 

-the possibility to reduce void effects - 22.5 mk for SEU fresh clean fuel and 20.8 mk 
for Natural Uranium fresh clean fuel - [2] 

-the possibility to control the power shape , which permits conservation of present 
construction parameters of the core as well as use of simple - regular shift - fuel management 
schemes, instead of quite involved "advanced" schemes , usually proposed for SEU - [3], [4] 
rsj. 
Burnable poisons are a promising solution especially for enrichments exceeding 1% 235 U. In 
this paper, 

10B 
was chosen as burnable poison. A 1.2% SEU, boron added, fueled CANDU 

core case is analyzed in the paper. Calculations were made using the LATREP-INR code, 
enhanced and adapted from Cycle-4 version of LATREP-AECL, [6] , and the SERA fuel 
management code, [7]. 

2.0 Void effects 

For a CANDU cell, the loss of coolant leads to a reactivity increase, cased mainly by the 
significant decrease in the resonance integral - due to the increase in the mutual shielding 
between elements - that causes resonance absorption to decrease. Spectral changes due to 
rethermalization, influence the reactivity in a lesser extent. The influence depends on the fuel 
composition. The maximum void effect is obtained for fresh clean fuel and it depends on the 
enrichment, as one can see from table 1. 



Table 1. Void effect versus fuel enrichment 

enrichment (% 235 U) 
void effect (mk) 

0.71 1 0.93 
20.8 21.9 

1.2 
22.5 

The void effect decreases with bumup due to fuel composition modifications, namely 
modification of uranium isotope concentration to plutonium isotope concentration ratio. 
Plutonium builds up as a result of bumup. 

The boron added to the SEU fuel increases the fuel absorption, thus compensating for the 
decreased resonance absorption caused by the loss of coolant. The boron effect depends on the 
boron concentration as pictured in figure 1. The effect diminishes with bumup. As boron is 
burned out, the void effect values for burnup higher than 7 Mwd/tHe are almost equal for both 
the boron-added and the no boron added cases, as illustrated in figure 2. 

h 10 15 2C 2i 30 l i 

boron concentration ( ppm ) 
F i g . l Void e f f ec t versus 

boron concentrat ion 

: s.noo 10.033 is.ceo 20.000 26.000 

burnup ( Hwd/tHE ) 
Fig.2 Void e f fec t evo lu t ion 

wi th burnup 

It is to be mentioned that, for fresh clean boron SEU fuel, the void effect is lower than for the 
natural uranium fresh clean fuel. The void effect for a 35 ppm boron SEU fuel is 17.2 mk 
compared to 20.8 mk for natural uranium fuel. Therefore, safety systems designed for the 
natural uranium core are expected to perform satisfactorily on the boron SEU fueled core too. 

3.0 Fuel Management Analysis 

The analysis of the effects of boron on power shape control capabilities as well as on the 
choice of axial fueling scheme was performed in three steps: 

-Cell calculations — performed for cell parameter evolution with bumup analysis, for 
discharge burnup penalty evaluation, and for allowable boron concentration range assessment 

-Supercell calculations - for axial power shape control effect analysis, for axial fueling 
scheme choice, and for optimum boron concentration estimation. 

- Core calculations — performed for equilibrium power shape analysis (time average 
calculations), and for refueling overpower analysis (instantaneous calculations). 

3.1 Cell Calculations 

Cell calculations were performed using the LATREP-ENR code. The burnup routine was 
modified to account for the boron , ^"B isotope. A rough estimation of the maximum 



allowable boron concentration was obtained from the condition that the cell reactivity for the 
boron SEU fresh fuel should not be less than the reactivity for the natural uranium fresh fueL 
This way, the maximum boron concentration was set to 35 ppm l^B. 
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Integrated multiplication properties for equilibrium fuel are pictured in figure Z for two values 
of the boron concentration. Figures 4 and 5 present the evolution of bundle power to cell flux 
ratio, and of bundle radial form factor ( maximum rod power to average rod power ratio ), with 
burnup. The evolution of k-inf with burnup was used to assess the discharge bumup, and, 
consequently, the discharge burnup penalty, as pictured in figure 6. A penalty of approximately 
7% was found for a 35 ppm boron concentration. 
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Curves in figures 3, 4, and 5 suggest that possibilities exist to reduce the axial distorting effect 
of the adjuster rods, to obtain a symmetrical axial power distribution, to reduce the refueling 
bundle overpower, and to use 4-bundle regular shift refueling schemes with positive effects 
upon the fueling machine. 

The bundle power form factor for the boron SEU fresh clean fuel is higher than that for the 
SEU fresh fuel without boron. However, the possibility to obtain a symmetrical axial power 
distribution and to achieve lower operational bundle power values suggests that even the 37-rod 
fuel bundle could comply with the operational limits imposed by boron SEU fuel. 

The evolution of integrated multiplicative properties near the discharge bumup for the SEU 
fuel is not influenced by the presence of boron. Therefore, radial power flattening using 
different bumup zones is expected to be quite similar for the two kinds of fuel. The better 
power shape axial symmetry attained with boron SEU fuel, increases the adjuster rod system 
effectiveness, leading to a better radial power flattening. 



3.2 Supercell Calculations 

Supercell calculations were performed using the fuel management SERA code developed at 
INR. Cell constants obtained with LATREP were used. The supercell model was chosen to 
correspond to the most heterogeneous core region. The selected supercell is 8x8 channel wide. 
It is centered on channels LU, L12, Mi l , and M12. Reactivity devices were modeled in detail. 
The discharge burnup and irradiation distribution were determined using a* Zero excess 
reactivity condition. The flux and power were normalized to a thermal power of 347.183 Mw. 
The scope of the analysis was to determine the effect on the axial power shape and the axial 
refueling scheme. 
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A lower maximum bundle power and a smaller central depression, compared to the SEU fuel 
without boron were obtained, as shown in figures 7, 8, and 9. An optimum boron 
concentration of 35 ppm and a four-bundle shift scheme were found to constitute the optimum 
choice. 
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3.3 Core Calculations 

Core calculations were performed for a CAMDU 6Mkl core using detailed modeling of 
adjuster rods and zone control units. The rest of the reactivity devices was taken into account 
by means of a reactivity excess of 2 mk. Reactivity device properties identical to those for the 
natural uranium core were used. A 45% ZCU fills ratio, typical for usual operating conditions, 
was used. A single burnup radial zone was considered. 
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Fig.10 Relative channel power distribution on half core for 35 ppm boron concentration 
- 2-bundle shift refueling scheme ( reference: 2 bundle shift ) 
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Flg.11 Relative channel power distribution on half core for 35 ppm boron concentration 
-4-bundle shift refueling scheme ( reference : 2 bundle shift ) 

3.3.1. Time-average Calculations 

The equilibrium power shape, obtained through time-average calculations, is a good illustration 
of the considerations made in section 3.1. Better radial flattening and axial symmetry are 
achieved, as shown in figures 10 to 13. The central axial power depression due to adjuster rods 
is practically eliminated. As a direct consequence, high bumup fuel bundle power boosts are 



also eliminated. A symmetrical cosine power shape can be observed for the channels 
unaffected by the presence of reactivity devices. 
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3.3.2 Instantaneous Calculations 

Instantaneous power distributions were computed using the modified random age method, 
described in [8]. The scope of the analysis was to determine the refueling overpowers and the 
power envelopes. Table 2 shows averaged instantaneous calculations' results, relative to the 
reference case. 

Table 2. Main Instantaneous Calculation Parameters 
Relative to the Reference Case 

axial refueling scheme 

2-bundJe shift 
4-bundle shift 

maximum average 
relative channel power 

0.857 
0.909 

maximum average 
relative bundle power 

0.803 
0.847 

CPPF relative value 

0.970 
1.022 

A higher CPPF (Channel Power Peaking Factor) is obtained for the 4-bundle shift scheme 
boron SEU fuel case compared to the 2-bundle shift no boron fuel case; However, the better 
radial power flattening achieved in the latter case compensates for the higher CPPF and makes 
the solution attractive. 
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The maximum bundle power for the reference case was used as denominator for normalizing 
the bundle powers. Power boosts at high burnup are shown to disappear in the boron fuel 
cases. 
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An approx. 15% lower maximum bundle power was obtained in the 4- bundle shift, boron 
SEU fuel case, compared to the reference case. The 15% decrease is comparable to the one 
obtained with the 43-rod fuel bundle, [8]. It can be inferred that the 37-rod fuel bundle in 
conjunction with boron could be used for SEU fuel. 

4.0 Summary and Conclusions 

Utilization of burnable poison for the SEU fueled CANDU 6Mkl core is proposed. The paper 
makes an analysis of a 1.2% SEU - boron added - fueled CANDU 6Mkl core. In this paper, 
10B 

was chosen as burnable poison. Comparison is made to a reference case consisting of a 
1.2% SEU - no boron - CANDU core. Two-, and four-bundle regular shift schemes are 
considered for the boron case. A two-bundle regular shift scheme is used for the reference 
case. 

The analysis of 35 ppm boron 1.2% SEU fuel for the CANDU 6Mkl core revealed the 
following aspects: 

- Significant reduction of the void effect is achieved (17.2 mk compared to 22.5 mk 
for 1.2% SEU, and 20.8 mk for natural uranium fuel) 

- Adequate control of radial and axial power shape is obtained. Radial flattening and 
axial depression compensation are achieved. 

- A four-bundle shift refueling scheme can be used. In spite of the higher CPPF, 
lower maximum bundle power is attained. 

- Good fuel operating conditions are achieved. The lack of high bumup power 
boosts and the low linear power density permit the use of 37-rod fuel bundle. 

- The maximum discharge bumup penalty is of only 7.1% compared to the no 
boron SEU fuel case. 

As manufacturing of poison UO2 pellets for PWR reactors is a well-known process, no 
significant difficulties in the manufacturing of UO2 pellets - burnable poison added - for 
CANDU fuel are to be expected. 
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SELECTION OF MATERIALS WITH LOW INDUCED ACTIVITY 
FOLLOWING NEUTRON IRRADIATION 
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Sheridan Park Research Community, Mississauga, Ontario, CANADA L5K 1B2 

INTRODUCTION 
In a CANDU, CANada Deuterium Uranium, reactor the fresh natural uranium fuel 

bundles are loaded into, and the spent fuel bundles are discharged from, the fuel channels with the 
reactor operating at full power. The transfers are made from and to a fuelling machine latched onto 
the ends of a fuel channel being refuelled. 

The principal components of the fuelling machines are a rotating magazine to hold 
the fresh or spent fuel as bundle pairs, the rams and ram-heads to pull and push fuel bundles and 
the fuel channel hardware into and out of the channel and magazine and the drives to operate those 
rams. Thus each fuelling machine is a complex device which demands considerable maintenance. 

During the maintenance, the workers will be working on or near die ram-heads. 
These ram-heads will move into the core for short exposures during a refuelling operation and be 
exposed to the high thermal neutron fluxes in the fuel channel. Subsequent maintenance would 
expose die workers to die radiation hazard from any activity induced in those ram-heads. 

At one time a design change for some of the Ontario Hydro reactors was considered 
which would increase die movement of the ram-head into the core. Consequendy the ram-head, 
or ram extension, would be exposed to higher neutron fluxes than in die original design and the 
time in die high flux would also increase. This would increase the activity of die ram heads and 
consequendy die dose rates to the operators during maintenance. Against that background mere 
was a need to identify .materials which produced a relatively small dose rate from induced activity. 

Hitiierto, die way to select such a material had been to review die thermal neutron 
absorption cross sections, me stability of die daughter products, and die type of decay. This type 
of process was used to identify titanium or a titanium based alloy as a suitable material. The 
material originally chosen for die fuelling machine ram extension was a titanium based alloy which 
has a composition of approximately 6 percent by weight of aluminum, 4 percent by weight of 
vanadium, widi the rest being titanium. We will refer to this material as (H/6A1/4V). However, 
an analysis of die activation products using the isotope generation and depletion code ORIGEN^ 
showed that approximately 40% of die dose rate comes from Scandium-46, tiiis and other fast 
neutron activation products made t'tanium unsuitable. 

Scandium-46 is a fast neutron reaction widi an energy threshold of 2.8 MeV. It is 
formed in a (n,p) reaction from titanium 46Ti (n,p) 46Sc. Since titanium has a low diermal neutron 
cross section, a review of die cross-section table would neglect any fast or epithermal neutron 
activation processes. Thus, to have a complete prediction of the activity levels in different 
elements, we used die isotope generation and depletion code ORIGEN-S(2) and ran it for die first 
83 elements in the periodic table. 
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BACKGROUND 
During normal refuelling operations the ram extension would be inserted for about 

90 seconds in the high neutron fluxes in the fuel channel. The ram head extension would move 
about 480 mm into the fuel channel, that is about 19 inches past the inner plane of the calandria 
side tubesheet At this location the bundle power in the fuel channel is about 220 kW. 

Since the ram extension will move up to touch the fuel bundle, it will be exposed 
to a relatively hard neutron spectrum created by the fission neutrons from that fuel bundle. Those 
fission neutrons are the source of large fast and epithermal flux components. In the ORIGEN code 
the neutron flux spectrum is defined in terms of fast, epithermal and thermal neutron flux 
components via the parameters, FAST, RES, and THERM. Each flux component is multiplied by 
a corresponding spectrum-averaged neutron-activation cross section to calculate the total reaction 
rate. 

For the ram extension the details of the neutron spectrum were extracted from a 
two-dimensional discrete ordinates calculation run in RZ geometry about the axis of the fuel 
channel. This calculation simulated a fuel channel with one fuel bundle missing, that is, a cylinder 
of heavy water coolant beside a fuel bundle. 

For the fuel bundle power of 220 KW, the thermal flux at the end of the fuel bundle 
was 8.59xl013 n/cm2.s. 

The ram extension would experience that level of neutron flux for 90 seconds every 
286 minutes where the 286 minutes was derived from the frequency of refuelling visits, the 
bi-directional nature ol refuelling, and the number of fuelling machines. We assumed that the ram 
extension could be replaced after approximately two years of service. Consequently we needed 
to calculate the activity in the ram extension after roughly 3700 irradiations. 

However, rather than model the 3700 irradiations explicitly, a two-year period of 
continuous irradiation in a low flux followed by 20-cycles of high flux irradiation and decay was 
modelled. This treatment will simulate the buildup of any long-lived or short-lived activities 
precisely. The treatment will be slightly in error for radionuclides of intermediate half-life say 4-5 
days but the error is unlikely to be significant (<10%). 

Although the ORIGEN code calculates the specific activities in a material it 
provides no calculation of the dose rate from those activities. Even a calculation of the dose rate 
from the activities in a material is inadequate to assess the dose delivered to operators involved 
in maintenance. 

For that reason we chose to assess the hazard from each material based on the 
amount of decay energy which the material would release. We argued that the external dose to the 
operator would be directly proportional to the amount of gamma energy released in decay. That 
is, there is relatively little self-absorption of gammas in the ram extension. For the energies of the 
decay gammas and the anticipated dimensions of the ram extension, this assumption is unlikely 
to make a large difference. It will overestimate the significance of decay gammas of low energy. 

METHODOLOGY 
The radiation dose an atomic radiation worker would receive is directly 

proportional to the average gamma energy release from the ram material. Therefore, to minimize 
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the radiation dose, we need to choose an element that releases the least amount of decay gamma 
energy from its activation products. 

Using the ORIGEN-S code, we irradiated unit-mass of the eighty-one elements 
from atomic number 1 to 83. We omitted technetium and promethium since they do not occur 
naturally. Each of the ORIGEN-S runs consisted of three sections. The first was a low flux 
irradiation of two years. The second was 20 cycles of one and a half minutes of high intensity 
thermal neutron irradiation followed by 286 minutes decay. The third was a decay period of one 
year. 

The first section simulated the intermittent irradiation of the ram head for a 
two-year period. The thermal neutron flux used in the two-year irradiation was assumed constant 
at 4.57 x 1011 n/cm2-s. In the second section, we had simulated the last 20 cycles of the ram 
extension under the intermittent exposure in the fuel channel. In the third section, we let the 
activation products decay for one year. This allows us to cover the total decay gamma energy 
within any integrating period for up to one year. The output options selected were the gamma 
energy and nuclear energy release rates. 

After all 81 ORÏ''• N-S runs were completed, we fed the outputs into a 
post-processipg program LORA. 1/'*•;.A reads all 81 ORIGEN-S outputs, extracts the total power 
and the gamma power released from all activation products. The code then integrated the power 
release for all activation products over the cooling period from six hours to one week. We had 
chosen the period of six hours ';> one week because this is typical the time needed to perform 
maintenance on the ram extension. The integrated energies released from all activation product 
formed in an element were summed. 

The summation for each element was used to rank the 81 elements in descending 
order of hazard Z3 shown in Tables 1 and 2 Table 1 is based on the total gamma energy released; 
Table 2 is based on the total nuclear energy released. The former gives a measure of the external 
hazard, the latter gives a measure of the extremity dose hazard. The baseline material (Ti/6A1/4V) 
is included in b- th tables in its relative ranking position. 

All elements in tables 1 and 2 are ranked based on one gram of initial element. If 
one were to choose a material for the ram extension that has an induced activity and associated dose 
1,000 times less than the baseline material aftertwo years of operation, one can use Table 1 to select 
a material which has a total gamma energy release 1,000 times less than that of (Ti/6A1/4V). 

One can also use the table to assess the hazard of any material by weighting the 
relative hazards by the proportions of the elements in the material. 

CONCLUSION 

In this study of all the transition elements, vanadium seems to generate the smallest 
activation product hazard. Moreover, most of the dose from vanadium is from 4*Sc, which has a 
half life of 43.7 hours. If a delay of two days is possible for the maintenance of the ram, the dose 
would be halved. A material such as glass or an organic would also be suitable from an activation 
viewpoint. If a high-strength organic plastic which could be identified, the external radiation 
hazard from the ram extension during maintenance would be minimal. However, one would need 
to consider the radiation resistance of the material. 
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This report pesents a systematic method of selecting a material that has a minimum 
amount of neutron induced activity. The method eliminates the possibility of missing activation 
products that may be generated from intermediate or fast neutron bombardment in a reactor 
spectrum. Although the current method had focused on materials that are under irradiation in a 
CANDU fuel channel spectrum and for a unique irradiation history, the method can be applied to 
the selection of materials in different neutron spectra, and different irradiation histories. 

REFERENCES: 

1. M.J. Bell, ORIGEN User Manual, ORNL-4628, May 1973 

2. O.W. Hermann, R.M. Westfall, ORIGEN-S User Manual - Draft, ORNL, February 1989 
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Table 1 
Ranking of 81 elements based on their total gamma energy release in descending order 

over the period of 6 hours to 1 week after 2 years of irradiation cycles 

Rank 

81 

80 

79 

78 

77 

76 

75 

74 

73 

72 

71 

70 

69 

68 

67 

66 

65 

64 

63 

62 

61 

60 

59 

58 

57 

56 

55 

54 

Element 

Ir 

Sc 

Au 

Eu 

Tb 

Ta 

La 

Sb 

Co 

Lu 

Br 

Cs 

Sm 

Ag 

Yb 

Re 

Hf 

As 

W 

Ho 

Os 

Hg 

Tm 

Na 

Ga 

Dy 

Ru 

Se 

Joulesy 

3.53E5* 

1.88E5 

1.30E5 

8.79E4 

6.18E4 

5.28E4 

3.I4E4 

2.97E4 

1.97E4 

1.75E4 

1.49E4 

1.41E4 

9.89E3 

7.78E3 

7.29E3 

5.33E3 

5.22E3 

3.22E3 

2.52E3 

1.65E3 

1.58E3 

1.13E3 

1.06E3 

8.49E2 

8.41E2 

8.23E2 

7.84E2 

6.01E2 

Rank 

53 

52 

51 

50 

49 

48 

47 

46 

45 

44 

43 

42 

41 

40 

39 

38 

37 

36 

35 

34 

33 

32 

31 

30 

29 

28 

27 

Element 

Cd 

Rb 

Zn 

Gd 

Te 

Nd 

Mo 

Pt 

Xe 

CT 

In 

Ni 

Pr 

Ce 

Sn 

Ba 

Cu 

Zr 

Ge 

Pd 

Fe 

Mn 

Sr 

Kr 

Ti 

Ti/6A1/4V 

Er 

Nb 

Joulesy 

4.18E2 

3.57E2 

2.72E2 

2.58E2 

2.35E2 

1.95E2 

1.90E2 

1.85E2 

1.75E2 

1.61E2 

1.46E2 

1.26E2 

1.22E2 

1.21E2 

1.10E2 

6.78E1 

4.22E1 

3.54E1 

2.61E1 

2.57E1 

2.10E1 

1.99E1 

1.15E1 

8.70E0 

6.49E0 

5.98E0 

4.74E0 

3.10E0 

Rank 

26 

25 

24 

23 

22 

21 

20 

19 

18 

17 

16 

15 

14 

13 

12 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

Element 

K 

Al 

Mg 

V 

Ca 

Tl 

Ar 

Rh 

I 

Y 

Ne 

Bi 

Cl 

P 

Si 

S 

Pb 

N 

H 

He 

Li 

Be 

B 

C 

O 

F 

Joulesy 

2.73E0 

1.85E0 

8.76E-1 

7.01E-1 

6.24E-1 

3.80E-1 

3.36E-1 

3.65E-2 

3.26E-2 

1.14E-2 

1.54E-4 

1.11E-4 

7.15E-5 

2.97E-5 

5.42E-6 

8.19E-8 

1.24E-9 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

* Read 3.53E5 as 3.53x10s, etc. 
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Table 2 
Ranking of 81 elements based on their total thermal energy release in decending order 

over the period of 6 hours to 1 week after 2 years of irradiation cyles 

Rank 

81 

80 

79 

78 

77 

76 

75 

74 

73 

72 

71 

70 

69 

68 

67 

66 

65 

64 

63 

62 

61 

60 

59 

58 

57 

56 

55 

54 

Element 

Ir 

Au 

Se 

Eu 

Re 

Lu 

Tb 

Tm 

Ta 

Sb 

Sm 

Ho 

La 

Co 

Yb 

Br 

Cs 

Dy 

As 

Ag 

Hi 

Y 

W 

Os 

Rb 

P 

Hg 

Pr 

Joulesu, 

4.59E5* 

2.40E5 

1.99E5 

1.06E5 

9.22E4 

8.95E4 

7.65E4 

7.15E4 

6.79E4 

5.18E4 

4.94E4 

4.05E4 

3.90E4 

2.04E4 

1.88E4 

1.56E4 

1.56E4 

1.12E4 

1.12E4 

8.02E3 

7.03E3 

5.82E3 

4.16E3 

3.54E3 

2.87E3 

2.57E3 

1.90E3 

1.81E3 

Rank 

53 

52 

51 

50 

49 

48 

47 

46 

45 

44 

46 

42 

41 

40 

39 

38 

37 

36 

35 

34 

33 

32 

31 

30 

29 

28 

27 

26 

Element 

In 

Cd 

Ga 

Na 

Ru 

Nd 

Er 

S 

Se 

Gd 

Ce 

Pt 

Mo 

Pd 

Te 

Xe 

Li 

Zn 

Sn 

Cr 

Ni 

Cl 

Bi 

Tl 

Ba 

Cu 

Ge 

Zr 

Joulesui 

1.39E3 

1.06E3 

9.97E2 

9.62E2 

9.38E2 

7.13E2 

6.59E2 

6.46E2 

6.20E2 

6.11E2 

5.19E2 

4.88E2 

4.69E2 

3.80E2 

3.78E2 

3.47E2 

2.93E2 

2.76E2 

2.31E2 

1.78E2 

1.31E2 

1.12E2 

1.07E2 

8.25E1 

7.54E1 

6.92E1 

*.85E1 

4.29E1 

Rank 

25 

24 

23 

22 

21 

20 

19 

18 

17 

16 

15 

14 

13 

12 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

Element 

Mn 

Fe 

Sr 

K 

Kr 

Ti 

Ti/6A1/4V 

Ca 

Nb 

Al 

Mg 

V 

AT 

I 

Rh 

N 

He 

Pb 

Si 

Be 

Ne 

F 

B 

O 

H 

C 

Joulestb 

2.94E1 

2.31E1 

2.14E1 

1.69E1 

1.11E1 

8.47E0 

7.77E0 

4.85E0 

3.38E0 

2.10E0 

9.95E-1 

7.47E-1 

7.02E-1 

1.46E-1 

1.08E-1 

7.66E-2 

5.02E-2 

2.17E-2 

3.92E-3 

1.60E-3 

1.75E-4 

3.39E-5 

1.47E-5 

3.21E-6 

2.41E-6 

5.38E-7 

* Read 4.59E5 as 4.59x 105, etc. 
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IMPROVEMENTS IN THE FRACTURE TOUGHNESS OF 
CANDU Zr-2.5Nb PRESSURE TUBES 

G.D. Moan (AECL CANDU), J.R. Theaker, P.H. Davies, I. Aitchison, 
C.E. Coleman (AECL CRL), R.A. Graham (Teledyne Wah Chang, Albany, 
Oregon), S.A. Aldridge (NU-TECH Precision Metals, Arnprior, Ont.) 

r (,'\ ': :: r, c c'rl 

INTRODUCTION '' ' "' 

The pressure tubes used in the CANDU fuel channels have been made 
from Zr-2.5Nb ingots produced by double melting in vacuum arc 
furnaces, followed by hot forging, cutting into billets and 
trepanning, as shown in Figure l. The trepanned cores were 
recycled and used for later ingots. The hollow billets were 
heated and extruded into tube blanks that were cold drawn about 
27%. This paper summarizes work carried out recently in two 
projects that has led to improvements in the properties of 
pressure tubes. The work has included the participation of AECL, 
Teledyne Wah Chang, in Albany (TWCA), Oregon, USA (who produce 
the ingots and carry out the forging) and NU-TECH, in Waterbury, 
Connecticut and in Arnprior, Ontario (who carry out the extrusion 
and cold drawing). 

The improvements in the two areas will be described separately: 

(a) an increase in the fracture toughness (FT) 

(b) a reduction in the hydrogen concentration. 

FRACTURE TOUGHNESS (FT) 

During a study of the variability of FT in pressure tubes, tubes 
selected from different reactor sets were subjected to FT tests 
at different temperatures, before and after irradiation, and to 
other tests including microstructural examinations. The FT tests 
were made on curved compact toughness samples cut from the tubes, 
(Reference 1). 

The range of FT values obtained in repeated tests is shown in 
Figure 2 for tests carried out at 23°C and 240°C. The FT values 
at 240°C ranged from 153 to 353 MPa. This variation cannot be 
attributed to the year in which the tubes were made even though 
the tube with the lowest FT was made first and that with the 
highest FT was made last, separated by ebout 16 years. The 
second lowest FT was made just before the tube with the highest 
value, and the tube with the third highest valne was made second. 

The work also confirmed that the ranking of the tubes by FT was 
closely followed in FT tests at different temperatures, and after 
irradiation, so that a tube with a high FT ranking at 23°C also 
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had a high FT ranking at 240°C, and after irradiation, as shown 
in Figure 3. These results indicated that microstructural 
features were responsible for the variability in the FT. 

Fractography of radial-axial (RA) fracture faces showed that 
there were axial fissures as indicated in Figure 4, and the FT 
increased as the spacing of the fissures increased (Figure 5), 
with no fissures being found in the material with the highest FT 
values. It was suspected that microsegregation was promoting 
delamination on transverse-axial (TA) planes that led to the 
fissures seen in the RA planes in Figure 4. 

Specimens, shaped to promote delamination of TA planes and broken 
open in a Scanning Auger Microscope, showed the presence in the 
TA plane of regions of easy fracture surrounded by regions of 
ductile fracture. The regions of easy fracture were approximately 
15 micrometres wide in the transverse direction and contained 
deposits of Cl and C as a Zr-Cl-C complex, as seen in Figure 6. 
The deposits were only about 0.015 micrometres deep (in the 
radial direction). A more detailed account of the analysis of 
these regions is given in Reference 2. 

Samples from the tubes were also subjected to chemical analysis, 
including the allowed impurity elements and many other elements 
that we had not monitored earlier. When it was realized that the 
FT depended on the Cl concentration in the tubes, as shown in 
Figure 7, discussions with TWCA led to the discovery that tubes 
with the highest FT (and lowest Cl) had been made from ingots 
made up 100% from recycled Zr-2.5Nb, usually in the form of 
trepanned cores from the billets. Ingot records showed that 
several ingots made from 100% recycled material had been produced 
over the years and tubes from them were in service. Archive 
samples were shown to have high FT properties. These results 
showed that tubes made from 100% recycled materials had superior 
FT that could be attributed to the fact that the material had 
been melted 4 times, twice for the first billets, then twice 
again when recycled. It was proposed that melting ingots 4 times 
would lead to the improved FT properties. 

To test the proposal, it was arranged with TWCA and NU-TECH to 
produce an ingot with deliberate quadruple melting and to process 
part of it to finished tubes. The tubes were then subjected to a 
range of tests including FT and tensile tests. The FT results 
are shown in Figure 7, marked Quadruple Melted, indicating that 
the desired benefit had been achieved. It was also determined 
that the Cl concentration in the material had been reduced at 
each melting stage. 

The quadruple melting has led to a slight increase in the tensile 
strength and ductility of the material as measured in tensile 
tests. No deleterious effect has been found in surveys of the 
other properties; for example, the in-reactor axial elongation 
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rate seems unaffected by the amount of recycled material used in 
the ingots, as shown in Figure 8. 

Thus, the use of quadruple melting of the Zr-2.5Nb ingots has led 
to a beneficial increase in the FT of Zr-2.5Nb tubes, before and 
after irradiation. However, since the microstructures of 
Zircaloys and Zr-2.5Nb are different, the use of quadruple 
melting with Zircaloy ingots may not give the same improvement. 

HYDROGEN CONCENTRATIONS IN NEW PRESSURE TUBES 

Delayed hydride cracking in Zr-2.5Nb can be prevented by ensuring 
that the local tensile stresses are kept below 675 MPa, or by 
keeping the hydrogen (H) concentration small so that hydrides are 
not present until the material is cooled to temperatures below 
]50°C. Since deuterium is picked up during operation, it is of 
benefit to control the initial H concentration in the tubes. 

The aim of the second project was to reduce the H concentration 
in new tubes by determining the stages at which most was 
absorbed. This was achieved by collecting slices of material at 
the different processing stages shown in Figure 1. Several 
thousand samples were prepared for H analysis so that the H 
concentration and its variation in and among slices could be 
determined. The results of the analyses showed that the H 
concentrations in the sponge samples were high and variable, and 
that the double melting carried out during ingot preparation 
caused a large reduction in the values. Most of the other H 
concentrations measured at the different stages were about 4-5 
ppmH, but higher concentrations up to 40 ppmH were found at the 
forged surfaces. More recent work shows that quadruple melting 
reduces the H concentrations „n the ingots. 

The tube manufacturers had already introduced improvements in the 
processing of the material independent of the test program, for 
example, the use of new vacuum systems during the melting of the 
ingots, and the use of electric, rather than gas, fired furnaces 
for heating the material before forging and extrusion. The 
results from the H concentration study were used to optimize the 
procedures used for the processing of the Zr-2.5Nb. These 
procedures have led to a reduction in the H concentrations in new 
pressure tubes, and the manufacturers have agreed to a change in 
the specified maximum H concentration from 25 to 5 ppmH. The 
data in Figure 9, a comparison between 1980's and 1992 values, 
shows that the manufacturers have been very successful. 

CONCLUSIONS 

1. The use of quadruple melting has led to an improvement in 
the fracture toughness of Zr-2.5Nb pressure tubes, before and 
after irradiation. 
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2. Manufacturing improvements in the processing of Zr-2.5Nb 
have allowed the specified maximum H concentration to be set at 5 
ppmH, down from the previous value of 25ppmH. 
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Figure 1. 
Schematic diagram showing the 
principal steps in the production 
of CANDU Zr-2.5Nb pressure tubes 
from as-cast ingots. 
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Figure 2. 
Comparison of the fracture toughness in tests at 23 and 240t,C using 
curved compact toughness samples prepared from selected pressure 
tubes made at different times. 
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Figure 3. 
Comparison of the fracture toughness at 24Q°C of the materials in 
Figure 2 before and after neutron irradiation. The ranking of the 
tubes is unaffected by the irradiation. 
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Figure 4. 
An example of the fissures in the fracture surface after the tes t s 
shown in Figures 2 and 3. 
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Figure 5. 
Graph showing how the fracture toughness increased as the &pacing 
between the fissures increased. A similar graph shows that the 
fracture toughness also increased when the length of the fissures 
decreased. 



Figure 6. 
Micrographs taken in a SAM showing one long region of easy fracture 
and two shorter ones in a TA fracture surface, and the correspond
ing concentration maps for chlorine and carbon. The CI and C 
concentration maps show that their concentrations are highest in 
the regions of easy fracture, and lowest in the ductile regions 
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Figure 7. 
Graph showing the variation of the fracture toughness measured in 
different tubes with the CI concentration. The range of data 
obtained from tests on deliberately quadruple melted material is 
also shown. 

7 



IN REACTOR PRESSURE TUBE ELONGATION 
11 

10 

5 9 
X) 
a-

V 
z 
o z s 6 -

5 -

EFFECT OF RECYCLED MATERIAL IN INGOTS 

a 

• • ( i i 
L " - , a , 

f 

m 

< • 

sli 
• • 

a 

' > 

1 
• 

1 
a 
a 

i _ 

20 40 60 80 
RECYCLED MATERIAL IN INGOTS, % 

100 120 

Figure 8. 
Graph showing the variation of the axial elongation rate in 
pressure tubes with the amount of recycled material in the ingots. 
The recycled material has little effect on the elongation rate. 
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Figure 9. 
Histogram showing a comparison between the H concentrations 
measured in pressure tubes produced in the 1980's and in 1992. The 
1992 tubes were processed using procedures optimized to reduce the 
H concentrations. 
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NUCLEAR SOURCES OF HYDROGEN IN CANDU FUEL CHANNELS 

by 

M. Aslam Lone ,. , 
Physics Division, AECL Research # '" " ' ° 

Chalk River, Ontario. KOJ 1J0 

Abstract: 

The contribution to hydrogen ingress from nuclear reactions is evaluated. The sources of 
hydrogen investigated are: (n,p), (n,d),(n,t), (y,p) and (y,d) in Zr, Nb and impurities in the fuel-
channel materials; knock-on recoiling protons and deuterons from elastic scattering of neutrons 
from water; and protons from photodisintegration of deuterium. The total ingress from the 
nuclear sources over 20 years is calculated to be less than 4 ppm by wt. The study points to 
impurities like nitrogen that could generate high levels of hydrogen from the 14N(n,p)14C 
reaction. 

Introduction 

There is a continuing interest in the mechanisms of the ingress of hydrogen (the word hydrogen, 
herein, refers to any isotope of the element) in CANDU fuel channels. In this paper we 
examine the nuclear processes that generate hydrogen, and give quantitative estimates of their 
contributions to the ingress of hydrogen in the fuel channels. Fuel channels in CANDU reactors 
are exposed to high fluences of neutrons and gamma rays of energies up to tens of MeV. In 
these fluences, the nuclear processes that can generate noticeable amounts of hydrogen ions are: 

-(n,p), (n,d),(n,t), (y,p) and (y,d) reactions in Zr, Nb and impurities in the tube material, 
-elastic scattering of neutrons from H and D atoms in the cooling water, and 
-photonuclear reaction with D in the cooling water. 

The significance of the contributions from these processes has to be assessed in comparison with 
the contributions from non-nuclear sources: chemical impurity in raw materials of the pressure-
tubes, residue from pressure tube manufacturing processes, and the ingress of hydrogen 
produced by corrosion and radiolysis processes. 

Scope of the Study 

A CANDU 600 fuel channel was considered as a reference. The production of hydrogen 
isotopes from nuclear reactions in the tube materials, including possible trace chemical 
impurities of Z < 50, were examined. The cross sections for nuclei with Z > 50 are too low to 
generate noticeable amounts of hydrogen. The ingress of hydrogen generated by neutron elastic 
scattering and photonuclear reactions were evaluated. The collisions of fast neutrons with 
hydrogen and deuterium atoms in the water molecules produce knock-on ions that can implant in 
the fuel channels. Similarly, the gamma-ray-induced disintegration of deuterium will produce 
higher energy protons that can implant in the fuel channel. 



2 
The objective of this study was to examine the upper limits of the potential contributions from 
the nuclear processes. Thus where information on nuclear data and concentrations of chemical 
impurities was unavailable, upper bounds were adopted. The total ingress of hydrogen in the 
fuel channels was estimated assuming that the nuclear reaction products are trapped permanently 
in the fuel-channel material. Further details of the computations and the associated cross-section 
data are given in reference 1. 

Neutron and Gamma-Ray Fluxes in the Fuel Channels 

In a CANDU 600 reactor, the lattice array pitch is 28 cm and there is about 15 cm of heavy-
water moderator between the adjacent fuel channels. With this configuration, the high-energy 
neutron flux in the pressure tube is predominantly due to the fission neutrons coming from the 
enclosed fuel channel. Each channel is 590 cm long and contains fuel bundles of 5 cm outer 
radius. For an estimate of the fast-neutron flux at the pressure tube location, we consider a 
simple line source model for the fuel channel. The production of fission neutrons from the fuel 
is 7.76xl014 neutrons per second per cm length of the fuel. The energy spectrum of these 
neutrons is well described by the Watt expression2 

N(E) = 0.453 * sinh(V2E) e'E (1) 

where N(E) is the fraction of neutrons of energy E (MeV) per unit energy interval. Thus, 
assuming an infinite line source,3 the flux at the location of the pressure tube at a radius of 5.4 
cm will be 

ME) = 0.163,1014 xsinh(V2Ë) e E (2) 

A plot of the energy spectrum of the neutron flux calculated with Eq. (2) is shown by the solid 
curve in Figure 1. The dotted curve in this figure shows the energy spectrum of the neutron flux 
calculated4 with the reactor physics code WIMS. At energies above 1 MeV, the predictions of 
this simple model agree quite well with results from the WIMS calculations, which include 
attenuation and moderation of neutrons in the fuel and the surrounding media. This agreement is 
not surprising, since the high-energy neutrons escape the fuel matrix with little attenuation. The 
neutron flux is normalized to a fission neutron source strength of 7.76x1014 n/s per cm length of 
the fuel. This bumup rale produces a flux of thermal neutrons, with energy below 0.4 eV, of 1.4 
x 1014 (n/cm2s). The fast-neutron flux decreases logarithmically with energy to a value of 109 

(n/cm2-s MeV) at 14 MeV. 

The gamma-ray fluxes in the vicinity of the pressure tube were determined by normalizing the 
ANISN calculations5 to a fission neutron source strength of 7.76xl014 n/s per cm length of the 
fuel. The gamma fluxes for the coolant sheath region between the fuel bundle and the pressure 
tube is plotted in Figure 2. The gamma-ray flux decreases logarithmically with energy from 
about 4 x 1013 (7/cm2.s MeV) at l*MeV to 109 (7/cm2.s MeV) at 10 MeV. 
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Figure 1: Neutron flux in the fuel-channel from Watt 
approximation and W1MS Code. 
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Figure 2: Gamma-ray flux in the fuel-channel-coolant 
calculated with ANISN code. 

Contributions from (n,p), (n,d) and (n,t) reactions 

The chemical composition of the fuel-channel pressure tubes is monitored at all stages of 
manufacturing, starting with the ingot material. There are limits on the permitted impurities in 
the finished products. Table 3 in reference 1 lists the typical values of various impurities found 
in the pressure tubes made of Zr-2.5 Nb. The last three columns in this table list the minimum 
energies required for the nuclear reactions that generate hydrogen. In case of the (n,p) reaction, 
some values are negative and imply that the reaction can take place with neutrons of thermal 
energy. 

Cross sections for the nuclear reactions needed for this study are tabulated in reference 1. These 
were generally available from the compilations6"10 generated by the international nuclear data 
centers. The ingress of hydrogen in the pressure tube was calculated from the reaction yield of 1 
g of the tube material placed in the neutron and gamma fluxes discussed in the previous section. 
The results are summarized in Table 1. The highest yield of hydrogen is generated by the 34 
ppm by wt contamination of nitrogen. The cross section of the 14N(n,p)14C reaction is 1.8 
barn at thermal neutron energies. In a 20-year exposure, this source will generate 0.34 ppm by 
wt of hydrogen in the pressure-tube material. 

Knock-on Protons 

The reactor-grade, cooling heavy water in the fuel channels may contain 0.2 to 5% H 20. Elastic 
scattering of a high-energy neutron from the hydrogen atom in the water molecule can impart 
enough energy to the hydrogen target atom to create a recoiling proton with sufficient energy to 
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penetrate the pressure tube. The energy spectrum of the recoiling protons can be generated from 
the kinematics of the H(n,n)H elastic scattering process. This scattering is isotropic in the 
Centre of Mass (CM) system for neutron energies below 20 MeV. In the laboratory reference 
frame 

Ep = E ncos 2 (e p ) (3) 

do(E ) aT(En) 
• - I T T - = ^ c o s O ) (4) 

and 

d q ( E p> = My 
dE E 

n 

for Ep < En (5) 

for Ep > En (6) 

Table 1: Hydrogen ingress in a CANDU 600 fuel-channel pressure tube from 
neutron and gamma-induced reactions in a 20-year time span 

Element 

Li* 
N 
0 

Mg 
Al 
Si 
Ti 
Cr 
Mn 

Concentration 
(ppm by wt) 

0.003 
34 

1050 
10 
55 
100 
20 

1000 
10 

H ingress 
(pm by wt) 

2.3E-10 
3.4E-01 
2.1E-05 
1.0E-05 
1.4E-04 
4.4E-04 
2.0E-06 
3.4E-04 
2.6E-06 

Element 

Fe 
Co 
Ni 
Cu 
Zn 
Zr 
Nb 
Mo 
Sn 

Concentration 
(ppm by wt) 

1400 
5 

600 
25 
38 

970 000 
27 000 

10 
15 000 

H ingress 
(ppm by wt) 

2.6E-03 
1.9E-06 
1.3E-06 
1.3E-04 
2.6E-04 
4.6E-02 
3.6E-03 
1.6E-03 
1.6E-03 

*Li is introduced from the coolant and produces tritium by the (n,t) reaction 

In the laboratory frame, the recoiling proton is restricted to a cone angle of 0 to 90°. The 
majority of the high-energy recoiling protons will travel in the direction of the high-energy 
neutrons coming from the fuel elements, and may reach the fuel channel with sufficient energy 
to be implanted in the tube. 

Tables 6 and 7 in reference 1 detail the calculations of the energy spectrum of the recoiling 
protons. To determine the number of recoiling protons incident on the pressure tube wall, we 
assume a H 2 0 concentration of 0.2% and consider the number of hydrogen atoms in a D 2 0 
layer of thickness equal to the range of protons of energy (Ep - 0.5) MeV. Protons of energy > 
0.5 MeV can penetrate the typical oxide layer on the pressure-tube surface. Thus the target layer 
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thickness is a function of the energy of the recoiling protons. The calculated flux of the knock-
on protons incident on the inside surface of the fuel-channel wall is shown in Figure 3. 
Implantation of all of these protons inside the fuel channel will lead to an accumulation of 0.017 
ppm by wt of hydrogen in a 20-year time span. 
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Figure 3: Flux of Knock-on Protons at the Fuel Channel Figure 4: Angular Distributions of Deuterons from 
D(n,n)D Elastic Scattering Reaction 

Knock on-Deuterons 

Elastic scattering of high-energy neutrons from the deuterium atom in the heavy water generates 
recoiling deuterons that can reach the pressure-tube wall with sufficent energy to be implanted in 
the tube. The D(n,n)D elastic scattering is found to have anisotropic angular distributions, due 
to the nuclear structure of the deuteron. The data on these angular distributions have been 
evaluated10 and are shown in Figure 4 as a function of the cosine of the neutron angle in the 
CM system for various incident neutron energies in the laboratory system. In the CM system, 
the deuteron direction is just opposite to that of the neutron direction, and the cosine of the 
deuteron angle is negative of the cosine of the neutron angle. 

In the laboratory reference frame, the deuteron energy and the differential cross section are 

E, = — E cos2 9 , d 9 n d (7) 
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d E d _ 8 

and 

d 

d g ( E
d

)
 = _9JT_ fdopp)^ 

dEd 2En I dQ JCM 

— E cos6. (8) 

(9) 

The angles 6 and <|> are, respectively, the angles in the laboratory and the CM systems. Thus the 
energy and the intensity of the recoiling deuterons depend on the recoil angle. 

Because of the anisotropy of the angular distributions, the energy spectrum of the knock-on 
deuterons has a different shape than the spectrum of knock-on protons. Figure 5 shows the 
deuteron spectrum from elastic scattering of 10 MeV neutrons. The high-energy peak is from 
deuterons recoiling in the forward direction. The partial cross sections computed from Equation 
9 for deuterons of various energies are listed in the top section of Table 8 in reference 1. The 
middle section of this table shows the computed yield rate of deuterons (d/s MeV) that are 
generated by a single deuterium target atom, due to the elastic scattering of neutrons of energies 
listed in the first column. 

To evaluate the total number of deuterons that can reach the pressure tube wall, the number of 
scattering target atoms was determined from a D20 layer thickness equal to the range of the 
deuterons of energy (Ed - 0.5MeV). Figure 6 shows the spectrum of deuterons reaching the 
fuel-channel surface. The ingress in 20 years' time would be 3.6 ppm by wt if we consider 
deuterons of all energies, and 2 ppm by wl if we consider deulerons of energies above 0.5 MeV. 

Photodisintegration of deuterons 

The. deuteron is a lightly bound pair of a proton and a neutron. The threshold energy for the 
breakup is 2.223 MeV. Thus absorption of a photon of energy Ey will release a proton of energy 
in the centre of mass system of 

Ep = - ( ET - 2 . 2 2 3 - - J 4 - ) (10) 
p 2 T 4mc_ 

For Ey below 10 MeV there is very litttle difference in the CM and the laboratory frame, and the 
differential cross section in the laboratory reference frame is 

do(0) 3 . , . 
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Table 9 in reference 1 lists the values of the cross sections and gives further details of the 
calculation of the hydrogen ingress from the D(y»n)H reaction. The energy and the flux of 
protons impinging on the tube wall depends on the distribution of the gamma-ray flux in the 
coolant region near the inside surface of the fuel-channel pressure tube. In this region, gamma-
ray flux from the fuel elements is radially outgoing, whereas the flux of gamma rays from 
neutron capture in the heavy-water moderator is isotropic. Thus the angular distribution of 
gamma rays wouid probably be a strong function of the gamma-ray energy. 

For estimates of the upper bounds, we can ignore the angular distributions and assume that the 
proton is emitted towards the fuel channel wall and takes the shortest distance from the point of 
disintegration to the wall. Under these assumptions the total ingress of hydrogen in a 20-year 
time span is calculated to be 0.0013 ppm by wt. 
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1. INTRODUCTION 

Many systems in CANDU nuclear power stations are critically dependent on the proper 
functioning of elastomeric components (O-rings, diaphragms, hoses, gaskets, etc.). These 
elastomers are subject to deterioration, physical damage, and change in material 
properties with time, temperature, fluid contact, and other environmental influences. 
Under accident conditions elastomers are particularly vulnerable to failure. 

Accordingly, station maintenance and operations personnel are requesting assurance that 
the best elastomer compound has been selected, characterized, and comprehensively 
specified for each particular set of performance requirements. This requires compound-
specific testing, with careful choice of performance criteria and test methodology. 

There are many pitfalls in the selection, specification, and procurement of elastomers. 
Physical properties like tensile strength have been, and continue to be, used for their 
selection , rather than functional characteristics like extrusion resistance or set resistance. 
There is a lack of correlation between many of the test values commonly used for 
elastomer procurement (tensile strength, elongation, modulus, etc.) and the serviceability 
of the components under operating conditions. Moreover, the selection, specification, 
and procurement of elastomeric components is often based on generic data, ignoring the 
fact that for a given environment the serviceability of compounds varies extremely within 
many generic groups. 

The result of this poor practice is less than optimal service, ranging from low safety 
margins and reliability to unnecessary conservatism in replacement schedules. 

2. OVERVIEW OF PROGRAM 

A program to improve this situation was initiated by AECL and is now in its second year. 
The objectives are to improve elastomer performance, safety margin, and service life 
predictability in operating and future CANDU stations. The program encompasses: 
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- identification and retrofitting of improved elastomer compounds, 
- development and implementation of new elastomer compound specifications 

and quality assurance procedures, 
- development of guidelines for installation, handling, and inspection of 

elastomeric components, and 
- development of a service- and shelf-life database for these compounds. 

The effort is proceeding in four phases. The first phase, now complete, identified the 
immediate needs for improved elastomers for the most critical applications. This was 
done by discussions with station personnel, and review of maintenance and inspection 
reports, and station stores records. The second phase, also complete, was to plan to meet 
these needs. Implementation, the third phase, is currently underway. This encompasses 
laboratory testing, inspection of components removed from service, selection, 
qualification and introduction of improved elastomers and improved specifications and 
QA procedures, monitoring replacement elastomer compounds during phase-in periods, 
and on-site training (in the form of "workshops" for station maintenance personnel). 

The fourth phase, also underway, focusses on service-life prediction and environmental 
qualification. This work employs "accelerated-aging" tests, to develop databases for 
specific elastomer compounds under specific conditions of exposure to heat, radiation 
and other deteriorative influences. 

3. DISCUSSION 

3.1 General 

Elastomer compounds are intermittently produced in relatively small batches compared to 
the products of most other industries. They are made by adding a variety of ingredients 
to a base elastomer stock (like making a cake). The choice of ingredients and their 
proportions, and the way they are blended and processed, affects the physical, chemical, 
and functional properties of the finished product. Since there is a wide variety of base 
elastomers and many additives, many different compounds having different properties are 
available. Industry-wide standardization by formula does not exist, nor is it feasible. To 
be meaningful, testing of elastomers must be compound-specific and tied to their 
specification and procurement. 

3.2 Selection. Specification and Procurement 

Many established laboratory-type tests are commonly used to obtain numerical data for 
standard physical properties of rubber-like materials. These, however, are often totally 
unrelated to the suitability of a particular elastomer or product for a given service. 
Selection and procurement of elastomers based on standard laboratory tests alone is 
inadequate for applications requiring high reliability. Instead, specialized testing 
procedures must be used, simulating the particular conditions under which the 
elastomeric component will or could be required to serve. These are termed simulated 
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service tests. The component is subjected to controlled conditions until failure occurs. 
The conditions, however, are adjusted to produce failure sooner than the time required in 
actual use. The suitability of the tests is judged on their ability to reproduce the types of 
failure encountered in actual service. The reliability of the tests is established when they 
consistently accept proven elastomeric compounds and reject compounds found to be 
unsatisfactory in service. Follow-up is required to ensure that the test methods and 
equipment simulate actual service conditions, and to make certain that methods of 
accelerating the failure point have not affected the accuracy of the evaluation. 

Although simulated service tests form the basis of the methodology for selection and 
qualification, established laboratory tests may provide useful supplementary data to help 
"fingerprint" specific elastomer compounds, to ensure that commercial shipments are 
identical to the material that qualified. 

3.3 Service-Life Prediction and Environmental Qualification 

In an aging environment where high temperature is predominant, extrapolations are made 
using the Arrhenius method (severity of damage is extrapolated as proportional to 
logarithmic time). When radiation is predominant, closer attention must be paid to the 
dose rate. Ideally, the accelerated dose rate must be low enough to ensure that the rate of 
diffusion of oxygen into the rubber is not limiting the damage that occurs (i.e., 
radiological damage for most elastomers is limited by the amount of free oxygen 
available). Clearly, in accelerated testing, whether it be thermal or radiological damage, 
the more representative the time base (of the actual service time), the better will be the 
extrapolation. Hence many of the tests in this study are of long duration (more than a 
year for some of the thermal tests). 

Following the long-term aging tests currently underway (to an extrapolated "end of 
service life" condition), test elastomeric components are to be subjected to simulated-
accidental thermal and radiological exposures. Their subsequent ability to perfonn the 
required function (e.g., sealing) will be assessed. This testing will provide the necessary 
databases for environmental qualification of equipment that relies on these elastomers. 

4. SUMMARY OF PROGRESS TO DATE 

Specific elastomer compounds capable of greatly improved performance have been 
identified for use at the stations, particularly for applications requiring resistance to water 
or steam at high temperatures. Station-specific programs have been implemented for 
replacement of components such as fuelling machine hoses and O-rings by the improved 
materials. Accompanying this is a program to have compound-specific specifications 
adopted for procurement of these elastomeric components at the stations. Such 
specifications are crucial to ensure that elastomeric components ordered "tomorrow" will 
be functionally identical to those being qualified "today". 



The service-life testing performed to date (six-month data now available) provides a 
much more meaningful database than was available previously, since it deals with 
specific elastomer compounds or formulations and the tests are "functionally based". 
These tests evaluate properties closely related to the function(s) required by the 
application (e.g., compression set, hardness and extrusion resistance for elastomer seals). 
The tests included assessment of the effects of radiation dose rate and the degree of 
exclusion of air (oxygen). These factors can now be accounted for in environmental 
qualification assessments. 

5. APPLICATION TO OTHER INDUSTRIES 

This work to enhance the performance of elastomers in CANDU stations is obviously 
relevant to other applications and industries. For more than a decade, AECL has been 
performing batch qualification tests for elastomer seals for nuclear pumps, especially 
main coolant pump seal cartridges. Similarly, we have performed extensive elastomer 
evaluation, development and selection tests for other customers: for the US Nuclear 
Regulatory Commission on the survivability of elastomer seals under station blackout 
conditions, and for NASA on all aspects of elastomer sealing in the Space Shuttle solid 
rocket motors. All these programs have employed testing and procedures based on the 
principles described. Those principles are: (1) that we deal with specific elastomer 
compounds (generic data are next to useless), (2) that the tests used for selection and 
qualification of elastomers be functionally based, and (3) that the tests individually or 
collectively simulate all aspects critical to good performance in the intended application. 
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Introduction 

An electrical penetration assembly is a device that provides the means for the passage of electrical 
conductors through the containment wall of a nuclear power plant while maintaining containment integrity. 
The electrical cable may be as large as 100OMCM (507mm2) used primarily for circulation cooling pumps 
or as small as triax or coax used in radiation monitoring systems. The penetration assembly must be 
designed and manufactured to survive the nuclear plant's most severe postulated Design Base Event in 
its end of life condition (40 years), and maintain containment integrity, and where required, function 
electrically. 

Construction of new nuclear plants is infrequent and those penetrations in operating plants have 
been installed for the lifetime of the facility. For the most part, purchases of new penetrations are limited 
to upgrade requirements or when the documentation provided with the original equipment does not satisfy 
new requirements. When these occasions arise, time should be spent reviewing the appropriate sections 
of the ASME Boiler Code and one of the penetration standards such as IEEE Std 317-1983 or IEC 772 
prior to writing the design specification. The following is a review of some parameters to consider when 
writing an electrical penetration design specification using as a model, a versatile penetration assembly 
manufactured by Imaging & Sensing Technology (1ST). 

Penetration Design 

The penetration assemblies manufactured prior to the early 1970's were primarily of the canister 
design. This design consisted of a carbon steel sleeve welded and sealed at both ends with stainless steel 
plates. Ceramic or glass to metal feedthroughs were brazed to the plates with the penetration pigtails 
crimped or soldered to the feedthroughs. This sleeve would then be welded to the containment nozzle. 
One of the shortcomings of this design is that if a failure were to occur (i.e. containment leak or significant 
electrical failures) it would be necessary to cut the assembly out of the wall. 

The penetration assemblies being manufactured today are a modular design. Similar to the canister 
design, a sleeve welded to a stainless steel plate (bulkhead extension assembly) is welded to the 
containment nozzle. The penetration pigtails pass through the stainless steel plates sealed in removable 
modules or feedthroughs. Figure 1 is a drawing of an 1ST modular penetration assembly designed to be 
welded to a 12" nominal containment nozzle size. The drawing shows the bulkhead extension assembly, 
two modules and one plug, and retaining lugs that secure the modules in the bulkhead. These items when 
installed are part of the containment boundary and, therefore, are controlled by the requirements of the 
ASME Boiler Code. The pigtail conductors are sealed in the module, and the modules sealed in the 
bulkhead in a manner that will allow the leak tightness of these seals to be verified during plant operation 
and shutdown by observing the monitoring gauge. Without this feature, leak tightness can only be 
demonstrated during the total containment pressure test. This provision for leak rate monitoring is a 
requirement of IEEE Std 317-1983 for penetration assemblies containing double seals. The remaining 
items in the drawing are accessories that may or may not be provided by the penetration manufacturer. 
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Figure 2 is a cutaway drawing of an 1ST module. A bare solid copper conductor is provided for 
each pigtail. The cross sectional area of each copper conductor is equal to one AWG size larger than the 
pigtail to which it is crimped. Q-1 is a three part oven cured epoxy that develops sufficient compressive 
force on each copper conductor to maintain a hermetic containment seal during normal operation and 
severe accident conditions. Q-1 also provide?, electrical insulation between the bare copper conductors.! 
After the pigtails are crimped to their copper conductors, the remaining module volume is filled with Q-2, 
an epoxy composed of the same three ingredients as Q-1 but in different percentages to permit room 
temperature curing. The function of Q-2 is to provide strain relief for the pigtail/copper conductor splice. 
The stainless steel module flange (header) contains four O-ring grooves for the sealing of the module into 
the finely machined bulkhead module holes. The monitoring space is a void in each module that connects 
wi th the volume between the pair of module O-rings and the monitoring gauge volume once the module 
is secured in the bulkhead. The pressurization of this interconnected monitoring volume with nitrogen 
permits the total leak rate of the module conductor seals and O-ring seals to be documented by recording 
any drop in pressure gauge reading. 

The discussion thus far has described the design of the environmental sealing mechanism of an 
electrical penetration. The second half of the design addresses the specifying of cable sizes, quantity of 
cable, and ampacity. This is the area where people appear to have the most difficulty when writing a 
design specification. IEEE Std 317-1983 has included in its appendix some very useful information to 
assist in sizing the penetration cable configuration. It should be pointed out, however, that the preferred 
values tabulated in Part A 1 . and A2. of the standard are for penetrations in a 12 inch nozzle size and, 
therefore, may need to be adjusted for nozzles of different sizes. For this discussion the nozzle size is 12 
inches. The maximum number of conductors of a given cable size in m assembly is based upon the cable 
diameter and minimum space required between conductors to hold off the rated and test voltages. Table 
1 is a tabulation of the maximum number of cables in a standard 12 inch nozzle 1ST penetration assembly. 
An important consideration when specifying the size and number of penetration conductors is the ratec 
continuous current. Rated continuous current is the value at which a penetration conductor in the 
assembly operates without exceeding the conductors qualified life design temperature or the 
nozzle/concrete interface temperature with all other conductors in the assembly operating at their ratec 
continuous current. The maximum allowable interface temperature is normally 150°F (66°C). To illustrate 
how the rated continuous current is determined, a calculation for one conductor size is provided. 

The cables used for pigtails in the 1ST penetrations have been qualified to the nuclear cable 
standard IEEE Std 383-1974 for 40 year life at 90°C. To determine the maximum rated continuous currem 
of 750, #16AWG cables in a 12 inch nozzle, reference is first made to Table 310-17 of the Nationa 
Electrical Code or its equivalent. The 1984 Edition indicates that #16AWG cable carrying 24 amps, o 
current in a 30°C ambient would have an insulation temperature of 90°C. This current is for a single 
conductor in air. Because in this example there are 750 conductors in a 12 inch diameter pipe, the curren 
value must be derated. Because all 750 conductors wil l be operating at 90°C, we will derate to the 
highest ambient (71°C - 80°C) by multiplying the 24 amps by 0.41 for a current value of 9.8 amps. 

It has been determined by test that if 30 watts/foot of power is dissipated in a 12 inch diamete 
pipe, the interface temperature between the pipe and the concrete in which it is imbedded will be 150°F 
when the ambient temperature outside the pipe is 123°F (50°C). 
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Using the ampacity equation and solving for I, 

l2RN = watts/foot 

where R = 5.55 x 103 ohm (one foot length of #16AWG at 90°C); N = 750 (#16AWG pigtails); 
watts/foot = 30 

I = 2.6 amps. 

These calculations are indicating that although the 750, #16AWG cables are capable of 
simultaneously operating continuously at 9.8 amps without exceeding the 90°C maximum insulation 
temperature, the current will be limited to 2.6 amps because of the 150°F interface temperature 
restriction. 

If 9.8 amps is required, and again using the ampacity equation, the number of #16AWG conductors 
operating at any one time at that current would be restricted to 56. If more conductors are required 
operating at 9.8 amps, then a larger size conductor would have to be specified. 

Qualified Life Testing 

Once designed, the penetration performance must be verified not only at normal plant ambient 
conditions, but also during or after any of the accidents or events that may occur during, or at, the end 
of plant life. 

1ST has subjected representative samples of Medium Voltage Power, Low Voltage Power, Control 
and Instrumentation penetration assemblies to the Qualified Life Testing program described in Paragraph 
6.3 of IEEE Std 317-1983. 

Qualified life testing to IEEE Std. 317-1983 includes preconditioning and life testing to various 
conditions. The preconditioning portion includes Shipping and Storage, Thermal Operating Cycle, Thermal 
Aging, and Radiation Exposure. 

Shipping and Storage, and Thermal Operating Cycle portions of the preconditioning are intended 
to provide conservative thermal cycling to the qualification units. Shipping and Storage varies from -20F 
to 150F (5 cycles), and the Thermal Operating Cycle must cover a temperature change of 100F (120 
cycles). These cycles are easily tolerated by the penetration assemblies. 

Thermal aging of the penetration assembly components follows the requirements of IEEE Std. 317-
1983, and utilizes activation energies of the materials. Derivation of the 1ST proprietary epoxy compound 
activation energy was based on an extensive Arrhenius aging program to IEEE Std. 98-1984 and IEEE Std. 
101 -1972, which considered sealing performance and electrical integrity as failure criterion. The 0-rings 
and epoxy were aged to an equivalent of 40 years at 70°C. 

Radiation exposure preconditioning was performed by Cobalt-60, gamma radiation exposure to a 
certified minimum of 220 MRads. This includes normal service, plus accident, plus required margin. This 
was the minimum level of exposure on the penetration module. Electrical cables of the penetration 
received significantly higher doses because of unavoidable proximity to the source. 

Functional electrical and containment leak testing of the penetrations was performed following 
preconditioning. 
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The assemblies were then subjected to the tests described in Paragraph 6.3.3 of IEEE Si 
317-1983, summarized below: 

(1) Short-Circuit Current and Short-Circuit Thermal Capacity Test 

(2) Seismic Test 

(3) Simulation Tests of the Most Severe DBE Environmental Conditions (See Figure 3) 

(4) Rated Short-Time Overload Current and Duration During the Most Severe DBE Environments 
Conditions. 

(5) Rated Short-Circuit Current During the Most Severe DBE Environmental Conditions 

(6) Rated Short-Circuit Thermal Capacity (l2t) During the Most Severe DBE Environment* 
Conditions 

The penetration assemblies passed all the required functional electrical and leak tests during an 
at the conclusion of the six tests listed above, thus demonstrating qualification to IEEE Std 317-1983 

Versatile Design 

The penetration assembly described above will maintain containment integrity during norm* 
operation and the accident conditions enveloped by the LOCA profile of Figure 3. There are, howevei 
additional design configurations that must be considered to satisfy unique plant requirements. 

In the BWR Perry Plant, a negative 0.40 inch WG pressure must be maintained in the annular spac 
between the shield building and the containment vessel. The modular penetration described was adapte 
to this requirement by the addition of a second seal around the cables where they emerge through th 
outer wall of the shield building. Because of the mild environment at this location and the slight pressui 
differential requirement across the seal, the epoxy was potted directly to the cables rather than using th 
more complex design of the primary seal. To complete the installation, the secondary seal was O-rin 
sealed to a stainless steel plate that had been sealed to the outboard end of the nozzle. 

This secondary seal design was used for the CANDU penetrations 1ST provided for the Ontari 
Hydro Darlington Station. The design specification required that the penetration design shall accept an 
contain sand by providing two filler plugs in a sand retaining plate on the inboard side. In this installatiot 
the bulkhead extension assemblies containing the primary modules were welded to the outsid 
containment end of the nozzle. The secondary seals were mounted to the stainless steel plate (san 
retaining plate) which was sealed to the inboard end of the nozzle. The sand used for radiation shieldin 
was then blown into this sealed nozzle volume completing the installation. 

The most recent adaption of this basic design are the penetrations 1ST and licensee SKODA Nuclei 
Machinery are providing for the VVER-1000 design Temelin plants in the Czech Republic. The penetratior 
have been designed and successfully tested to a worst case DBE scenario, wherein the penetrations mu; 
remain leak tight after a 1000°C, 90 minute fire followed by a 0.56 MPa loss of coolant accident. Tr 
primary module is installed on the inside containment wall and the secondary module, constructed simili 
to the primary seal, on the outside containment wall. The nozzle volume between modules is filled wi1 
sand for radiation shielding. 

In conclusion, IST's versatile modular electrical penetration design has been successfully tested fi 
use in PWR, BWR, CANDU and VVER power plants. 
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TABLE 1 

Maximum Number of Cable in a Standard 12 Inch 1ST Penetration Assembly 

Conductor Size Number of Conductors 

#16AWG 

#14AWG 

#12AWG 

#10AWG 

#8AWG 

#6AWG 

#4AWG 

#2AWG 

#1/0AWG 

#2/0AWG 

#3/0AWG 

#4/0AWG 

250MCM 

350MCM 

500MCM 

750MCM 

1000MCM 

750 

654 

561 

399 

255 

165 

153 

111 

59 

39 

39 

39 

27 

27 

12 

9 

9 

#16STP (Shield Twisted Pair) 165 

#16STT (Shield Twisted Triplets) 111 

#16STQ (Shield Twisted Quad) 93 

Coax 57 

Triax 24 
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Mineralogical and Corrosion Problems Underlying the Choice of 
Materials for High-Level Nuclear Waste Disposal. M. B. McNeil, 
Office of Nuclear Regulatory Research, U.S. Nuclear Regulatory' 
Commission, Washington DC 20555 and T. L. Woods, Dept. of Geology, 
East Carolina University, Greenville NC 27858 

ABSTRACT: 

Several nations, Canada and the United States among them, 
propose to dispose of high level nuclear waste by placing in a 
mined geological repository, and the most commonly proposed 
containers for the waste are of various metals. 

In this paper the basic scientific issues arising from the 
need to predict the corrosion behavior of metal waste packages 
over archaeological and geological time frames are discussed from 
the standpoint of regulatory research. Emphasis is placed on using 
a combination of short-term tests and archaeological and natural 
analogues to bound degradation rates and to identify uncertainties 
in claims made for long-term waste package behavior. 

INTRODUCTION: 

In Canada, the U.S.A., and several other countries, plans are 
being made for burial of high-level nuclear waste in mined 
geologic repositories. Legal requirements vary from nation to 
nation, but in all cases there is a requirement that environment 
be protected from radionuclides for a period of time. The so-
called engineered barrier system, consisting of the waste 
container and possible backfill, is the easiest portion of the 
waste disposal system to change, as well as respresenting the 
first line of defense of the environment against radionuclide 
escape. 

In the U.S.A., the requirements for the engineered barrier 
system are spelled out in the Code of Federal Regulations Volume 
10 part 60. The section relevant to the engineered barrier system 
requires that there be reasonable assurance that the engineered 
barrier system offer complete containment for a period as yet to 
be determined but to be between 300 and 1000 years. 

This requirement is not entirely specific, but it (combined 
with requirements on waste package stability) is generally 
interpreted as requiring that the nuclear waste be placed in a 
metallic container that offers reasonable assurance of physical 
integrity over the time period in question. Two U.S. Government 
agencies are involved in this activity. The Department of Energy 
is required to supply a model which, when applied to the stated 
design, indicates that the stated repository will satisfy the 
requirements of 10CFR60. the Nuclear Regulatory Commission is 
charged with developing research results, both experimental and 
(as required) computational, from which judgement can be made as 
to whether the DOE submissions comply with the requirements. 



There are several mechanisms whereby the waste package may 
lose its structural integrity. First is physical destruction due 
to rock falls, seismic activity, and related phenomena. Second is 
failure due to external phenomena unrelated to the repository 
itself (an example would be drilling, which might occur should the 
repository not be adequately marked). Third is degradation of the 
waste packages due to corrosion phenomena (including stress 
corrosion cracking), possibly aggravated by metallurgical 
instability of the waste package material. For the first two types 
of risks DOE must provide, and NRC judge, estimates of risk based 
on factors external to the repository design per se; this paper 
will address the problems involved in judging DOE claims 
concerning the third type of risk. Particular attention will be 
paid to the use of natural analogues. A natural or archaeological 
analogue (in this paper the term "natural analogue" will be used 
to cover both) is a natural or archaelogical object or system 
which has undergone, over experimentally inaccessible times, 
reactions judged to be relevant to those in the repository. Such 
analogues offer the only way of obtaining data covering the 
periods of time specified in the requirements of 10CFR60. 

Natural analogue studies have already proven useful for 
testing of hydrological and geochemical models and in the study of 
mineral alteration reactions (Cramer and Smellie 1993, Kovach and 
Ott 1993). A natural analogue can be used in two different ways in 
high level nuclear waste research. It can be used either to test 
quantitatively the predictions of a code based on some model or to 
test predictions of the formation and or persistence of various 
species, including unaltered metals. 

In the first type of application, quantitative predictions 
are made using models which are believed to be appropriate for the 
repository. If these prove accurate, a degree of confidence can be 
established in the models so long as the natural analogue is not 
qualitatively different from the expected repository environment. 
In the second type of application, the analogue is used to judge 
the formation or persistence of species under specific geochemical 
conditions, but in this case the usefulness of the analogue is not 
trivial to establish if natural analogue conditions are even 
slightly different from those in the repository. 

Examples of the first type of use of data is the use of 
observed groundwater ages and of plumes of transported ions to 
validate (or refute) proposed hydrological and mass-transfer 
models, and of direct observations of groundwater chemistry to 
test geochemical models. An example of the second type of use of 
the analogue is the observation of the persistence and 
stoichiometry of U02 in the natural environments. 

The use of natural and archaeological analogues in waste 
package work involves both these applications. The conditions 
under which a metal or mineral has corroded or altered will never 
(almost never) be very similar to those in the waste repository. 
Formation or persistence of species in the analogue is useful in 



repository analysis only if enough is known about corrosion 
kinetics to justify a claim that the difference in conditions does 
not lead to fundamental differences in corrosion reactions. 
Corrosion models are never sufficiently quantitative to permit 
detailed numerical checks. Accordingly, analogue reasoning must 
involve a careful judgement of which factors are essential and 
when an analogue is sufficiently similar to the expected 
repository conditions to justify its use. 

MATERIALS CHOICES 

The general perception in the U.S. is that, while backfill 
can be useful in limiting radionuclide escape after the waste 
packages have failed (and thus satisfying another constraint of 
10CFR60), the primary barrier to radionuclide escape is the 
metallic wall of the container, and the choice of metal or metals 
for this container is critical. The choices proposed in the U.S. 
and Canada fall in three classes: 

1. Simple metals and alloys, known to corrode under 
biosphere conditions but for which long-term data are available 
(copper, Cu-Sn and low-Ni Cu-Ni alloys, Fe, Pb). 

2. Alloys which are highly corrosion resistant but 
for which few or no long-term data are available (stainless 
steels, high-Ni alloys, Ti and its alloys). 

3. Metal combinations in which one layer is of a 
corrosion-allowance material and another of a corrosion-resistant 
material. 

FIRST ORDER REGULATORY PROBLEMS: 

The three choices present fundamentally different problems 
for NRC in their efforts to make a defensible decision on the DOE 
application. The first set of problems to be considered are what 
one may term first order problems: the problems one must address 
to determine whether the DOE model predicts, with acceptable 
accuracy, the long-term performance of a design waste package 
under design conditions. 

If the choice is a simple metal or alloy for which 
archaeological and natural analogue data are available, DOE's 
model for corrosion can be tested by applying it to the available 
data. There are three objections to this approach: first, that the 
geochemical history of an analogue is generally not known with any 
accuracy; second, that insofar as it is known it is unlikely to be 
very similar to the anticipated conditions in the repository; and 
third, that no natural analogue has experienced significant 
radiation effects, or the heat fluxes expected in the U.S. 
repository. 



If the choice is a corrosion resistant material, the problem 
is that there are no natural analogue data and that consequently 
there is no direct way of testing any submitted model. 

If the choice is the bimetallic situation, not only are 
analogue data lacking, but also there may be complications due to 
the galvanic coupling, especially if the nobler metal is subject 
to hydrogen embrittlement. 

The Office of Research of NRC has chosen the following 
approaches to these problems. These are not the only approaches, 
or necessarily the best; one of the purposes of this paper is to 
solicit comment on them. 

CORROSION ALLOWANCE MATERIALS 

For corrosion allowance materials, geochemical reasoning 
(and information on residual stresses in waste packages) must be 
used to exclude the possibility of failure by stress corrosion 
cracking or hydrogen embrittlement. Judgements on these claims are 
simple from the materials science standpoint, though the 
geochemical reasoning may be complex and controversial. 
Microbiologically influenced general corrosion can often be 
excluded on the basis of lack of nutrients; temperature is also a 
factor. At one time it was felt that radiation fields offered some 
protection against MIC, but experience at TMI suggests that, for 
the fields likely in repositories, this is not the case. 

The problem then in assessing claims concerning corrosion 
allowance materials is to judge the claim that neither generalized 
nor localized corrosion leads to unacceptable deterioration. 
Superficially, one might feel that addressing major effort to 
localized corrosion of corrosion-allowance materials seems 
pointless. It is not: there are several mechanisms for localized 
corrosion of copper and its alloys, and over long periods both 
copper and iron exhibit catastrophic localized corrosion due to 
bronze diasease and its ferrous counterpart, lawrencite (FeCl2)-
intermediated corrosion. 

There are several problems involved in the extrapolation of 
short-term data over archaeological periods. First is the problem 
of kinetics; it is possible that there are reaction mechanisms so 
slow that they are difficult to measure over short periods (in 
cases where current-density measurements are not appropriate or 
are difficult to interpret), and it is also possible that changes 
in local conditions, possibly caused by the corrosion reactions 
themselves, will lead to unanticipated degradation reactions. 

The course that has seemed most appropriate for regulatory 
purposes is to develop models based on short-time observations, 
and then attempt to validate these models by predicting very long-
term corrosion and then comparing the results to natural 
analogues. To perform this type of analysis it appears necessary 
to develop of model for the pitting process which is physically 



realistic and which c_an be checked against short-term 
observations, and this certainly far in the future in the case of 
type 2 pitting of copper, where the basic chemistry is not 
understood and natural analogues are not available. It is, 
however, not impossible that a bounding model might be developed, 
which would permit one to place limits on the rate at which pits 
could deepen. 

In all the hypothetical HLW container corrosion situations, 
quantities of solid corrosion products remain on the surface of 
the metal as time proceeds. This has several consequences: 

a. Even if the bulk electrolyte is unchanged, or changes in 
an accurately predictable way, conditions at the metal surface 
will be affected by the thickness, composition, and morphology of 
the corrosion product layer. 

b. Because of the dependence of conditions at the metal 
surface on the corrosion product layer, reactions of the various 
compounds in that layer may be important. 

c. In the case of general corrosion, corrosion product 
formation may lead to an environment depleted in cathodic 
reactants (especially oxygen). This leads to replacement of 
electrochemical corrosion reactions by chemical alteration 
reactions (also termed, particularly by scientists with organic 
chemistry backgrounds, derivitivisation). In general this leads to 
much reduced rates, but it may in principle produce less desirable 
phenomena, such as spalling. 

CORROSION RESISTANT MATERIALS 

The use of corrosion-resistant materials presents a different 
question. How, lacking long-term data, can one make long-term 
predictions? For stress corrosion cracking, one can argue that 
water chemistries that do not initiate SCC in the short term will 
not initiate it in the long term. For uniform corrosion (or 
oxidation) one can argue that linear extrapolation of short-term 
data is conservative. The problem is then how to bound the rate at 
which localized corrosion proceeds. 

During the earlier NRC work, in which Ti Code 12 was being 
considered as a material for use in high-chloride waters, the 
major effort was to identify the conditions under which pitting 
nucleated and the sites at which the pits nucleated; little 
attention was paid to rates of pit growth. When the research was 
redirected and taken over by John Beavers at Cortest, the emphasis 
was shifted to analyses of how pits grow. 

The group at the Center for Nuclear Waste Regulatory Analyses 
(Dr. Cragnolino and Dr. Sridhar) is now addressing the question of 
whether there is a natural limit to the growth of a pit or a 
crevice in corrosion-resistant materials for a given groundwater 
chemistry, and how this limit depends on the chemistry (especially 
the chloride concentration and the oxygen activity or Eh). The 
focus is on Alloy 825, the simplest of the various high-Ni alloys 
being considered by DOE. 



The basic concept of this work is to identify the 
repassivation potential, the potential at which the alloy will 
cease to corrode, and to determine whether, as a pit grows deeper, 
the potential at the bottom of the pit will fall to the 
repassivation potential & consequently the pit will cease to 
become deeper. The repassivation potential clearly exists, and 
measurements both by the various Japanese groups who originated 
this approach to localized corrosion and by AECL Whiteshell, who 
have examined repassivation as a function of alloy chemistry in 
the Ti alloys they are considering, for Canadian Shield 
groundwater. 

The CNWRA work looks at the effects of applied 
electrochemical potential instead of oxygen supply, and scientists 
at CNWRA and the University of Texas at El Paso are attempting to 
develop mass-transport based models to rationalize these 
observations. Eventually, of course, it will be necessary to 
conduct parallel experiments to correlate potential-control 
observations with oxygen-concentration-control experiments. 

There are two other problems which must be faced in dealing 
with corrosion-resistant metals, which are generally less 
significant (though not always negligible) in corrosion-allowance 
materials. First is inhomogeneity. During metal processing, the 
surfaces of alloys are enriched or depleted various alloying 
elements; for example, the surfaces of as-received hot-rolled 825 
(nominally 22% Cr) sometimes contain only 13% Cr. It would be nice 
to say that after the surface layer corrodes, the rest behaves as 
though it were pure 825, but of course things are not so simple: e 
galvanic cell is set up and there are other complications due to 
grain boundary/bulk differences. 

A potential problem also exists with alloy stability. In this 
case, 825 has real advantages over C-4 and C-22 because it is a 
one-phase alloy and does not appear to undergo ordering 
transformations. Nonetheless, we cannot be sure that over long 
periods of time various metallurgical reactions will not degrade 
the waste packages. A problem in judging DOE claims on this topic 
is the time and expense involved in testing specimens. Dr. 
Cragnolino is working now on developing a cheap confirmatory test 
for grain-boundary related degradation of corrosion resistance 
which should be applicable to 825, C-4, C-22, and other related 
alloys. 

If the choice for a waste package is a two-metal system, 
presumably the less noble metal will be on the outside. This 
choice avoids some obvious problems, but failure of the outer 
container, if it be in electrical contact with the inner, may lead 
not only to hydrogen embrittlement or SCC, but also to corrosion 
activation if the polarization curve of the noble metal has a loop 
in the right place. Fortunately from the regulatory standpoint, 
however, the special problems in two-metal systems seem to be 
fairly easily assessible by short-term tests; this may be part of 
the reason why the U.S. Department of Energy is giving careful 



consideration to such systems. A very serious concern which has 
been looked at be AECL Whiteshell but not yet by the U.S. 
Department of Energy is that if one uses iron as the less noble 
metal, the iron may act as an energy source for certain types of 
bacteria, leading to increased risk of waste package failure by 
microbiological corrosion. 

SECOND ORDER REGULATORY PROBLEMS 

The prediction of what one might term design corrosion 
behavior is only one part of the necessary regulatory analysis. It 
is also necessary to understand what the plausible variations in 
system parameters are and how these will affect waste package 
behavior. 

An important example of this is the sensitivity of corrosion 
behavior to minor variations in groundwater chemistry. Clearly an 
alloy must not be used which can show rapid corrosion if the 
groundwater chemistry or temperature is slightly different from 
the expected values, the same concern applies to alloy systems 
where minor variations in alloy chemistry or microstructure 
significantly degrades corrosion resistance. 

Another important aspect is the statistical variability of 
many variables which characterize the corrosion process itself. It 
is clear that the pitting and protection potentials not only 
depend on the techniques used to measure them, but also, for a 
given measurement technique, vary from specimen to specimen of a 
given alloy. 

THERMODYNAMIC TOOLS 

It is true that in many cases there is no purely 
thermodynamic solution to the problems involved in high level 
nuclear waste disposal; in some cases the environment of the waste 
pfackage is expected to be such that no practical engineering 
material is stable; in other cases the local environment may be 
such that some engineering alloys are stable, but it is difficult 
or impossible to prove this in the time frame of regulation. 
However, thermodynamic stability diagrams can often be useful. Dr. 
Sharland and her colleagues at Harwell (Marsh et al. 1986) pointed 
out that reactions at a waste package surface would tend to 
minimize the Gibbs free energy locally and that one could, by 
using geohydrology and a knowledge of mineral alteration reactions 
to predict the variation of Eh-pH conditions at the container 
surface as a function of time, predict what the local equilibrium 
would be. Going beyond thermodynamics, they pointed out that 
similar reasoning could be used to identify over what periods of 
time the waste package would be subject to localized corrosion. 
Application of this technique to microbiologically influenced 
corrosion of a number of archaeological objects indicates that it 
can be used to predict the occurrence of specific sulfide 
corrosion products (McNeil 1993). This type of analysis will 
probably be increasingly useful as the conditions in repositories 



become better defined, but must be used with a degree of caution: 
in judging what phases to consider in the stability diagrams, it 
is necessary to use a knowledge of mineralogy and mineral 
alteration to discriminate between reactions which are really 
likely to happen and those which, while thermodynamically favored, 
have such slow kinetics that they must be disregarded. 

CONCLUSIONS 

To judge the long-term acceptability of a solution to the 
problem of underground disposal it is necessary to project the 
behavior of waste packages over times long in comparison to the 
times over which test data can be collected. This extrapolation 
cannot be regarded as an exercise in the extrapolation of 
statistical data, but must be based on a physical model, the 
choice of a material, the choice of models to project its 
behavior, and the regulatory analysis of the models, present two 
different types of issues in the regulatory context. One must 
first of all judge the adequacy of a model per se: is it founded 
on an adequate physical understanding, and does it predict 
behavior in compliance with relevant regulations. One must also 
address the issue of whether, given the correctness of the model, 
believable statistical variations in package material or 
fabrications, in initial conditions, or in repository conditions, 
can lead to unacceptable deviations from predicted waste package 
behavior. 

Another significant issue is the distributed nature of 
important corrosion properties. When one tries to characterize the 
pitting characteristics of a material, two important measurements 
are of the pitting potential and the protection potential. The 
values of these two measurements depend on the way in which they 
are measured; for repeated measurements using identical technique 
on apparently identical specimens, the values are still 
distributed (Westcott 1985; Thompson 1992). The variability of 
localized corrosion behavior has been analyzed using stability 
theory (Markworth et al. 1992). The importance of these analyses 
is that it is desirable, in any model, to use parameters which 
having fairly narrow distributions, such as the repassivation 
potential (Cragnolino 1992), and to take care that chaotic 
characteristics are incorporated into the model in a realistic way 
(Talbot and Oriani 1984, 1985, 1987). 
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1. INTRODUCTION 

The Canadian Nuclear Fuel Waste Management Program was established in 1978 by the 
governments of Canada and Ontario to ensure the safe disposal of nuclear fuel waste [1]. The 
Program is funded jointly by Atomic Energy of Canada Limited (AECL) and Ontario Hydro 
under the CANDU Owners Group. AECL has been responsible for developing and 
demonstrating the technologies for safe disposal. The disposal concept is being submitted for 
review to a panel formed under the federal Environmental Assessment and Review 
Process [2]. 

The Canadian concept for the disposal of nuclear fuel waste is to place the waste (either used 
fuel or vitrified high-level waste from reprocessing) in corrosion-resistant metal containers 
and to emplace the containers, with sealing materials, in an engineered vault deep in plutonic 
rock of the Canadian Shield [3]. The disposal vault would be located and designed to inhibit 
the release of contaminants into the groundwater and their movement to the surface 
environment. 

The container, designed to last at least 500 years, would be emplaced in disposal rooms or in 
boreholes drilled from the disposal rooms. Access to the disposal rooms would be by shafts 
and tunnels, and the vault would be excavated at a nominal depth between 500 and 1000 m. 
The container would be surrounded by a buffer material and each room would be sealed with 
backfill and other vault seals. All tunnels, shafts and exploration boreholes would eventually 
be sealed to provide a passively safe system. Humans and the natural environment would be 
protected over the long term from radioactive and chemically toxic contaminants by several 
barriers: the container; the waste form; the buffer, backfill and other vault seals; and the 
geosphere. 

2. ROLE OF THE GEOSPHERE 

The geosphere comprises the rock mass in which the disposal vault would be constructed, 
including all the pathways by which contaminants from the vault could enter the groundwater 
flow systems in the rock and eventually reach the surface environment. 

The role of the geosphere within the disposal system is: 

to protect the engineered barriers (waste form, container and seals) from natural 
disruptions and human intrusion over the long term; 
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to maintain thermal and geochemical conditions in the vault favourable for 
long-term waste isolation; 

to limit the rate at which contaminants are released from the vault and move to the 
surface environment; and 

to ensure a safe working environment is maintained during construction and 
operation. 

3. PROTECTION OF THE ENGINEERED BARRIERS 

Inadvertent penetration by humans and physical damage to the engineered barriers from 
natural processes would affect the ability of the barriers to perform their functions. 

The common lack of economically attractive mineralization or of ore bodies in plutonic rock 
of the Canadian Shield would minimize the likelihood of human intrusion as a result of 
drilling deep boreholes for mineral exploration. 

The low thermal gradient on the Canadian Shield (about 12°C per 1000 m [4]) and the high 
thermal conductivity of plutonic rock would generally prevent the natural temperature at 
repository depth from being a constraint in selecting a disposal depth between 500 and 
1000 m. Disposal at such depths in itself would provide considerable protection from 
unintentional human intrusion. 

Because of the very high strength of plutonic rock, it would not deform plastically at vault 
depths, and the stresses in the rock would not be transmitted to the container through the 
buffer. The external pressure on the container would be caused by the hydraulic head in the 
rock and the swelling pressure created by the expansion of the clay in the buffer as it becomes 
saturated. The buffer, backfill and other vault seals would provide a small confining pressure 
for the rock at the excavation surface to prevent progressive crack growth in the rock and 
long-term creep deformation (expansion of the rock into the rooms). 

The lack of significant further deformation after the disposal rooms and access tunnels are 
backfilled would prevent a physical increase in the volume of the engineered barriers. 
Without an increase in the volume available for the engineered barrier, the density could not 
change unless the chemistry or mineralogy of the barrier was altered. Consequently, the 
properties required for good engineered barrier performance would be maintained. 

In addition, large portions of the Canadian Shield are tectonically stable. Siting a disposal 
vault in a stable region would minimize the likelihood that faulting would disrupt the 
engineered barriers in the future. 

4. THERMAL AND GEOCHEMICAL CONDITIONS IN THE VAULT 

The thermal and geochemical conditions in the vault would affect the performance of the 
engineered barriers. Container corrosion rates increase with temperature, and the properties 
of clay-based buffer and backfill could be altered at temperatures above 100°C. Redox 
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conditions, pH, and the chemical composition and solute concentration of the groundwater all 
could affect the properties of the buffer and backfill, the rate of container corrosion, the rate 
of release of contaminants from the waste form after corrosion had penetrated a container, and 
the rate of transport of contaminants from the vault to the surface. 

The low thermal gradient on the Shield and the high termal conductivity of plutonic rock 
would allow considerable flexibility in design of disposal vaults at depths of 500 to 1000 m 
without causing temperature increases that would lead to degradation in the performance of 
the engineered barriers. 

Clay-based buffer and backfill would chemically condition the groundwater compositions 
within the vault because of the large total porosity and large ion exchange capacities of the 
buffer and backfill compared to the surrounding rock. The pH observed in groundwater at 
vault depth on the Shield ranges from 6 to 9. A pH in this range would not affect the ability 
of the buffer and backfill to control the geochemical conditions in the vault [5]. 

Groundwater in the Canadian Shield changes chemically along the flow path, typically 
beginning as dilute calcium (sodium) bicarbonate water. Interaction with plagioclase, calcite 
precipitation, ion exchange with clay minerals and the addition of chloride from either fluid 
inclusions or dissolution of chloride-rich minerals increases the salinity of the groundwater 
and the concentration of most ions except for bicarbonate, whose concentration typically 
decreases. This typically produces a brackish or saline sodium (calcium) chloride (sulphate) 
water at depths of 500 to 1000 m in the Canadian Shield [6]. The more saline waters are 
generally a calcium chloride type. Chloride concentrations exceeding 25 000 mg-L"1 have 
been measured in samples from boreholes in granitic plutons [4], and concentrations 
exceeding 95 000 mg'L"1 have been observed in mines [6]. 

The types of container materials chosen for disposal would need to be corrosion-resistant in 
such groundwater. By limiting the maximum vault temperature to below 100°C, materials 
such as titanium and copper would provide sufficient corrosion resistance that containers could 
be designed to provide waste isolation for thousands of years [7]. 

Reducing, or at least non-oxidizing, conditions would be needed in the vault to have 
confidence that the estimated rates of container corrosion, waste form dissolution and 
contaminant transport would not be exceeded. The redox conditions in the vault would be 
governed by the availability of oxygen and redox-sensitive elements (such as iron) in the 
buffer, in the backfill used to seal the rooms and tunnels, and in the groundwater. When the 
vault is closed, it would contain oxygen in the unsaturated pores of the buffer and backfill, 
ferrous iron in the crushed rock from the excavations used in the backfill, and ferrous iron and 
organic material in the clays used in both the buffer and the backfill. Only 1 % of the ferrous 
iron in the backfill would be needed to consume the initial oxygen in the vault. Therefore, the 
redox buffering capacity would remain substantial for maintaining reducing conditions over 
the long term [8]. 

Reducing conditions in the geosphere groundwater would help preserve the reducing 
conditions in the vault. It is recognized that significant uncertainties exist about the accuracy 
of values of oxidation potential determined for groundwater samples obtained at depth in 
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natural systems. These uncertainties result from operational difficulties with instrument 
stability if the measurement is made at depth in a borehole and with sample degradation if the 
measurement is made after the sample is brought to the surface. Additional complicating 
factors are the existence of several chemical redox complexes in the groundwater and the slow 
establishment of equilibrium at low temperatures. Notwithstanding these difficulties, 
extensive field investigations have determined that the groundwater at depths of 500 to 1000 m 
on the Shield generally does not contain significant dissolved oxygen [4] and would not be 
expected to act as a source of oxidant to jeopardize the redox conditions in the vault. 

5. RATE OF CONTAMINANT MOVEMENT 

The rate at which contaminants could be released from the vault and move to the surface 
would depend on both the hydrogeological and geochemical conditions in the geosphere. 

One of the primary distinguishing features between volumes of plutonic rock with 
significantly different hydrogeological and geochemical characteristics (domains) is the degree 
of fracturing. Three fracture domains can be distinguished readily: intensely fractured rock 
(fracture zones), rock containing a small number of sets of relatively widely spaced discrete 
fractures (moderately fractured rock) and rock containing microcracks and very sparsely 
distributed discrete cracks that are not generally interconnected (sparsely fractured rock). 

Fracture zones would be the most important potential pathways for the movement of 
contaminants from a disposal vault to the surface because they can be extensive and 
interconnected features with high permeabilities. Moderately fractured rock is commonly 
present immediately adjacent to fracture zones as well as near the surface to depths of 200 to 
500 m. Moderately fractured rock could provide local permeable pathways for the movement 
of contaminants to fracture zones and, near the surface, from fracture zones to the surface. 
Sparsely fractured rock is bounded by fracture zones and moderately fractured rock. Sparsely 
fractured rock has very low permeability. It would be an important barrier to movement of 
contaminants wherever the contaminants could only reach a more permeable pathway to the 
surface by passing through the sparsely fractured rock. 

The geosphere would provide both a physical and a chemical barrier to contaminant 
migration. Where a segment of the transport pathway was through low permeability sparsely 
fractured rock, diffusion would be the dominant transport process unless the length of the 
sparsely fractured rock segment was very short and the hydraulic gradient across the segment 
was very high. Where a segment of a transport pathway was along a fracture zone or within a 
connected network of fractures, advective flow would be the dominant transport process 
unless the hydraulic gradient was very low. 

Hydrogeological Conditions 

Favourable hydrogeological conditions would include the presence of significant volumes of 
low permeability sparsely fractured rock, long pathways to the surface from potential vault 
depth with slow groundwater flow and transport characteristics, and stability of the rock. 
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The degree of fracturing in the rock, its spatial arrangement and interconnections to the 
surface topography largely control the rate and direction of movement of groundwater in the 
plutonic rocks of the Canadian Shield. In our investigations at field research areas on the 
Canadian Shield, we have often found that fracture zones bound large volumes of very low 
permeability sparsely fractured rock below depths of from 200 to 500 m. The location of 
disposal rooms in such volumes of rock at some minimum distance from the nearest 
permeable fracture zone would provide a significant barrier to the movement of contaminants. 

Thorough surface and subsurface characterization of a potential disposal site would be 
required to ensure an adequate understanding of the regional hydrogeological setting. The 
information obtained from characterization [9] would be used to help position the disposal 
vault in the geosphere where the hydrogeological conditions were most favourable for a 
sufficiently slow release of contaminants from the vault and slow transport of contaminants to 
the surface environment. 

Much of the Canadian Shield is tectonically stable. Locating the disposal vault away from 
existing major regional faults and the disposal rooms away from existing local fracture zones 
would minimize the likelihood that new faults would intersect the vault to provide a major 
new pathway for the movement of contaminants to the surface. It would also minimize the 
likelihood that fracturing associated with movement on existing faults or fracture zones would 
intersect disposal rooms to provide new pathways near the disposal rooms. 

Geochemical Conditions 

Favourable geochemical conditions would include the presence of minerals with high sorption 
capacity for contaminants along the transport pathways and low concentrations of colloids and 
organics in the groundwater. Since radionuclides decay with time, retardation can decrease 
both the rate at which the radionuclides move towards the surface and the concentration of the 
radionuclides in the groundwater that reaches the surface. 

Minerals in plutonic rock react with many of the elements in nuclear fuel waste in such a way 
as to greatly retard their movement through the rock [10]. Fractures contain a variety of 
fracture-fill minerals that sorb radionuclides and thereby retard their movement. Retardation 
can be adequately described by means of a simple sorption model that sums the sorption of 
each radionuclide on each mineral present [11, 12]. 

Colloids and organics could compete with the sorbing minerals in the rock for contaminants. 
If a contaminant became attached to a colloid or an organic molecule, it could move without 
being retarded by sorption. Although colloid and organic contents are not well known for 
Shield groundwaters in general, field investigations at the Whiteshell Research Area (WRA) 
have determined that the contents are low there. Consequently, the effect of colloids and 
organics on solute transport at the WRA was considered to be negligible and was omitted from 
a case study safety assessment of a hypothetical disposal system using data for the geosphere 
from the WRA. Colloids and organics might be important at other sites, and this would need 
to be determined on a site-specific basis. 
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The presence and potential impact of microorganisms on the performance of the vault and 
geosphere is currently being investigated. Preliminary field studies have indicated that the 
numbers of microorganisms and nutrient levels are low in Shield groundwater. These 
observations, if they prove to be typical for the 500 to 1000-m depth range in the Shield, 
imply the presence of sessile immobile microbes, probably present as biofilms in fractures. 
These would be expected to have no major effect on transport because the radionuclides that 
would be expected to contribute to dose are already assumed to be unretarded. 

6. SAFE WORKING ENVIRONMENT 

Stable excavated openings would be needed during construction and operation of a disposal 
vault to provide a safe working environment and to minimize operational difficulties in the 
emplacement of waste containers, buffer and backfill. 

The stability of the excavated openings during construction and operation would be controlled 
by the mechanical properties of the rock, the stresses acting on the rock, the geometry of the 
excavations and the amount of engineering ground control (e.g. rock bolts, mesh, shotcrete). 
In a disposal vault it would be desirable to minimize the ground control in waste emplacement 
rooms. Excavation instability that required excessive ground control for safety (or ground 
control that could not be safely removed before backfilling the room) could complicate the 
emplacement of the buffer, the waste containers and the backfill. It could also lead to the 
development of a thick excavation damage zone in the rock around the excavation that might 
provide a significant pathway for contaminant migration. 

Investigations at AECL's Underground Research Laboratory (URL) showed that significant 
stress heterogeneity can be associated with faults in plutonic rock [13], leading to higher stress 
magnitudes than would be expected from the average increase of stress with depth that has 
been observed for the Shield [14, 15]. The variations in stress magnitude and orientation can 
be explained using elastic theory [13]. Furthermore, even where the stresses are anomalously 
high, a safe operating environment has been maintained in experimental excavations at the 
URL with relatively light ground control. 

Because the plutonic rock of the Canadian Shield is characterized by high strength, we would 
not expect the stability of excavated openings to be a constraint at sites where the increase in 
stress magnitudes with depth was similar to the average for the Shield. However, there could 
be anomalously high stresses associated with some plutonic rock bodies or with particular 
structural features at some sites that would limit the depth range available for disposal. 
Although the nominal depth range for disposal is 500 to 1000 m, conditions at specific 
locations could be more favourable outside that range. In addition, conditions could be 
unsuitable in some portion of the range at some sites or for particular waste emplacement 
options. This would need to be determined on a site specific basis. 

8. CONCLUSIONS 

Given the characteristics of plutonic rock and the tectonic stability of the Canadian Shield, we 
would expect the geosphere at many locations on the Shield to be able to fulfill its role in 
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contributing to a safe nuclear fuel waste disposal system based on the Canadian disposal 
concept. 

Research has shown that the range of groundwater conditions and compositions at depths of 
500 to 1000 m in the Canadian Shield would have an effect on the selection of vault 
engineering specifications and that suitable materials and designs are available for applications 
under conditions encountered at sites throughout the Shield. 

A number of ujochemical factors potentially could affect the retention of radionuclides in the 
geosphere. The methods to determine the conditions in the geosphere and evaluate the 
effectiveness of the geosphere as a physical and chemical barrier to contaminant migration 
from a disposal vault to the surface have been demonstrated at field research areas on the 
Shield. 
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SUMMARY 

Imagine a single waste treatment and disposal complex where contact-handled low-level 
radioactive waste, Classes A, B, and C, and radioactively contaminated hazardous waste (mixed 
waste) would all be dealt with as a single waste in both treatment and disposal. Is this too 
simplistic, too complicated, too costly, or unacceptable considering today's national, state, and 
local regulations? Perhaps so, perhaps not. Regardless of the answer, the concept deserves 
serious consideration. 

Current philosophy calls for separating various classifications of waste for separate treatment in 
different treatment facilities (or for no treatment at all) and then taking the various waste 
packages of many different sizes and shapes and placing them in separate disposal facilities with 
separate licensing. With some effort on our part, these unnecessarily complicated and expensive 
concepts of today can be turned around for the betterment of the nation in all respects. 

Consider all of the busy, but unnecessary people involved in all of the separate organizations 
required in our currently planned and imagined individual concepts—managers, planners, design 
engineers, draftsmen, environmental engineers, architectural engineers, waste characterization 
specialists, clerks, secretaries, technicians, lawyers, technical editors, and on and on. We could all 
be doing constructive work elsewhere. We need a firm solution to our nuclear and hazardous 
waste problem so that we can get on with promoting nuclear power to provide economical 
electricity to recharge the batteries of the environmentally sound electric cars of the future. 

With all of the combined waste fully treated to the highest standards, it could be placed in an 
environmentally sound abovegrade, earth-mounded, concrete disposal vault and licensed according 
to existing regulations, or more likely to new national, state, and local rules and regulations 
tailored to the proposed concept. In doing this, cost and radiation exposure to workers would be 
dramatically reduced while providing exceptional environmental protection. We can only hope 
that our congressional leaders and national, state, and local regulators would be willing if not 
pleased to bless the concept and allow it to happen with minimum documentation and oversight. 

a. Work supported by the U.S. Department of Energy, Assistant Secretary for Environmental 
Restoration and Waste Management, under DOE Idaho Operations Office Contract No. 
DE-AC07-76IDO1570. 



INTRODUCTION 

Today's treatment and disposal concepts for low-level radioactive waste (LLW) and hazardous 
waste that is also radioactively contaminated (mixed waste) are supposedly limited by current 
national regulations. Perhaps we have been wearing blinders unnecessarily. A new approach in 
attacking the whole concept of waste treatment and disposal is presented here. A discussion of 
the problems is followed by proposed solutions. 

With ever increasing national, state, and local requirements, the nuclear industry is required to 
classify and define its waste in considerable detail so that it can be routed to different separation, 
sorting, treatment, and disposal facilities. It is a complicated operation that causes unnecessary 
radiation exposure to the workers and is very costly. Current concepts call for different 
organizations, different treatment and disposal facilities, managers and administrative staff for 
each organization, separate rules and regulations, etc. The very complexity is creating greater and 
greater costs with only vague solutions evolving. Are we being too complex when simplicity would 
better serve the nation? 

High-temperature treatment is currently favored by the U.S. Department of Energy (DOE) for 
mixed waste, and its use is logical for stabilizing LLW, Classes B and C. These treatments result 
in waste volume-reduction factors of 250 to 1 and even 350 to 1 (not counting the additive 
stabilization agent). Since radionuclides are not destroyed in the high-temperature treatment 
process, the ratios of radioactivity to the resultant mass are much higher than before treatment. 
All too frequently, this will upgrade the classification of the LLW to transuranic or greater-than-
Class C LLW. Both of these wastes are problematic in terms of disposal. For example, greater-
than-Class C waste is generally considered to be an orphan waste that will be "accepted" in a high-
level waste repository; regardless of its disposal destination, it must be a U.S. Nuclear Regulatory 
Commission (NRC)-licensed facility for commercial waste disposal. High-temperature treatments 
will also cause a corresponding or even greater increase in teachability of volatilized toxic metals 
(probably greater because they are converted to the oxide form). 

Considering the political, logistical, technical, and monetary impact, these highly undesirable 
upgrades in waste category classification could be called unfortunate, at best. Logical preventative 
solutions are needed, and are available as proposed here. We only need to take a different 
perspective and be willing to chart a new course. 

THE CONCEPT 

I believe that the fact that over 95% of commercial LLW is Class A and does not require 
stabilization is actually a problem, because the nuclear industry counts its blessings and takes that 
as a gift without any further thought. In looking at the whole problem, Class A waste could 
instead be fully treated, which would actually cut overall costs while improving the environmental 
impact of waste disposal. This is the basis of the development to follow. 

NOTE: DOE does not use the Class A, B, and C waste classification concept as defined in 
NRC 10-CFR-61, but general estimates place the quantity of Class A waste somewhere 
above 90%. 

It cannot be stated with conviction that specific waste streams and specific waste containers of 
Class A, B, and C LLWs do not contain mixed waste, so why not assume that they are all mixed 
and treat all three classes of LLW as mixed waste, and as Class C waste? Why not? By doing so, 
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the problem of creating transuranic, greater-than-Class C, and more leachable toxic waste in high-
temperature treatment systems can be greatly reduced, if not eliminated, through logical and legal 
dilution. If that were to happen, most of the detailed waste classification efforts could be 
eliminated along with the various waste sorting, treatment, and disposal facilities. The number of 
involved personnel would be reduced. Radiation exposure of facility operators would be 
decreased. Most importantly, the quality of the final waste form for all wastes would be improved 
by diminishing radiation intensity and teachability. There is a concept to accomplish all of this 
while providing exemplary disposal. Some of the following constitutes a change in what has been 
perceived to be logical, normal, and workable. Therefore, an open mind is required. 

The Revised LLW and Mixed Waste Treatment Facility 

Funding was provided by DOE Headquarters for development of a concept for optimum waste 
treatment and disposal of contact-handled LLW. That effort was completed in October 1988. 
The original waste treatment concept, which resulted in a 17 to 1 volume reduction, has since 
been simplified and expanded to include treatment and disposal of wastes that are both low-level 
and mixed. 

High-Temperature Treatment of Waste 

Incineration remains viable and is still included in the concept. Vitrification was added to 
accommodate organic wastes not ideally suited for incineration. The intent is to subject 
essentially all organic wastes to high-temperature treatment. This will result in major volume 
reduction while creating an inorganic waste that will be dense because it will be combined with 
cement and poured into the disposal boxes containing sized inorganic wastes. Subsidence in 
disposal will be eliminated. 

Elimination of Compaction 

A 5,000-ton compactor was eliminated to allow further volume reduction while cutting equipment, 
facility space, staff, maintenance, decommissioning, and decontamination costs. Waste 
minimization efforts were also supported because the sacrificed steel waste containers that are 
crushed in the compaction process are also eliminated. Filling the voids left inside the crushed 
waste in the compacted containers with contaminated concrete would have been impossible. By 
eliminating the compaction process, introducing inorganic sizing, placing the sized inorganics in 
the disposal box, and filling the box and voids with contaminated concrete, the overall volume is 
reduced and density increased. This essentially voidless, maximum density, final waste form is a 
definite improvement achieved at decreased cost, decreased risk, and decreased radiation exposure 
to operators and maintenance personnel. 

Reusable Double-Lid Bins for Waste Transport 

Standard sized reusable double-lid bins that would contain at least 3 m3 of waste were added to 
the concept to repeatedly transport waste from the generators directly to the applicable waste 
treatment system within the waste treatment facility. The generators would separate the waste 
into, say five categories: organics for incineration, organics for vitrification, inorganics for 
shredding, inorganics for fines separation, and inorganics for placement in the disposal box. 

The double-lid bin is an automated, essentially hands-off, system that will virtually eliminate spills 
and contribute significantly to waste minimization efforts by reducing the use of blotter paper, 
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plas*'.c wrapping, tape, anti-contamination clothing, tools, etc. The transport containers of today 
are all too frequently processed right along with the waste they contain, and they are expensive 
(mostly because of the manpower required to fill, seal, decontaminate, and transport them). In 
contrast, the double-lid bin will be an automated system in all phases of use: filling, moving in 
and out of position, moving to the transport vehicle, moving into position for realtime 
radiography, moving through the treatment facility to and from the applicable treatment system, 
emptying waste for treatment, sealing and locking the lid, etc. Accordingly, it will reduce 
radiation exposure of workers dramatically. 

This concept also permits the generators to insert unwrapped waste items if the bins are 
strategically located in waste-creation zones. The lack of layers of plastic packaging and its tape 
binding will certainly help at the treatment facility and will further eliminate copious quantities of 
plastic and tape in the waste. 

Feed for Incinerator and Vitrification Systems 

Most solid combustibles will be delivered to a shredder by double-lid bin and, after shredding, will 
be fed directly to the incinerator. A similar system will feed the vitrification system. Liquids will 
be injected into the incinerator and/or vitrification systems. 

Inorganics Sizing 

The sizing of jigs, fixtures, tanks, etc., is still included. Most of these large waste items will not be 
delivered by double-lid bins, but once sized by torch, shear, or saws, will be routed to the 
inorganics staging area or the inorganics shredder by double-lid-bins. 

Inorganics Shredder 

Metals, reinforced concrete, rocks, brick, and glass that can be and should be shredded will be 
routed to an inorganics shredder via double-lid bin. Metals, concrete, rock, etc., that will fit in 
the disposal box and defy shredding, or that simply do not need shredding will be routed by 
double-lid bin to the final inorganics staging area for placement in the disposal box. 

Fines Separator 

Dirt, sand, rocks, etc., that do not need shredding will be routed to the fines separator via double-
lid bin. The fines separator will receive fragments from the shredder via conveyor. Incinerator 
hearth ash will be routed to the fines separator. Residue from the inorganic sizing area will be 
routed to the fines separator via double-lid bin. 

Inorganics Staging Area 

Separated larger-fraction waste from the fines separator will be routed to the inorganics staging 
area via conveyor. Generator supplied large-fraction inorganic waste will be delivered by the 
double-lid bin. All of the waste collected here will be pushed through an opening in the floor 
into the disposal box prior to the entry of molten contaminated sulfur polymer cement concrete. 
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Fines Blending Tank 

Separated fines and vitrified waste in pelletized form will be routed to the heated blending tank 
that feeds the cement mixer. Fly-ash, filtration dust, and floor sweepings will be routed to the 
blending tank by conveyor. The tank will be heated to ensure that all liquids in the waste are 
evaporated prior to solidification and stabilization with sulfur polymer cement. The heat will help 
bring the sulfur polymer cement up to melt temperature. 

Waste Solidification and Stabilization 

The final waste solidification and stabilization effort will combine the blending tank waste with 
additives and molten sulfur polymer cement, then pour the molten concrete into a waste disposal 
box that has already been partially or totally filled with waste from the inorganics staging area. 

NOTE: Tests to date show sulfur polymer cement to be superior to hydraulic cements for 
final waste stabilization of inorganic wastes and particularly the toxic metal oxides that will 
result from high-temperature treatments described here. The conversion of molten glass to 
pellet form rather than large castings is an act of engineering simplicity that results in all 
waste exiting the facility in a solidified form in identical waste containers. 

The Disposal Box 

The treatment concepts described here will provide full treatment of nearly all, if not all, contact-
handled Class A, B, and C low-level and mixed wastes. The final waste form will be totally free of 
liquids, approximately 98% inorganic, and concreted in standardized, cubic, steel disposal boxes 
that are appendage-free. The anticipated dimensions will be 1 x 1 x 1 m. 

NOTE: Treatment of transuranic waste can be acnieved in this concept with relatively 
routine changes in automated equipment and with the addition of double-containment 
features. 

The Unrevised Disposal Facility 

No changes have been made to the disposal concept. The large, dense, standardized disposal 
boxes will be stacked in an essentially void-free array in an abovegrade, earth-mounded, concrete 
vault (see Figure 1). An independent radiological performance assessment by Rogers and 
Associates Engineering, Inc., indicates that this concept will keep radiation exposure to the 
adjacent farmer (worst-case scenario) at zero for 5,000 to 12,000 years and that by then, any 
exposures will be approximately 33,000 to 83,000 times lower than currently allowed. Field tests 
of earthen covers conducted by the NRC confirm the very limited water penetration Figures used 
in developing the performance assessment. The performance assessment was conducted with 
waste stabilized in Portland cement. Laboratory tests are presently being conducted with sulfur 
polymer cement in an effort to predict its longevity. The tests are incomplete, but encouraging. 
The final determination is not at hand, but in either case, the results of this concept greatly 
exceed any existing requirements 

With the abovegrade, earth-mounded, concrete disposal vault, the currently favored bathtub 
disposal concept would be turned upside down to shed the water rather than trap water in the 
waste and thus hasten its destruction, leaching potential, and dispersion to the sub-soil. 
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Documents supporting the logic, cost savings, appeal to the public, and environmental 
enhancement advantages attributed to the abovegrade, earth-mounded, concrete disposal vault 
concept can be obtained from the author. 

CONCLUSIONS 

The unnecessarily complicated and expensive concepts of today can be turned around for the 
betterment of the nation through simplicity and logic, but only with a concerted effort by a lot of 
people. Being humans, we tend to protect our turf and the concepts of the past that worked, 
even though there were monumental disadvantages. 

The abovegrade, earth-mounded, concrete disposal vault with full treatment and solidification of 
radioactive and hazardous wastes offers advantages that other treatment and disposal concepts 
simply do not offer. As an unmentioned example, nearly all of today's many types of waste 
container handling devices would be eliminated in favor of two devices, one for the standardized 
double-lid waste transfer bin, and another for the standardized final disposal box. Each of these 
reductions in complexity cause other reductions in contaminated equipment and perplexity of 
operations. 

The concept presented is simplistic. There are wastes in the national system that will be difficult 
to treat to meet existing test requirements. Special systems may be required to accommodate 
these wastes that represent a tiny portion of the overall waste volume. I hope the flaws that are 
bound to exist (due mostly to limited space for explanations) will not prevent you from 
considering some of the concepts presented herein that would help us create a better world to 
live in. 

5 



Figure 1. The abovegrade earth-mounded concrete disposal vault filled with inorganic waste concreted in identical cubic disposal 
containers that have no appendages is to be placed above the probable maximum flood plain. The most troublesome waste will be 
placed on the floor along the centerline of the vault, and the most benign waste will be placed at the ceiling and walls. 
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SUMMARY 

AECL has proposed a concept for disposing of Canada's nuclear fuel waste. The concept has been referred for 
review under the Environmental Assessment and Review Process. The proposed concept is to emplace the waste 
in an underground disposal vault excavated 500 to 1000 m deep in the plutonic rock of the Canadian Shield. The 
disposal vault is to be passively safe, that is, long-term safety would not depend on institutional controls. 

After vault closure, the disposal system would consist of the underground vault with its containers of waste, and 
sealed rooms and tunnels; the rock surrounding the vault; and the potentially affected near-surface and surface 
environment. The postclosure safety assessment integrates relevant information from site investigations, 
laboratory studies, expert judgment, and mathematical analysis, to evaluate how this system may be expected to 
function in terms of safety standards over many thousands of years. 

For this assessment, we do not have a specific site and facility to evaluate. Therefore, we have specified an 
illustrative reference disposal system and evaluated its postclosure performance to demonstrate how an actual 
system would be assessed and to indicate what margins of safety might be expected. To make the reference 
system representative of a real system, we have used the geological observations at our Whiteshell Research Area 
to define the characteristics of the geosphere surrounding the vault and the groundwater flow system in the vicinity 
of the vault, including discbarges to the surface. We derived the characteristics of the surface environment using 
information from appropriate locations on the Canadian Shield. The reference waste form is used CANDU fuel. 

Our analyses of the reference disposal system indicate that humans and the environment would be effectively 
protected with a large margin of safety relative to existing regulatory standards. We have identified those parts of 
the system to which the safety performance is most sensitive. For example, the results are very sensitive to the 
layout of the vault relative to important features within the geosphere. We illustrate the use of performance 
assessment to establish design objectives and constraints. 

In our opinion, the postclosure environmental impacts can be assessed with sufficient reliability to site and design 
a facility, based on the proposed concept, to meet regulatory standards; the assessment can be used to influence the 
facility design so as to optimize the margin of safety; the reliability of the assessments can be enhanced by 
gathering more detailed information during the construction and operation of the facility; and the methodology is 
compatible with current regulatory requirements and is sufficiently flexible to accommodate any reasonable 
changes in these requirements. 
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LONG-TERM SAFETY ASSESSMENT OF THE DISPOSAL OF NUCLEAR FUEL WASTE 

by 

K.W. Dormuth, B. W. Goodwin and A.G. Wikjord 
AECL Research, Whiteshell Laboratories 
Pinawa, Manitoba, ROE 1L0 CANADA 

INTRODUCTION 

AECL has proposed a concept for the geological disposal of Canada's nuclear fuel waste in an underground vault 
excavated deep in the plutonic rock of the Canadian Shield. The disposal concept is based on a system of multiple 
man-made and natural barriers to isolate the wastes from the accessible environment. 

The concept has the following main features* : 

the waste form would be either used CANDU fuel or solidified highly radioactive reprocessing waste; 

the waste form would be sealed in a container designed to last at least 500 years and possibly much longer; 

the containers of waste would be emplaced in rooms in a disposal vault or in boreholes drilled from the 
rooms; 

the vault would be nominally 500 to 1000 m deep; 

the geologic medium would be plutonic rock of the Canadian Shield; 

the waste containers would be separated from the rock by a buffer material; 

each room would be sealed with backfill and other vault sealing materials; and 

all tunnels, shafts, and exploration boreholes would ultimately be sealed such that the system would be 
passively safe, that is, long-term safety would not depend on institutional controls. 

The disposal vault would be a network of horizontal tunnels and disposal rooms excavated deep in the rock, with 
vertical shafts extending from the surface to the tunnels. It would have a layout designed to accommodate the rock 
structure and other subsurface conditions at the chosen site. 

We have developed a methodology for evaluating the performance of a reference disposal system over tens of 
thousands of years. The safety of the system is determined by comparing the estimated impacts with regulatory 
standards for the protection of human health and the environment. 

The purpose of this paper is to describe the general approach to postclosure assessment and demonstrate its 
application to a reference disposal system illustrated in Figure I. 

POSTCLOSURE ASSESSMENT METHOD 

Postclosure safety assessment integrates relevant information from site investigations, laboratory studies, expert 
judgement and disposal system simulations, to evaluate the performance of the disposal system in terms of safety 
standards. Safety assessment is an integral part of the system design process and would be used in eventual license 
applications. 
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FIGURE 1: The Reference System for Assessing the Nuclear Fuel Waste Disposal Concept 

Our approach to assessing the long-term safety of a waste disposal system is based on the following interrelated 
steps'': 

definition of a disposal system based on facility descriptions provided by designers, site characteristics 
derived from field studies, and a human environment representative of a site in the Canadian Shield; 

identification of factors (features, events and processes) that could affect system safety and the 
identification and construction of exposure scenarios; 

development of models and databases to simulate the behaviour of the system over many thousands of 
years; 

analysis of system performance and long-term impacts; 

derivation of system constraints or mitigative measures using sensitivity analysis techniques and 
calculations which are iterated with design refinements; and 

comparison of system performance with safety standards. 

Postclosure assessment relies heavily on computer modelling and expert analysis because it involves estimating 
the performance of the disposal system far into the future. Such estimates are inevitably uncertain. While we take 
measures to reduce this uncertainty through carefully designed engineering studies, field investigations and 
laboratory experiments, the uncertainty cannot be eliminated. For the most part, the uncertainty is inherent in the 
system being modeled and our ability to understand its behaviour.^ 
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THE REGULATORY CRITERIA 

The AECB Regulatory Document R-104^ presents the objectives, requirements and guidelines dealing with the 
long-term aspects of all radioactive waste disposal, including nuclear fuel wastes. For the protection of human 
health, this document sets the individual radiological risk limit at 10'" health effects in a year and specifies a risk 
conversion factor of 0.02 per sievert. A health effect is a fatal cancer or serious genetic effect. The document also 
identifies 10 000 years as the period for which compliance must be demonstrated, and presents guidelines to meet 
the general requirement of compliance to the radiological risk limit without reliance on institutional controls. The 
individual risk should be applied to a group of people assumed to be located at a time and place where the risks are 
likely to be the greatest, irrespective of national boundaries. The concept of the critical group is commonly 
employed when applying individual dose limits to members of the public. This concept involves the identification 
of a relatively homogeneous group of people that is expected to receive the greatest exposure because of its 
location, age, habits and diet. 

For the chemically toxic nonradioactive elements of concern, we are guided by water quality standards and 
guidelines for the cleanup of contaminated soils, where they exist. Where they do not exist, we develop 
provisional standards. For selected non-human organisms, we evaluate the degree of harm by calculating the dose 
rate to the organism and comparing it with the lower limit of the range of background dose rates. We also compare 
calculated concentrations of contaminants in the biosphere with the natural variability of the concentration of that 
contaminant observed in the Canadian Shield environment. 

To make all of these comparisons with criteria possible, we build the appropriate objective function into the 
simulation model. 

THE REFERENCE DISPOSAL SYSTEM FOR THE POSTCLOSURE ASSESSMENT CASE STUDY 

The disposal system includes "... all structures, materials, processes, procedures, or other aspects which, when 
taken together, constitute the means by which safe disposal of the waste is achieved" (AECB 1985). During the 
postclosure phase, the disposal system includes the sealed underground vault and its surroundings. 

Since we do not have a specific site and facility design at this stage, we have defined a reference disposal system 
for the purposes of this postclosure assessment case study. The reference system comprises a vault, a geosphere 
and a biosphere. 

The reference vaulr includes used CANDU fuel bundles, encapsulated in thin-walled titanium containers packed 
with particulates for mechanical support, emplaced in boreholes surrounded by a sand-bentonite mixture, in the 
floor of rooms filled with a backfill of crushed granite and lake clay, and sealed with concrete bulkheads. The 
design capacity for a single vault was 10 million fuel bundles (191 000 Mg U), roughly equivalent to the wastes 
that would accrue in 100 years at the current production rates. This was subsequently reduced to 8.6 million 
bundles (162 000 Mg U), as a design constraint in die case study, to improve the margin of safety. 

The reference geosphere® consists of the host rock formation, its groundwater flow system, the materials used to 
seal the shafts and exploration boreholes, and a water well. The geological characteristics of the reference site are 
derived from data from AECL's Whiteshell Research Area, located near Lac du Bonnet, Manitoba. This area 
includes a large portion of the Lac du Bonnet Batholith, a large granitic rock body several kilometres deep with an 
exposed surface over 60 km long and 20 km across at its widest part. The granitic body was intruded over 
2.5 billion years ago into the rocks existing at the time. The batholith, the surrounding rocks, and the interfaces 
between them have been the subject of extensive field investigation for more than 12 years. The reference disposal 
depth is 500 m. Most of the detailed information about the rock, such as orientation of fracture zones, is based on 
detailed studies of the Whiteshell Research Area, including detailed investigations necessary to locate and 
construct an Underground Research Laboratory to a depth of 450 m. For geological structures outside the areas 
where detailed borehole information was available, assumptions have been made on the basis of information 
obtained from geological mapping and geophysical surveys from surface. 
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Figure 2 shows the location of the hypothetial disposal vault in relation to the major structural features in the rock. 
The rock immediately surrounding the underground rooms is sparsely fractured. The rock closer to the surface is 
moderately fractured. Planar zones of intensely fractured rock provide the primary conduits for groundwater flow 
through the rock. One such fracture zone is conservatively assumed to be a well-connected structure which 
intersects the plane of the vault, even though the field observations indicate otherwise. Furthermore, it is assumed 
to feed a well that provides domestic water. 

FIGURE 2: Layout of the Vault in Relation to Major Structural Features of the Rock 

Once the disposal vault is sealed, we assume the groundwater immediately fills the pore spaces and open cracks 
within the vault and host rock, slowly corrodes the containers, and releases contaminants from the fuel. The 
contaminants would slowly move through the surrounding buffer and low-permeability rock zone, primarily by 
diffusion. They would eventually reach the surface by convection in groundwater moving along the fracture zones 
and through the moderately fractured rock nearer to the surface. However, the properties of the barriers will 
ensure that the corrosion, dissolution and diffusion processes are very slow, and many of the radioactive 
contaminants will have decayed before reaching the surface. 

The reference biosphère' consists of the surface and near-surface environment, including the water, soil, air, 
people, and other organisms. Characteristics such as the location of water bodies and discbarge points of 
groundwater that could have passed through or near the hypothetical disposal vault are derived from the Whiteshell 
Research Area. The location is assumed to be typical of the Canadian Shield, consisting of rocky outcrops; bottom 
lands with pockets of soil, marches, bogs, and lakes; and uplands with meadows, bush, and forests. No major 
changes in the topography of the region are likely to occur during the 10 000 years following closure of a disposal 
facility. Changes in climate, surface water flow patterns, soils, and vegetation types are expected to be within the 
range of variation currently observed on the Shield and included in the case study. 

The critical group is a rural household of variable size, located in the immediate groundwater discharge zone 
associated with the vault In this location, effects of biosphere dilution and dispersion are likely minimal, because 
of the close proximity to the source of radionuclides. This results in the highest estimated contaminant 
concentrations in the natural environment and, therefore, the highest estimated doses to individuals. The critical 
group is assumed to be totally self sufficient, deriving from local sources all of its food, water, and other materials 
that might affect dose predictions. 
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Non-buman biota located in the groundwater discharge zones are assumed to be exposed to soil and water that 
would receive the largest concentration of contaminants. 

EXPOSURE SCENARIOS ANALYZED USING A PRIMARY SYSTEM MODEL 

To analyze the postclosure performance of the system, we must identify the features, events and processes that are 
important to long-term safety. A multidisciplinary group of experts developed a comprehensive database of such 
factors and then classified and screened them to ensure, to the extent possible on the basis of current knowledge 
and understanding, that no important factors were overlooked. The factors were then combined to define an 
extensive set of exposure scenarios which represent possible ways that the system could affect man or the 
environment". 

The most likely scenarios involve groundwater-mediated processes: breach of the containment system, release of 
contaminants from the waste form, diffusion and convective transport through the vault seals and geological 
system, and eventual migration to the surface environment resulting in exposure of the target organisms through a 
multiplicity of pathways. These factors were incorporated into a primary system model. 

The system model and associated parameters provides a maujematical representation of the reference disposal 
system, using linked models for the vault, geosphere and biosphere. In general, these models contain simplified 
representations of the processes affecting the transport of contaminants. The mathematical models are encoded in 
computer software to facilitate deterministic and probabilistic calculations and sensitivity analyses. 

The vault modeP is used to estimate the flow of contaminants from the vault into the surrounding geosphere. It 
simulates the change with time of the inventory of radionuclides in the used fuel, the release of contaminants from 
the fuel and zirconium alloy cladding, the transport of contaminants through the buffer and backfill, and the 
precipitation of contaminants that exceed their solubility limit. The interfaces between vault sectors and the 
adjacent rock zones are represented by mass transfer coefficients which ensure that groundwater flow near and 
inside each sector, and contaminant flows out of the sectors, are consistent with the hydrogeological conditions in 
the adjacent rock. 

The geosphere tnodeP simulates the movement of groundwater; die transport of contaminants uirough rock 
segments by processes of convection, dispersion, diffusion, and sorption; and the discbarge at different locations in 
the biosphere, including a domestic water well which provides a contaminant pathway directly into the food chain 
of human and non-human biota. For conservatism in the assessment, we chose to locate the vault near a permeable 
fracture zone that is well connected to recharge and discbarge areas. In implementing the concept, we would tend 
to avoid such locations. In the case study, the distance between waste containers and die fracture zone has a strong 
effect on the calculated margin of safety. 

The biosphere modeP is used to estimate contaminant concentrations in the accessible environment and 
radiologtcal and chemical doses to target organisms. The biosphere, occupied by die critical group and oUier biota, 
is situated immediately above the vault. It is linked to the geosphere by groundwater discharge points, which 
include the well. The biosphere model simulates the following processes: 

movement of contaminants in surface waters, sediments, soils and die atmosphere to predict concentrations 
in water, soil and air for comparison with regulatory and other standards. Dilution, dispersion, sorption, 
degassing, and buildup and radioactive decay are all considered. 

movement of contaminants through human and non-human food chains to predict biological transport. 
Root uptake, leaf deposition; bioconcentration; radioactive decay; food, water, and soil ingestion; 
inhalation; and external exposure are all considered in a variety of terrestrial, air and aquatic exposure 
pathways. 
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radioactive decay in humans and other biota for dose prediction, and comparison of doses with regulatory 
and other standards. Uptake, retention and distribution of contaminants in the body are considered as are 
radioactive decay and absorption of radiation by tissues and organs to estimate potential radiological 
effects. 
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FIGURE 3: Pathway Switches in the Primary 
System Model 

A variety of switches in the system model were used to 
represent the mutually exclusive factors, and associated 
contaminant transport pamways and probabilities of 
occurrence. For example, water needs for domestic use, 
for livestock and for irrigation may be met by either of 
two sources: a well or a lake. The frequency of choosing 
one source or the other is set in the analyses according to 
the statistics of well or lake water usage by rural residents 
currently living in Shield environments. Figure 3 
illustrates the use of multiple switches in the system 
model, leading to several hundred different exposure 
scenarios. 

In the case study, our analyses using the system model 
show that nonsorbing, long-lived radionuclides contribute 
most to radiological risk. The two highest contributors 
are , 2 9 I (t1/2 = 16 Ma) and 14C (U/z = 5.7 ka). Figure 4 
shows the frequency distribution of estimates of total 
annual dose to an individual of the critical group at 
10 000 years after closure. This histogram is constructed 
from the results of 40 000 probabilistic simulations. Note 
that there is a break in the vertical axis of the plot, so the 
bar representing the lowest dose estimates could be shown 
on the same plot as the bars representing higher estimates. 
The distribution is highly skewed toward low doses, and 
the highest estimated dose is negligible. 

In each simulation, the annual dose was estimated as a 
function in time, ranging from the time of closure of the 
reference disposal facility to 100 000 years thereafter. 
Figure 5 shows the e stimated (arithmetic) mean annual 
dose versus time. The mean was estimated from the 
results of 40 000 simulations. Because the number of 
estimates is finite, there is uncertainty in determining the 
true mean, which would be calculated from an infinite 
number of estimates. The dotted lines in the figure 
represent estimated 95% confidence bounds on the curve. 

The horizontal da.,,, Pipure 5 represents the annual dose, 5 x 10"^ Sv, associated with the AECB risk 
criterion. This associated u ">r>hly 2% of the annual dose that residents of the Canadian Shield typically 
receive from natural background railiuuon. The mean annual dose estimate for the case study is much less than the 
associated annual dose for any year in the entire 100 000 years of simulation time. 

EXPOSURE SCENARIOS ANALYZED INDEPENDENTLY OF THE PRIMARY SYSTEM MODEL 

Many important factors were analyzed independently of the system model. Criticality safety was analyzed using a 
neutron multiplication factor as part of the facility design process". The reference system was shown to be 
subcritical whether or not the fuel remained intact or became dispersed in me surrounding media. 
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Four inadvertent intrusion scenarios, all initiated by a drilling operation, were analyzed to show the potential 
effects of extracting a core of waste material1". These scenarios led to die exposure of a member of the drill crew, 
of a laboratory technologist conducting a core examination, of a construction worker and of a resident living in a 
home built on dispersed waste material. The consequence of each scenario was analyzed using a standard 
computer code for environmental pathways analysis and radiation dosimetry. An event tree was used to define die 
sequence of events and human actions or failures which could lead to Uie exposure of the intruder, or mitigate 
against it, and to estimate me probability of each scenario. The highest estimated risk was due to the core 
examination scenario which peaked at approximately 500 years at a level well below the AECB risk criterion. 

The effects of transitional processes, such as continental glaciation and climate change, or potentially disruptive 
events, such as meteorite impacts and earthquakes, were also treated independendy of the system model. For 
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times beyond 10 000 years, glaciation is likely to be the most severe transitional process to affect the disposal 
system. Estimates of the effects of glaciation on rock stresses, isostatic depression and rebound, groundwater flow 
patterns, and surface erosion and deposition leading to changes in topography and hydrology suggest that there 
will be no sudden and dramatic increases in the impacts of the vault. Biosphere analyses of different glacial states 
indicate the present interstadial condition, which is incorporated into the case study using the system model 
discussed earlier, will result in higher contaminant doses to target receptors than future interstadial or full stadial 
conditions . Evaluation of the likelihood of meteorite impacts and earthquakes and their likely effects likewise 
suggest that there will be no sudden and dramatic increases in the impacts of the vault from these causes. 

CONCLUSIONS 

The postclosure assessment methodology is flexible and could be applied to many potential disposal sites and 
designs, within the concept. However, Uie results presented in this paper apply specifically to the case study of the 
reference system, and should not be given wider interpretation. 

Our analyses indicate that humans and the environment would be effectively protected with a large margin of 
safety relative to existing regulatory standards. Sensitivity analyses and iterative calculations using the primary 
system model have identified the factors which have a strong influence on system performance and safety. The 
impacts are very sensitive to the layout of the reference vault within the geosphere, particularly to the size of the 
rock diffusion barrier between waste containers and a highly conductive fracture zone. 

Long-lived radionuclides released from the fuel-sheath gap and grain boundaries of the UO2 fuel matrix contribute 
most to radiological doses. Iodine-129 (U/2 = 16 Ma) is the largest contributor. The critical pathway in the 
biosphere involves irrigation using well water and provides a direct route for contaminants in groundwater to reach 
the food chain of individuals in the critical group. 

In our opinion, the postclosure environmental impacts can be assessed with sufficient reliability to site and design 
a facility, based on the proposed concept, to meet regulatory standards; the assessment can be used to influence the 
facility design so as to optimize the margin of safety; the reliability of the assessments can be enhanced by 
gathering more detailed information during the construction and operation of the facility; and the methodology is 
compatible with current regulatory requirements and is sufficiently flexible to accommodate any reasonable 
changes in these requirements. 
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AECL's Impela™ Electron Accelerators for Industrial Uses 
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Andrew .) Stirling 

AECL Accelerators 
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1 Introduction 

In November 1992, AECL Accelerators completed the design, construction and commissioning of 
the world's most powerful 10 MeV electron accelerator in a commercial processing plant. The 
plant is owned and operated by E-Beam Services Inc. in New Jersey. Recounting the project 
offers future users of this new technology an opportunity to ensure success themselves. The 
accelerator is AECL's Impela™ electron linear accelerator. Jt is characterized by its energy of 10 
MeV and power of 50 kW (Reference 1 ). 

This high power level opens new horizons for the use of electron beams for modifying materials. 
The accelerator facility at E-Beam Services plant in Cranbury is a contract service centre. It is 
designed to be able to treat a wide variety of products, with very short turn-around time. The 
products treated include medical devices that are sterilized, plastic pellets that are crosslinked, and 
formed plastic parts that are strengthened through crosslinking. The facility is equipped to handle 
other products that may be electron treated in future. Such would include cellulose pulp, animal 
feed, spices or other materials that require quarantine treatment. 

2 Accelerator Performance Requirements 

The function of a service contractor is to treat a wide a range of products at the lowest possible 
cost. The key specifications for the accelerator are therefore: 

• Energy (which controls penetration) 
• Power (which controls throughput) 

Cost per unit power ($/k\V), 
• Reliability, and 
• Ease of operation 

The beam power in kW, along with the dose required and the efficiency of electron use determines 
the throughput of product treated through the relationship: 

Power(kW)=Throughput(kg/s)*Dose(kGy)/Absorption Efficiency. 

The 50kW accelerator can sterilize 900 cubic ft. (25 cubic m) of medical items in one hour. 

3 Contract Negotiation 

Since irradiation plants must meet the various demands of their owners, no two plants are likely to 
be absolutely identical. The product handling equipment and product flow must be tailored for 
each plant, and the accelerator must be located appropriately. Some accelerator purchasers wish to 
take full responsibility for all civil work, product handling equipment and services. Others seek a 
turn-key solution. The most important element of contract negotiation is the definition of the Scope 
of Work for each participant. 



In executing the project in New Jersey, E-Beam Services designed and constructed the building, 
constructed the radiation shield, provided the personnel safety system and had the electrical and 
cooling services installed. AECL designed, built, installed and commissioned the accelerator. A 
carefully written contract minimized the danger of misunderstanding responsibilities. The contract 
usefully spelled out the project managers for each party, set a frequency of project meetings and set 
milestones for each to meet. These milestones set the overall schedule and included: 

Specification of irradiation room and maze dimensions, 
Specification of building dimensions, 
Specification of services required for the accelerator, 
Completion of shielding conceptual design, 
Completion of building design, 
Completion ofbuilding, 
Ship accelerator, 
Installation of accelerator complete, and 
Acceptance test completed. 

The contract included target completion dates as shown in figure 1. Both parties were under 
extreme pressure to meet the schedule. AECL's future clients and competitors were scrutinizing 
the progress minutely to assess the new technology. For E-Beam Services Inc. the pressure came 
from clients requiring firm dates before they could commit to processing contracts. 

1990 199] 1992 

Construction 

Installation 

Commissioning 

V////////////////^W///M^^^^ 

Plan 

Actual V//////////////////, 

Acceptance Tests 
Complete 
92 10 23 

Figure 1 : Project Schedule 

Facility Design 

It is essential to shield the staff and public from the electron beam, yet maintain the flow of a large 
volume of material into the irradiation chamber. The radiation shielding design is therefore a 
challenge which balances cost against 

• adequacy of shielding 
• ability to introduce products of various sizes and types, and 
• versatility towards modification for new products. 

The thickness of the shielding required is a strong function of electron energy and a much less 



sensitive function of power. For industrial electron accelerators with energies above 1.5 MeV the 
most cost effective shielding materials are concrete or earth. Three metres of concrete will 
adequately shield a 10 McV electron accelerator. The cost of the shield varies as the third power of 
the volume enclosed in the irradiation room. Similarly, a wide product entrance maze requires 
more shielding then a narrow maze. At E-Beam Services the maze width was minimized by 
choosing to transport product under the beam on a series of carts pulled by a chain in a groove in 

the floor. When cleared from the maze there is 
adequate space in which to carry maintenance 
equipment into the irradiation room. The cart 
system is also very reliable, and experience has 
shown that fires caused by products being stuck 
under the beam do not occur with this type of 
conveyor. 
Options for orienting the accelerator are vertical 
(cither up or down), horizontal, or anywhere in 
between. The vertically downwards orientation at 
E-Beam Services makes use of the earth for 
shielding in the forward direction where radiation 
intensity is highest, offers a simple product 
loading system and is not subject to items falling 
on the accelerator window. The Impela™ is able 
to fit into a standard height industrial building. 

m 
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Figure 2 : Facility Schematic 

Legend for Figure 2 
1: Entrance to maze 
2: Shielding at ground level 
3: Shielding at upper levels 
4: Accelerator structure and scan hom 
5: Control room 
6: RF power equipment 

E-Beam Services Inc. chose to locate the 
accelerator structure within a tower with the major 
electrical and cooling components on the surface 
of the shielding which covers the entrance maze. 
(Figure 2). 

In building a contract service centre it is tempting 
to maximize versatility by building the shield with 
moveable blocks. Such shields have been 
successfully implemented. However, municip
alities and contractors are unfamiliar with this 
form of construction, pouring flat blocks requires 

strict quality control, and ensuring that the shield is never compromised makes the safety system 
more complex. Poured concrete shielding with limited moveable sections was the choice for this 
plant. 

The personnel safety system consists of key switches to prevent staff from being trapped in the 
radiation room at start-up and sensors to trip the accelerator should someone try to enter when the 
accelerator is switched on. 

Accelerator Construction 

AECL's Impela™ is constructed to some 2300 controlled drawings, calling on standard and 
custom components from both foreign and local suppliers. The key item is the 3m high-purity 
copper accelerating structure. This consists of 58 closc-tolcrancc cavities brazed face to face. 
Machining, tuning, brazing and vacuum testing were performed at AECL's former Medical 
Products plant. To the accelerating structure is added the electron gun, scan horn, window shield, 
vacuum manifold and cooling connection. All components are rigidly attached to a strongback 
which ultimately bolts to the shielding tower. Construction took 18 months in total because the 
critical items were begun before the design of other items was complete. (A subsequent accelerator 
is under construction and the manufacturing time has been halved.) On completion, the accelerator 



assembly was shock-mounted on a shipping framework of steel girders and transported to the 
client's plant. 

Other key components included the 

• Klystron, 
• Modulator, 

Waveguide assembly (including circulator), 
High Voltage Supply, 

• Control.rf and gun cabinets, 
• Control console, and 

Secondary cooling system. 

The klystron, high voltage supply and secondary cooling system were tested in their respective 
manufacturer's plants and shipped directly for installation. The electrical and electronic cabinets 
were assembled and fully tested before shipping. This included board tests under thermal stress, 
unit tests, and a complete test of the integrated assembly. A full-function electronic simulator 
designed by AECL mimics the behaviour of the accelerator structure to exercise the control and 
drive systems without producing radiation. All parts were then either demounted or packed to 
prevent damage in shipping. 

6 Facility Construction 

The construction of the facility followed straight-forward building practices for the exterior 
cladding, roofing and transportation portals. E-Beam Services acted as its own general contractor, 
and purchased a prefabricated building. For the engineering of the footings for the shield and for 
the shielding itself, specialist consulting engineers were engaged. A high degree of coordination 
between the designer of the shielding and the accelerator supplier ensured that conduits were 
correctly set into the shielding to interconnect accelerator components. The shielding also was 
shaped to provide an oil recovery system to contain a leak in an oil-containing component. A 
specially designed grounding system was embedded within the shield and critical areas of the 
footing. 

7 Installation 

Installation of the Impela™ was carried out by contractors engaged at the client's site and by AECL 
engineers and technologists. Contractors included a surveyor,electricians, riggers, and pipefitters. 
The principle tasks were: 

• Survey to locate positions and alignments of key components. 
• Place all major electrical and cooling components in position. 
• Install accelerator structure through opening left in roof. 
• Interconnect electrical cabinets and control console. 
• Interconnect accelerator structure cooling with secondary and primary cooling 

systems. 
• Install personnel safety system. 
• Install product-handling conveyor. 
• Fill primary cooling system with deionised water 
• Fill oil immersed if modulator. 

Connect electrical service to the six feeder panels. 
• Install software in industrial controller. 
• Perform official safety inspection prior to energizing equipment. 

Installation extended over 20 weeks. This time was set by summing the hours required for each 



task that must be done in sequence. To meet the tu.-ht schedule in this project, some installation 
tasks had to begin before manufacturing was complete (Figure 1 ) 
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During commissioning each component is 
brought to full operating performance and 
sequentially integrated together. The 
vacuum envelope is baked and evacuated 
to the target pressure and power is then 
applied to the structure at ever increasing 
levels. Raising the power in carefully 
chosen steps heats and field-etches the 
inside of the accelerating cavities to permit 
ever increasing vacuum levels. As the 
vacuum increases so the sustainable power 
level increases (Figure 3). Conditioning 
the structure in this way occupied a further 
8-10 weeks. By comparison with 
experience elsewhere, the rapid increase to 

Figure 3 : Power During Commissioning f u | [ p o w e | - j s exceptional. It results from 
the fundamentals of the physics design, the careful choice of materials and manufacturing methods 
and the skill of the commissioning staff. 

9 Licensing and Community Relations 

A 10 MeV electron accelerator is a radiation producing machine, rather than a "nuclear facility". 
In the state of New Jersey, accelerators must be registered with the Particle Accelerator Safety 
Office (PASO). Nuclear Regulatory approval is not required. An environmental review required 
assurance (by calculation) that ozone produced would be within local limits and adequately vente! 

Experience shows that public opposition to isotope-based irradiators can be aroused by activists, 
and that proposals to irradiate food become centres of controversy. An electron accelerator neither 
uses nor produces such radioactive materials. However, municipal politicians, labour leaders and 
neighbours can easily confuse radiation with radioactivity. A targeted educational program 
ensured local support. 

10 Conclusion 

The Impela™ accelerator at E-Beam Services was installed and commissioned fast and efficiently 
for the first model of its type and located outside the supplier's home country. It was completed a 
few days ahead of schedule due to excellent experience during commissioning. The elements 
which led to this success included 

• Excellent and frequent communication between project managers of supplier and 
client, 
Competent project managers, 

• Access to highly qualified contractors in the New Jersey area, 
• Accelerator design complete and fully documented before construction, and 
• Prototype operating prior to construction so that lessons were learned in the 

laboratory rather than in the client's plant. 
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INTRODUCTION 

In this paper we review recent advances in industrial applications of ionizing radiation, primarily 
electron beams, in the field of polymer processing at two leading laboratories in this field, the 
Takasaki Radiation Chemistry Research Establishment {TRCRE) of JAERI, Japan, and the Whiteshell 
Laboratories of AECL Research, Canada. 

The Radiation Applications Research program of AECL Research was established in 1985 to research 
and develop new industrial applications of high energy electrons, made possible by AECL's 50kW, 
10 MeV IMPELA accelerator. The program presently employs about fifteen researchers and is 
focussing on materials processing; particularly, curing of polymers and advanced composites, and 
biomass applications. The research presented here was performed with AECL's 1-10/1 research and 
pilot production electron accelerator, which is a 1 kW, 10 MeV prototype. 

TRCRE was founded in 1963 as a centre for research and development of radiation chemistry. 
Presently, the centre has three electron accelerators: A 3 MeV-25 mA Dynamitron, a dual beam 2 
MeV-30 mA Cockcroft-Walton type accelerator (made by NHV), and a 300 keV-100 mA Curetron. 
The two medium energy accelerators are being mainly used for R & D work on crosslinking and ether 
irradiation effects on polymers, on grafting onto polymers, as well as for pollution control studies. 
The low energy accelerator was installed in 1985 and has been used mainly for curing of liquid 
resins. 

Irradiation of a substrate with ionizing radiation produces ions and free radicals through ionization 
and excitation events. The subsequent chemistry of these radicals is used in radiation processing to 
substitute conventional processing techniques based on heating and/or the addition of chemicals (1-
4). The advantages of radiation processing include formation of novel products with desirable 
material properties, such as increased strength, hardness, melting temperature, and reduced residual 
stress; favourable overall process economics, such as increased processing efficiency or reduced 
energy requirements; and often environmental advantages, such as generation of reduced amounts 
of volatile compounds or lower consumption of aggressive chemicals. 

Crosslinking of polyethylene, polyolefins, and elastomers represent typical radiation processing 
applications such as for the production of wire and cable insulation, heat-shrinkable tubing and film, 
plastic foams, and tires (1,2). New radiation applications under study are reviewed below. 

APPLICATIONS 

Advanced Composites 

At AECL Research, carbon and aramid fibre-reinforced composites are being studied for a variety of 
structural applications, because of their high strength-to-weight ratio and corrosion resistance. 
These composites, primarily used in the aerospace industry, are normally produced by thermal curing 
of epoxies. However, thermal curing is time consuming, generally produces toxic gaseous emissions, 
and can lead to residual stresses in the product due to mismatch of the thermal expansion 
coefficients of the fibres and the epoxy matrix. Ambient temperature production by radiation 
processing of equivalent acrylated epoxy matrices can be used to produce composites with reduced 
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residual stresses and without any substantial emission of volatile compounds (3,4). In addition, 
production of such composites by continuous radiation processing is expected to be one to two 
orders of magnitude (minutes rather than hours) faster than by batch type thermal processes (3,5,6). 

Most epoxy formulations have been developed for conventional thermal curing techniques. Such 
epoxies polymerize by electron processing via cationic mechanisms, which are inhibited by traces of 
moisture; thus, electron processing becomes impractical. To circumvent this problem the epoxy 
oligomer is acrylated (3). As shown in Table 1, tests of matrix materials for advanced composites 
required by the aerospace industry demonstrate that such acrylated epoxies, cured by electron 
processing, are equivalent to thermally cured conventional epoxies (3,5,7). Presently, similar studies 
with acrylated epoxy composites reinforced with aramid fibres show compression strengths below the 
acceptable values (8). However, we expect that the properties of this system can also be improved 
by a suitable choice of matrix resin and fibre/matrix coupling agents. 

Pre peg 
material* 

EB-cured 
epoxyb 

Thermally cured 
epoxy 

Tensile properties 

Strength Modulus Strain 
(MPa) (GPa) (%) 

580 57 1.1 

460 57 0.8 

Compression properties 

Strength Modulus Strain 
(MPa) (GPa) (%) 

460c 30 0.7 

460 50 0.9 

Table 1. Typical Properties of Carbon-Fabric/Epoxy Laminates. (* 14-ply, 600 kPa curing près ure 
plain-weave AS4 fabric, 64% fiber volume. b Acrylated epoxy. c C.B. Saunders, V.J. Lopata, T.E. 
McDougall, W. Kremers and A. Singh, unpublished data.) 

In Table 2 we present data on residual stresses, obtained by radius of curvature measurements (the 
higher the radius of curvature the lower the stress). These data show that electron processed 
acrylated epoxy composites exhibit lower residual stresses than thermally treated epoxy composites 
(6). 

Polymeric Films and Coatings 

Curing of oligomer/monomer mixtures with low energy electron beams (EB) has been studied at 
TRCRE. A systematic study (9) of the mechanical properties of EB-cured films of various mixtures, 
composed of aliphatic urethane-acrylate oligomers and mono- or multi-functional monomers, 
established that mono-functional monomer mixtures can cover a wide range of tensile properties, 
giving higher values of both tensile strength and elongation than multi-functional monomers, as 
shown by the data in Table 3. It was also found that in the mono-functional monomersystems the 
tensile properties are dependent on the glass transition temperature (Tg) of the bulk polymer rather 
than that of the monomer. Some of these combinations with high Young's moduli also exhibit heat 
shrinkable properties. 

The factors affecting adhesion properties of EB-cured coatings onto galvanized or primer-coated 
steel sheets have also been studied (10). This study showed that an oligomer-monomer mixture with 
a polar component gives a coating with better adhesion to galvanized steel sheet, while a mixture 
without any polar component showed better adhesion to the primer-coated steel. This study 
contributed to the industrial application of EB curing to the production of pre-coated steel coils by a 
Japanese steel company. 
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EB-curable oligomers have been developed using dimer acids which are produced by dimerization of 
unsaturated higher fatty acids. A study on diacrylate oligomers of epoxidized dimer acids showed 
their potential application in coatings, preferably as filler coatings on wood panels (11). 

Resin Blend 

EA-12.20% RH 
EA-2, 20% RH 

Resin A3 

0%RH 
65% RH 

Resin B4 

0% RH 
65% RH 

Electron-Cured Samples 

0,90' 0,45' 

0.41 ± 0.02 1.10 ± 0.17 
0.24 ± 0.01 0.64 ± 0.04 

Thermally Cured Samples 

0.06 ± 0.004 0.23 ± 0.020 
0.15 ± 0.002 0.59 ± 0.060 

0.07 ± 0.007 0.21 ± 0.013 
0.14 ±0 .009 0.40 ± 0.030 

Table 2. Radius of Curvature (m) for Determining Residual Stresses of Selected Composites (6). 
I1 Two lay-up configurations {0,90° and 0, +45°, -45°, -45°, +45°). 2 EA: Commercially available 
epoxy acrylate formulations. 3 Epoxy resin cured at 170°C for 1 h (2 MPa); post-cured at 190°C for 
4 h. 4 Epoxy resin cured at 140°C for 30 min; 170°C for 1 h (0.7 MPa).) 

Monomer 

None (mono-func.) 
cyclohexyl acrylate 
isobornyl acrylate 
acrylic acid 
N-vinyl pyroelidone (multi-func.) 
1,6-hexane diacrylate 
NGTD 
PTPT 

Strength 
<kg/cm2) 

170 
300 
410 
680 
560 
180 
320 
240 

Elongation 
(%) 

140 
240 
160 
150 
110 
30 
30 
70 

Modulus 
(kg/cm2) 

20 
70 

5700 
12400 
12000 

1500 
9100 

270 

Table 3. Tensile Properties of EB Cured Films. (Oligomer:UX4101 (Nippon Kayaku Co. Ltd). 
Oligomer/mono-functional monomer = 60/40. Oligomer/multi-functional monomer = 70/30. 
NGTD: Neopentylglycolated trimethylolpropane diacrylate. PTPT: Propoxylated 
trimethylolpropane triacrylate) 

Furthermore, dimer acid-based polyesters were converted to urethane di-acrylates (UDA). EB curing 
of UDA and UDA/monomer mixtures, provided in most cases soft or elastic films with possible 
application to pressure sensitive adhesives. Table 4 shows dose-to-cure and adhesive properties of 
UDA oligomers with different molecular weights. It can be seen that as the molecular weight 
increases, the dose-to-cure and adhesion strength increase. It was also observed in these studies 
that a wide range of adhesive properties can be obtained from UDA type of oligomers by changing 
the urethane acrylate compound and selecting the monomer(s) to be mixed. 
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Molecular Weight 

Dose, kGy 
Peel Strength*, g/in 
Ball Tack, (No) 
Holding Timeb, h 

6,100 

10 
3 

<2 
>24 

17,500 

20 
400 

5 
>24 

21,200 

100 
600 

8 
>24 

28,600 

100 
1,500 

15 
4 

Table 4. Effect of Molecular Weight of UDA on Dose-to-Cure and Adhesive Properties. (* Stainiess 
Steel. b 40°C, 1 kg) 

Biomass Applications 

Radiation induced degradation of materials, as a result of bond scission, can be exploited to process 
pulp and viscose. At AECL Research, studies of radiation processing of wood chips prior to pulping 
have shown that, in certain cases, pre-irradiation of the wood chips facilitates the pulping process, 
resulting in a significant decrease in the overall energy required, with only minor impact on the 
quality of the pulp (12). Furthermore, radiation processing has the potential of significant 
environmental advantages because of the expected reduction in use of aggressive chemicals 
employed in the conventional processes for producing pulp and cellulosic fibres. 

Recent studies by AECL and Sunds Defibrator have shown that electron-beam pre-treatmentof wood 
chips produces chemical changes in the wood resulting in net electrical power savings of 20 to 40% 
in the refiner mechanical pulping process (12). These studies examined the effects of electron-beam 
pre-treatment on Black Spruce, Loblolly Pine and Aspen wood chips. Although some reduction in 
intrinsic fibre strength and fibre length was noted, the specific energy savings are encouraging. The 
electron-beam pre-treatments were conducted in an air atmosphere, at room temperature, using 
AECL's 1-10/1 electron accelerator. The treated chips were then packed in drums and air freighted 
to the Sunds pulping pilot plant in Sundsvall, Sweden, for refining. The resulting power savings 
translate into substantial economic benefits. For example, for a mill producing thermomechanical pulp 
for newsprint from Black spruce chips, where energy requirements can be up to 2200 kWh/t, a 25% 
reduction in electrical energy consumption would amount to annual savings exceeding $4.5 M. 

Exposure of pulp to high energy electrons or gamma-rays can be used to lower the degree of 
polymerization of cellulose (13-15). Typical results using 10 MeV electrons and Co-60 garima-rays 
are shown in Figure 1. This treatment has been viewed as an efficient replacement of the "aging" 
step in viscose production. Furthermore, electron treated pulp has been found to possess higher 
reactivity, resulting in decreased amounts of chemicals such as CS2 required in viscose production 
(15). Also, decreased usage of CS2 did not have any adverse effects on the properties of fibres 
produced from viscose made with irradiated pulp. The benefits realized from this enhanced reactivity 
include both economic savings, in terms of lower chemical (CS2, NaOH and H2SOa) usage and 
reduced environmental releases (CS2 and H2S). 

Radiation induced processing of natural and artificial polymers, such as wood fibre reinforced 
polypropylene (WFRP), yields a variety of products which have superior properties and conserve a 
non-renewable hydrocarbon resource (7). To make WFRP, wood fibre is mixed with polypropylene at 
the compounding stage, where proprietary reactive additives are also added to facilitate fibre-
polypropylene chemical bond formation. The mixture is irradiated with the 10-MeV electron 
accelerator to a dose of 10 kGy and is then extruded to produce pellets. These pellets can be 
injection moulded to fabricate desired products. As shown in Table 5, improvements in the proper
ties of the irradiated material include higher heat deflection temperature, higher flexural modulus and 
higher flexural strength, compared to the wood fibre-filled product. Similar improvements have also 
been obtained with the mineral powder/polypropylene system. 



- 5 -

I \ 
S 700- \ 

500̂  

• ' - fc- i 

10 15 20 
Dose (kGy) 

25 
j 
30 

Fig. 1: Effect of Electron {o.jf. 10 MeV) and Gamma (A1.3 MeV) Iradiation on Depolymerization 
of Cellulose 

Composition/Properties 

Polypropylene, mass % 
Wood, mass % 

Tensile Strength, M Pa 
Tensile Modulus, G Pa 
Flexural Strength, MPa 
Flexural Modulus, GPa 
Impact Strength, notched, J/m 
Thermal Expan. Coeff., 106/°C 
Heat Deflection Temp., °C 
Melt Flow Index, g/10 min 

ppi 

100 
-

37.3 
1.87 
37.8 
1.41 
12 
134 
66 
10 

Filled2 

65 
35 

35.3 
3.93 
44.0 
3.04 
11 
23 
94 
0.5 

WFRP3 

65 
35 

48.8 
3.89 
62.5 
3.46 
11 
18 
116 
4.4 

Table 5. Comparison of Properties of Wood Fibre-Filled and Reinforced 
Polypropylene. C PP - polypropylene. 2 Filled - wood fibre filled PP. 3 WFRP - wood 
fibre - reinforced PP (electron processed)) 

Other Applications 

A novel application of ionizing radiation, studied at TRCRE, is grafting functional groups onto 
polymeric substrates to produce materials with desirable physicochemical properties for a variety of 
applications (16). Table 6 summarizes R&D work on radiation grafting at TRCRE. 

The application of electron beams to the sterilization of medical products is an emerging application 
worldwide. The radiation effects on microorganismsand the durability of polymeric materials used in 
medical ware have been reviewed recently (17). The degradation of polypropylene, one of the main 
materials used in medical products, during EB irradiation and its storage after the irradiation have 
also been extensively studied at TRCRE. It was confirmed that degradation after EB irradiation is 
much less than after gamma irradiation. Chemiluminescence measurements of films showed that EB 
irradiation produces less oxidation and the depth of the oxidized layer is thinner than with gamma 
irradiation (18). Further studies of the degradation of polypropylene showed that increasing of the 
amorphous phase, by either using copolymers or polypropylene with higher molecular weights or 
excluding nucleating agents, suppresses degradation of EB-treated polypropylene (19,20). 
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Substrates 

Polyethylene Film 
(25 n m) 

Fibrous or Nonwoven 
Polypropylene 
(1-20/uric» 

Nonwoven Poly-
proplyene (1 ~20 ft mc» 

Polyethylene Films 
(25 n m) 

Polyethylene Foam 

Polyethylene Hollow 
Fiber (id: 0.62 mm) 

Monomers 

Acrylic Acid 

Acrylonitrile 

Styrene 

Acrylic Acid 

Vinyl Phosphonate 

Clycidyl 
Methacryiate 

Treatment & 
Funfitinr al Grnnps 

Alkali Treatment; 
COOK or COONa 

Amidoximation with 
Hydroxyamine 

Sulfonation; -S03H 

Alkali Treatment; 
-COOK Radiation 
Crosslinking 

Iminodiacetic Acid 

Use & Characteristics 

Battery Separatators, 
Ion Exchange Membranes, 
Long Durability, Low 
Electric Resistance 

Adsorbents for Uranium 
From Seawater and Heavy 
Metal Ions 

Adsorbents for Toxic 
Gases, such as NH3,H2S 

Pervaporation Membranes 
for Alcohol vs. Water 

Flame Retardant Polyethylene 
Foam 

Functionalized Hollow Fibre 
Membrane 

Table 6. R&D Work on Radiation Grafting Carried Out at TRCRE 
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ABSTRACT 

High polymer epoxy adhesives are more and more used in an increasing number of domains 
such as the naval and aerospace industries. In addition to excellent adhesion and high strength 
properties, they exhibit good weather resistance, low shrinkage upon cure, low toxicity, excellent 
resistance to corrosion and ease of use. Before using these high polymer epoxies in environments 
subjected to high gamma and/or neutron radiation, it is essential to acquire a good knowledge of their 
resistance to high fluences of ionizing radiation. Applications under such environments include 
composite materials in space vehicles and in the nuclear industry for nuclear reactor components or 
spent fuel storage containers. 

In this work, the adhesive performance of a high polymer epoxy (a fast-setting 5-minute epoxy 
glue) was examined, resulting from various exposure durations to a high radiation (fast and thermal 
neutron, and gamma) flux produced by the SLOWPOKE-2 research reactor at Royal Military College 
of Canada. The tests used the ASTM D897 procedure on samples of epoxies subjected to various doses 
of radiation. These tests consisted in tensile strength measurements done on a fully computerized 
Instron Model 4206 tensiometer. The samples were made with two aluminum cylinders with flanges held 
together by a fine layer of epoxy glue prepared and applied in a very carefully controlled manner. 

The first tests involved a batch of a dozen unirradiated samples which exhibited an average 
adhesive strength of 4±2 kN. Batches of 12 similar samples were then irradiated in the SLOWPOKE-2 
reactor pool using an "elevator" designed to bring and maintain samples against the reactor vessel at 
a position coincident with the mid-plane of the reactor core. Irradiation durations ranged from 1 hour 
to 24 hours, giving neutron doses calculated as ranging from 3±2 mGy to 130±50 mGy. The gamma 
ray doses were estimated as from 11±5 mGy to 2.5±1 Gy. The tensile strength tests performed on the 
most irradiated samples gave tensile strengths of more than 9±1 kN. The graphs of the tensile strength - •l 

versus irradiation times exhibited a sharp rise after three hours of irradiation, with the reactor at half-
power, producing a thermal neutron flux of 5 x 10" n/enr-s at an inner irradiation site (or lOkWth 
power). 

Additional experimentation was performed in order to understand this unexpected tensile 
strength increase, in terms of damage mechanisms. Examination of both unirradiated and irradiated 
samples was carried out using methods such as neutron activation analysis and Fourier Transform 
Infrared spectroscopy, among others. These analyses reveal that the epoxies are affected by radiation 
even at relatively low fluences, and that the main effects are the modification of chemical bonds within 
the molecules into some complex cross-linking. The next phases of this research to be carried out 
include longer irradiations and selective exposures to either neutrons alone (thermal or fast) or to 
gammas alone, aiming at determining the effects of each type of radiation. 



INTRODUCTION 

Composite materials are used in a rapidly increasing number of applications and most notably 
in naval construction, building construction, furniture, automotive and aerospace industry. Materials 
made in particular of carbon fibers and epoxy glues are routinely used in the fabrication of wing parts 
in both military and civilian airplanes, and display strength properties often superior to those of metals, 
while offering excellent resistance to corrosion. These desirable properties are due in good part to the 
characteristics of the epoxy glues used in these materials: they offer good resistance to chemicals and 
weathering, low shrinkage upon cure, excellent adhesive properties , low weight, very high tensile 
strength, in addition to a remarkable ease of use. 

In the nuclear industry, composite materials offer properties often superior to those of alloys 
in terms of resistance to corrosion and mechanical strength. At first glance, since the basic elements 
within composite materials are carbon, hydrogen and oxygen, the thermal neutron absorption cross 
sections are quite low and these materials are quite attractive when only the neutron economy is 
considered. However, there are nuclear reactions other than absorption to be coasidered, with 
destructive effects on the composite materials, and while these may be important enough to preclude 
these materials from applications inside fission reactor cores, they may still remain interesting 
alternative substitutes to exotic alloys in low- to medium-radiation levels applications such as long-term 
storage containers for spent nuclear fuels and high-level radwaste. 

Such applications require the full knowledge of the effects of high radiation fields on these 
materials, and mostly in the epoxies since the behaviour of carbon under radiation is already very well 
known with the first nuclear reactor, CP-1, and a large number of others, using graphite as moderator. 
Radiation effects in several organic materials are better understood, and these effects in most polymers 
are such that the doses of radiation necessary to bring about physical property changes is significantly 
less than the doses needed to cause significant modifications in glasses, ceramics, or metals '. In some 
cases, radiation actually improves some properties through a process called radiation curing by which 
the organic molecules are rearranged under the effect of radiation. 

EPOXIES 

The study of the effects of radiation on epoxies cannot be done without a good understanding 
of the process of adhesion. This occurs in fact as the interplay of two processes: wetting and adhesion 
proper. Wetting is the tendency of the adhesive molecules to be attracted to the molecules of the 
adherent surface and results in a change of the surface free energy. A large negative change in the 
surface free energy indicates a good wetting situation, and epoxy glues usually contain liquids with a 
large wetting capacity for a wide variety of surfaces. Adhesion itself also results from a change of 
internal energy, and a good adhesive will cause significant energy changes when passing from the liquid 
state to solid. The energy of interface between both the solid adhesive and solid adherend depends also 
on the process by which the adhesive is solidified: cooling, evaporation of solvent or chemical reaction. 
In the case of thermosetting epoxies, chemical reactions create exceptionnaly large amounts of 
crosslinking of reactive epoxide groups on the polymer chains, giving very good adhesion. 

Adhesion is maximized on perfectly wetted surfaces, which could have to be very smooth if the 
wetting agent is poor, or, in the case of good wetting liquids, relatively rough surface may still permit 
excellent adhesion. In all cases, the presence of impurities greatly affect the performance of both the 
wetting liquid and the adhesive, hence the usual directive on all epoxy glue containers that the surfaces 
have to be clean and dry. 
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Epoxies are organic molecules characterized by the presence of at least one epoxide group 
(Fig. 1); they may contain also aliphatic, cycloaliphatic, or aromatic backbones. The reactivity of the 
epoxide group is such that the epoxies can react with a large variety of substrates. The commercial 
preparation of epoxies most often include the chemical reaction of epichlorohydrin with compounds 
containing an active hydrogen group followed by dehydrohalogenation. Another well used method is 
direct epoxidation of olefins by peracids. The most frequently used epoxy is obtained from the reaction 
of excess epichlorohydrin and bisphenol A giving crude diglycidyl ether of bisphenol A (DCGEBPA) 
(Fig. 2). 
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Figure 1 : Epoxide Group 
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Figure 2 : Example of Production of DGEBPA Epoxy 

The epoxy resin is cured using, most commonly for adhesives, an aliphatic polyamine, as Figure 
3 illustrates. As can be seen from the curing reaction, the result is a system of crosslinked epoxy 
backbone; this, along with the presence of an highly negative oxygen atom , gives epoxy adhesives 
exceptional chemical and mechanical properties. The degree of crosslinking is a measure of cure and 
maximum crosslinking yields the most favourable properties. Curing may be controlled also by 
adjusting the ambient temperature and with the addition of accelerating agents. 

The resins are rarely used alone, and fillers, diluents, hardeners and toughening agents are 
usually added to improve the usefulness and make them easier to use. Unless used in large amounts, 
fillers do not alter the properties of the epoxies and are used mainly to lower the costs. Epoxies are 
rather heavy and viscous materials, with a molecular weight around 370, a weight per epoxide (wpe) 
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of about 180 and a viscosity at 25°C of 11000 to 15000 mPa-s. Diluents are mostly used to make the 
resin less viscous to facilitate handling, but they diminish moderately the chemical resistance and 
thermal properties. Hardeners are added to speed up the solidification process, and tougheners and 
plasticisers are used to counter the brittleness of unmodified epoxies based on bisphenol A-
epichlorohydrin. 
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O 

OH 
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Figure 3: Epoxy Curing Process 

RADIATION EFFECTS ON EPOXffiS 

The effects of radiation on polymers in general depend strongly on the molecular structure, the 
presence of additives and the radiation environment2. Two broad cases are identified: the degradation 
of polymers in an oxygenated atmosphere and in an inert atmosphere. In an inert atmosphere, only two 
phenomena occur due to radiation: chain scission and crosslinking. When radiation consists in photons 
(gamma rays and X-rays), the mechanisms of interaction are the photo-electric effect, the Compton 
effect and the electron-positron pair creation when the energy of the photon is above 1.02 MeV. The 
most prevalent of these is the Compton effect, which is essentially a photon-electron collision in which 
the photon "survives", but with reduced energy. In the photoelectric effect, the photon is fully absorbed 
in the collision with an electron and gives all of its energy to the electron which is ejected from the 
atom. In the pair creation process, the photon disappears in the vicinity of a heavy nucleus, and an 
electron-positron pair appears, with both moving away from each other with great velocity. 

The common effect for all three mechanisms is the ejection of free electrons and the ionization 
of surrounding molecules and atoms as given by the following equation: 

R - R+ + e" (1) 

The ejected electron can then initiate several ionization reactions with surrounding molecules and atoms, 
as per Equation 2 below: 

e" + R - R+ + 2 e " (2) 
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The positively-charged ions and the negatively-charged electrons can then recombine to 
produce highly excited molecules: 

e~ + R+ - R* (3) 

There is also the possibility of an energy transfer from the ionizing radiation to the polymer when the 
photon energy is insufficient to ionize the molecule: the resulting action is that the molecule is left in 
an excited state, as per the following equation: 

R - R* 

The resulting excited-state molecules can then undergo decay to their respective ground states, with or 
without emission of radiation. They may also release some of their energy through chemical reactions 
by heterolytic bond cleavage, producing ions, or by homolytic bond cleavage which lends to the 
formation of free radicals: 

RX* - R- + X- (5) 

As a whole, the effects of radiation depend essentially on the type, dose rate and integrated dose 
of the incident radiation. When examined in fine detail, the presence of elements such as chlorine and 
sulfur complicates these reactions further, but the overall effects are that about the same sets of reactive 
species are produced. After the formation of free radicals, polymerization is terminated by way of 
recombination to form a crosslink, addition to a double bond to form a crosslink or chain scission. Both 
chain scission and crosslinking may occur simultaneously, but one is usually predominant, depending 
on the structure of the polymer itself. Chain scission is predominant for polymers having a high 
concentration of quaternary carbon atoms along the chain. The presence of aromatic ring in the 
polymer backbone has a radiation stabilizing effect on the polymer. Resistance to radiation does not 
imply necessarily good chemical or physical resistance, and vice-versa. For example, TEFLON™ is one 
of the most resistant polymers to high temperatures and to chemicals, yet it is easily degraded by 
ionizing radiation3. 

The presence of oxygen in the ambient atmosphere greatly complicates the sequence of the 
chemical reactions that follow irradiation. While the processes are very complex, polymers irradiated 
in the presence of oxygen (such as in air) show that chain scission is by far the predominant process, 
to the point that materials in which crosslinking is favoured in inert atmosphere undergo chain scission 
in oxygenated atmospheres. For many materials, the effects of irradiation are enhanced when oxygen 
is present. Reaction with oxygen produces oxidized structures within the polymer, such as ketones, 
alcohols, peroxides, and gaseous products like CO,, CO and H20. The radicals are attacked by the 
oxygen atoms soon after their formation and thus prevented from further radical-related processes such 
as crosslinking. 
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EXPERIMENTAL PROCEDURE 

The preparation of the samples and the testing procedures followed rigorously the ASTM D897 
"Standard Test Method for Tensile Properties of Adhesive Bonds" \ The epoxy glue was prepared 
according to the manufacturer's instructions which can be summarized as mixing together equal 
quantities of resin and hardener. In order to solve the problem of uniform batches, a dual syringe 
applicator was built and calibrated, permitting a precise control of the quantities used and excellent 
repeatability. Mixing of the two components was carried out with a glass rod, following a well 
established mixing pattern and time of mixing. The surface of the aluminum flanged cylinders that were 
glued together was also prepared carefully to ensure good repeatability. A first grinding was done with 
water flowing for continually cleansing the fine aluminum particles from the surface. A sanding grit 
of 400 was selected for the final sanding of the surfaces, and the condition of the surfaces was verified 
with an optical microscope. 

Irradiation in the reactor pool required the construction of a suitable holder for the 12 samples: 
this was achieved with a plexiglas apparatus designed to hold all the samples at an equal distance from 
the reactor core centerline. The holder has the shape of a sector, with an inner radius equal to the 
radius of the reactor vessel in such a way that, once affixed to the "elevator" and lowered down in the 
pool, it could be maintained snugly against the reactor vessel wall. The samples were kept in sealed 
plastic bags both to prevent interaction from the pool water with the epoxy glue and to prevent 
contamination of the pool water by any aluminum dust that may have remained on the surface of the 
samples. The elevator was a versatile tool designed to position objects in the reactor pool at the mid-
plane reactor level with excellent reproducibility. 

The most difficult aspect of the project was to ensure uniformity in the preparation of the 
epoxy glue and its application to the aluminum cylinders. A well controlled procedure was arrived at 
after much testing, and a gluing jig was designed to ensure uniformity. The results from the tensile tests 
confirmed that, while this was adequate, it was not perfect. Once glued together, the samples were 
allowed to cure for 72 hours, before their insertion in the holder and irradiation in (he reactor pool. 

Precautions had to be taken after irradiation since the samples were quite radioactive. A first 
cooling down period ranging from one night to a weekend was done in the pool with the reactor shut 
down and the elevator moved at mid-depth in the pool. Then, when the radiation level was measured 
as sufficiently low to allow safe transfer of the samples, these were put in a lead cask and left to further 
decay, until the tests could be done on the tensile strength machine without exceeding the maximum 
dose limits permitted for persons. After the tensile tests, the remaining glue was scraped oïï the 
aluminum cylinders and kept for further tests. Table I presents the main steps of the test procedure. 

RESULTS 

Table II presents the tensile strength results for the batches of 12 samples with various 
irradiation durations. The individual results for the 12 samples appear on the table along with the 
average values of the strength, in kN, and the variance. All of these samples were irradiated in the 
reactor pool under a radiation field composed of thermal and fast neutrons and gamma rays. For some 
of the samples with an 8-h irradiation, and most samples with a 24-h irradiation, the tensile strength 
recorded was the maximum alloue! by the load cell limit, and these samples were submitted to a second 
test with the machine set up with a higher load cell limit. These samples have to be submitted to new 
tests as the results are doubtful, but sufficient results for the 8-h irradiations are still valid enough to 
allow the recording of the sharp increase of strength under the effect of radiation. 
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TABLE I : TEST PROCEDSURE OUTLINE 

STEP DESCRIPTION 

Grinding of aluminum cylinders to 400 grit. 
Samples glued and set aside to cure for 72 hours. 
Samples sealed in plastic bags and affixed to holder. 
Holder secured to elevator and samples irradiated in pool. 
Reactor shut down and elevator moved halfway up to "cool down". 
Holder brought to surface, and samples put in lead cask for further 
radioactive decay. 
Once radiation at safe level, samples tested on tensile strength machine. 
Remaining epoxy scraped off and stored for subsequent examination. 

TABLE II : RESULTS OF TENSILE STRENGHT TESTS 

SAMPLE 

NUMBER 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

AVERAGE 

VARIANCE 

IRRADIATION TIME (hour) 

0 1 3 8 24 

TENSILE STRENGTH (kN) 

3.988 

3.689 

4.974 

4.062 

3.530 

3.851 

3.545 

4.430 

3.813 

2.004 

3.707 

-

3.78 

1.78 

4.044 

4.148 

3.773 

4.110 

4.470 

4.137 

3.635 

2.058 

5.630 

4.762 

5.095 

9.068 

4.58 

2.50 

2.459 

5.001 

4.762 

6.728 

3.270 

5.091 

4.499 

3.156 

1.944 

3.499 

3.489 

3.95 

1.49 

9.511* 

9.509 

9.517 

9.501 
r01 

9.5 

? Ç- .* 

9.514 

9.519* 

9.517* 

9.506* 

8.07» 

9.39 

1.32 

9.517* 

8.942 

8.876* 

9.506* 

9.463* 

9.503* 

9.514* 

9.506* 

9.514* 

9.501* 

9.514* 

9.511 

9.41 

0.534 

* : Indicates tensile strength reached on first test without breaking the sample: this was broken only 
after second test carried out with machine reset with higher load cell limit. 
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The fluences for both the neutron and the gamma radiation were determined from flux 
measurements performed as part of other projects *'*. From these data, the gamma ray dose was 
calculated as 0.12±0.06 Gy/irradiation hour, and the neutron dose rate was calculated as 0.003±0.002 
Gy/hour. 

Other test analysis were performed on the epoxy. Neutron Activation Analysis was carried out 
both before and after the irradiation in order to assess the induced radiation doses for health physics 
considerations and to acquire an accurate elemental content knowledge.Table III gives the results of this 
analysis: 

TABLE III : NEUTRON ACTIVATION ANALYSIS OF EPOXY GLUE 

ELEMENT 

CI 
Mn 
Fe 
Na 
As 
Co 
Cr 
Ga 
Zn 
Sb 

CONCENTRATION (ppm) 

12220±48 
68 ±2 

485000±1040 
83±1 

21.2±0.1 
41.6±0.7 

658 ±4 
37.2±.3 
64 ±12 

7.26±0.03 

Unfortunately, NAA cannot provide information on carbon, hydrogen and oxygen contents, and 
cannot determine the molecular structure. Infrared and Fourier Transform Infrared Spectroscopies 
were performed on the samples, again both before and after irradiation. They revealed that the 
structure was an aromatic compound, with definitive presence of quaternary carbon atoms in low 
concentration, which explains the improvement of the tensile strength observed due to enhanced 
crosslinking as a result of the irradiation. However, the FTIR method failed so far to reveal significant 
change of structure, even after the 24-hour irradiations, except for a very small peak at wavenumber 
2361.17 nm, which may indicate the presence of a small amount of moisture in the sample. 

Differential Scanning Calorimetry was also performed on non-irradiated samples and on the 
same samples irradiated for 24 hours. Again, there was little difference recorded and the scans showed 
that there was heat given off in great quantities past 310 K, indicative of a highly crosslinked polymer. 
Finally, visual inspection reveals a definitive colour change of the samples as irradiation progresses, 
from transparent to a yellow colour to a deep orange colour as irradiation progresses. 

DISCUSSION 

The results obtained so far display large uncertainties, mostly due to the variance between the 
twelve samples, as shown in Table II. The main reason lies in the preparation of the samples which 
could not be made from a single, large batch of epoxy glue because of its quick (5-minute) setting time. 
In addition, the mixing of the epoxy ingredients is likely to cause small air bubbles that eventually are 
trapped in the mixture as it solidifies; this effectively weakens the material to some extent. Some of 
these bubbles were also caused by gas liberated as a result of the heat generated by the chemical 
reactions within the resin-hardener mixture during curing. The Neutron Activation Analysis has also 
revealed the presence of several contaminants in relatively large concentrations, which, in routine 
applications, does not alter much the properties of the epoxy, but, under irradiation, could cause large 
variations in the performance of this material. 
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The other major experimental error is with the determination of the neutron and gamma doses 
actually received by the samples. While some effort has been given to flux mapping in the 
SLOWPOKE-2 reactor pool, the results are only fairly accurate due to the nature of the instruments 
used and the methods employed. New devices such as bubble dosimeters are now available, and further 
work will shortly be deployed in this area. 

CONCLUSIONS 

This work represents the initial phase in the study of the behaviour of epoxies under high 
radiation fields. The initial findings show that a common industrial 5-minute epoxy glue actually 
strenghtens when bombarded by the high intensity neutron and gamma field in the pool of a 
SLOWPOKE-2 research reactor. The tensile strength tests, carried out according to the ASTM D897 
specifications, clearly indicate a sharp increase of the tensile strength from about 4 kN to about 9.5 kN 
occuring between 3 and 8 hours of irradiation time. 

Several analysis methods used revealed that crosslinking occurs, caused by the ionizing 
radiations, and is the reason for this observed increase of mechanical strength of the epoxy. An analysis 
of the sources and importance of the various errors indicates that the sample preparation procedures 
need more severe control to minimize the variation of the results. Better correlations of the performance 
of the epoxies with actual neutron and gamma doses will be achieved as more accurate data are 
measured when flux mapping in the reactor pool is carried out with improved instrumentation-

Future directions of this research include much longer irradiation times to determine the 
maximum doses of radiation sustainable by the epoxies before their strength starts to decrease such as 
to make the glues useless. Using shields to block one type of radiation or another will permit the study 
of the effects of a particular type of radiation such as thermal neutrons alone. Finally, another direction 
is with the analysis of the irradiated samples by other techniques such as Nuclear Magnetic Resonance 
(NMR), permitting a better knowledge of the rearrangement of the complex molecules and the chemical 
bonds resulting from the irradiation. 
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SOME CALCULATIONAL RESULTS FOR TRANSMUTATION OF PLUTONIUM AND WASTES 

IN BLANKETS OF ACCELERATOR-BASED SYSTEMS. 

B. P. Kochurov 
Institute of Theoretical and Experimental Physics, 

B. Cheremushkinskaya, 25, 117259, Moscow, Russia - -

Abstract 
Some calculational results of transmutation processes for 4 models of blanket in accelerator-based 

system are presented. 
- 1,2 - incineration of weapons plutonium and transmutation of Tc-99 in heavy-water blanket with 

pressurized CANDTJ-type tubes, with two different plutonium loadings. Tc-99 is dissolved in heavy-
water moderator and continuously extracted for keeping the necessary level of subcriticality. 

- 3 two-stage transmutation of Np-237 in a high-flux heavy-water blanket with Np-238 fissions 
involved. The necessary level of subcriticality is provided by plutonium fuel burning in the neighbor 
zone ; 

- 4 sodium-cooled blanket for Np-237 transmutation on the basis of its threshold fast neutron fission 
reactions and for plutonium transmutation. 

Introduction 
Some calculational results of plutonium, fission products and Np-237 transmutation are presented. 
The first facility is accelerator/target/blanket system with heavy water blanket of ATW type design 

[1]. Weapons plutonium is loaded inside CANDU-type pressure tubes, fission product Tc-99 is 
dissolved in the moderator, surrounding the tubes. The level of subcriticality is controlled by continuous 
removing of Tc-99 dissolved in heavy water of blanket bulk. The loading of Pu is about ~ 300 kg. In 
the 2nd Case Pu loading is 5 times lower. 

In the 3 Case transmutation of Np-237 in two-stage process (involving Np-238 fission) is considered 
in a heavy-water blanket. 

The 4th Case is fast spectrum blanket [2] used for Np-237 transmutation based on its threshold fission 
reactions in fast neutron spectrum. 
Modification of computer code TRIFON (TRIFOB) [3] originally developed for reactor cell 
calculations, taking account of external source and zero boundary conditions with some iteration 
procedure for determination of flux distribution and the level of subcriticality, has been used for the 
investigation of transmutation processes with materials smeared inside cylindrical zones. Axial leakage o 
neutrons has been taken into account with prescribed ratio of axial to radial leakage. 

Basic relations 
Integral proton current 

J = I (A)/ e (Coulomb) (1) 
e= 1.60219 xlO-19 (Coulomb) 

Neutron source 
S = n I / e (2) 

with n - number of neutrons emitted in target per one proton 
Reactor thermal power 



P(Mwt)=n 1(A) Ef (MeV) l/v(l/kcf -1) (3) 
Balance equation 
v + S/F = 1 + a + q + x + L' + q FP (4) 
v - mean number of emitted neutrons per fission 
S - external source 
F - number of fissions 
C - number of captures in all the materials , . 
a - mean ratio of capture/fission in fissile materials 
q - ratio of parasitic capture to fission rate F 
x - ratio of useful capture to fissions F 

( in transmuted nucleus ) 
L'= L (1 + C/F), L - leakage of neutrons 
qpp - ratio of captures in fission products (produced in fissile materials) to F 

In the limiting case of F —> 0 
S = X + Q + L (5) 

where x - number of useful captures, q - number of captures in structural materials. 
The amount of material fissioned per year is easily determined from balance considerations : 
Ef(MeV) Cf Nf = P(Mwt)3600(sec)24(hours)1365(days) (6) 

where 
Cf = 1.60214 x 10-19 (Mwt s/MeV) 
Nf - number of nucleus fissioned per year 
Ef = 210 MeV (for Pu) 

The weight of material fissioned per year 

Gf = Nf At / 0.6022045 10*» g/year (7) 
where At - atomic mass. 

The flux of thermal neutrons O is obtained as a result of calculations. Spectrum hardness 
parameter y is defined as follows: 

y = F9
ePj a9

f /F 9
a ' 1 / 

with F9
eP', Vg^ - Pu-239 fissions by epithermal and thermal neutrons, cr9

f = 744 b - thermal fission 
cross-section, I9

f =301 b - fission resonance integral. 

Models 
Case 1. Weapons Pu incineration and Tc-99 transmutation. 
The key parameters of target/blanket system are presented in table 1 . 

Since there is no conversion to fissile material the amount of Pu fissioned per year is determined from 
the relations (6) and (7): 

Gf = Nf x 239 / 0.6022045 x 1024 = 558000 g = 558 kg 
The results of calculations are given in table 2. 
About 1% of Tc-99 is extracted from blanket solution daily. 
The components of balance equation (4) are as follows: 

v + S/F = 1 + a + q + x + L' + qFP 

-Bol: 2.878 + 0.081 = 1 + 0.417 + 0.132 + 1.355 + 0.055 + 0 
-Eol: 2.882 + 0.080 = 1 + 0.556 + 0.194 + 0,887 + 0.127 + 0.198 



Table 1. Key parameters of target/blanket system, Case 1 
Accelerator 

1.6 GeV 
0.016 A 

50 

proton energy 
proton current 
neutrons/proton 
Target 
neutron source 
Blanket 
Buffer region 
outer diameter 
Core 
Thermal power 
Height 
Outer/inner radius 

0.5xl019 1/s 

0.4 m 

V 
vcore 
Type of assemblies 

1.5 Gwt 
2.5 m 
2.0/0.3 m 

30.71 m3 

CANDU-type 
pressure tubes 

Number of assemblies 250 
Coolant heavy water 
Moderator heavy water with Tc-99 

dissolved 
Fuel assembly material zirconium-niobium 
Fuel burn-up 50% 
Dimensions of pressure tubes: 
Inner tube, radius 5.42/5.0 cm 
Gap, outer radius 5.81 cm 
Outer tube, radius 6.23/5.81 cm 
Pitch (hexagonal lattice) 23.8 cm 
V, moder 40.85 m 3 

(including buffer region and reflector) 
Reflector 

outer/inner radius 2.5/2.0 m 

able 2. Resu Its of calculation for Case 1. 
T = 70.5 days 

Pu-239 
Pu-240 
Pu-241 
Pu-242 

Fissioned: 

G kg dG kg/year 
Bol 

292.5 
11.75 
0.442 
0.0 

Eol 
148.3 747.15 
37.02 130.9 
10.400 51.6 

1.15 5.96 
dGf kg/year 
558.0 

Tc-99 3127.6 
Tc-99: 

extracted by 
the end of life 
concentration 

mol/1 0.77 
. kcf 0.969 
O 1/cm2 s 0.9xl014 

1465.2 -

1612.4 

0.36 
0.968 
1.7xl014 

- 260.0 

Conversion ratio changes from 1.355 at Bol to 0.887 to Eol, the mean value being 1.12. 



Case 2. Weapons Pu incineration and Tc-99 transmutation. 
The key design parameters of facility are the same as in the Case 1, except of fissionable material 

loading (5 times lower) and wastes loading. The results of calculations are given in table 3. 
Table 3. Results of calculation for Case 2. 

89.0 T= 14.1 days 

Pu-239 
Pu-240 
Pu-241 
Pu-242 

Fissioned: 

G kg 
Bol Eol 
58.5 29.42 

2.35 8.43 
0.089 1.233 
0.0 0.265 

dG kg/year 

-751.6 
157.1 
29.6 

6.8 

dGf kg/year 

Tc-99 
extracted 

by the end 
of life 
concentration 

mol/1 
kef 

<D 1/cm2 s 

Y 

686.4 

0.170 
0.971 

5.2xl014 

0.050 

0.0 

682*9 * 

0.0 
0.967 
8.7xl014 

0.026 
558.0 

The components of balance equation are as follows : 
v + S / F = l + c c + q + x + L' + qFP 

-Bol: 2.878 + 0.073 = 1.0 + 0.386 + 0.513 + 0.769 + 0.283 + 0 
-Eol: 2.881 + 0.085 = 1.0 + 0.493 + 0.611+0.0 + 0.669 + 0.194 

Conversion x ratio at the Bol is 0.769, at the Eol is 0.0 
Comparing Case 1 and Case 2 one can see that the amount of Pu fissioned is the same (due to the same 
thermal power production), but mean conversion ratio for the Case 2 is sufficiently lower due to higher 
rate of captures in structural materials and higher leakage. If it is possible to catch all the neutrons 
leaking out of the system, the mean value of x = 1.12 in the 1 Case can be increased to 1.19 and the 
amount of Tc-99 and becomes 275 kg/year instead of 260 kg/year, in the 2 Case x = 0.39 can be 
increased to the value 0.86 so that the amount of Tc-99 becomes 198 kg/year instead of 89 kg/year. 

Case 3. Transmutation of Np-237 and Pu in high flux heavy-water blanket 
To involve Np-238 fissions in transmutation of Np-237 high flux of thermal neutrons is needed. If this 

high flux is reached by means of low level of subcriticality (kef close to 1) thermal power production 
becomes very high that leads to difficulties in heat removing. Since thermal power production is limited 
due to cooling conditions the way to reach high flux lays in raising the external source with moderate 
level of fissions in the blanket. For these reasons maximal accelerator parameters were chosen in this case 
- proton energy 1.6 GeV, proton beam current 0.3 A. 

To get a necessary level of subcriticality at the beginning with Np-237 loaded in the blanket it is 
desirable to have in the blanket some other fissionable material. For this purpose weapons Pu was taken. 
So 5-region composition of blanket was chosen target /buffer region/ region with Np-237/ region with 
weapons Pu/ reflector. 

Heavy-water moderator and CANDU-type pressure tubes were used in the blanket like in the Cases 1 
and 2. 

The key parameter of the facility are given in table 4. 
The results of calculations are given in table 5. 

After Np-238 is removed from the core it decays to Pu-238. 
The amount of Np-237 eliminated per year is 484.6 kg. The amount of Np-237 disappeared due t 

fissions of Np-238 can be roughly estimated by the difference 
484.6 - 57.3 - 78.1 = 349 kg/year 



Table 4. The key parameters of installation for Case 3. 
Accelerator 
proton energy 
proton beam current 
Target 
outer diameter 
material 
neutrons/proton 
neutron source 
Blanket 
Buffer region 
outer diameter 

1.6 GeV 
0.3 A 

0.38 m 
Pb 
50 

9.36xl019 

0.4 m 

1/s 

Core 
Thermal power 
Height 
Region with Np-
Outer diameter 
Volume 
Region with Pu: 
Outer diameter 
Reflector 
outer diameter 

1.8 Gwt 
2.5 m 

237: 
2.12 m 
7.57 m3 

4.38 m 

5.0 m 

Table 5.The results of calculations for Case 3. 
Np-238 0.0 1.15 
( decays to Pu-238) 
kef 0.598 0.572 

Ol/cm2 s 2.9x10*5 3.3xl015 

y 0.012 0.012 

G kg : Bol Eol dG kg/year Np-238 0.0 1.15 57.3 
Pu-239 16.56 6.59 -498.6 
Pu-240 0.66 3.01 117.3 
Pu-238 0.0 1.561 7$.08 
Pu-241 0.025 0.45 ;.: 25 
Pu-242 0.0 0.1 198 
Np-237 29.78 20.09 -484.6 

The amount of Pu fissioned is estimated by the difference of Pu isotopes at the Bol and Eol and is 
equal 355 kg/years. The components of balance equation are as follows : 

v + S/F = 1 + a + q + xNp + L' + qFP 

-Bol: 2.8779 + 1.627 = 1 + 0.378 + 1.073 + 0.838 + 1.217 
-Eol: 2.8903 + 1.880 = 1 + 0.516 + 1.068 + 0.742 + 1.073 + 0.2 

Case 4. Transmutation of Np-237 and Pu in a fast neutron spectrum blanket. 
For the 4th case accelerator /target/blanket installation has been chosen [3] with sodium-cooled 

subcritical core having f?si spectrum of neutrons, surrounded by radial reflector of stainless steel and 
sodium. Fuel assemblies are loaded with Np-237 and plutonium having composition typical for spent 
LWR fuel. The main parameters of accelerator/target/blanket facility are given in table 6. 
Table 6. The key parameters of installation for Case 4. 

diameter 4 mm 
Clad (stainless steel) 

Accelerator 
proton energy 
proton beam current 
Target 
diameter 
neutrons/proton 
neutron source 
Core 
Height 
Outer diameter 
Volume 
Thermal power 
Fuel pin 

1.5 GeV 
0.039 A 

0.4 m 
40 
0.97xl019 

1.4 m 
2.172 m 
1.906 m3 

870 Mwt 

1/s 

Outer diameter 
Thickness 

Pins/Assembly 
Pins pitch-99h 
(hexagonal lattice) 
Number of assemblies 
Coolant 
Reflector 
Outer diameter 
Steel, nucl. density 0 

5.22 mm 
0.3 mm 

55 
8.7 mm 

378 
sodium 

2.172 m 
.0568(xl024)l/cm3 

Sodium, nucl. density 0.0084 (xlO24 ) 1/cm3 



The results of calculations are given in table 7 
The components of balance equation at the Bol are as follows: 

v + S/F = 1 + a + q + x + L' + qFP 

2.955 + 0 . 3 3 = 1 + 1.148 + 0.61 +0 +0.515 + 0 
with a related to both Np-237 and Pu. 

The amount of material fissioned per year is 
Gf = 325 kg/year 

the amount of Np-237 transmuted is 

°Np-237 = 5 0 3 kS 
with ~ 190 kg/year of Np-237 fissioned. 

Table 7. The results of calculations for case 4. 
T= 182.5 days 
G 

kg: 
Np-237 
Np-238 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Am-241 
Am-243 

Bol 

2480.6 
0.0 

13.63 
406.96 
165.6 
68.65 
29.03 
0.0 
0.0 

Eol dG kg/year 

2229.3 -502.6 
2.56 5.12 

161.9 296.5 
354.6 -104.8 
162.3 -6.55 

60.3 -16.7 
28.73 -0.6 

1.4 2.8 
0.68 1.36 

Of/ac 

0.59 
7.0 
2.68 
6.74 
1.66 
7.85 
1.35 

0.43 
0.65 

g : 
Cm-242 
Cm-243 
Cm-244 
Cm-245 

mg: 
Cm-246 
Cm-247 
Cm-248 

Sum 
kcf 

47.0 
0.34 

15.2 
0.21 

0.84 

3164 kg 
0.893 

95.0 
0.68 

30.4 
0.42 

1.68 

0.878 

2.2 
9.86 
1.17 

11.26 

2.14 
8.31 
2.20 

It should be noted that the most of Np-237-Pu-Am-Cm isotopes are effectively fissioned in the fast 
neutron spectrum - the ratio of fission to capture cross-sections cç /c c are rather high (see table 7) 
especially for Pu-239, Pu-241, Cm-243, Cm-245, Cm-247. Even Pu-238 is a rather good fissionable 
material in fast spectrum. 

The results obtained are in close agreement with the results [2] with its burning of actinides 250 
kg/year at an 80% operational load factor. 

Conclusions 
Several models of accelerator/target/blanket systems had been considered, in the first two Cases with 

Pu loaded in heavy-water blanket any level of subcriticality can be obtained, the choice of kef being 
primarily dependent on safety requirements. The value kef = 0.97 chosen leads to rather moderate 
accelerator parameters - for 1.6 GeV accelerator and Pb target proton beam current is 16 mA. With 300 
kg loading of Pu and 3 tons Tc-99 dissolved and continuously removed from heavy water the 
productivity of installation is: 

558 kg/year Pu fissioned 
260 kg/year Tc-99 destroyed (converted to stable species). 

For 5 times lower Pu loading with 1 ton Tc-99 dissolved Pu fission rate is the same (due to the same 
thermal power output) 

558 kg/year 



but transmutation rate of Tc-99 decreases to 89 kg/year due to higher relative rate of neutron captures in 
structural materials and increased leakage of neutrons. The difference can be decreased by catching the 
neutrons leaking out of the system. 

In the 3 Case - transmutation of Np-237 in a high flux heavy-water blanket - high-current proton 
accelerator (0.3 A) and low level of criticality (kef »0.6) were chosen to avoid overheating due to high 
fission rate, with low fissionable materials loading. The level of flux obtained in this system 3x1015 

1/cm2 s enables Np-238 fissions to be involved in transmutation process. About 485,kg of Np-237 are 
eliminated per year with 350 kg/year disappeared due to fissions of Np-238. 

In the last - 4th Case - transmutation of Np-237 in a fast neutron spectrum blanket (thermal power 
output 0.87 Gwt) was considered. The amount of Np-237 transmuted is about 500 kg/year 
with 190 kg/year fissioned due to fission threshold reactions. Many of Np/Pu/Am/Cm isotopes are good 
fissionable materials in this Case. It is useful to bear in mind that Pu-238 which can be a product o 
transmutation of Np-237 and americium isotopes in thermal neutron spectrum facilities is rather good 
fissionable material in this Case as well. 
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Summary 

In the wide area of Operating Experience and Human Factors, the Nuclear Energy Agency 
(NEA) which is one of the fifteen bodies that make up the Paris based Organisation for 
Economic Cooperation and Development (OECD), has devoted growing activities in the specific 
field of Human Factors. The Committee on the Safety of Nuclear Installations (CSNI) which is 
one of the standing Committees of the NEA, through its Principal Working Group on Operating 
experience and Human Factors (PWGl), has been particularly active, initiating studies and 
specialist meetings in the field of Human Factors. 

Numerous studies have been and continue to be undertaken to improve the understanding 
of the various aspects of human behaviour. The purpose of these studies is to enhance nuclear 
power plant safety through improvements both in human performance and in man-machine 
interface. The CSNI, consequently, created, over the past ten years, several "task-forces" which 
carried out ten human factor-related studies on issues such as quantifying human behaviour, 
incidents involving cognitive errors, the use of digital computers in control rooms, regulatory 
approaches to maintenance practices at nuclear power plants, management of maintenance outages 
and the effects of advanced systems on operators. 

The purpose of this paper is to give an overview of the OECD/NEA-sponsored activities 
in the area of human factors and present highlights of some of the conclusions that the NEA 
published. 



1 Introduction 

Throughout the lifetime of any nuclear power plant, as with any advanced complex 
technology, a large number of unscheduled events occur which may range from minor failures 
to more significant problems. These events, however, should never compromise the safety and 
the health of the public nor that of plant personnel. Unfortunately, experience has proved that 
design or equipment failures which had either been overlooked or given insufficient attention 
and/or human errors could led to major accidents. Hence, recognizing the importance to safety, 
the nuclear community, established, at different levels (plant, utility, national and international), 
comprehensive operational experience feedback processes involving designers, manufacturers, 
operators and regulators of nuclear power plants. 

Such operational feedback processes, if adequately applied, would satisfy the objective 
of avoiding the recurrence of malfuntions whenever possible, mitigating the consequences of 
certain failures should they recur and, most important, identifying precursors to serious incidents 
to enable taking timely and adequate preventive measures. The tangible benefit thus gained 
would be a reduction of public risk, enhancement of worker safety, improvement of plant 
availability and construction of sounder plants. The following sections explain the modus 
operandi of the specific operating feedback process called the Incident Reporting System which 
was established in 1980 by the Nuclear Energy Agency of the Organisation for Economic 
Cooperation and Development and show how that system attempts to make the best use of the 
data collected from equipment malfunctions and human errors. 

2 The Incident Reporting System (1RS) 

The Nuclear Energy Agency of the Paris based Organisation for Economic Cooperation 
and Development (OECD/NEA) is an institution focusing on co-ordinating the co-operation 
among nuclear regulatory authorities of its Member countries by offering agreed-upon services 
in the domains, inter alia, of operating experience, human factors, severe accident management, 
probabilistic risk assessment, and data processing. Early in the establishment of the international 
co-operation in the field of operating experience and human factors, Members agreed that 
feedback of experience related to operation and human factors in nuclear power plants was an 
indispensable tool in identifying weaknesses ano in validating design assumptions. Based on that 
statement, the OECD/NEA instituted, in 1980, an Incident Reporting System (1RS) for the 
collection and distribution to participating countries of sufficiently detailed information on 
unusual events of safety significance in nuclear power plants, as soon as practicable, and 
feedback of appropriate conclusions from incident analyses. 

Members of participating countries recognized that, through the 1RS, the process of 
operational experience feedback, presents the following advantages: 

reducing risks to the public by identifying precursors to serious failures (enhancing public 
safety); 
reducing risks to plant personnel by identifying and eliminating hazardous or potentially 
hazardous conditions 'enhancing worker safety); 
improving general plant availability either by preventing failures from recurring or by 
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mitigating their effects (improving plant efficiency); and 
validating design assumptions, thus ensuring that newer plants are built on sounder bases. 

Operation of the 1RS is supervised by one of the NEA's working groups, known as 
"Principal Working Group No 1 (PWG1)" who was given the mandate to promote and enhance 
the overall safety of NPPs in exchanging information in the area of "Operating Experience and 
Human Factors". Each year, an average of about 120 event répons are circulated through the 
system via a network of "National 1RS Co-ordinators", who are designated as members of PWG1 
by the regulatory authorities of the participating countries, and a central co-ordinator based at the 
NEA Secretariat. Data stored in the NEA-IRS data base is scanned periodically by members, as 
well as by the Secretariat, to identify issues that may warrant conducting specific analyses, 
holding specialist meetings, forming task forces to carry out generic studies. 

An 1RS report contains, at a minimum, information, in a standardized format, on the 
plant where the event occurred, a categorization of the event according to standard codes, a 
detailed description of the event as well as actions taken as a result of that event and the lessons 
learned from that event. Furthermore, aspects of the event that would be of a particular interest 
from the human factor point of view, are highlighted. 

From the beginning of the 1RS operation, approximately 2050 events were reported and 
distributed to the users. Although it is recognized that the 1RS was not designed as a source of 
data for statistical analyses but rather to alert users to actual or potential safety-related problems 
as well as lessons learned, it can, nevertheless provide valuable relative information when 
performing a screening. Out of the total number of events currently entered into the data base, 
about 75% of this total show some forms of human error, as either a primary or a secondary 
contributing factor; it includes design, construction, training, installation, planning and 
management-related aspects. If design, procedures, management and training are individually 
considered, the percentages of their shares of the total number of répons, either as primary or 
secondary contributing factors, are 36%, 29%, 16%, and 6% respectively. For the most common 
designs, the reponing rate for Pressurized Water Reactors and Boiling Water Reactors are not 
very different, although it must be stressed that these figures are based on an average number of 
operating number of operating units. Mon important is that despite design changes, advances 
in technology and improvements in man/machine interactions, it does not seem possible to draw 
a definite trend in error rates over the years. 

The following section gives an overview of some generic studies which were produced 
under the supervision of PWG1 and presents highlights of some of the conclusions that the NEA 
published. 

3 Generic studies on Human Factors 

Over the past ten years, the Principal Working Group N°l on Operating Experience and 
Human Factors has been particularly active in the area of human factors. Ten human factor-
related studies were carried out on issues such as training of NPP personnel, quantifying human 
behaviour, incident involving cognitive errors, expen judgement of human reliability, use of 
digital computer in control-rooms, regulatory approaches to maintenance activities, effects of 
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advanced control-rooms; these activities were primarily either specialist meetings or studies 
performed by task forces. Highlights of some studies are given hereinafter. 

3.1 Training of Power Plant Personnel 

Several reports pertaining to the area of training of nuclear power plant personnel have 
been produced under the supervision of PWGl. From these reports, an evaluation was performed 
from which the following are some excerpts: 

There is no consensus on the extent to which senior operators should be qualified; 
these qualifications tend to vary from high school to advanced engineering degrees. 
There is no general agreement concerning the type of simulators that should be used in 
training, the extent of importance that should be attached to simulator training, and the 
total period to be spent in simulator training. 
Several areas, important to the training of nuclear reactor personnel, have thus far 
received insufficient coverage. These are mainly team training, training for stress, training 
of management, development of a safety culture (now gaining more importance), the 
theoretical basis underlying training. 
Future work in the area of roles and requirements for operating staff should include the 
identification and evaluation of techniques which can be used for the systematic analysis 
and production of precise task descriptions for different levels of operating personnel. 
In the area of systems approach to training, work should be undertaken to define the 
necessary components of such an approach, evaluate the current approaches to training 
and develop, if possible, a systems training model. 

3.2 Analysis of Incidents invo''ing Cognitive Error and Erroneous Human Actions 

That study which was completed in September 1990 by a task force of PWGl consisted 
of the in-depth analysis of five events that had been reported to the 1RS and that involved some 
form of inappropriate human actions. Excerpts from the results of that study are: 

Some events occurred during the high workload and high time pressure plant state of 
start-up, characterized by abnormal state of many alarms and equipment, infrequently 
practiced tasks, many parallel tasks; and work schedule subject to frequent modifications. 
All these characteristics indicate that under these circumstances, the normal supervisory 
control may be ineffective. 
Particularly during plant start-up and other high workload situations, overall responsibility 
for plant safety status can be unclear and is difficult to ensure. 
Several of these events were partly due to unadequatly-designed information systems 
(grouped alarms, alarm states during shutdown) and to unreliable instrumentation which 
had not been rectified. 
In the majority of events analyzed, the effectiveness of supervising and monitoring human 
actions was questionable. Establishing the right balance in the information flow between 
operator aivl supervisor appears to be difficult, and may breakdown at times of high 
workload. 
Several of the events involved w^rk which extended over a number of shifts. 
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Communications at these shift change-overs were generally informal and important 
information was not satisfactorily transferred. 
The safety of plants relies on operation within specified limits. In a number of cases, 
limits were broken either because they were not viewed with particular importance or the 
knowledge of the limits was insufficient. The complexity and lack of priority of 
operating rules contributed to this situ? ;on, as did the difficulty of undemanding the 
rationale of some of the rules. 
Plant procedures are not completelyT /escriptive and do not comprehensively cover every 
situation which may occur on a plant. That led in several instances to inappropriate 
actions being taken by operators. Ti-.e reasons were generally due to competing priorities 
influencing the choice of actions, eg. maintaining the plant operating rather than shutdown 
to solve the issue. 
A number of problems experienced during incidents were, in part, due to unadequate 
management decisions in the plant operations. Thus, problems due to staff work overload 
can be due to the acceptance of unrealistic work schedules and the toleration of excessive 
overtime. 

3,3 Maintenance Activities 

In 1990, PWG1 endorsed "Maintenance Tasks and Facilities" as a general topic for study 
by its "Expanded Task Force on Human Factors". The purpose of the study was to collect 
information to assist Member Countries in understanding the range of human performance issues 
in maintenance, identifying human performance-related issues that may affect maintenance and 
plant performance, and supporting modifications to reguladons that govern maintenance activities 
in nuclear power plants. The following are some of the human factors that respondents indicated 
to be the most influential to achieving and sustaining a high quality of maintenance: 

None of the respondents foresee any immediate changes to their human factors practices 
in maintenance activities or the regulations which govern them. 
Maintenance personnel must perform their work in accordance with the "safety culture" 
and must understand that quality takes precedence over time-saving measures. 
Few countries have regulations governing the selection and training of maintenance 
personnel. 
High rates of incidents (eg. plant trips, equipment breakdowns) involving human factors 
contributors correlated to poorly prepared work activities. 
Overtime has been or is being phased out by all respondents for scheduling of 
maintenance activities during normal plant operations. 
Quality of maintenance improves when workers feel that they are responsible for the 
error-free operation of a particular piece of equipment or a system. 

4. Other Studies 

In addition to the ones addressed above, other human factor studies carried out by task 
forces of PWG1 were: 

. Assessing Human Reliability in Nuclear Power Plants, May 1983 
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. Identifying Significant Human Actions in Reactor Accidents, December 1984 

. Expert Judgement of Human Reliability, January 1985 

. Design and Implementation of Emergency Operating Procedures, June 1985 

. Analysis of Incidents Involving Human Factors, June 1987 

. Use of Digital Computers in the Control Rooms, July 1988 

. Human Reliability in PSAs - Use of Operating Experience, May 1989 

These studies were the subject of an assessment report that was produced by a consultant 
to the NEA Secretariat in August 1989. The following are excerpts: 

There are apparently no fully satisfactory methods for the systematic identification of 
potentially significant human actions for incorporation in probabilistic safety assessment 
studies. 
Efforts should be devoted to the validation of human reliability assessment methods 
currently in use. 
There is a general reluctance to use computers to replace operators or to perform safety 
functions. 
All on-going research seems to show that for several reasons, measuring human 
performance on a control room simulator continues to be very difficult. 
In abnormal situations, the most serious errors are those associated with failures of 
high-level operator functions such as diagnosis, decision-making and strategy 
formulation. This addresses the general need for more comprehensive predictice 
models of human performance in nuclear power plants. 
Emergency operating procedures must be assessed in the context of the work situation 
where the control-room, staffing, training, documentation and any forms forms of 
operational support play significant roles. 
Event-oriented emergency operating procedures cannot fully cope with operator needs 
during unforeseen accident situations because possible human errors cannot be taken 
into account and also because these procedures can cover a limited number of 
malfunctions. Therefore, it is generally agreed that non-event-oriented procedures (such 
as symptom-oriented, function-oriented or state-approach procedures) facilitate the 
detection of operator errors, optimize recovery actions for errors and allow operators to 
counteract these errors without necessarily knowing the causes of the event. 
In using digital computers in control-rooms, the areas recognized as requiring research 
are software validation and verification, software reliability and human/computer 
interface design. 
Several issues, despite their importance have so far been inadequatly addressed. These are 
mainly training of teams, training for stressed conditions, training of management, the 
development of a safety culture. 

5 Human Factor Activities in Risk Assessment 

In addition to human factor activities conducted within PWG1, it is worth wile to mention 
the work which is done by the CSNI/Principal Working Group (known as PWG5) on Risk 
Assessment, In Probabilistic Risk Assessment (PRA), analysis of human errors is still considered 
as an unresolved issue, This is mainly due to scarce data available for human Reliability 
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Analysis (HRA) as well as to difficulties in covering different types of human errors by existing 
methods. 

Regarding PRA application, there is a consensus that human errors can be divided into 
three categories: 

errors prior to an accident, e.g. during maintenance tasks, calibration, testing, 
errors leading to an accident initiator such as human error resulting in transient and, 
errors in responding to an accident initiator such as misdiagnosis or in response to an 
event. 

The first two categories of human errors can, to a certain extent, be supported by plant 
specific data and are normally included in system fault trees and reliability data, whereas human 
actions during accident situations create particular PRA problems which remain as the most 
difficult topic to be analysed. An inherent issue in human performance is its ambiguity. Human 
interactions provide both beneficial and detrimental contributions to safety. Beneficial actions, 
such as correct diagnosis of initiating event and implementation of recovery systems decrease the 
potential to significant accident. Detrimental actions usually lead to increasing plant 
unavailability or initiating event. The typical methodological difficulties of HRA originate from 
the human behaviour characterized by large variability and complexity. Several models are-
available for human reliability analysis, such methods providing useful techniques to identify the 
potential for human errors and design complex systems considering human factors. Regarding 
quantification of human error probabilities, uncertainties are still extensive and possibilities to 
consider all relevant aspects of human behaviour (mainly cognitive and psycological aspects) are 
being discussed. To compensate the lack of operating data on human errors in accident situations 
attempts are made to use expert judgment and simulator experiments. 

Experts give a few cautious recommendations as regard to appropriate practices for the 
use of HRA methods in current PRA. They recommend the use of the Technique of Human Error 
Rate Prediction method (THERP) which allows to assess pre-accident and post-accident operator 
actions using the HRA tree techniques. THERP can be supplemented by preceding application 
of the Systematic Human Action Reliability Procedure (SHARP) and Accident Sequence 
Evaluation Programme (ASEP) for incorporation of man-machine interactions into PSA and for 
screening analysis. In addition to THERP, the Human Cognitive Reliability (HCR) model copes 
well with other HRA methods and presents the advantage of an easy applicability of utilizing 
simulator experiments. 

The contemporary human error analysis suffers from two main unresolved issues: scarce 
database on all human activities and shortage of methods for dealing with errors of commission. 
The lack of data on human activities such as diagnosis errors and human actions in accidental 
situations can, to some extent, by replaced by using full-scale plant specific simulator. 

6 Human Factor activities within the OECD Halden Reactor Project 

This paper would not give a complete picture of the human factor activities within the 
NEA without a special mention of the work realized by the OECD Halden Reactor Project. The 
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Project which celebrated in 1993 its 35th anniversary, is the oldest joint undertaking created in 
Europe through an agreement between national nuclear centres of different OECD countries 
sponsoring an experimental research programme carried out by the Halden Boiling Water Reactor 
which is owned and operated by the Norwegian Institutt for Energiteknikk. 

Initially designed with the goal of demonstrating the boiling heavy-water reactor concept, 
the Project's objectives have gradually evolved to a broader research and development 
programme covering the domains of fuel behaviour, material testing, water chemistry, on-line 
instrumentation, advanced control room design, computerized operator aid, and software 
verification and validation. 

About half of the Halden's total research programme is now devoted to developing 
computerized man-machine communication systems, modern control rooms, software assessment 
tools, and means for the determination and understanding of operator/equipment interaction. To 
help prevent accident, systems are being developed for the early detection of faults, for the 
diagnosis of problems and for operator guidance. The focus of this research is on the changing 
role of the operator in computerized control rooms, the validation and assessment of new operator 
aids and the development of improved operator training techniques, particularly related to 
abnormal plant conditions. The Halden Project has established furthermore a man-machine 
systems laboratory (HAMMLAB) where teams of specialists including psychologists and 
computer experts develop and evaluate techniques for displaying information to the operator, and 
undertake studies to understand the operators' response; this latter step ensures that the feedback 
loop to the designer is closed. 

7. Current Studies 

Late 1993 will see the completion of studies by members of the PWG1 Expanded Task 
Force on Human Factors addressing organizational issues, especially during outages focusing if 
possible on sub-contractors (particularly from the view point of controlling their work and 
training) on the aspect of over-reliance on maintainers' skills, and on the relationship and 
communications between the operators' and maintainers' groups and, at last the study on "Effects 
of Advanced Systems in Control Rooms". 

8. Conclusion 

Although an adequate feedback system has been put in place for operating experience and 
human factors and considering activities and results of studies mentioned in previous studies, it 
can be concluded that good use is generally being made of the accumulated information. 
However, these results raised several questions: what is being done about observations and 
recommendations? What actions (either preventive or protective) are taken to prevent against 
problems mentioned in different studies? Why does it seem that the error frequency is almost 
independent of industrial and technological evolutions? 

On both national and international levels, extensive efforts are now being devoted to 
understanding human behaviour, gathering human reliability data and identifying the best 
approaches to model human actions. Examples of OECD/NEA Member countries with 
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significant human factor programmes are Finland, Japan, Sweden, the United-Kingdom and the 
United-States. Human factor research is also being done by national organisations, such as INPO 
and EPRI and being sponsored by international organisations, such as the OECD Halden Reactor 
Project. 

Regarding actions which are taken to prevent occurrence of error-likely situations, it is 
recognized that changes, particularly in design features and management practices are difficult 
to effect. Concerning the particular aspect of training, it was mentioned that it was contributing 
to only 6% of the reported events. As confirmed by discussions frequently carried out by experts 
of NEA Member countries, there is an agreement with the fact that despite the wide range of 
training practices and academic requirements, there is no clear evidence that one particular 
approach leads to better results. The last question and also probably the most important, is how 
to reduce the likelihood of human errors. 

In this paper, a brief exposé was given of the NEA's contributions towards the 
improvement of nuclear power plant safety through adequate feedback of operating experience. 
It was also shown that several means can and should be pursued towards the realization of that 
goal; these means are not mutually exclusive. To sum up the messages that would appear to 
constitute our challenge for the future, we are being urged to: 

Pay sufficient attention to all the signals that the systems seem to be giving us. 
Share our experience and pool our expertise. 
Develop and instill the safety culture in all levels of plant staff. 
Analyze and understand human behaviour. 
Ensure that an adequate feedback loop is in place. 
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FRAMEWORK FOR HUMAN FACTORS INPUT TO DESIGN PROJECTS 

Johanne Penington 
AECL Research, Chalk River Laboratories, , - r 

Chalk River, Ontario 

There is an increasing awareness of the impact that human behavior and human error has upon 
safety, and that the causes of accidents cannot be attributed solely to hardware failures. It is 
therefore essential that the human element is considered in the design of systems, to ensure that the 
design is compatible with operator requirements and is robust against operator error. 

Atomic Energy of Canada Ltd. (AECL) have realized that working in the nuclear industry, which 
provides a potentially hazardous environment, fostering a commitment to the inclusion of Human 
Factors is essential in order to maintain high standards of safety and efficiency and provide a 
comfortable working environment. It is required that AECL demonstrates the incorporation of 
Human Factors into their projects in order to obtain and retain the site license. The regulators of 
the nuclear industry, the Atomic Energy Control Board (AECB), employ Human Factors assessors 
to monitor the acceptability of the inclusion of Human Factors in the design and modification of 
nuclear and associated facilities. The commitment of the AECB to Human Factors is demonstrated 
by the recent inclusion of Human Factors in their audit of the design process for AECLs new 
isotope producer, MAPLE X10. 

Human Factors can be defined as the study to create the greatest safety, efficiency and comfort 
between man and his/her working environment and encompasses the following subject areas: 

- workplace layout, 
- workstation design and assessment, 
- control and instrumentation design and assessment (including VDU system and alarm system 

design), 
- environmental design and assessment, 

- training needs analysis and program development, 
- procedures design and assessment, 
- staffing and job organization, 
- emergency planning and evacuation system design and assessment, and 
- human reliability assessment. 

Human Factors assessment methods are used to design systems, examine systems, specify 
features or identify deficiencies and suggest modifications which will improve the design from a 
human point of view. It is not cost effective to modify the system when it has already been built 
and it is not safe to wait until problems have occurred before addressing them. Human Factors 
should therefore be an integral part of the design process and the earlier in the design process these 
factors are considered, the safer and more economical the results will be. It is intended that in 
future AECL projects, a full time Human Factors specialist will be dedicated to the project team. 

The paper outlines the different Human Factors assessments which are recommended for 
completion at different stages of the project lifecycle. Currently the design phases have been 
categorized into the following: 

- Conceptual design stage, 
- Design Definition or Detailed design stage, and 
- Implementation and Commissioning stages. 
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The objective of producing a framework for the Human Factors input to projects is to provide the 
Project Manager and the Project Team with some indication of the scope and function of the work 
to be included and to ensure that Human Factors is adequately taken into account at all stages of the 
project. It is not, however, the purpose of the paper to describe the precise methodologies to be 
used to carry out the assessments. The paper will review each design stage to discuss the 
proposed scope of work. 

Conceptual Design Stage 

The Layout of the Functions in a Facility 

At the early stages of a project it is important to ascertain the appropriate layout of the facility 
according to the function of the facility as a whole and the function of its constituent parts. A 
conceptual task analysis can therefore be performed to identify the functions at a global level, 
followed by the development of a flow chart to outline the proposed activities. It will then be 
possible to categorize the activities identified into areas of responsibility, e.g., those activities 
which will be performed by the operations team, maintenance team etc. and areas within the plant 
where the activity will take place, such as control room activities and local plant activities. 

The following aspects can be identified: 

- the need to transport goods from one area to another, 
- the need to communicate frequently with another area either visually or verbally, 
- the need to move frequently from one area to another, 
- the need to be close to a certain services, 
- the need for a certain amount of space, and 
- the requirement to be close to or far away from other buildings, areas, personnel, equipment, 

and/or facilities for safety or environmental reasons. 

Identification of Normal and Emergency Routes 

When a provisional layout of the facility has been specified, the location of doors and walkways, 
and the means of exiting the building can be designated. It is important that this is an integral part 
of the design of the facility and that the evacuation routes are not placed for convenience later in the 
design stages. 

Human Factors guidelines, based on experimental data and past experience, should be used to 
specify the width and height of doorways and walkways. The output from this part of the project 
may result in modifications to the layout of the facility and as such the conceptual design stage will 
become an iterative process. 

Identification of Communication Links 

Using the information from the conceptual task analysis and information relating to interactions 
which are necessary with other facilities, lines of communication should be defined. This will 
form the basis of the detailed communications analysis later in the design stages of the project, 
when specific requirements will be defined leading to the identification of facilities and procedures. 

Workplace Layout 

In order to specify the workplace layout it is necessary to collect the following information: 

- the amount, shape and location of the space available for the defined purpose, 
- the type of tasks to be carried out in this area e.g., will maintenance be performed?, 
- the number of personnel it is expected will be working in this area, and 
- the equipment which will be necessary. 
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Human Factors guidelines and anthropometric data (data on bodily dimensions) should be used to 
define the safest, most efficient and most comfortable layout which is appropriate for the functions 
the workplace is intended to achieve. This layout must ensure that there is adequate access space 
for both operations and maintenance, and for the required number of people to perform their work 
activities and pass each other when necessary. The layout must also be representative of the tasks 
to be carried out together and the sequence of operations to be adopted. 

Allocation of Function 

It must be decided at the early stages of the project how the functions are to be allocated between 
man and machines; that is the extent to which the system should be automated. Information 
regarding the capabilities and limitations of human performance should be used to make decisions 
in this area to ensure that difficult, lengthy and monotonous tasks are automated, whereas certain 
tasks remain the responsibility of the human operator. The latter set of tasks are usually those 
which are not easily or efficiently performed by a computer such as decision-making tasks. 

Design Definition or Detailed Design Stage 

Detailed Information Requirement Identification 

A more detailed task analysis should be completed to provide information about the requirements 
of the workplace and the information and equipment requirements of the operators within the 
facility. 

The task analysis may identify the following information: 

- the goal of an individual task, 
- the subtasks which are required to achieve that goal, 
- the information which will need to be available to the operator in order for him/her to complete 

each particular subtask, 
- the action which will need to be implemented, 
- the feedback s/he will need to ensure that the action has been successfully initiated and/or 

completed, and 
- factors relating to the environment and the capabilities of the operator which may affect 

performance 

Information needs to be collated about the type of information requirements the personnel will have 
and the method of interaction they will need to effectively control and monitor the system. For 
example, the above information will have demonstrated the need to know certain temperatures, 
pressures and levels etc. before or while an action is being completed. The next stage of the 
analysis will reveal specific details about the requirements such as : 

- how accurately the operator will need to read the display, 
- what the operator is required to do with the information e.g., does the operator need to compare 

this information with another piece of data, is s/he trying to obtain a precise reading or is it 
sufficient to realize a change in status?, and 

- what type of control the operator needs to initiate i.e., is a continuous action required or a simple 
on/off initiation, and what is the extent of the control which needs to be implemented?. 

Human Factors guidelines relating to the best methods of communicating this information should 
be applied. 
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Control and Instrumentation Design 

The precise design details of the controls and instrumentation should be specified according to 
human factors standards and guidelines. This is usually verified by the use of human factors 
checklists which list the design features appropriate for that particular display and for its purpose as 
outlined in the previous section. The guidelines and checklists will address the following issues: 

- the size of the display or control, 
- the color coding to be used, 
- the size, content and positioning of the labeling, 
- the size and detail of the scale markings if appropriate, and 
- other requirements. 

In addition, the guidelines will provide advice about the layout of the instrumentation according to 
their function, importance and their frequency and sequence of use. 

Similar principles are used to address the design of the computer control screen displays. There 
are however additional issues which must be considered for this method of displaying and 
controlling parameters, in the determination of the design and layout of the screens, such as the 
availability of space on a screen, compatibility with hardwired instrumentation and the navigability 
between displays. 

Application of Anthropometric Data 

Anthropometric data should be used to design the panels, the console used to house 
instrumentation in control areas and to locate the instrumentation such that the operator can see 
displays, efficiently reach controls, access work areas, and be seated comfortably. 

Consideration of Environmental Issues 

Although it is not possible at this stage to take any measurements of the environment, it is 
necessary to specify the required thermal environment, noise limits and levels appropriate to the 
work area and the tasks which are undertaken in that area. 

Suitable lighting levels and distribution of lighting should be specified, according to the function 
for which it is required. For example, approximately 300 lux is a suitable level for using a 
computer control system, but 700 lux would be required for detailed inspection tasks. 

Appropriate noise limits should be defined. Any areas where noise is likely to exceed the 
prescribed levels should be identified and protective equipment provided. In addition, the most 
suitable location for the storage of the equipment should be specified. 

The thermal environment conducive to effective human performance varies according to me level of 
activity of the worker and the type of clothing which will be worn. The optimum temperature 
should be calculated for each of the defined work areas and their associated tasks. Changes in the 
outside temperature should be taken into account to ensure that the environment does not prove to 
be too hot in the summer or too cold in the winter. 

The specified temperatures, noise and lighting levels should be checked during commissioning to 
ensure that the objectives have been achieved. 
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Identification of Potential Human Errors 

The purpose of identifying potential operator errors is to assess the design of the system for its 
robustness against inappropriate human performance. The human error analysis will provide an 
important input to the training program and forms the basis of the human error quantification as 
part of the safety assessment for the project. 

Using the task steps identified in the task analysis process, the following information should be 
defined: 

- all the potential operator errors relating to each task step, 
- the possible error causes, 
- the consequences of the defined errors, and 
- any recovery points. 

The errors should then be classified into various error categories defined by the analyst in order to 
assist the identification of solutions to the inadequacies highlighted by the assessment. The latter 
category of error should be further explored in order to ensure the usefulness of the information. 

Ergonomics guidelines should then be applied to ensure preferably the prevention of operator 
error, improve the possibility of recovery should an error be committed and/or mitigate the 
consequences. 

The identification of operator error will provide a useful input to the HAZOP process. This will 
enable decisions to be made relating to the allocation of resources i.e., if the likelihood of the error 
occurring is high, and the consequences are serious from a safety viewpoint then it is prudent to 
allocate the resources to improve the situation. 

Human Error Quantification 

Having identified the potential operator errors, they should then be included in the safety and 
reliability assessment of the system by including the errors at the appropriate places in the fault 
trees. This is to ensure that the combination of equipment failures and human errors, which leads 
to a failure to achieve system goals and/or safety hazards, are considered. 

The quantification of human errors extends the cost benefit analysis beyond that of the HAZOP 
technique by allowing the analyst to quantify the likelihood of the unwanted event, suggest 
modifications to the system based upon the likely operator errors, and then requantify the fault tree 
to show whether the change in the overall probability is significant. This means that resources can 
be concentrated on the areas where they are likely to have the greatest effect. 

Identification of Training Needs and Manning Requirements 

Task analysis is the first stage of a training needs analysis. It identifies the tasks the operator will 
be required to perform and the information needs associated with their completion. The tasks 
should be categorized into different types of tasks, such as remotely controlled tasks, manual 
handling tasks, computer control tasks, administration tasks etc. and the number of different job 
roles should be defined. The framework for the training program can be sketched out and training 
objectives defined at this stage. 

The duties associated with each of the job roles should be specified and attempts should be made to 
estimate the frequency of these duties. From this information an estimate of the number of 
personnel required to run the facility can be made. The skills, knowledge and abilities the 
operators will be required to have should be defined and these should be categorized into 
recruitment requirements and training needs. This information will form the content of the training 
program. 
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Communications Analysis 

A communications analysis should be completed to identify the following information: 

- at what point in the procedures communication is required between individuals and groups of 
people, both within the facility and external to the facility, and in both normal and emergency 
situations, 

- from where and to where must the communication take place, 
- how is it proposed that this communication will occur, 
- whether there are performance shaping factors which would jeopardize the success of the 

communication, and 
- solutions to any identifiable problems. 

Some decisions can therefore be made about the number, type and location of communications 
facilities which may be required. Using the detailed task analysis and the information from the 
human error analysis, the precise nature and content of the communication should then be defined. 
The information obtained from this analysis will provide a useful input to the operating procedures. 

A number of scenarios should be selected for more in depth analysis based on the following 
criteria: 

- those procedures which require a great deal or continuous communication, 
- those procedures during which communication is vital to the success and/or the safety of the 

operation, and 
- those procedures which require communication between people or groups of people who do not 

normally communicate. 

The in-depth analysis should include both normal and emergency situations and should plot the 
communication activities on a timeline dedicated to the scenario, to ensure that the facilities can 
cope with the demand. 

Assessment of Manning Levels and Job Organization 

Having defined in detail the tasks which need to be completed within the facility, it is then useful to 
identify more precisely the manning requirements and the organization of the job and its 
constituents to optimize the efficiency of the process. The most useful approach to take is to make 
a preliminary estimation of the manning requirements and perform a workload assessment, which 
will convert the information into more realistic specifications. 

There is a human factors guideline which proposes an acceptable band of workload percentages. If 
the estimates show workloads outside this band, it is possible to perform certain manipulations to 
iron out die peaks and troughs and so bring the workload to acceptable levels. If the workload is 
too high the operator will experience stress and if the workload is too low the operator will 
experience boredom, both of which will cause performance decrement and may lead to hazardous 
situations. 

There are various alternatives which can be explored to find the most appropriate solution to the 
problem: 

- reallocate the tasks throughout the shift so that some of the work from the peaks is transferred to 
the trough in order to even out the workload, 

- reallocate the tasks between the workers, 
- provide additional workers to cope with the high task demands, and 
- reallocate the tasks between man and machines i.e., automate parts of the process. 
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Evidendy there are a number of considerations which will affect the option chosen, for example: 

- the level of technology available to automate tasks, 
- human behavioral considerations, such as whether the operator is required to perform the 
monotonous tasks which will result in a lack of motivation and decreased job performance, 
- the implications of reallocating tasks between workers, which may have implications for 
personnel selection and training, and 
- how the reallocation of the tasks diroughout the shift will affect training and procedures and what 
is the likelihood that they will be adhered to. 

It can be seen therefore that the purpose of this part of the design process is not merely to specify 
the manning levels, but also to provide some useful information on how to organize the jobs within 
the facility. 

Implementation and Commissioning Stages 

There are a number of issues which will be raised throughout the design process which cannot be 
addressed until the plant is built and is about to be commissioned. There may be certain design and 
operational issues which require actual observation of the operators using the equipment in their 
real working environment for their resolution. Environmental issues should be specifically 
examined. 

Identification and Completion of Commissioning Checks 

During the design stages of the project, information relating to issues which could not be addressed 
at that stage should be collated so that a program of human factors commissioning checks can be 
compiled. This program should list the issues to be addressed, detail the methods which should be 
employed and state how the outcome will be dealt with. 

During the commissioning stage the documented checks should be carried out and any necessary 
refinements made to the system. It should be realized however that there may be issues which will 
not become apparent until the system is fully operational, but it may be possible to alter aspects of 
the job and task organization during the early operating stages of the system. 

A final validation should be performed to ensure that the procedures and manning levels are 
appropriate by observing potential operators walking through the procedures. 

Compilation of Operating Instructions 

The operating instructions should be written when the design details are finalized and should be 
based upon the task analysis to ensure that the instructions detail the operators requirements and do 
not focus purely on the system demands. Human factors guidelines should be used to create 
instructional documents which tell the operators in a thorough, clear, concise and meaningful way 
how to perform the necessary operations and how to deal with abnormal and emergency scenarios. 
The operating instructions should be compiled with a heavy input from the operators themselves as 
well as the system designers, to ensure that they understand what is required, that the instructions 
reflect the way in which they would perform the task and includes everything they would wish to 
know. 

Development of the Training Program 

The training program should be developed using information from the design process. The 
training program should be arranged into a logical and coherent structure and the program manuals 
written to conform to human factors guidelines on information presentation and document design. 
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The most appropriate methods should be selected to ensure effective learning of the different 
aspects of the job role i.e., a mixture of on the job training and classroom training should be used, 
a combination of lectures and project work should be employed and suitable visual aids and 
teaching styles should be selected. Appropriate methods, material and time intervals for training 
effectiveness assessment both during and after the training course should be defined. 

It should be ensured that there is a method of modifying the training course in response to 
modifications of other aspects of the system, and for identifying continuing training and retraining 
requirements. The training program should be piloted prior to the commencement of plant 
operations. 

Emergency Planning 

Evacuation drill should be carried out during the installation and commissioning stages of the 
system to test the effectiveness of the proposed emergency procedures. The future staff of the 
facility should take part in the evacuation drill in order to familiarize themselves with the facility 
and the procedures as quickly as possible. 

The drills should consist of a variety of different scenarios, using the different evacuation routes 
and different emergency equipment. The aim is to reduce as much as possible the potential for 
surprises and to try and ensure that the operational staff will perform effectively in a threatening 
situation. 

Conclusions 

The benefits of a comprehensive Human Factors program can be summarized as follows: 

- ensures the safety of the operators, the public and the environment, 
- ensures the operability of the systems by creating compatibility with the operators needs, 
- improves the economics of the system by improving productivity, reducing down time and 

reducing the potential for injury, 
- reduces the likelihood of costly modifications later in the system lifecycle, and 
- ensures licensing requirements are met. 

The project framework has been developed for future use within AECL and demonstrates their 
commitment to a safe and efficient working environment. Currently the framework is being 
applied to the design of the MAPLE XI0 reactor, although the framework and associated Human 
Factors techniques were only developed in time to provide an input to the Design Definition stage. 
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Inherent in the safe operation of a nuclear power-generating facility is the monitoring and 
assessment of many process parameters. In general, these activities are performed on an 
"instantaneous" basis, without any significant consideration of the history of the signals to that 
point in time. With the advent of sophisticated data transfer and storage facilities comes the 
ability to permanently store any recorded plant data. Within the stored data of each measured 
parameter is a statistical "signature" of the normal behaviour of that parameter. This signature 
is useful both to the system engineer and to the safely analyst. This paper describes the 
development of an easy-to-use WINDOWS-based tool, the Plant Analyst's Workbench (PAW) 
that allows the system engineer or safety analyst to rapidly assess whether the behaviour of any 
measured plant parameter is consistent with historical norms. The use of the tool in performing 
a weekly review of overall plant performance, including the automatic generation of an overall 
performance report, is described. The incorporation of a database into the tool, to allow 
consistent tracking of historical trends is described. 

1. INTRODUCTION 

At Point Lepreau Generating Station (PLGS), process data from approximately 2,500 
transducers is measured every 6 seconds, and safety system data from approximately 250 
transducers every 2 seconds. Additionally, the plant computers generate a variety of calculated 
parameters, using one or more of the "raw" signals as input. Until relatively recently this data 
was essentially transient, in that it was used, where required, for display purposes, or in control 
programs, and then discarded. 

The recent installation of a data access system, referred to as the "Gateway", means that anyone 
on the PLGS computer network can have access to the data. Further, all of the plant 
measurement data is stored (at a rate of about 100 MByte per day), and may be retrieved on
line, for the last 9-day period, and from tape storage for older material. The availability of this 
data means that a more thorough assessment of the performance of each system can be made. 
Thus, for example, safety analysis codes can be "tuned" to more accurately reflect station 
conditions. Further, historical trends can be charted, and any required changes in safety analysis, 
due to significant plant parameter drift can be made. 

The availability of large amounts of data means that reliable statistics may be derived for a wide 
range of data. By routine monitoring of these statistics, gradual deviations in transducer or 
process performance can be detected. Further, if the usefulness of these statistics as repeatable 
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"signatures" can be demonstrated, then in the future it may be possible to replace some routine 
testing with statistical monitoring. 

This paper describes an easy-to-use tool, the Plant Analysts Workbench (PAW) which can 
manage PLGS data in a straightforward manner. Its use in generating a variety of statistics and 
graphical data is shown. Plans for further development are given, and the use of PAW in 
detecting a problem process parameter is described. 

2. GOALS OF PAW PROJECT 

The short-term goal of the PAW project is to provide plant analysts with a tool that will enable 
them to easily manipulate large volumes of plant data, to deal with the idiosyncrasies of the data 
retrieval system, to present the data in a standard format, and to perform some assessment 
functions on the data. This ability provides the safety analyst with the tools necessary to ensure 
that analytical plant models accurately reflect actual plant conditions. 

In the longer term, the intent is to generate a suite of process parameter "statistical signatures", 
such that deviations from normal plant behaviour may be easily detected. Currently, 
examination of these statistics is performed manually. The eventual aim is to develop an expert 
system to assess the statistics. It will be trained to identify normal plant behaviour, and isolate 
potential problem areas to the PAW operator. 

3. FEATURES 

The features available in PAW fall into four categories: data analysis, display, reporting, and 
long term trend. These are dealt with in turn below. First though, a general description of the 
PAW operating platform is given. 

PAW is a WINDOWS-based application, running on a PC. There is no particular memory 
requirements, other than the capability to run MS WINDOWS 3.1. A colour monitor is 
preferable, though not required, to enhance the data display. PAW is programmed in C++, and 
is currently configured to accept data in the format that is available from GATEWAY system. 
However, only minor "front-end" modifications would be required to interface with other data 
formats. This data format is that which results in the use of the System Engineers Data 
Extraction (SEDE) tool, which was written by AECL-Research to interface with the 
GATEWAY. 

3.1 Data Analysis 

The entry point to PAW is a window with a main-menu at the top (see Figure 1). The item 
ANALYSIS starts the data analysis procedure. PAW is designed to make the process of data 
analysis and examination easy, and fast. Thus one of the principal features is the ability to 
present data in a way that makes sense to the user. This is demonstrated in Figure 1, which 
shows the hierarchy of data groupings selected for one particular PAW application. The input 
file can be specified here, in this case MA03MA09.OUT, representing data collection from May 
3-9, one of the weekly PAW runs performed at PLGS. The output file name is automatically 

- 2 -



generated. 

As shown in Figure 1, common data types are combined together as "Groups", for example: 
Header Pressure, Header Temperatures, Primary Pumps, which are listed in the "GROUPS" list 
box. Every group has an associated list of variables. As a group is selected, this list will appear 
in the VARIABLES list box. As most variables that are of some process or safety interest have 
some degree of measurement redundancy, the selection of a variable will bring out the 
redundant signals for the selected variable in the SIGNALS list box, in this case seven redundant 
signals, identified as GWX AI1231, etc., for variable Reactor Outlet Header (ROH) #1 
Pressure, in the group, Header Pressure. 

The models used for analysis are: filter, statistics (including mean, standard deviation, skewness, 
and kurtosis), Cumulative Sum (CUSUM), Generalised Consistency Check for Single variable 
(GCCS) (which generates Inconsistency Indices, GCCS_II, and a "best estimate" value of any 
redundant variable). 

3.1.1 Filter 

A simple R-C type filter is used with the equation: 
Fi=xi> FN=0. 99*FN_1+0.01*XN (N>1) ( 1 ) 

This filter smooths out the roughness in the data, making any tendency to change with time 
more noticeable, and making the relative magnitude of one signal with respect to another more 
clear. 

3.1.2 Statistics 

The mode of calculation for statistics is to generate cumulative statistics. That is, the mean value 
at any point-in-time is the mean value based on all previous data, up to that time. The skewness 
and kurtosis are used to assess objectively the distribution of data over the time-frame of 
interest. Skewness is a measure of asymmetry, and kurtosis is a measure of the degree of 
flatness of a distribution. Deviations of these statistics from the historical norm gives an 
indication of an abnormal signal. Detailed examination of the suspect data is then warranted, 
to determine a root cause for the abnormality, 

3.1.3 Cumulative Sum (CUSUM) 

The CUSUM is designed to detect significant deviations from the mean value of a signal in an 
objective manner. Let a random signal xn be 

xa=mn+eB (2) 
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With mn given by: 

3 + e„ n < r - l ( 3 ) 

mn = 
nij + en n>r 

where en is a white noise process and r is the instance at which the signal changes its level. 

The formulae to calculate CUSUM for detecting an increase or a decrease in the mean value 
of a signal are given by equations (4) and (5), respectively, 

U0 = 0 

0<j<k 

'SQ = 0 

, 0 * - 2 : < * y - ^ + -£> (5) 

Smin = m a x Sk 

0<j<k 

and an alarm may be provided when U^U,™ > H, or Smax-Sk > H where vm is the variation 
tolerance in the m„, H is a decision interval, and both are positive values. 

3.1.4 Generalised Consistency Check for Redundant Variables (GCCS) 

It is usually the case that the redundant signals of a given variable do not have same value. The 
question that then arises is: what is the best value to represent the parameter? The GCCS is 
a tool that objectively calculates a best estimate value of a parameter, based on simple estimates 
of the consistency of the redundant signals. 

In this approach, the difference between each possible two signals is compared to a tolerance 
value, set by the user. ïf the difference exceeds the tolerance, the inconsistent index is increased 
by one for both items in the comparison. If a signal deviates from all others, it will acquire a 
large "Inconsistency Index". The indices are calculated at every sampling interval, and used as 
inverse weights to generate the best estimate value. 

As well as being used to calculate a best estimate value, the GCCS may be used to systematically 
monitor redundant signals. Thus a change in the Inconsistency Index of a signal over time 
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indicates a change in its relative position among the other signals and thus may herald either a 
genuine change in the process, or some change, perhaps deterioration, in the transducer and 
associated equipment. 

3.2 Display Features 

The results generated from the data analysis models can be easily displayed. The menu 
selection of "Display" (see Figure 2) brings out a dialogue box with the same data groupings as 
for the analysis. The groups, variables, and models can be selected in the same way. The 
selection of a signal from the redundant signal list is optional. If no unique signal is selected, 
the result of the selected model for the variable, with ah its redundant signals, is displayed. An 
example for the "GROUP", "Header Pressure'1, and "VARIABLES", "ROH #1 P", (Reactor 
Outlet Header, Number One, Pressure), with all the redundant "SIGNALS" selected, for the 
"model", "Signals", is shown in Figure 3. If a unique signal was selected, the result of selected 
model for only that signal would be displayed. Different colours are used to distinguish different 
signals. 

The vertical scale is adjusted automatically to comfortably contain all of the data, and the scale 
divisions are set to be easily interpreted. The horizontal (time) scale is in a common format, 
irrespective of the frequency or duration of data extraction. First, the scale-division is given, in 
this case 12 hours (14 12-hour divisions show that data retrieval period covers one week). Then 
the start/end date/time is given. The variable name, its units, and the instrumentation names 
for signals are given above the graph. 

The data shown in Figure 3 has 7 traces, with 2016 points per trace (sampling rate is once per 
5 minutes). Clearly there may be a need to examine some of the data in more detail. This is 
done using "ZOOM" feature. A number of Zoom options are available. The zoom area can 
be identified either by "dragging" the cursor along the chosen area, or by entering exact zoom 
start/end times. The vertical scale can be either kept same, or be adjusted to possibly "blow up" 
the signals. It should be noted that the time scale has been adjusted to cover only the time 
frame zoomed. Figure 4 shows a "zoomed" Figure 3, around the time of the disturbance in 
Figure 3 just before time-grid #11. 

In addition to the raw data (and statistical) displays, PAW can be used to examine the 
relationship between one parameter and another. Figures 5 and 6 show the selection window 
for the correlation option, and the resultant display, respectively, for the relationship between 
pressurizer level and reactor power, during startup, from 50% power to full-power. 

All the graphs displayed on the screen can be printed to a laser printer by simply "clicking" on 
the menu item, "Print". 

3.3 Reporting Features 

A minimum requirement of PAW is that it piovides graphical outputs of the various data 
examination options of which it is capable. In addition to this, PAW uses the "Best Estimate" 
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feature described earlier, in conjunction with a sensible presentation of system information, to 
generate a summary report of plant operation for that reporting period. Thus a statistically 
reliable "normal operation value" for a wide range of system parameters is generated and output 
in a standard format. By exercising this option at regular intervals, and examining the results, 
the assumptions made in plant analytical models can be verified or modified, as necessary, to 
reflect any long-term changes in plant operating configuration. 

To complement this determination of "normal operating values", a detailed listing of parameter 
statistics is also given. By regularly monitoring this type of output, a "normal" statistical signature 
may be established for each parameter, and used to provide indications of deviations in either 
process or signal behaviour. 

3.4 Data Base 

One of the uses of PAW at PLGS is to run a large, standard, weekly data-analysis, extracting 
data for about 300 parameters every 5 minutes. A weekly report is prepared, incorporating 
selected graphs, the summary report as discussed in Section 3.3, above, and interpretation of the 
results, and any anomalies, by referring to station logs/operating manuals/design manuals etc. 

This manual process is augmented by the creation of a long-term database vf statistical data. 
This data can then be plotted, providing consistent measures of "condensed" data/statistics over 
long time-periods. The PAW window which controls the database creation is shown in Figure 
7, and a sample of the output in Figure 8. (Note that Figure 8 is composed of simulated data.) 

4. CONCLUSION 

An easy-to-use WINDOWS-based tool, the Plant Analyst's Workbench, has been developed for 
use with process and safety-system data generated at Point Lepreau Generating Station. The 
tool allows the user to rapidly view the data, "zoom-in" on areas of particular interest, and 
perform a range of statistical analysis functions. 

All data of interest can be plotted directly to a local printer, and a set of condensed and detailed 
reports can be generated automatically. The results of the statistics are stored to a database, 
which can be used to track the historical trends with a good degree of statistical consistency. 

The tool is currently in use at PLGS, and further features are being added, as requested by the 
PLGS system engineers. 
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INTRODUCTION 

Operating plants, such as nuclear-electric generating stations and chemical process plants are typically 
large and complex, incorporating many remote and indirect sensors. Today's operator of such 
facililties function in a data and information rich environment. It is generally conceded that 
mechanisms are badly needed to help the operator assess and assimilate this information to assist in 
the daily decision-making process. 

Recent focus on intelligent performance support systems (PSS) for reactor operators has resulted in 
several major reviews[l ,2]. Among top desirable features for these operator destined computer-based 
systems are human-centred design, intelligent behaviour and real-time performance. PSS can derive 
their origins from the realization that intelligent open loop complex plant control actually involves 
consideration of the human component as well as the more traditional machine (or process) part of the 
system. Also for the PSS to be effective, real-time capability in the time frame of the process to be 
operated is necessary. It is in this milieu then, that the role of Artificial Intelligent (AI) techniques can 
play in PSS operation is examined. 
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USER-CENTRED APPROACH 

The term PSS is considered, for the case at hand, as any system which aids the plant process operator 
and is sensitive to the status of the plant process[31. This work serves to amplify the above concepts 
with special emphasis on nuclear power plant operations. This will later be extended to include 
process environmental awareness as well. That is, early process control systems exhibited machine 
-centred characteristics, and then advanced to the human-centred capability. There is yet another 
possible level of interaction and this is a user-centred approach. Here, AI can play a significant role in 
such a system. Figure 1 shows the historical development leading up to the PSS, where the promise is 
to bring the complete integration of knowledge into a contextual environment in which the operator 
always functions. Hence the PSS, to optimize its utility to the operator, must be capable of 
functioning with the operator via a series of levels of interactions. That is why the next stage beyond 
the human-centred approach has been termed the "user-centred approach". 
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To examine such a possibility, consider figure 2 which has been adapted from Garland, 1993[4]. 
Although this referenced work and others are more concerned with the question of the distinction 
between the process design engineer and the process operator[5], the nature of human problem solving 
model [6] is ideal for the purposes at hand. 
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Note from the figure that the operator, largely without computer assistance, can function with 
skill-based reasoning at the operational level. When necessary, usually at time of process upset, the 
operator must apply some rule-based knowledge to function at an enhanced or tactical level. This is 
commonly referred to as human-centred activity where a computer is involved and supplies pertinent 
information as directed. (Eg., on-line procedure access [7], alarm pattern analysis[8]etc). However, 
in the user-centred approach, the PSS is always tracking the plant process and based on queries or 
responses given to it by the operator, is cognizant of the human operator probable requirements. For 
instance, constant computer monitoring of the reactor regulating system of a CANDU plant can 
identify abnormal cycling, suspect signals, controller errors and flux tilts within the context of a 
refuelling operation and provide the Chief Reactor Operator (CRO) with performance data before or 

Figure 2: Operator/Engineer/Process solution space. 

during a possible upset condition[9]. Hence, which data are given priority depends on context of the 
process problem and such duties are the concern of the advanced PSS. These PSS assisted operational 
excursions into the knowledge-based strategic level for the human operator can make this a routine 
procedure if the operator so desires. (Note that such autonomy from the PSS does not threaten the 
human operator as it still must take guidance and direction from the user - the human-centred 
approach philosophy[l ] has not been diminished in any way by the PSS.) Previously, such access 
only came at the expense of more manpower and effort which seriously detracts from the CRO's 
already overburdened resources and was only pursued when situations left no other alternative. 

In essence then, extension of the PSS can most easily be accomplished through AI techniques. In the 
simplest of terms, the PSS should not only be concerned with "what" information is presented to the 
operator but also the "how" of the information transfer. Proprietary research at Simon Fraser 
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Figure 3(a):Supervisory control and data 
acquisition -SCADA. 

Figure 3(b):Artificial intelligence and supervisory control. 

University as part of the IRIS project under Precarn Associates support, already recognized the 
importance of this distinction for graphical presentation environments; these researchers are using 
expert system techniques to realize these goals[10,l 1]. For example, the work of Lupton et 
al.[12,13,14] on the dynamic priority determination of alarms for presentation purposes which 
depends on the process status, is a good beginning to PSS. Further enhancements can be made and the 
OPUS system strives to illustrate the advanced PSS concept. 

IMPLEMENTATION CONSIDERATIONS 

The sequences delivered in figure 3 serve to indicate the components of the PSS that must be 
developed. Figure 3(a) illustrates the basic machine centred system which may be compared to the 
hard control of figure 2. The soft control in figure 2 is shown in figure 3(b) and represents the 
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the outer constructs of figure 3(c) 
give the level of complexity that the 
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realized. Conceptually the 
technique is interacting with the 
user's mental model of the plant at 
any given instant. The sensitivity of 
the PSS to this mental model is 
implemented through AI-based user 
modelling techniques [15] where 
the operator's queries and responses 
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patterns. Coupled with knowledge 
of the plant process itself, the PSS is 
able to present pertinent data on 
screen and/or allocate more 
computer resources to problem 
areas such as simulation and/or 
calculational procedures. 

Such ability for the PSS is not only 
difficult to produce, but also 
non-trivial to deliver. OPUS 
(OPerator/User Support) is a 
system, being developed at 
McMaster University, that operates 
on a distributed system hardware 
platform and possesses an 
agent-oriented software 

architecture. The use of both functional and temporal abstraction techniques [16,17,18] have 
somewhat blunted the disasterous impact of the intensive computational requirements of AI on 
real-time performance. Further uses of these fundamental design principles in software are already 
visible in figure 2 where fast algorithmic procedures for process control are vested in the "hard 
control" box (usually dedicated embedded control computers), while slower, more reasoned 
procedures for more complex process operations occur in the "soft control" box. Such advancements 
in system design have been adhered to in OPUS in realization of the difficulty of achieving real-time 
performance in a complex system[19]. OPUS details have been given elsewhere in this 
conference[20] but some additional enhancements are also being explored using expert system 
ernbeddable shells. 
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Figure 3(c): Al+performance support systems -PSS. 
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In light of the concern that computer-based decision brings to safety licensing compliance, Al 
ironically may play a significant role in validation procedures. The OPUS system is being developed 
with CLIPS [21] (NASA's "C" Language Integrated Production-rule System) to validate conclusions 
drawn from plant process analysis determined by more traditional methods. This is analogous to the 
requirement that common mode failures in nuclear systems are minimized by using two completely 
different physical systems to shutdown nuclear reactors (Darlington's SDS#1 (ShutDown System) is 
software driven (FORTRAN coded) and inserts metallic control rods into the reactor core, while 
SDS#2 is based on PASCAL code which directs the injection of liquid absorber into the heavy water 
moderator). On one hand, OPUS "C" procedures developed under formal semantic rules for 
regulating safety compliance may warn of a "derate" condition in the process and on a parallel 
processor, a completely different programming paradigm (expert system inference) can be used to 
validate results. Also possible with the OPUS collaborating system (concurrently executed on another 
processor of a multi-computer distributed system using, say, an up-to-date log file or data playback 
file for analysis) is the provision for process state sensitive on-line help screens as well as operator 
context sensitive assistance. Note that user queries such as to why a conclusion has been made fall 
naturally into the expert system repertoire of offerings. 

CONCLUSIONS 

The evolution of AI as applied to the open loop process control regime has taken the field from simple 
machine-centred supervisory control and data acquisition approaches to advanced user-centred 
performance support systems where user/operator/machine optimized interfaces are now possible. 
Here, the spearation of the "what" from the "how" have been realized. In the vernacular "clever 
people need cleverer machines" [22] which is now the promise of the future where AI can, at last, play 
an honest and major role. Eventually, it is hoped that the expert system technique will take its place 
beside the standard repertoire of tools, as a equal, used by the developer/engineer in the daily pursuit 
of engineering practice. 
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ABSTRACT 1. INTRODUCTION 

One of the ways to enhance the passive safety 
of a CANDU-PHW (CANada Deuterium Uranium -
Pressurized Heavy Water) reactor is to reduce the 
moderator subcooling requirements during a 
postulated loss-of-coolant accident (LOCA). The 
increased moderator temperatures would enhance the 
heat transfer from the moderator to the surrounding 
shield tank during a postulated accident. This 
reduction in subcooling requirements can be achieved 
by incorporating a wire screen in the fuel channel 
annulus, right next to the calandria tube. The 
technique has been demonstrated to significantly 
reduce the moderator subcooling requirements so that 
the calandria tube was not forced into film boiling 
upon pressure-tube ballooning contact with 0°C 
subcooling outside the calandria tube. 

An experiment was performed at AECL 
Research's Whiteshell Laboratories to investigate the 
changes in heat transfer characteristics between a 
pressure tube and a calandria tube with a wire screen 
placed in the fuel-channel annulus. This paper 
describes the results of this experiment. Results from 
computer simulations performed to assess the effect 
of the wire screen on the performance of a CANDU 
fuel channel during selected LOCA scenarios are also 
presented. 

An important design feature of the CANDU-
PHW reactor is that each horizontal fuel channel is 
surrounded by cool heavy-water moderator that can 
act as a heat sink during postulated loss-of-coolant 
accidents (LOCAs) with impaired emergency 
cooling. The fuel channel consists of a Zr-2.5Nb 
pressure tube and a Zr-2 calandria tube separated by 
garter springs and a gas-filled annulus. 

In some postulated LOCA scenarios, the 
pressure tube overheats, loses its strength, and then 
deforms through the annulus gap into contact with its 
surrounding moderator-cooled calandria tube. Upon 
contact, heat stored in the pressure tube would be 
rapidly transferred across the interface to the 
calandria tube, conducted through the wall, and then 
transferred from the outer surface of the calandria 
tube into the surrounding heavy-water moderator. 
The sudden transfer of heat could exceed the critical 
heat flux and cause Him boiling on the calandria tube 
outside surface [ 1,2], If film boiling occurs, the rate 
of heat removal from the fuel channel to the 
moderator would be severely reduced. 

The current moderator s u b c o o l i n g 
requirements are specified for CANDU-PHW 
reactors to avoid the calandria tube being forced into 
film boiling upon contact with its deforming pressure 
tube during postulated LOCAs. One method of 
reducing this moderator subcooling requirement is to 
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reduce the heat transfer coefficient between the 
pressure and calajidria tubes. This can be achieved 
by placing a wire screen in the fuel-channel annulus. 
The screen would slow down the rapid transfer of 
heat upon ballooning contact and reduce the 
probability of film boiling on the calandria tube. This 
method of reducing the probability of film boiling 
docs not involve changes to either the pressure tube 
or the calandria tube, has a minimal burn up penalty, 
and docs not affect the operation of the gas annulus 
system. The screen should not have any significant 
effect on the normal operation of the fuel channel. 

If moderator subcooling requirements could 
be reduced significantly, the increased moderator 
temperatures would increase the heat transfer from 
the moderator to the shield tank water by increasing 
the temperature differential between the two. Thus, 
decay heat from the core would be transferred to the 
outside of'he shield tank more efficiently. This 
would enhance the passive safety features of a 
CANDU-PHW reactor for beyond design base 
accident scenarios ?3J. 

2. EXPERIMENTAL RESULTS 

2.1 Apparatus 

The experimental apparatus consisted of a 
1580-mm-long section of Zr-2.5Nb pressure tube 
mounted inside a I730-mm-long Zr-2 calandria tube 
(Figure 1). The calandria tube was surrounded by 
heated, non-flowing water in an open tank. A 
950-mm-long graphite heater was located inside the 
fuel-channel assembly. 

Figure 1 : Test Apparatus 

A 350-mm-Iong section of stainless steel wire 
screen was placed in the gas-filled annulus next to the 
inner surface of the calandria tube; it covered half the 
healed length of the test section (Figure 1). The 

screen was 316 stainless steel with an original wire 
spacing of 1.3 mm and a wire diameter of 0.38 mm. 
One half of the screen was modified to test the effects 
of a wider grid pattern on the heat transfer 
characteristics. The crimped wires (obtained from 
the original screen) were spot-welded together into a 
wire grid spacing of 10.0 mm. The screen was 
positioned top to bottom so that one side of the 
pressure tu'oe would balloon into contact with the 
1.3-mm wire spacing, and the other side would 
balloon into contact with the 10.0-mm wire spacing. 
Then, by comparing the boiling characteristics on the 
calandria-tube surfaces, one could determine which 
wire spacing was the most effective. 

An Inconel X-750 garter spring was 
positioned at the test section centreline. The garter 
spring separated the screen and control (no screen) 
halves of the test section (Figure 1). 

2.2 Instrumentation 

Power was supplied by a 5000 A d.c. power 
supply. Heater power was determined by multiplying 
circuit current by the voltage drop measured at the 
outer ends of the bus bars. Previous tests on the 
heater assembly have shown that there is roughly a 
13% voltage drop in the bus bars. Therefore, a best 
estimate of the ohmic power generated in the graphite 
heater rod was 87% of the gross test section power. 

Thermocouples were used to monitor 
temperatures on the inner surface of the pressure tube 
and the outer surface of the calandria tube. The 
pressure-tube thermocouples were 0.5-mm diameter, 
Inconel-clad K-typc with magnesium oxide insulation 
and were inserted part way through the pressure tube 
inner wall. Thermocouples on the calandria-tube 
surface were fiberglass-insulated K-type 
thermocouples with wire diameters of 0.13 mm. The 
separated sensing wires were spot-welded directly 
onto the calandria-tube surface. Water temperatures 
around the calandria tube were monitored with 
platinum resistance temperature detectors. 

2.3 Procedures 

The following generalized procedures were used: 

(1) The inside of the pressure tube was purged 
with helium. 

(2) The water surrounding the calandria tube was 
heated to 100'C (0'C subcooling). 
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(3) The annulus between the pressure and the 
calandria tube was purged with C02. 

(4) The pressure tube was pressurized to 0.8 MPa 
(gauge) and heater power increased to roughly 
140 kW/m. The pressure inside the pressure 
tube was allowed to increase to 1 MPa during 
the heat-up phase and was maintained at this 
level for the remainder of the test. 

(5) The test was terminated when the pressure-
tube ballooned and contacted the calandria 
tube and any film boiling on the calandria 
tube had rewet or the fuel channel ruptured. 

3. EXPERIMENTAL RESULTS 

The moderator temperature was maintained at 
a rolling boil (0°C subccoling) throughout the test. 

Power to the graphite heater was increased 
from 0 to 140 kW in approximately 40 s (Figure 2a), 
and then gradually increased to 14S kW during the 
next 30 s. At -70 s, shortly after the data logging 
computer experienced an undetermined fault and 
ceased recording data, power was decreased to 0. We 
maintained the power at 0 kW until the computer 
could be restarted. At -200 s, we again ramped the 
power to 140 kW to complete the experiment. The 
power level gradually increased during the latter part 
of the experiment to almost 160 kW as a result of the 
resistivity increase of graphite with increasing 
temperature. Power was then decreased to 0 at 310 s. 

The pressure tube was pressurized internally 
to 0.80 MPa (gauge) with helium (Figure 2b). 
During early heat-up, the pressure increased from 
thermal expansion of the pressurizing gas, and then 
was manually controlled at 1.0 MPa. At 70 s, the 
main data logging computer shut down and was not 
restarted until 156 s. The helium pressure inside the 
pressure tube was vented to 0 MPa gauge within 
seconds of the power reduction, to limit ballooning of 
the already hot pressure tube. The pressure was again 
increased to 0.8 MPa at 190 s and further increased to 
1.0 MPa at 250 s. The pressure was maintained at 
this value until the pressure-tube/calandria-tube 
(PT/CT) failed at 315 s. The PT/CT failure occurred 
on the control side of centre near the top of the 
channel. 

The rupture through the PT/CT combination 
caused two holes. The larger hole was approximately 
40-mm long by 5-mm wide. This hole was 

approximately 30° off top centre and located about 
90 mm axially from the centreline garter spring. A 
smaller hole, about 14-mm long by 2-mm wide, was 
located near the larger hole and was about 115 mm 
from centre. The PT/CT combination had ballooned 
severely in the area of rupture and progressively less 
severely around the circumference. The increase in 
calandria-tube circumference at the large rupture 
location was nearly 45%. Both tubes had necked 
down to a knife-edge wall thickness at the rupture 
openings. 
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Figure 2: Power (a), Pressure-Tube Pressure 
(b), and Pressure-Tube Temperature Histories 
(c). 

Typical pressure-tube temperatures for the 
control (no screen) and wire screen halves of the test 
section are shown in Figures 2 to 4. The pressure-
tube ballooned and contacted the calandria tube at 
250 s. Pressure-tube temperatures just prior to 
calandria-tube contact were between 830 and 870°C. 
After contact, pressure-tube temperatures on the wire 
screen half of the test section did not change 
significantly; however, on the control half of the test 
section, they decreased sharply (- 180°C), and then 
increased at -4°C/s to peak temperatures of 970*C 
prior to channel failure at 315 s. 



The calandria tube's response to pressure-tube 
contact is shown in Figures 3 and 4. The calandria 
tube was forced into film boiling as a result of 
ballooning contact on the control side of the test 
section (Figure 3a). Calandria-tube temperatures 
rapidly increased to 600°C after pressure-tube 
contact. Temperatures then gradually increased at 
-4°C/s to a maximum of 925°C just prior to fuel 
channel failure. In contrast, calandria-tube 
temperatures on the screened half of the test section 
remained below 125°C, indicating stable nucleate 
boiling throughout the transient (Figure 4a). 

The screen half of the test section remained in 
nucleate boiling throughout the experiment. The 
calculated steady-state contact conductance varied 
from 0.1 kW/(m2«K) to less than 0.5 kW/(m^K) 
(Figure 4b). Again, the contact conductance values 
tended to increase as the experiment progressed. 
These contact conductance values were much lower 
than the value required to exceed the critical heat flux 
on the calandria-tube surface. There was essentially 
no difference between the calculated conductance 
values of the 1.3-mm (closed) and 10.0-mm (open) 
wire spacing. 

The control half of the test section was in film 
boiling for 63 s before rupture occurred. During this 
time the calculated steady-state PT/CT contact 
conductance (following initial contact) varied 
between 3 and 10 kW/(m2«K) (Figure 3b). The 
contact conductance tended to increase as the 
temperature of the tubes increased during dryout. 
The softening of the tubes as their temperature 
increased appeared to increase the PT/CT contact 
conductance. 

1000 

PT/CT Contact 

Figure 3: Typical Pressure-Tube and Calandria-
Tube Temperatures (a) and Corresponding 
Contact Conductances (b) from the Control Half 
of the Test Section. 
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Figure 4: Typical Pressure-Tube and Calandria-
Tube Temperatures (a) and Corresponding 
Contact Conductances (b) from the Wire Screen 
Half of the Test Section. 

The video records of the test showed that the 
pressure tube contacted the calandria tube on the 
screen half of the test section first, and then, several 
seconds later, contact was observed on the control 
half. The contact area grew axial ly and 
circumferentially in botn areas quite quickly. 
Vigorous boiling was evident over the entire length 
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of the test section. There was a distinct line between 
film and nucleate boiling at the test section centreline 
(near the garter-spring location). 

After PT/CT contact, the wire screen half of 
the calandria tube was in stable nucleate boiling 
throughout the test. There was no discernible 
difference in the boiling patterns between the portion 
of the test section with the 1.3-tnm wire spacing and 
the portion with the 10.0-mm wire spacing. 

4. THEORETICAL IMPACT OF A WIRE 
S C R E E N ON F U E L - C H A N N E L 
P E R F O R M A N C E D U R I N G 
POSTULATED LOSS-OF-COOLANT 
ACCIDENTS 

A series of computer simulations were 
performed to assess the effect a reduction in the 
PT/CT thermal contact conduction has on the 
performance of a CANDU fuel channel under 
accident conditions. 

If a postulated accident results in a pressure 
tube heat-up, there is always a possibility of pressure-
tube deformation and PT/CT contact. The mode of 
contact depends on the channel pressure at the time of 
heat-up. High channel pressures tend to strain the 
pressure tube circumferentially into contact with the 
calandria tube. On the other hand, in the case of low 
channel pressures, the pressure tube tends to sag and 
contact the calandria tube at the bottom. 

The PT/CT contact promotes better heat 
transfer from the tubes to the moderator than does 
thermal radiation and conduction through the annulus 
gas. Very fast heat transfer upon initial contact, 
however, can cause dryout on the outside surface of 
the calandria tube and affect channel integrity if 
moderator subcooling is not sufficient. The 
incorporation of a screen between the pressure tube 
and calandria tube can significantly reduce this heat 
transfer rate and reduce moderator subcooling 
requirements. 

Reduced heat transfer (between contacted 
tubes) as a result of the incorporation of a wire screen 
in the fuel channel annulus could adversely affect 
fuel bundle temperatures inside the fuel channel. To 
address this issue, a postulated accident with limited 
heat transfer out of the fuel channel was chosen to 
assess the impact the wire screen would have on the 
fuel-channel performance. For those accidents where 
the pressure tube balloons to contact the calandria 
tube, the contact area is large; hence, a decrease in 

heat transfer coefficient would only have a small 
effect on peak fuel bundle temperatures. On the other 
hand, for accident scenarios where the pressure tube 
sags into calandria-tube contact, the heat transfer to 
the moderator is limited because the contact area is 
small. A decrease in contact conductance could 
further reduce the amount of heat discarded to the 
moderator. 

4.1 Large-Break LOCA 

During a large-break LOCA, some pressure 
tubes heat up. The heat-up is further continued if the 
emergency core c o o l i n g is unavai lable 
(LOCA/LOECC). This particular accident scenario 
has been analysed at AECL CANDU. The channel 
power for this analysis was assumed to be 8.1 MW. 
The PT/CT contact was assumed to occur due to 
pressure-tube sag. The results show that the 
maximum fuel-cladding and pressure-tube 
temperatures were predicted to occur for a constant 
steam flow rate of 5 g/s. 

An analysis of the 5 g/s flow case, with the 
same conditions as in the above analysis except for a 
reduced heat transfer coefficient between the pressure 
tube and the calandria tube, was performed to study 
the effect that lower PT/CT contact conductances 
may have on the fuel and fuel channel during an 
accident. In the initial large-break LOCA/LOECC 
analysis, a heat transfer coefficient of 6.5 kW/(m2oC) 
was used; in (he present analysis the coefficient was 
reduced by a factor of 4. The results were practically 
unchanged. The maximum pressure-tube temperature 
increased from 1145 to 1164 °C and peak predicted 
fuel temperatures were within \% of each other. 

4.2 Single-Channel Events 

Some severe single-channel events can cause 
the channel flow to reduce significantly while the 
reactor is still running at full power. One such 
accident is a complete flow blockage in a single fuel 
channel. The most likely failure sequence for such a 
scenario would be failure of the pressure tube because 
of circumferential temperature gradients, which lead 
to large local strains followed by failure of the 
calandria tube within a fraction of a second due to 
pressure and temperature of the escaping coolant. 

For this scenario, a decrease in PT/CT contact 
conductance should have no effect on the 
consequence of a severe channel flow blockage. 
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The experiment clearly demonstrated the 

effectiveness of using a wire screen in the fuel- 4. 
channel annulus to reduce the PT/CT contact 
conductance. The reduction was significant enough 
that the calandria tube was not forced into film 
boiling upon pressure-tube ballooning into contact 
with 0*C subcooling (100°C water) outside the 
calandria tube. Hence, it may be possible to raise the 
moderator temperature (during normal reactor 
operation) by 10 to 20"C. The use of a zirconium 
metal wire screen would have a minimal economic 
impact on the neutrons produced. 

With a screen in the fuel channel annulus, the 
reduction in PT/CT thermal contact conductance 
would decrease the moderator subcooling 
requirements for a CANDU-PHW reactor. Higher 
moderator temperatures would enhance the heat 
transfer from the moderator to the surroundings 
during a postulated accident without significantly 
impacting the heat transfer from the fuel channel to 
the moderator. This would enhance the passive 
safety features of CANDU for severe accident 
scenarios. 

A patent [4] has been issued for using a wire 
screen to decrease the contact conductance between 
the pressure and calandria tubes in a CANDU-PHW 
reactor. 
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ABSTRACT 

In the Variable Make-Up Water experiment series, water was injected into the pressure tube at a controlled and declining 
rate to study the effect of a gradual decrease in make-up water flow rate on the pressure tube circumferential differential 
temperature. These experiments are designed to simulate the decreasing density driving head as the liquid level in the 
feeder decreases following a large LOCA scenario. The first experiment of this series is simulated using the SMARTT 
computer code and the simulation results are compared with the experimental results for code verification. A brief 
description of the SMARTT code as well as the modifications implemented to improve the code capabilities are also 
presented. 

INTRODUCTION 

In a number of postulated loss-of-coolant accident (LOCA) scenarios, some of the fuel channels are predicted to initially 
experience periods of stratified flow. During this time, the steam generated will flow to the top portion of the pressure tube 
and thereby expose the top part of the pressure tube to superheated steam. The exposed part of the pressure tube and fuel 
elements will heat up as a result of heat transfer by radiation and steam convection. As the liquid level drops further, the 
pressure tube continues to become hotter at the top while the lower part below the liquid level remains at or below saturation 
temperature. Subsequently, the channel experiences a period of sustained liquid boil-off after the feeders are drained. In this 
period, the remaining liquid in the channel and end-fittings continues to boil away and the extent of fuel element over-heating 
progressively increases. Steam venting may occur through one or both feeders during this phase. This results in a 
circumferential temperature gradient around the pressure tube which could result in a nonuniform or localized pressure tube 
strain which could lead to failure of the pressure tube prior to contacting the calandria tube. 

The pressure tube circumferential temperature gradient experimental program (PT-DELTA T) has been ongoing at AECL-
WNRE under COG to investigate the potential of pressure tube rupture during ballooning. The experimental results were also 
used to validate the computer code SMARTT (Simulation Method for Azimuthal and Radial Temperature Transients) [1] 
which is one of the analytical tools used in the safety analysis of CANDU reactors to demonstrate that a postulated accident 
does not lead to rupture of the fuel channels, 

Three distinct phases of feeder draining have been identified [2], namely, steady steaming, steam cooling and boil-off. In the 
steady-steaming phase which correspond to the early stages of feeder draining, the inlet feeder and the inlet end-fittings are 
filled with liquid which is close to saturation whereas the outlet header is completely voided with no liquid to counter flow 
down the outlet feeder and thus, reduce the established density driving head. In the steam cooling phase, the liquid level drops 
below the inlet feeder connection to the inlet header and is characterised by a steadily decreasing density driving head as the 
liquid level in the feeder decreases. In this phase, depending on the header conditions, decreasing flow rate of single or two-
phase flow from the inlet header into the channel is established. In the boil-off stage, the channel and end-fittings experience 
a period of sustained boil off in which the extent of fuel element overheating progressively increases. 

Four experimental series have been completed at WNRE to cover all the different phases of feeder draining. The Boil-Off 
series was designed to examine fuel channel response when the coolant flow is stagnated [3,4 and 5] (channel boil-off phase). 
In the Make-up water series, the coolant level is maintained constant by injecting make-up water to balance the steam flow 
out of the channel to simulate the steady steaming phase (Make-UP Water series) [6 and 7]. In the third series, Steam Cooling 
series, superheated steam and make-up water are injected simultaneously into one end of the pressure tube. This simulates 
a postulated LOCA condition in which the inlet header is partially voided, resulting in water and steam flow through the 
heated fuel channel. In the fourth test series, Variable Make-Up Water series, water is injected into the pressure tube at a 

1 



controlled and declining rate to study the effect of a gradual decrease in make-up water flow rate and to simulate the 
decreasing density driving head as the liquid level in the feeder decreases. The third and fourth series of the experiments are 
designed to simulate different stages of feeder draining following a large LOCA scenario. 

The main objective of this paper is to discuss the simulation results of the first Variable Make-Up Water experiment using 
the SMARTT code and to compare with the experimental results for code verification. A discussion and analysis of the 
information gained from this experiment are presented. 

OVERVIEW OF THE SMARTT CODE 

The SMARTT (Simulation Method for Azimuthal and Radial Temperature Transients) computer code [1] is one of the 
analytical tools used in the analysis of fuel channel integrity and in the safety analysis of CANDU reactors to predict fuel 
sheath and pressure tube thermal and mechanical behaviour under asymmetric coolant conditions such as stratified or 
decreasing coolant flow in the channel. Under such condition, the top portion of the pressure tube and fuel elements are 
exposed to superheated steam while the bottom portion is cooled with saturated or even slightly subcooled water. Such 
conditions can lead to non-uniform pressure tube heatup in the circumferential direction. If a highly localized hot spot 
develops on the pressure tube circumference while the pressure tube is under going traverse strain (ballooning), the pressure 
tube could rupture prior to contacting the calandria tube. The code predicts the pressure tube circumferential temperature 
distribution and its effect on pressure tube ballooning. The code also predicts whether the pressure tube will rupture prior to 
contacting the calandria tube or balloons into contact with the calandria tube. 

SMARTT is a two dimensional code which models one-half of the fuel bundle with symmetry assumed across the vertical 
diameter. The code can model either 37-element or 28-element fuel bundles. The model includes a circumferentially and 
radially conducting pressure tube with 16 full fuel-element and 5 half-element models for the 37-element bundle. Figure 1 
shows the azimuthal nodalization of a 37-element fuel bundle. The code has been modified to simulate the experimental 
geometry and the material used in the fuel-element simulators (heaters). 

Each fuel element is divided into eight, equal, azimuthal nodes which are subdivided into six radial nodes: four for the 
graphite heater and one each for the alumina insulator and the Zircaloy sheath. The pressure tube is divided into thirty-two 
equal azimuthal nodes each of which is subdivided into four radial nodes. The flow cross-sectional area is divided into forty-
two subchannels. 

Radial and azimuthal conduction is taken into account within each fuel element and the pressure tube. Radiation between the 
outer surface nodes of all fuel elements and the inner surface nodes of the pressure tube is also accounted for through a 
radiation-view-factor matrix with the assumption of diffuse, isothermal, gray surfaces. Convective heat transfer between the 
steam coolant and both the fuel-element sheaths and the pressure tube is calculated assuming laminar flow with a Nusselt 
number of 2. Heat generation due to the Zircaloy/steam reaction on the sheath outer surfaces and the pressure tube inner 
surface is modelled with the Urbanic-Heidrick correlation [8]. Heat transfer by radiation and conduction across the gas gap 
between the pressure tube and the calandria tube is also accounted for. 

SMARTT employs a finite difference technique to solve the heat conduction equations within the fuel elements and the 
pressure tube. A sparse matrix solver is used to simultaneously determine the temperatures of all nodes within each fuel 
element and the pressure tube at each time step. An iteration scheme permits the use of temperature-dependent material 
properties which are evaluated at the current temperature. The temperature of each subchannel is calculated as the weighted 
average of the temperatures of the surface nodes of each fuel element that borders the subchannel. 

The liquid level in the current SMARTT is modelled in seventeen discrete levels due to nodalization of the channel flow area 
into subchannels. The liquid levels modelled are : 100%, 97%, 95%, 92%, 86%, 78%, 69%, 60%, 50%, 41%, 31%, 22%, 
14%, 8%, 5%, 3% and 0% for the 37-element model. The percentages indicate the fraction of total channel flow area covered 
by the liquid. The falling liquid level is simulated by switching instantaneously from one level to the next 

The calculation of the transverse pressure tube strain is based on the creep constitutive equations of Shewfelt, et al [9]. These 
creep constitutive equations have been verified against experiment [10]. The pressure tube strain in SMARTT code are 
evaluated by employing the code NUBALL [11] as a subroutine using the same pressure tube nodalization as SMARTT. This 
approach provides both the average pressure tube strain as a function of time, and the local strain (wall thinning) at each 
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circumferential node. Based on these information, it is possible to determine whether or not the pressure tube achieves 
sufficient average strain to remain circular and contact the calandria tube (about 16.4% average strain), before local wall 
thinning at the hot spot causes the pressure tube to rupture (local strain at any node reaches 100% true strain before contact 
with the calandria tube). 

DESCRIPTION OF EXPERIMENTAL APPARATUS AND INSTRUMENTATION 

The apparatus for these experiments consisted of a network of inlet piping (Figure 2) which was connected to the make-up 
boiler at one end and to the inlet of the test section at the other. Water from the boiler passed through this network and into 
the test section. The inlet flow rate was varied in steps by manually adjusting the Flow Control Valve to obtain the desired 
flow rates. Two turbine flow meters were used to measure the make-up water flow rates, one (FMI) for high flow (0-50 g/s) 
and the second (FM2) for low flow (0-10 g/s). The test section, shown in Figure 3, was closed at one end and connected to 
a vertical exit pipe at the other end. The exit pipe was connected to a condenser and a surge tank to control the test section 
pressure. The steam mass flow rate was derived from differential pressure measurements at an orifice plate in the outlet 
piping. 

The test section consisted of a 2.33 meter long, horizontal segment of a CANDU-type fuel channel with a water inlet pipe 
at the bottom of one end and an exit pipe at the top of the other end (Figure 3). The fuel element simulators (Figure 4) for 
the 37-element bundle configuration were composed of a Zircaloy tube (concentric with the Zircaloy fuel-element sheath) 
which was heated electrically. The fuel elements were grouped electrically into three rings with no electrical connection to 
the centre element. High temperature thermocouples were placed around the outside surface of the pressure tube, at the top 
of the calandria tube and on several of the fuel element sheaths at the three axial locations along the test section. A 
thermocouple was also placed at the channel exit to measure the steam temperature. Linear Voltage Displacement Transducers 
(LVDTs) were placed on the calandria tube to record the absolute and relative motion of the calandria tube with respect to 
the pressure tube. The test section was immersed in a water bath to simulate the moderator. 

EXPERIMENTAL PROCEDURE 

The following procedures were used for this test : 

1 - The annulus between the pressure and calandria tubes was purged with C02. 

2 - The purge flow was high initially but reduced to near stagnation before the start of the test. 

3 - The water surrounding the calandria tube was stirred and heated to 80°C for degassing and allowed to cool down 

to 75°C before the start of the test. 

4 - The test section and exit piping was filled with water and pressurized to 1.1 MPa for this experiment, 

5 - The temperature of the pressurized water was gradually raised to the saturation temperature using 5 kW electric 
heater. 

6 - The make-up water control valve was manually adjusted at selected intervals to provide make-up water flow rates 
ranging from 21 g/s to 0 g/s for this experiment. 

7 - The test was started by opening die steam outlet valve and increasing the test section power by applying a pre-
specified transient power history. Test section power and pressure were manually controlled to maintain steady state 
values. 

8 - The test was terminated by reducing the power after either the pressure tube had fully ballooned into contact with 

the calandria tube or the pressure tube ruptured. 

SMARTT CODE MODIFICATIONS AND ASSUMPTIONS 

Two modifications were made to the code for the simulation of the present experiment. The internal geometry and material 
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of the fuel-element simulators replaced those of the C ANDU fuel. Also, the pressure tube was excluded from the temperature 
averaging procedure which was used to calculate the steam temperature in each subchannel in the SMARTT model. Thus, 
the temperature of those subchannels which border the pressure tube was determined solely by the temperature of the fuel 
elements that border the subchannel. Within the model this provides the highest estimate of the steam temperature so that it 
will be conservatively overpredicted near the pressure tube. Originally, the code was capable of modelling seven discrete 
liquid levels from 100% to 0% liquid in the channel. To increase the accuracy of the liquid level representation, the code was 
modified to allow for sixteen discrete liquid levels which improved the accuracy of the code predictions for relatively slow 
decreasing liquid level. 

The following assumptions are used in the simulation of this experiment: 

1 - The steam averaging procedure was used in the steam filled subchannels to determine the coolant temperature. The 
cooler pressure tube surfaces are ignored in this averaging procedure for the outer subchannel coolant temperature 
calculations to conservatively overpredict coolant temperatures next to the pressure tube. 

2 - The emissivity of the fuel element simulators was assumed to be 0.6 and the emissivity of the pressure tube was 
assumed to be 0.8. The emissivity of the calandria tube was taken to be 0.33. 

3 - The calandria tube temperature was held constant at the temperature of the liquid in the water tank for this 
experiment. 

4 - The Urbanic-Heidrick correlation [8] was used to calculate the zircaloy-steam reaction rate. 

5 - The flow was assumed to be laminar in the steam-filled subchannels and a Nusselt number of 2.0 was used to 
calculate the sheath-to-coolant heat transfer coefficients. The coolant-to-pressure tube heat transfer coefficients were 
set equal to the sheath-to-coolant heat transfer coefficients in the outer subchannels. 

6 - The channel pressure and the power history measured in the experiment were input directly into the SMARTT code. 
However, a heat balance which was performed to determine the input power to the test section could only account 
for 72% of the total reported power in the experiment and hence the total power used in this simulation was scaled 
down by this factor. This discrepancy could be attributed to electrical losses and measurement errors. 

7 - The failure criterion used for the pressure tube rupture was 100% local true strain (i.e. failure is assumed when the 
local thickness is reduced to 37% of its nominal value). 

8 - The ballooning criterion used for the pressure tube contact with the calandria tube was 16.4% average diametral 
strain. 

9 - The inferred liquid level determined from both sheath and pressure tube thermocouple measurements was used in 
these simulations and was directly input to the SMARTT code. 

10 - The SMARTT code liquid levels were dropped from one discrete level to the next when the inferred liquid level 
became approximately halfway between the two discrete levels. 

COMPARISON WITH EXPERIMENTAL RESULTS 

Power, pressure and channel liquid level transient are required as input to the SMARTT code. The power and pressure 
transients were obtained directly from the measured values. The total power was scaled down as a result of the heat balance. 
The pressure in this experiment was kept constant The liquid level was inferred from the plots of the height of various 
thermocouples above the bottom of the pressure tube versus the time at which the thermocouple started to indicate increasing 
temperatures above that of the coolant saturation temperature. This time was interpreted as the time at which the level dropped 
below that particular thermocouple position (Figure 6). 

Two parameters are chosen to show the comparison between the SMARTT predictions and the experimental results, namely, 
the pressure tube and the heater sheath temperature transients. Generally, the SMARTT simulation always ends when the 
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pressure tube fails or balloons into contact with the calandria tube. 

The channel pressure for this experiment was constant at 1.1 MPa. The transient power history is shown in Figure 5. The 
maximum measured power input to the heater was about 45 kW. Figure 6 shows the liquid level transient which was inferred 
from the thermocouple measurements (smooth curve) and the step transient used in the simulation. Generally, the SMARTT 
simulation always ends when the pressure tube fails or balloons into contact with the calandria tube. For this specific 
experiment, the end of the simulation indicates the time at which the pressure tube contacted the calandria tube. 

SMARTT predictions are compared against the pressure tube temperature measurements at three axial locations (Rings 1,2 
and 3) and at four circumferential positions (0°, 60°, 80° and 100°) as shown in Figures 7 to 9. 

The experimental results show that the top of the pressure tube, Ring 1 (Figure 7), reached about 770°C at 1225 s at which 
time the temperature starts to decrease. The temperatures at the other circumferential locations start to peak at later times in 
succession and then start to fall after the pressure tube ballooned into close proximity to the calandria tube (within 1 mm). 
This is an indication that the ballooning occurred first at the top and then spread circumferentially toward the bottom of the 
pressure tube. This trend is repeated in Figures 8 and 9 at axial locations of Rings 2 and 3, respectively. The ballooning then 
spread axially and circumferentially over the next few seconds unlil the pressure tube had fully ballooned into close proximity 
to the calandria tube. The peak pressure tube temperatures at all circumferential locations of Ring 1 are marginally higher 
than the corresponding locations at Rings 2 and 3. 

The agreement between experimental measurements and predictions is good in the early stages of heatup with slight 
underprediction of the pressure tube temperature in the upper part, at all axial rings. The underprediction is mainly due to 
the timing of the liquid-level change scheme used in the SMARTT code. In the later stages of the heatup, the pressure tube 
temperature becomes slightly overpredicted at the top at all axial locations when the liquid-level in both SMARTT and the 
experiment reaches zero. The SMARTT simulation predicted that the pressure tube reached a maximum temperature of 783°C 
at the top and it ballooned into contact with the calandria tube as the average diametral strain reached 16.4%. The simulation 
predicted that the contact time was 1230 s as compared with 1225 s from experiment. The nonuniform circumferential 
ballooning observed in the experiment is not modelled in SMARTT as the code assumed the pressure tube remained circular 
and concentric during ballooning. This assumption resulted in circumferential pressure tube/calandria tube contact once the 
ballooning criterion is satisfied. For that reason the code prediction indicates that the ballooning occurs at the same time at 
all circumferential locations (Figures 7 to 9). 

Figures 10 and 11 show the comparison between experimental measurements and SMARTT predictions for the sheath 
temperatures at axial Rings 1 and 3, respectively. The maximum measured and predicted sheath temperatures were 1050°C 
and 1007°C, respectively. The maximum sheath temperature was predicted at pin #11, node #5 on the inner surface of the 
intermediate ring. However, the predictions at the end of simulation (1230 s) are in good agreement with the measured sheath 
temperatures at both Rings 1 and 3. The simulation seems to overpredict the temperatures at thermocouple #12 (TC 12) for 
both Rings 1 and 3. The predictions follow the same trend as the measurements; however. The time at which TC 12 was 
uncovered seems to be lagging in the simulation, especially at Ring 3, and the fact that the level transient in this experiment 
was heavily weighted towards the pressure tube rather than sheath thermocouples where more measurements are available. 

Figures 12 to 14 show the comparison between experimental measurements and SMARTT predictions of the pressure tube 
circumferential temperature profiles at axial Rings 1, 2 and 3, respectively. The maximum top-to-bottom pressure tube 
circumferential differential temperature measured and predicted were 586°C and 599°C, respectively. The code predictions 
were in good agreement with measurements at all three axial locations as shown in Figures 12 to 14. The measured maximum 
top-to-bottom pressure tube differential temperature seems to be comparable and almost constant at all axial locations. 

In spite of the high top-to-bottom pressure tube differential temperature, no pressure tube failure occurred. This could be 
explained by the slow heat up rate of the pressure tube (about 1.6°C/s) and the gradual declining water level which allows 
a large portion of the pressure tube to be heated before it starts to deform. 

CONCLUSIONS 

1 - The SMARTT code was used to model the first experiment of the Variable Make-Up Water Series which is part of 
the pressure tube differential circumferential temperature experimental program. The code was modified to increase 
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the number of discrete liquid levels from 7 to 17 for more accurate representation of the actual liquid level in the 
experiment. 

2 - Excellent agreement was obtained between the experiment and the SMARTT predictions. The pressure tube was 
observed to nearly contact the calandria tube at 1225 s while SMARTT predicted contact at 1230 s. 

3 - Pressure tube rupture is unlikely under the scenario of slowly decreasing make-up water flow and similar system 
pressure and power used in this experiment. 
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LIQUID RELIEF VALVE FAILURE SIMULATION 
IN THE EMBALSE NUCLEAR POWER STATION 

Sara Gersberg, J. R- Lorensetti, D. Parkansky and J. Batistic. 
COMISION NACIONAL DE ENERGIA ATOMICA. Nuclear Plants Area 

Buenos Aires, Argentina (Fax: (54-1) 754-2644) I B/l 

Introduction 

This work consists of a simulation of a liquid relief valve (LRV) 
failure (open) in the Embalse Nuclear Power Station heat transport 
system. 
At the plant , following a detection of a LRV failure,there is a 
full automatic closure of a valve PV-16, downstream the degasser 
condenser level control valves, (figure 1) In this case it is said 
that the degasser condenser is " bottled up". 
This scenario was simulated using the Firebird III Mod. 1.0 
version CI]. 

Firebird III simulations 
Figure 2 shows the nodalisation used in this work. As only one 
loop was simulated (1 circuit model) some assumptions were made to 
take into account the influence of the pressuriser and the 
unbroken loop. 
-It was assumed that the two loops depressurize at the same rate. 
-Since the unbroken loop compensates the loss of inventory in the 
broken loop, the discharge rate flow through the liquid relief 
valve was reduced to half of its calculated value to evaluate the 
mass inventory in the loop. 
However, this assumption was not considered when the degasser 
condenser mass and energy balance was performed. 
The plant transients were simulated under different conditions, 
such as : 
a) Analysis of the event following a liquid relief valve failure 
with no operator actions taken during the transient. 
b) Analysis of the event following the failure with operator 
taking corrective actions as: 
bl) An initial reduction of power (0.5%/s) 
b2) The same power reduction following the pressuriser level 

recovery. 
b3) A manual trip when the pressuriser level falls below 7.5 m 

Results 
The initial steady state is indicated below 
Power (per loop) 1001 Mw. 
Flow rate (per pass) 2024 kg/s 
Outlet Header Pressure 101.9 kg/cm2 
Inlet Header Temperature 264 oC 
Outlet header quality 0.87% 
Pressuriser pressure 100.8 kg/cm2 
Pressuriser level 8.4 m 
Secondary pressure 48 kg/cm2 
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Results of the simulations of one LRV failure at 100 % FP are 
shown in figures 3 to 10. 
With no operator actions { figure 3 and 4 ) , the heat transport 
system pressure falls and stops to decrease after 180 seconds. The 
degasser condenser pressure increases rapidly ( figure 3 ) and 
reaches the heat transport pressure at 180 seconds after the 
valve failure. 
Further increase of both pressures is mainly due to the feed 
pumps by-pass flow ,the feed flow and to the pressurizer heater 
input. On ths _*ther hand, the pressurizer is unable to reduce the 
pressure because the pressure downstream the steam bleed valves is 
the same as the primary loop and the degasser is " bottled up "(no 
control level). Such increase will lead to the degasser condenser 
relief valves (RV 11/21) opening at 750 seconds (P = 103.6 kg/cm2) 
and to a D20 spill. 
The pressurizer level ( figure 4 ) drops at the beginning of the 
transient and stops decreasing when the degasser pressure matches 
the heat transport pressure. The degasser level increases until it 
has completed filled, while the heavy water storage tank level 
decreases slowly. 
Additional simulations were therefore performed including operator 
actions to avoid degasser condenser overpressurization. 

Operator actions 

Power reduction at the beginning of the failure 
Figures 5 to 7 show the plant behavior when the operator 
initiates a controlled power reduction 0.5 %/s at the beginning of 
the transient. 
Figure 5 shows the heat transport system and the degasser 
pressures. During the first 1200 seconds of the transient the 
pressure reach a maximum value of 90 Kg/cm2. 
The LRV flow is shown in the figure 6 , as it can be seen the flow 
(half of its calculated value) is almost constant and then reduces 
to zero and reverses allowing a small net heat flow from the 
degasser to the primary system. 
The pressuriser level ( figure 7 ) falls till a minimum of 0.50 m 
and then starts to recover by the feed system (figure 8 ). At that 
level the on- off heaters are uncovered. 
Power reduction following pressurizer level recovery 
The transient (figures 8 and 9 ) , is similar to the previous 
case. The heat transport system and the degasser pressures values 
are closed to 95 kg/cm2, at the end of the run (1200 seconds). 
The pressurizer level decreases ,then at roughly 180 
seconds stops to drop and when the power reduction begins, 
decreases again till 1.8 m. Then starts to recover by the feed 
flow. 
Manual trip when the pressurizer level falls beyond 7.5m 
The loss of heat transport inventory and the reactor, trip reduces 
the heat transport pressure. 
In this case the pressurizer empties and the heat transport system 
may reach the isolation pressure (56 kg/cm2); one of the two 
necessary signals for the Emergency Core Cooling (ECC) 
initiation (figure 10), 
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Conclusions and recommendations 
Results of Firebird III Mod 1.0 simulation of a liquid relief 
valve failure indicate that without operator actions the heat 
transport system and the degasser pressures will rise till the 
opening of the degasser relief valves leading to a D20 spill. 
Therefore operator actions are considered with respect to 
controlled decrease of power, to determine if they are effective 
in preventing or delaying RV 11/21 opening. 
When the reduction of power (0.5 %/s ), starts at the beginning of 
the transient, the heat transport and the degasser pressures fall 
below the opening of the degasser relief valves during the time 
(1200 s ) of the run. But the minimum pressurizer level is too 
low. 
For that reason it is recommended the same reduction of power when 
the pressurizer level stops to drop-. At this time the heat 
transport pressure and the degasser pressure are almost equal. 
Under these circumstances the shrinkage experienced by the system 
is in part compensated by the feed that tries to fill the primary 
circuit. The operator should have sufficient time to take action 
on avoid the degasser condenser relief valves opening. 
On the other hand, a full manual trip is not considered because 
the pressurizer empties, and the system pressure may easily reach 
one of the signals for the automatic actions of the ECC. 
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1. Introduction 
In this paper, numerical simulation and analysis of a real main 

steam lines transient at the coal fired, 300 MWe Thermal Power Plant 
Drmno are presented. Main events of the transient were the closure of 
isolation valves in front of the high pressure turbine, the opening of 
by-pass lines, and subsequent pipe break in front of one isolation 
valve (Studovic et al., 1991). Intensive pressure waves were generated 
and they propagated through the pipe network of the steam lines, 
causing high fluid dynamic forces on the structure. 

The transient lias been simulated by the computer code TEA-01, 
based on the Method of Characteristics and verified for various fast 
thermal-hydraulic transients (Stevanovic, 1986, Stevanovic and 
Studovic, 1990). Simulations and analysis have had specific tasks: to 
estimate the pressure pulse load caused by the action of the turbine 
isolation valves and the by-pass system, and to predict the intensity 
of blowdown force in the broken steam line. Several main steam line 
boundary conditions have been modeled and verified. Numerical results 
are compared with plant data logger records. Simulations have been 
performed for various scenarios! in order to investigate the plant 
behavior sensitivity to the boundary conditions. Pressure wave 
propagation and the influence of the boundary conditions on this 
process is described, as well as fluid dynamic forces on the steam 
line in the vicinity oC the pipe break. 

Although the investigated processes took place at a coal-fired 
thermal power plant, the methods and obtained results arc applicable 
to nuclear power plant safety. The pressure wave propagations, 
reflections and superpositions, the geometry of the pipelines and 
their volumes, and the action of the isolation valves and by-pass 
system are similar for nuclear and conventional thermal power plant. 

The Method Of Characteristics has been used for the simulation of 
fast thermal-hydraulic transients, (Stoop et al., 1905, Choi, 1903), 
because it gives potentially the most accurate solutions, especially 
for the one-phase compressible fluid flows, and it enables proper 
modeling of boundary conditions (Shin and Wiederman, 1901). Also, the 
RELAP and RETRAN codes are often used for the calculation of thermal 
hydraulic: transients. The simulation of the fast thermal hydraulic 
transient by RELAP 4/5 code was compared with the simulation of the 
CHARME computer code, based on the method of characteristics, in the 
paper (Stoop et. al., 1905b). The comparison had shown that the RELAP 
code is less suited for the calculation of processes where the shock 
waves and the propagation of distinct liquid-gas boundaries must be 
considered. The steam line break transient was analyzed with the 
RETRAN code, (Neises and Garett, 1991). 
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2. Computer Code TEA-01 
The code TEA-01 has been developed for the simulation and 

analysis of fast thermal-hydraulic transients in Thermal Power Systems 
(components of Thermal and Nuclear Power Plants, Steam Boilers, 
District Heating Piping Networks, etc.) during various disturbances 
and operational conditions. The characteristics of thermal-hydraulic 
processes and systems' flow networks have determined the following 
features of the TEA-01 code: 
- one and two-phase flows of water and steam are modeled, where the 
two-phase flow is described by a homogeneous model; 
- evaporation/condensation and propagation of phase change fronts are 
included in an equilibrium model (the extension towards nonequilibrium 
phase change is possible); 
- hydraulic forces by which the fluid acts on a piping are modeled; 
- a system's network can be easily defined by simple input parameters. 

One-dimensional transient flow of homogeneous fluid, in a flow 
channel of constant area is described by mass, momentum and energy 
balance equations: 

P^ + p È2. = 0, (1) 
Dt ax 

Du , 1 dp , fulul , . ̂  n ,_, 
— + — — + 1—L + gsine = 0, (2) 
Dt p 3x 2D 

^ H 

Dh _ 1 Dp _ fu|u[2 _ _J_ = n ( 3 ) 

Dt o Dt 2D o 

This system of equations is solved for the appropriate initial 
and boundary conditions by the Method of Characteristics. 

The steam boiler is represented by a point model, which comprises 
an equilibrium two-phase mixture, heat source, feedwater inflow and 
steam outflow. The model is based on the mass and energy balance 
equations: 

-rr- = Y m - V IT) (4 ) 
ut ^ In It out, 

l̂i = Q + V m h - Y m h + M%, (5) 
au /_, i n i n La out out ai-

and equations of state and functional characteristics of the system 
(feedwater inflow and steam boiler heat power). These equations are 
solved by the Runge-Kutta method for the known initial conditions and 
for the time interval which consists of several time-steps of 
integration performed for the steam pipelines by the Method of 
Characteristics. 

In order to simulate the complex pipe networks and various 
transient scenarios, code TEA-01 comprises several models of boundary 
conditions: a subcritical or critical leakage from a pipe, a closed 
end of a pipe, a pipe in a junction with a tank, a junction of two or 
more pipes with or without pumps or heat exchangers, a valve in a 
pipe, flow parameters determined as functions of time. The TEA-01 code 
has been verified on the various physical tests data which are 
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available Lu the I i. Le rature (Stevanovic, 19B7, Stevanovie and 
Studovie, 1990, Studovlc: and Stuvuuovic, 19B5 ) . 

The algorithm of the TEA-01 code Is given In Fig.l. 
Code TEA-01 is equipped with the graphics software. II; is 

designed in order to animate the time-dependent propagation of flow 
parameters along pipelines or the time-change of flow parameters and 
transient fluid dynamic forces at specific locations within the 
network. Graphics are displayed on the PC's screen during the computer 
simulation, and they can be printed. 

3. Numerical Simulation of the Main Steam Line Transient 
The main steam line break transient occurred at the coal, fired, 

300 MWe Thermal Power Plant Drmno-Yugoslavia, in april 1991. The 
accident resulted in the rupture of the main steam line at the 
junction with the high pressure turbine isolation valve (double-ended 
guillotine), and subsequent blowdown of the steam boiler. The main 
events of the transient were consequently: 
- the plant was on constant power; 
- the high pressure turbine isolation valves were closed by the 
operators because of the small leakage on the main steam line, which 
was audible; 
- after 20 s from the turbine isolation va F.vo closure, rupture of the_ 
steam line occurred In front of the isolation valve; 
- steam passed from the boiler through the break in the main steam 
line to the turbine building. 

In order to derive the sensitivity of the system to the isolation 
valve action, and the by-pass system's action, as well as to obtain 
the most conservative case of the possible system parameters change 
during transients, various modeling scenarios were prepared, for the 
following time intervals (Studovic et al., 1991): 
- less then one second in order to simulate the pressure wave 
propagation and transient fluid dynamic forces during and after the 
isolation valve closure; 
- a few seconds in order to predict the pressure in the steam lines 
and steam boiler after the isolation valves closure; and 
- a few minutes in order to simulate the system's blowdown after the 
pipe break. 

The main goal of the computer simulation was to determine maximum 
pressures and fluid dynamic forces which were loading on to the main 
steam pipeline in the vicinity of the break, and to evaluate whether 
these loads had been able to cause the break. 

3-1. Pressure wave propagation and fluid dynamic: forces during 
isolation valve closure - time interval less than one second 

The main steam pipeline was modeled in all details with 16 pipes 
including various Y and T junctions, isolation valves, outflow through 
the by-pass line, and junction with the steam boiler. The system 
nodalization is shown in Fig. 2. The once-through steam boiler is 
represented on its water side as a volume filled with two-phase steam 
and water mixture in equilibrium conditions, determined by the average 
pressure (which corresponds to the pressure at the exit from the 
evaporating section - the separator). 

Several scenarios have been prepared. The duration of the 
isolation valves closure is varied from 0.03 s to 0.2 s, and the 
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by-pass valve starts to open at different times ( 0.1 s and 0.2 s 
after the transient beginning ), or it remains closed. Initial total 
steam flow is 260 kg/s and the steam temperature is 540°C. 

Typical steam pressure distribution is shown in Fig. 3 for 
different times and along the path which is formed by the pipes 15, 
13, .12, 3 and 5 from Fig. 2. 

The transient: fluid dynamic forces are calculated for the parts 
of the pipeline where the rupture took place, figure 4, during the 
main isolation valves closure. Lengths of the pipes are: Li=2.4m, 
1,2 = 3.6m, 1,3-5.5m, and diameter is D=0.252m. 

3-2. Pressure change in the main steam line after the isolation valve 
closure - a time period of a few seconds 

In order to predict the maximum pressure in the period after the 
isolation valve closure and up to the pipe break, thermal-hydraulic 
processes are modeled in the main steam line and in the steam boiler 
during the period of 20 s. The system is nodalized, as is shown in 
Fig. 2, and two scenarios have been performed. According to the first, 
the isolation valves close for 0.2 s and after that by-pass starts to 
open. In the second scenarios isolation valves also close for 0.2 s, 
but the by-pass stays closed. 

Fig. 5 shows the simulated and measured pressure at various 
points within the system for the first scenario. The pressure reaches 
the average value - 185 bar in the whole considered system. There are 
no pressure waves propagations. The calculated results are in 
agreement with the measured values (recorded by the process computer). 
The sudden pressure decrease occurs at 20 s because of the pipe 
rupture. 

In the simulation with the second scenario, steam boiler heat 
power and feedwater inflow are the same as for the first scenario but 
the by-pass line is not opened. For that reason the pressure increases 
from 160 bar to 203 bar for 20 s- The pressure in the steam line is 
approximately the same as in the steam boiler. 

3-3. Decompression after the pipe rupture - period of a few minutes 
An instantaneous 100% pipe rupture in front of the isolation 

valve is assumed at 0 s. The critical outflow is reached at the pipe 
break. Fig.6 shows the computed and measured pressures during the 
blowdown at the various points of the system. The pressure immediately 
falls to 40 bars at the break , and this pressure continues to fall to 
10 bar after 200 s. During the first 500 s the steam is mainly 
generated because of the adiabatic evaporation in the steam boiler, 
and 80% of the initial water and steam mass in the boiler is 
discharged into the turbine hall. 

It is predicted that the fluid reactive force at the break, in 
front of the isolation valve, reaches the value of 106 N immediately 
after the rupture. This high value of the reactive force led to 1 m 
pipe movement in the direction of the force at the Plant Drmno. 

4. Conclusion 
The simulation and analysis of the main steam line transient with 

the isolation valves closure and subsequent; pipe break are shown. The 
results could be used as the input data for the stress analysis of the 
pipeline. Also, measured and calculated data of steam leakage were 
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u s e d ay i n p u l : d a t a f o r a d e t e r m t r i a l , i.on oT t . e m p e r a t u r e and p r e s s u r e 
h i s t o r y i n t h e t u r b i n e h a l l d u r i n g b l o w d o w n ( S t u d o v i e e t a l . , i 9 9 l ) . 

NOMENCLATURE : 
Du - h y d r a u l i c d i a m e t e r , in, 
f - £riction coefficient, 
H - total enthalpy, J, 
h - specific enthalpy, J/kg, 
m - mass flow, kg/s, 
p - pressure. Pa, 

<3 
t 
u 
V 
x 

P 

- volume heat flux, W/m3, 
- time, s, 
- fluid velocity, m/s, 
- volume, m , 
- spatial coordinate, m, 
- d e n s i t y , kg /m 3 . 

INPUT: 
-INITIAL CONDITIONS 
• SYSTEM NE1VWRK 
• OPIHATIOMAL CHAAACTEfUSTICS OT COMPONENTS 
• iMPonMAioi Anouf TrAwr.iENT 

sun' io imic 
JUNCTION OP MQRF PIPES' 

t 

CAICUIATION or r,u,h 
«innr. Tin nr r 

SUHR0U1INF 
"SEGMENT" 
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t - lime 
J - cooler ol pipes 
GIA,J)-indicator of the tjpe ol 

the discontinuance ol 
the lirsl node IA =1) 
ond the last node (A"=2) 
ol a pipe-

Fig.l The algorithm of the TEA-01 code 
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Burnup history of CANDU reactors is generally simulated by solving the two 
group static diffusion equations at discrete time steps, assuming a constant flux 
distribution over the time step. 

In this approach, it is important that the diffusion theory data give a sufficiently 
accurate representation of actual reactivity devices and fuel properties. On-power 
refuelling and action of the various in-core reactivity devices result in large variations 
in the lattice cross sections. As a result, many uncertainties can affect the accuracy 
of diffusion theory burnup calculations. 

In-core measurements can be used to directly correct the diffusion theory fluxes 
used in the burnup calculations. Such a technique, implemented in the SIMEX 
[1],[2] reactor simulation module, has been used for burnup and power distribution 
calculations at Gentilly-2 since the reactor started up in 1982. 

Gentilly-2 experience with the SIMEX approach show excellent agreement of 
calculated power distributions with in-core neutron flux measurements and channel 
heat balance data. However, when diffusion theory fluxes are calculated using the 
burnups based on mapped fluxes, large top-to-bottom tilts appear. This has been 
attributed to the combined effects of core representation uncertainties in the dif
fusion theory calculations and of cumulative mapped flux uncertainties in burnup 
calculations. This aspect has been fully documented in reference [3]. 

With large tilts in the diffusion theory fluxes, accurate power distribution pre
dictions, required for fuel management activities, are not possible unless corrections 
are applied to the diffusion fluxes or to reactor model. 

One way around this problem involves the tracking of two sets of fuel burnups; 
one calculated with the diffusion fluxes and the other calculated with the mapped 
fluxes: flux ripple is given by diffusion burnups and flux to power conversion is cal
culated using the mapped burnups. This approach, first introduced at Gentilly-2 in 
April 1991, significantly reduces the top-to-bottom tilts due to the self-correcting ef
fect of errors in the diffusion theory burnup calculations [3]. Nevertheless, a residual 
tilt remains in spite of the self-correction. 
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This residual tilt of the order of 5%, associated with what we call a "time av
eraged modélisation error", remains sufficiently important as to prevent from using 
diffusion theory calculations for CPPF prediction. 

Different methods have been proposed or used either to improve core represen
tation by providing for the variation of local parameters in the lattice cell properties 
[4] or by providing adjustments to lattice cell data based on in-core measurements 
[5], [6]. Though in theory very promising, these techniques require a large amount 
of programming and verification before they can be used for fuel management cal
culations. Nevertheless, all the perturbation modules and algorithms are available 
in TRrVAC [7] and have been successfully applied to CANDU reactor problems [8], 

A simple alternative to these methods has been developed at Hydro-Quebec to 
provide accurate adjustments to diffusion theory simulations. The procedure con
sists in calculating modal amplitudes which map the diffusion theory fluxes (instead 
of vanadium detectors signal) with a mode set containing a reference flux distribution 
as the fundamental mode; using the calculated modal amplitudes, the higher modes 
contribution is then subtracted from the original diffusion theory fluxes. Since the 
mapping calculation minimizes the differences between the mapping data set and the 
mapped distribution, this procedure produces an adjusted flux distribution which 
in effect is the reference distribution added with the mapping calculation residue. 
Using a time-averaged reference distribution in a time-averaged mode set, the ad
justed distribution is simply the time-averaged flux shape added with the ripple of 
the diffusion theory fluxes. This procedure has been used a t Gentilly-2 to adjust 
the diffusion theory fluxes in burnup history simulations in order to predict channel 
overpower, CPPF and maximum channel powers without any significant biases in 
the power distribution. 

Results of this procedure, implemented in the UNTILT module of a production 
version of HQSIMEX, have been recently presented [9] for a limited number of 
post-simulations covering a short period of Gentilly-2 reactor power and fuelling 
history. Since then, the UNTILT module is routinely used at Gentilly-2 for channel 
overpower prediction and fuel channel prediction. Results obtained over an extended 
period, exceeding 200 FPD of reactor operation, shows a good agreement of UNTILT 
predictions with actual SIMEX results (see figure 1). These results confirm that 
this method can be reliably used for a final sceening of the proposed fuelling list 
in order to maintain a close fit of the instantaneaous channel power distribution to 
the reference distribution. The full paper will explain in detail the theory of the 
UNTILT approach and will give more results. 
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Figure 1 

UNTILT Error for Refuelled Channels 
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ABSTRACT 

The history-based local-parameter methodology represents a fundamental refinement in 
the evaluation of nuclear lattice properties in core-tracking simulations for CANDU reactors. This 
paper reviews the basis, development, and advantages of the history-based methodology. 

The totally new feature of the method is that fuel tables are not calculated. Instead, a cell 
calculation is carried out for every single fuel bundle in core over the small irradiation increment 
associated with the specific bundle and the core-tracking time step simulated. 

1. THE NUCLEAR CROSS SECTIONS FOR A CANDU MODEL 

The nuclear cross sections required to solve the finite-difference neutron-diffusion 
equation for a CANDU reactor are evaluated by means of the following step-wise process: 

• Calculation of lattice cross sections; 

• Calculation of reactivity-device incremental cross sections; 

• Addition of device incremental cross sections to lattice cross sections. 

These steps are now discussed in turn. 

1.1 LATTICE CROSS SECTIONS 

Bare-lattice cross sections are evaluated for each basic lattice cell in the reactor. A lattice 
cell is a unit building block of the fuelled region of the core; see Figure 1. It consists of a paralleliped of 
dimensions 1 lattice pitch by 1 lattice pitch by 1 bundle length, and comprises a one-bundle-length-long 
section of the concentric pressure and calandria tubes (separated by a gas annulus), the fuel bundle and 
D2O coolant within that section of the pressure tube, and D2O moderator surrounding the calandria tube. 

To this point, this cell is called a bare lattice cell, because reactivity devices which are 
placed at some locations in the core (see next Section) are ignored. The bare-lattice cross sections are 
calculated by a cell code. The code most often used for the existing generation of CANDU reactors is 
POWDERPUFS-V, an empirical code based on the results of measurements carried out on 
heavy-water-moderated lattices in research reactors (ZED-2) at Chalk River, Ontario, Canada 
(Reference 1). (Incidentally, POWDERPUFS-V also provides the nuclear cross section for the D2O 
reflector surrounding the fuelled region of the core.) Sections 2, 4, and 5 describe different 
methodologies used to calculate lattice cross sections with POWDERPUFS-V. 
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1.2 REACTIVITY-DEVICE INCREMENTAL CROSS SECTIONS 

Reactivity devices in CANDU reactors are placed vertically or horizontally at some 
locations in the moderator, interslitially between calandria tubes (see Figure 2). Examples of reactivity 
devices are adjuster rods, liquid zone controllers, and shutoff rods. Since reactivity devices are not 
present everywhere in the core, they do not affect every lattice cell, and are therefore not included in the 
cell-code calculation. 

The perturbation of a device on the nuclear medium in its vicinity is expressed by a set of 
incremental cross sections to be added to the lattice cross sections in a certain volume, representing the 
modelled "range of influence" of the device. The incremental cross sections are evaluated by means of 
"supercell" -type calculations, with the device first absent from, and then present in, the supercell. The 
differences in smeared cross sections of the modelled volume between the case with the device inserted 
and the case with the device withdrawn are the incremental device cross sections. 

The supercell calculations are carried out with a code such as MULTICELL 
(Reference 2) or SHETAN (Reference 3). 

1.3 THE FULL NUCLEAR CROSS SECTIONS 

The full set of nuclear cross sections required for the solution of the diffusion equation is 
obtained by adding device-incremental cross sections to bare-lattice cross sections over all the modelled 
volumes of reactivity devices. 

For a given uniform device, a single set of incremental cross sections is assumed to apply 
to all lattice cells perturbed by the modelled device volume, regardless of position. 

In contrast, in general, lattice cross sections will be bundle-specific, if only because of 
differences in irradiation (burnup) between bundles. 

2. STANDARD METHOD OF CALCULATING BASIC-LATTICE CROSS SECTIONS 

In core-tracking simulations, the reactor operating history is followed in time, and the 
flux and power distributions are calculated at intervals of a few (typically about three) Full-Power Days 
(FPD). For these calculations to be meaningful, it is necessary to update at the same time the irradiation 
distribution in the core, since the fuel irradiation is a major determinant in the value of the lattice cross 
sections. 

This can be seen from the fact that, even for natural-uranium fuel, the lattice reactivity 
varies dramatically witi irradiation. For a 37-element CANDU fuel bundle, the lattice reactivity is 
about 1.080 for fresh fuel, rises to about 1.100 at the "plutonium peak" (at an irradiation of -0.25 n/kb), 
and then drops steadily to ~0.92 at an irradiation of 3 n/kb, crossing the criticality value at about 
1.65 n/kb. 

For a reactor which is refuelled on-line, as is the CANDU, it is also imperative in 
core-tracking simulations to account for the movement of fuel into and out of the core via the daily (or 
near-daily) refuelling operations. 

The standard method of evaluating the lattice cross sections for a core snapshot at some 
given value of FPD consists of working from "fuel tables". A fuel table is a set of cross sections given 
in tabular form as a function of irradiation. The fuel table is pre-calculated by means of the lattice code 
(POWDERPUFS-V), and the cross sections for any particular fuel bundle in core are interpolated in the 
table values using the current calculated irradiation for the specific bundle. 
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3. WEAKNESSES IN THE STANDARD APPROACH 

Although the standard method described above is practical and takes into account the 
major effect (that related to fuel irradiation), it does have drawbacks. 

The first weakness is that, although fuel irradiation is the most important core variable to 
consider, lattice properties do depend significantly on several other parameters also, such as moderator 
purity, fuel temperature, flux level (power level), coolant density, coolant temperature, moderator 
temperature, poison concentration in m.. derator, fuel mass in bundle, etc. Some of these parameters 
(e.g., moderator purity) are uniform throughout the core, and changes in these parameters can be 
accommodated by recalculating the fuel tables when the parameter value changes. On the other hand, 
some parameters are bundle-specific and may vary significantly with position in the core; examples of 
these are fuel temperature, flux level, and coolant density. 

The standard method of dealing with these parameters has been to use, for each 
parameter, a single "core average" or effective value in calculating the fuel tables. Although it is, in 
principle, possible (and, in fact, has been done on occasion) to subdivide the core into a number of 
regions and use region-averaged values of parameters to derive region-specific fuel tables, it has been 
found that the number of different combinations of parameter values (and therefore of fuel tables to be 
calculated) soon becomes unmanageable. In fact, it has been usual to calculate different fuel tables only 
for fuels of different composition, such as depleted-uranium fuel as opposed to natural fuel, or fuels 
which may be "physically" different because they are provided by different manufacturers. 

A second weakness of the standard method is the following. When a parameter such as 
poison concentration in the moderator is changed and fuel tables are recalculated with the new value, the 
new lattice cross sections reflect the effect of the new parameter value at all irradiations, i.e., it is as if 
the fuel has been constantly irradiated under conditions pertaining to the new parameter value. This is 
clearly in error, as the fuel may, in fact, have been irradiated for most of its residence time in the reactor 
under significantly different conditions. The history of the changes in common parameters is therefore 
in such cases clearly not reflected in the fuel tables. 

4. THE GRID-BASED LOCAL-PARAMETER METHOD 

To overcome the first weakness of the standard method requires using locally appropriate 
values of parameters as input to the lattice code, instead of core-average or effective values. Methods 
which do this are here called local-parameter methodologies. 

The grid-based local-parameter method was developed for CANDU a few years ago(4). 
It consists of calculating a large number of fuel tables (of the order of 40) instead of a single one. The 
fuel tables are evaluated using discrete pairs of values of two important parameters (e.g., flux-level and 
coolant density) over a grid of values (see Figure 3) which span the expected range of the parameters. 
To compute the lattice properties for any specific fuel-bundle location, two-dimensional interpolation is 
applied on the fuel tables at the grid points (in addition to interpolation on irradiation), using the known 
or assumed local values of the parameters. Note that the use of absolute flux level as one of the 
parameters of the grid ensures that power density (bundle power), steady-state Xe-135 concentration, 
and fuel temperature are also implicitly considered as local parameters, since they are all correlated with 
flux magnitude. 

The grid-based methodology permits the effects of the spatial variation of flux (or power) 
and coolant density on the core neutronics to be modelled. However, some limitations remain: 

• Only two independent local parameters can realistically be managed; interpolation in a 
three-dimensional grid is too cumbersome. 

• A large number of fuel tables need to be calculated for each physically different fuel. 
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In addition, the grid-based method still suffers from the second weakness of the standard 
approach, viz., the fact that lattice properties from the fuel table do not reflect the precise history of the 
lattice. 

Furthermore, the calculation of perturbed lattice properties requires (unmanageably) the 
square of the number of fuel tables, since the perturbation can in general move the local conditions from 
any grid point to any other grid point. 

5. THE HISTORY-BASED LOCAL-PARAMETER METHOD 

5.1 DESCRIPTION OF THE METHOD 

To derive lattice properties which can account for parameter changes occurring at various 
times in the irradiation history of the lattice requires a totally different approach. In fact, since changes 
of moderator poison or moderator purity, for instance, can - and do- happen at any time in the reactor 
operating history, and since other parameters - such as local power level- are a function of both position 
and time, it is clear that precalculated fuel table(s) cannot model the complexity of the situation. 

But there is no need in principle to rely on fuel tables. It is possible to generate a 
customized lattice calculation for each fuel bundle as the core irradiation proceeds, even though the 
number of fuel bundles is in the thousands - 4560 in the CANDU 6, This is based on the following: 

• While the number of irradiation steps needed to compute a typical fuel table may be 30 or 40, 
advancing the irradiation as the history proceeds means a single irradiation step is evaluated each 
time, cutting the execution time accordingly. 

• The execution time of POWDERPUFS-V is suitably short, viz. of the order of 1 CPU second Con an 
APOLLO DNIOOOO workstation) for the calculation of an entire fuel table. 

The concept of bundle-specific lattice calculations carried out for every bundle at each 
core-tracking simulation is the history-based methodology. 

The first step in the development of the method was the creation of a new, abridged 
version of POWDERPUFS-V. This is by design a streamlined version of the code, with all its essential 
functionalities preserved intact and unchanged, but with all extraneous and not strictly necessary 
functions removed in order to reduce the execution time still further. 

Another essential feature of the abridged code version is the capability to stop and restart 
the depletion calculation at any value of irradiation, in contrast to the standard code where the depletion 
calculation always starts at zero irradiation. Also, the irradiation increment after restart can be different 
from the value used in the previous execution. 

These features achieve the required aim of allowing an individual lattice calculation for 
each fuel bundle in the core, with the depletion calculation advanced by a single irradiation step 
corresponding to the number of FPD in the core-tracking interval. The irradiation increment is 
bundle-specific, since it depends on the local flux value, but it is typically in the range 0.01 to 0.05 n/kb 
for a 3-FPD burn step. 

To permit the restart of the lattice calculation requires that 43 quantities, such as nuclide 
densities, fission-product concentrations, present irradiation, etc., be kept on file for each bundle. 

The total execution time of the abridged POWDERPUFS-V for the 4560 bundles in the 
CANDU 6 is quite acceptable at about 80 CPU seconds on the APOLLO DNIOOOO. The viability of the 
history-based method with another lattice code will depend on the availability of a suitably 
shortened/simplified version of the code and/or further advances in computer speed. 
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5.2 CO-ORDINATION BETWEEN LATTICE AND FINITE-REACTOR CALCULATIONS 

Figure 4 shows the typical sequence of lattice and finite-reactor calculations for a single 
burn step in a core-tracking simulation (say 3 FPD). Note that, in order to do a good job with respect to 
the cross consistency between lattice properties and the flux/power distributions, it is advisable to cycle 
a few times between these two stages of the calculation. Experience shows that three cycles are usually 
sufficient to obtain close consistency. Specifically, the cycling achieves the following: 

a. For each bundle, the irradiation increment (for the depletion calculation) is obtained by multiplying 
the fuel flux at the bundle location (in ncm~2s_1) by the length of the core-tracking burn step (in s). 
At the start of the calculations, only the flux at the beginning of the burn step is known (since it is 
the flux at the end of the previous burn step), and this value is used to calculate the irradiation 
increment. Once the finite-reactor calculation has been performed, an "average" flux can be defined 
by taking the mean of the flux values at the beginning and end of the burn step. Then, the irradiation 
increment is refined and the entire process can be repeated. 

b. For each bundle, the fuel temperature at the end of the burn step depends on the bundle power. But 
only the bundle power at the beginning of the burn step is known at first. This is the value used for 
the lattice-property calculation in the first cycle. Once the finite-reactor calculation has been 
performed, the updated value of bundle power is used to define the fuel temperature for the next 
cycle-through. 

c. The cycling achieves similar cross-consistency between the local flux level and the concentrations of 
the saturating fission products. 

d. There is similarly a self-consistency problem between the power and coolant-density distributions. 
This self-consistency can be satisfied in the same way with outer-loop iterations. However, recourse 
must be had to an external thermalhydraulics code which evaluates the coolant density. It has been 
found, however, that the sensitivity of the power distribution at nominal full-power conditions to the 
precise coolant density distribution is of the order of a few per cent at most. 

6. IMPROVED MODELLING CAPABILITIES WITH THE HISTORY-BASED METHOD 

The history-based method enables a number of modelling refinements: 

• The lattice properties can be calculated with as much locally consistent input as is available. The 
number of local parameters is not limited. In particular, flux level, coolant density and temperature, 
fuel temperature, moderator temperature, can all be given local values if these are known or 
available from simulation. 

• Since fuel tables are not maintained but the lattice calculation instead tracks each individual bundle, 
changes to local conditions are incorporated in the bundle's history at the correct time and for the 
correct interval of time. For example, if the moderator poison concentration increased for one week, 
then this change would be reflected at the proper time in the tracking. 

• Any sudden perturbation to the lattice conditions can be easily simulated with a cell calculation not 
involving depletion (i.e., no "burn" step is taken). Thus, lattice properties for hypothetical accidents 
such as loss-of-coolant events can be easily computed. 

• Since the local power density and flux level are already taken into account, it is possible to calculate 
three-dimensional steady-state or transient distributions of all saturating fission products, such as 
Xe-135, Sm-149 and Sm-151, Rh-105, etc., and their precursors. These three-dimensional 
distributions can then be fed into the bundle-specific lattice calculations, where they influence all 
lattice properties and thereby the three-dimensional flux shape. In the standard methodology, it was 
manageable to calculate a three-dimensional distribution of the most important saturating fission 
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product (Xe-135) and its precursor (1-135) only. Furthermore, the Xe-135 effect previously had 
been approximated by an effective increment to a single lattice cross section (the thermal absorption 
cross section) only. 

7. IMPLEMENTATION 

The history-based method has been implemented in the three-dimensional-
diffusion-theory code RFSP (Reference 5), where it is fully operational. It has been applied to the 
following categories of calculations: 

• Core-Tracking Simulations. 
The reactor operating history of the Point Lepreau Nuclear Generating Station in New Brunswick, 
Canada, has been tracked in parallel with the standard and history-based methodologies. A 
companion paper illustrates the excellent results obtained with the history-based methodology. 

• Fission-Product Transients. 
The saturating-fission-product driver described in the previous section has been used to simulate 
changes in the three-dimensional distributions of all the saturating fission products following power 
changes. The reactivity effects after a long shutdown are in qualitative agreement with observations 
at site, which indicate a higher reactivity after a long shutdown and subsequent startup than is 
predicted by the standard methodology. 

• Hypothetical Sudden Accidents 

Large-loss-of-coolant accidents have been simulated with the history-based method. 

• Startup after Long Shutdown 
The startup period following a long shutdown at Point Lepreau Nuclear Generating Station is 
presently being simulated with both the history-based method and the standard method. Preliminary 
results indicate that the history-based method can better follow flux-shape changes due to various 
tests and device movements (during the rise to power) which the standard method has difficulty 
simulating accurately. 

8. SUMMARY 

The history-based local-parameter methodology is a basic refinement to the calculation 
of lattice properties for tracking CANDU reactor irradiation histories. It abandons the use of fuel tables 
and replaces these with a customized lattice calculation for each fuel bundle in core. It allows the lattice 
properties to be calculated more realistically, accounting for local conditions as well as for 
changes/perturbations to these conditions as they occur in the lattice irradiation history. 
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ABSTRACT 

A refinement of the three-dimensional diffusion reactor fuelling simulation program for 
CANDU reactors (RFSP) was developed and has been described in Reference 1. This refinement, called 
the history-based local-parameter methodology, allows core tracking with lattice properties which take 
into account the history of local conditions at each individual fuel bundle, including (in addition to fuel 
irradiation) local values of fuel temperature, coolant density, power level, and concentration of saturated 
fission products. 

This paper presents a validation of the history-based methodology, performed by 
comparing flux shapes calculated for the Point Lepreau CANDU 6 reactor over a tracking period of 
about 1.5 years (1991 September-1993 April) to the core fluxes measured by means of in-core vanadium 
detectors. The results were compared with those obtained from a conventional, i.e., non-history-based, 
calculation. The standard deviation of differences between calculated and measured fluxes is 
significantly improved (reduced) when using the history-based methodology. 

1. INTRODUCTION 

In a nuclear reactor core, the nuclear lattice properties (cross sections) vary with fuel 
irradiation, but also with local values of parameters such as the fuel temperature, the CGùlant density, 
and the power level. They also in fact depend on the past history of these local parameters. Recognizing 
these two facts, the history-based methodology (Reference 1) has recently been developed to take into 
account the past history of every fuel bundle in the tracking of a CANDU core. 

The purpose of this paper is to validate the history-based method, using core-tracking 
simulations for the 600 >4W(e) Point Lepreau CANDU 6 in New Brunswick, Canada. The core tracking 
reported here spans a period of 524 Full Power Days (FPD), from 1991 September 30 (FPD 3008) to 
1993 April 20 (FPD 3532). During this 18-month period two independent core-tracking simulations 
were performed in paiallel, one with the history-based methodology and the other with the conventional 
method for calculating lattice properties by interpolation in "fuel tables". 
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2. PROCEDURE 

The Point Lepreau CANDU 6 has 380 fuel channels and 12 fuel bundles per channel. 
To solve the neutron diffusion equation over the core thus requires as a prerequisite the lattice properties 
for 4560 lattice cells. The cell code used to calculate lattice properties within RFSP is 
POWDERPUFS-V (Reference 2). 

In the history-based tracking, the lattice properties were calculated using local values of: 

• the fuel irradiation 

• the fuel temperature (correlated with the bundle power) 

• the coolant density (consistent with a time-average power distribution) 

• the absolute flux level (correlated with the bundle power) 

• the concentration of saturated fission products (Xe-135, Rh-105, Sm-149, Sm-151, 
Eu-55,Gd-157,etc...) 

These local values vary spatially from bundle to bundle, and also with time (FPD). In 
addition, a core-wide parameter, the moderator poison (boron) concentration, varied with FPD. 

In the conventional, non-history-based, core tracking, the only bundle-specific 
parameters considered were the fuel irradiation and the Xe-135 concentration, and the lattice properties 
were obtained by interpolation in irradiation within fuel tables calculated with core-average values of 
the other parameters. 

The Point Lepreau reactor is equipped with several sets of in-core detectors. Some 
detectors are used for protection, to detect locally high powers (in case of hypothetical loss of regulation) 
and actuate the shutdown system(s). One set of detectors, however, is part of the reactor regulating 
system and is used for flux mapping. It consists of 102 vanadium detectors located in 26 vertical 
penetrations through the core (see Figure 1). While these detectors were not used for flux mapping in 
the simulations reported here, their readings nonetheless provide very useful information on the 
3-dimensional flux distribution in the core. In this paper, the detector readings were used to gauge how 
well the diffusion simulations could reproduce the measured flux shapes. 

3. NUMERICAL RESULTS 

The Point Lepreau core-tracking was performed by executing RFSP at a typical 
frequency of twice per week. The (on-power) channel refuellings were simulated as they occurred. 
Parallel tracking with the history-based and conventional methodologies was maintained throughout. 
At each simulation the fit to the flux distribution as measured by the vanadium detectors was examined. 

Figures 2-4 shows typical results obtained for the maximum channel power, the 
maximum bundle power, and the maximum channel ripple (ratio of instantaneous to reference channel 
power). These maxima are consistently lower with the history-based method than with the conventional 
method. This was expected since the lattice reactivity of high-power bundles is reduced when a 
local-parameter method is used. On the average, over the 18-month tracking period, the reduction in 
maximum channel power was about 1.6%, that in the maximum bundle power was about 5%, and that 
in the maximum channel power ripple was about 1%. 

Figures 5 and 6 show typical comparisons (for two extended periods) of the standard 
deviation of the differences between calculated and measured fluxes at the vanadium detector locations. 
It is clear that the fit of the history-based results to the measured fluxes is consistently and considerably 
better than the fit obtained with the conventional method. Quantitatively, the standard deviation of 
differences from the measured fluxes is reduced in the history-based tracking typically by 0.2 - 0.5 in 
absolute value compared to the conventional method. 
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Figure 7 compares the zonal-power distributions obtained with the history-based and 
conventional methods. The history-based option results in a more flattened power distribution, with the 
central core region (zones 4 and 11) producing about 1% less power with the history-based method. 

4. CONCLUSION 

The history-based local-parameter methodology for calculating lattice properties has 
been convincingly validated in an extended core-tracking of the Point Lepreau CANDU 6 reactor. 
Results show that the history-based method brings an important basic refinement to calculations of the 
power and burnup history of a reactor core. 
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ON-LINE HEAT DEPOSITION RATE MEASUREMENTS WITH A QUASI-
ADIABATIC GRAPHITE CALORIMETER, IN A FUSION ENVIRONMENT 

AND COMPARISON WITH THE CALCULATION? 

O.PJONEJA and J.-P.SCHNEEBERGER ^ ZlLioo ct 
Institut de Génie Atomique (IGA) ~ 

Ecole Polytechnique Fédérale de Lausanne 
CH-1015 Lausanne, Switzerland 

R.P.ANAND 
Neutron Physics Division 

Bhabha Atomic Research Centre,Bombay, India ^ 2ù~f °ot> 

T.BUCHILLBER 
Institute of Applied Radiophysics (IAR) 

CH-1015, Lausanne, Switzerland 

A b s t r a c t 

Heat deposition measurements have been carried out by a highly 
sensitive quasi-adiabatic graphite calorimeter by irradiating with a 
mixed field of neutron and gamma radiations from a 14 MeV Haefely 
neutron generator. The core of the calorimeter measures 16 mm in dia 
and 3 mm in height. It is surrounded by a thin jacket and finally a 
double shield for insulating the sensitive core region from the ambient 
temperature fluctuations. All the regions are separated from each other 
by regions of dynamic vacuum. The reproducibility of the 
measurements have been found to be better than 1% for a dose rate 
more than 60 cGy/min. The heating rates vary linearily with the source 
strength. These measurements have been analysed by a Monte-Carlo 
neutron and photon transport code MCNP, using bmccs2, photxs2 and 
el2 cross-section libraries. The influence of wall returned neutrons and 
gamma is found to be negligible. The C/E for the heat deposition rates is 
found to be 1.05. 

I n t r o d u c t i o n 

The existing photon production and kerma factor libraries for the 
materials of interest employed in fusion systems must be tested 
rigorously before confidently embarking on designing the ambitious 
leading fusion devices e.g., ITER, CIT, NET, FER. This is important because 
in the fusion systems, the energy deposition mainly results from the fast 
neutrons, cabable of penetrating large distances in the surrounding 
materials. The testing ground for the existing data base could be 
provided by the sophisticated direct nuclear heating measurements. 
Accurate measurements w tuld obviously through a great deal of light 
on the C/E ratio and thereby ensure validation of the data base. 
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Extensive measurements have been carried out at the FNS, under 
USDOE/JAER1 collaborative program (1) using a simple calorimeter 
configuration, covering a large number of fusion materials such as C, Al, 
Ti, Ni, Fe, Cu, SS-304, Mo and W. Also, in another measurement (2), a 
calorimeter consisiting of a central core and a polystyrene insulating 
material were irradiated. From the detailed review (3) of the reported 
measurements, it appears that there exists large discrepancies between 
the calculations using different cross-section sets as well as between the 
calculations and experiments. There is indeed a dire need of a sensitive 
and stable calorimeter which is capable of measuring the heat 
deposition rates far better than the discrepancies existing due to the use 
of different cross-section sets. 

At the IAR, Lausanne, a quasi-adiabatic graphite calorimeter was 
fabrictated and successfully tested (4) with the 60Co gamma. This 
calorimeter was employed for the present studies to measure the net 
heating rate of the bare calorimeter when subjected to a mixed neutron 
and gamma field. The paper highlights the measurements and their 
comparison with the results calculated by the Monte-Carlo method. The 
measured heat deposition rate for the bare calorimeter at 300 mA of 
beam current and 165 KV operating voltage, was found to be 182.9 

cGy/min ± 3.4%. The calorimeter response was found to be linear w.r.t 
the neutron output of the generator. 

Description of the Calorimeter 

Fig.l presents a sectional view of the graphite calorimeter along 
with the block diagram of measuring units. It consists of four material 
zones, all fabricated from high purity graphite. Each zone is separated 
from the neighbouring ones, by small vacuum regions to reduce the 
radiative losses. Also, in order to insulate the inner regions from any 
environmental temperature fluctuations, a double shield arrangement is 
employed. The complete structure is finally housed in a thin plexiglass 
container (0.13 mm) with the front surface covered by a mylar sheet. 
All surfaces of the calorimeter were covered with aluminized mylar (0.3 
um thick) to minimize radiative heat transfer losses between different 
bodies. A special plexiglass channel is provided to lead the connecting 
wires and for on-line evacuation of void spaces in between different 
graphite zones. The central core region measured 16 mm in dia and 3 
mm in height with the overall dimensions of 34 mm dia and 18.1 mm 
height.The dimensions of all the regions of the calorimeter are 
presented in Table I. The complete details of the graphite calorimeter 
are available in Refs. 3 & 4. 

The core and the jacket were heated by means of thermistors, 
whereas both the shields were heated with the help of manganin wires. 
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The temperature measurements were done by NTC micro-thermistors 
(Veco 41A14) wired with platinum. These thermistors exhibit a thermal 

sensitivity of about - 4 %/ °C and a resistivity of =10 kQ at 25 °C. A dose 
equal to 10"2 Gy corresponds to an increase of the temperature of the 
absorber by 10"5°C. Thus the measuring device must be able to detect a 
resistance change of 4 mQ. This sensitivity was obtained with the help 
of an A.C Wheatstone bridge network, with an A.C reference standard 
signal of 1 kHz. A lockin amplifier was used to measure the core output. 
It helps in avoiding the low frequency noise band and selectively detect 
the signal which is slowly varying with time. The other resistors in the 
bridge were high precision having an accuracy of 0.05 % and a small 
thermal coefficient (lppm/ °C). A micro-computer HP85 coupled to a 
floppy disc storage unit was employed for the overall control and data 
acquisition. The analysis was performed with a basic software.The 
calorimeter calibration was done by measuring the change in the rate of 
increase of the core temperature by using a standard 60Co source as well 
as by supplying a known amount of electrical power through a 
thermistor embedded in the core. It was found that, 6 M-W power 
dissipated in the core was equivalent to a dose rate of 33.7 cGy/min. 

Monte-Carlo Calculations 

Before taking up heat deposition measurements at the LOTUS 
facility, Monte-Carlo neutron and photon transport code was employed 
to estimate the rise in temperature of C, Al, Cu, Fe and W, when 
subjected to a mixed neutron and gamma field of the Haefely neutron 
generator. The calculations were performed by simulating a quasi-
adiabatic calorimeter placed at a distance of 1 cm from the generator. 
Since significant amount of gamma are produced in the structural 
materials of the generator, the calculations take into account their 
production and transportation. Libraries employed for the calculations 
include bmccs2, photxs2 & eI2. Simple physics treatment is considered 
which takes into account, the photoelectric effect, pair production and 
Compton scattering on free electrons. Highly coherent Thomson 
scattering is ignored. In order to calculate the photon and neutron 
heating in each material, the corresponding heating tallies are employed. 
It is found that the photon production cross-section values are at 
present not available in the existing bmccs2 library for n B , 3ip, 32§ a nd 
5 5 M n - hence the gamma production due to the presence of these 
materials in the generator is neglected. The amounts of 3 1P and 32S 
present in the structural material of the generator are negligible and 
will not significantly effect the results, whereas there might be slight 
changes due to the non-inclusion of n B and 55Mn. It was found (5) that 
the temperature rise in the above materials vary from 1.7 to 6 m°C/min, 
when irradiated with neutron flux at the full generator power.The 
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contribution due to gamma varied from 34 % for graphite to 98.5 % in 
the case of tungsten. 

Heat Deposition Rate Measurements 

The measurements were carried out by placing the calorimeter 
such that the axis was in line with that of the generator axis and the 
centre was located at 0.7 cm from the generator surface.The 
experimental arrangement obtained from the input geometry is shown 
in Fig.2. The calorimeter was operated in the quasi-adiabatic mode i.e 
the difference in temperature of the core and the jacket is always kept 
constant. In this mode an extremly careful sequence of adjutments are 
necessary to bring the calorimeter in the equilibrium conditions. The 
steps followed for the system stabilization were as follows: 

The shields were initially heated and their temperatures were 

always maintained around 26.8 +0.02 °C by means of two separate 
temperature measuring D.C bridge circuits and controlled power 
supplies. The shield act as a thermal barrier between the external 
environment and the core-jacket system. This process of heating 
naturally results in the heating of the core and the jacket and after 
some time, all the regions attain about the same temperature. The core 
was then heated by the heating thermistor embeded in the core. This 
would raise the core temperature and due to the proximity, the jacket 
temperature also started rising. Once the temperature difference 
between the core and the jacket approached a predefined value (0.03 
°C) then, the auto controller unit was switched on. The function of this 
unit is to provide the necessary electrical heating to the jacket so as to 
maintain the specified temperature difference. This was achieved by 
constantly measuring the temperature difference between the core and 
the jacket with the help of another A.C Wheatstone bridge arrangement 
and suitably correcting the jacket temperature with a controlled heating 
circuit. The system is now operating under the quasi-adiabatic condition 
and ready for the measurement. 

For the actual measurements, the generator was operated in a 
pulsed mode with 5 min on and off periods. The core temperature was 
measured by recording the thermistor resistance after every 5 s during 
each cycle of 5 min duration (60 data points). The data points during 
drifts and irradiation periods were fitted with separate straight lines to 
determine their slopes. The seven alternate drift periods, measured 
during six consecutive cycles, were found (6) to have a constant slope 
with uncertainties ranging from 0.5 to 1.6 %. The energy deposited 
during each cycle was thus obtained from the experimental run 
consisting of several cycles. These measurements have demonstrated 
that the total heating rates due to the mixed radiation field at the 
maximum operating power level of the generator in a pulse mode, can 
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be determined with the reproducibility better than 1 % for a dose rate 
more than 60 cGy/min. 

Results and Discussions 

It was found from the calculations that there is a tremendous 
increase in photon production due to the concrete structure housing the 
generator. The heat deposition due to neutrons and gamma back 
scattered from the walls is found to be negligible. This could be partly 
due to the fact that only a small fraction of neutrons and photons are 
back scattered to the experimental locations and secondly the spectra of 
the radiations is quits soft, atleast at the experimental position. It was 
found that the calculated heat deposition contribution due to neutron 
and gamma heating is 74 and 26 % respectively for the experimental 
geometry.The highest neutron energy group (13.5-15.0 MeV) contribute 
78%, whereas the contribution due to neutrons above 2.87 MeV and 303 
keV is 90 and 99%. Aiso M/out 71 % of the gamma heating results due to 
photuns above 1 MeV. T';'* is essentially due to high energy photons 
produced as a result of neutron interaction with the construction 
material of the generator and partly due to interaction with the 
graphite. 

A typical experimental pen recorder output for different cycles 
and power level of the generator is shown in Fig. .4, along with a 
continuous display of the difference in the core-jacket temperature for 
the bearr on and off conditions. The measured heating rates for 50, 100 

and 300 mA of the beam current were found to be 35.5 cGy/min ±3.4%, 

66.7 cGy.'min ±3.6% and 182.9 cGy/min ±3 .4%. The corresponing 

calculated value at 300 mA was found to be 191.6 cGy/min ±2 .1% . The 
reported experimental uncertainities represent the quadrature addition 
of all the sources of errors. The calorimeter calibration consititutes 
about 2.5% whereas, the errors due to the positioning of the calorimeter 
(lmm spatial distance) and variation in the neutron flux account for 1% 
and 2% respectively. The C/E at the maximum operating beam curent is 
thus 1.05. Since the measured heat deposition rate due to the bare 
calorimeter is only 5% lower than the calculated and the dominant 
contribution (78%) is due to the 14 MeV neutrons, it stands to reason 
that the 14 MeV kerma factors may be acceptable. In any case it is 
advisable to determine gamma heating contribution separately to finally 
conclude about the data base employed for the calculations. In this 
connection, measurements are underway using several TLD's to 
ascertain the magnitude of heating due to photons only. 

Conclus ions 

Heat deposition rates for a mixed neutron and gamma field of the 
Haefely generator can be measured accurately by a quasi-adiabatic 
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graphite calorimeter.Measurements conducted in the pulse mode are 
found to be reproducible within 1% for a dose rate more than 60 
cGy/min. After correcting for the non-Jinearity of the neutron output for 
different current levels, the response was found to vary linearily with 
the neutron output. The measured heating rate for 300 mA current and 
165 KV operating voltage of the generator is found to be 182.9 cGy/min 

±3.4% for the bare calorimeter. The corresponding value obtained by 
the Monte-Carlo calculations for the same power level of the generator 

is 191.6 cGy/min ±2.1 %. The C/E ratio for the bare calorimeter is 
found to be 1.05. The measured heating rates are quite accurate and the 
efforts are underway to find seperate contribution due to neutrons and 
gamma to precisely conclude about the photon production and kerma 
factor data base. 
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TABLE I Dimensions of different regions of the graphite calorimeter 

Element 

Core 

Vacuum -Rl 

Jacket 

Vacuum -R2 

Inner Shield 

Vacuum -R3 

Outer shield 

Outer Container 

External 

16.00 

18.00 

20.00 

22.00 

26.00 

28.00 

32.00 

34.00 

Die 
+ 

+ 

+ 

+ 

± 

± 

± 

± 

i (mm) 

0.05 

0.05 

0.05 

0.05 

o:o5 
0.05 

0.05 

0.05 

External 

3.00 ± 

4.00 ± 

5.16 ± 

6.16 ± 

11.00 ± 

13.00 ± 

16.90 ± 

18.1 ± 

height (mm) 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.1 

Data Acquisition 
and 

Processing System 

1. Accepts preset values for 
different control units 

2. Calculates and adjusts 
the power levels 

3. Calculates the dose rate 

Printer Synchronization 
unit 

Temperature 
control unit 
for inner shield 

Power regulator 

Core temperature 
measuring unit 

Electrical calibration 
unit 

Power regulator 

Differential core-
jacket température 
control unit 

Power regulator 

Temperature 
control unit 
for outer shield 

Measuring thermistor 
Healing thermistor 
Hdaling wire 

Fi.g.l Schematic diagram of a graphite calorimeter 



Fig.2 Experimental arrangement reproduced by MCNP Input 
for the heat deposition calculations in the calorimeter 

Fig.3 Measured response of a graphite calorimeter with and 
without the neutron pulse for a beam current of 300 m A 
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PLANNING THE RETUBING OF A CANDU 6 REACTOR 
/ Z oo Z ao <.'/9 

N.G. Craik* and R. Baker of NB Power 
515 King Street // ' ' c-^o 

Fredericton, N.B., E3B 4X1 

Introduction: 

The reactor fuel channel pressure tubes at the New Brunswick Power 
Corporation CANDU 6 Nuclear Generating Station at Point Lepreau, are known to 
have a number of design related mechanisms which will limit their performance 
life. Most of these mechanisms are of concern only near the end of the nominal 
30 year life of the pressure tubes. 

One mechanism which deters the useful life of pressure tubes is contact 
between the pressure and calandria tubes caused by movement of spacers (four in 
all) away from their correct design position. Once the pressure tube has been 
in contact with the calandria tube over a period of time, cracking of the 
pressure tube can occur. 

In 1993, utilizing the latest techniques in pressure tube inspection and 
maintenance technology, both Ontario Hydro and NB Power demonstrated for the 
first time that pressure tube to calandria tube contact could be eliminated 
without pressure tube replacement. This process, known as Spacer Location and 
Relocation (SLAR) offers an alternative to retubing and is being considered by 
NB Power for implementation in 1995. 

Consequently, NB Power has been studying the retubing of all 380 pressure 
tubes either for implementation in 1998 or 1999 as a fallback position to SLAR 
or in 2008, following the 1995 SLAR, when the pressure tubes will require 
replacement for other reasons. Either strategy would have the objective of 
achieving a 40 to 50 year plant life from the 1983 in-service date of Lepreau. 

Large Scale Fuel Channel Replacement (LSFCR): 

The replacement of pressure tubes in a CANDU reactor core, is the most 
significant undertaking in a Plant Life Management Program for a CANDU station. 
LSFCR is often known simply as Retubing. 

This operation has been successfully performed on the four CANDU units at 
the Pickering A Nuclear Generating Station in order to gain an additional 25 
years of life. The engineering of the retubing the four Ontario Hydro Bruce 'A' 
units is well advanced. 

However, this is the first time that the methods of undertaking retubing 
on a Candu 6 have been studied in any detail. 

In 1992 NB Power started preparing a project plan to be ready, if 
necessary, to undertake >:etubing on Lepreau as early as 1998. 

The initial focus of the Leproau retube planning is to see how the 
equipment and facilities similar to that used in the Pickering and Bruce retubing 
operations, can be applied to Lepreau. 

* Canatom Inc. 



NB Pover prepared a 3D CAD's model of areas that vill be involved in 
retubing and in the movement of large/long components in and out of both east and 
west fuelling machine vaults, from the main airlock, through the reactor 
building, including existing cranes- This has been checked by taking 
measurements in the east and west vaults during the 1993 April outage. 

NB Power's studies on a method of retubing the Lepreau reactor show that 
the reactor building and facilities are significantly different from the 
Pickering and Bruce layouts and some major engineering is required to achieve an 
efficient retubing process. This paper identifies these layout Droblems and 
describes some potential solutions. 

Shielded Cabinet/Fuelling Hachine Bridge: 

Shielded cabinets are required in each fuelling machine vault for workers 
who require direct access to both ends of the radioactive fuel channels. In 
accordance with the ALARA principle, radiation doses should be kept as low as 
reasonably achievable. 

The obvious arrangement is to support the shielded cabinet either above or 
below the fuelling machine bridge. 

The normal weight carried on the fuelling machine bridge is only 30 tons, 
compared with a shielded access cabinet of 70 tons. The capacity of the existing 
two pairs of ball screws to take the eccentric loading of the weight of the 
shielded cabinet will be exceeded. It may be possible to increase the size of 
one of the inner ball screws from 3% inch diameter to 4 inch diameter to handle 
this extra duty. 

Unlike the Pickering fuelling machine bridge which can be lowered into a 
pit in the vault floor, the top of the Lepreau fuelling machine bridge only conies 
down to 13 ft 9 in. above the floor. Mounting a shielded cabinet below the 
bridge has been considered but this arrangement does not give adequate access to 
the top 3 rows of fuel channels; mounting above the bridge does not give any 
access to the bottom 9 rows of fuel channels (refer Figure 1.1). 

In order to provide adequate access to each of the 22 horizontal rows of 
fuel channels, it is proposed to disconnect the bridge and then suspend it from 
the existing ball screw drive elevators, by means of 10 ft. long hangers at each 
corner. The shielded cabinet would then be placed on the top of the bridge. 
(Refer Figure 1.2). 

The normal access to the vaults is through a 25 ft. long by 5 ft. wide by 
6 ft. 6 in. high opening , on the D side, served by the 15 ton New Fuel Handling 
crane. This leads to the fuelling machine maintenance locks; then through a 
right angle turn into the fuelling machine vaults. The main body of the shielded 
cabinet will be about 26 ft. long by 10 ft. wide plus roof and floor overhangs. 
The shielded cabinet could be designed in four collapsible modules to make this 
journey into the fuelling machine vault; then moved onto the bridge by jacking 
techniques. The heaviest module may be 35 tons. 

2 
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Retube Remote Tool Carrier (RTC): 

The RTC is used to remove and install the pressure tubes and end fittings, 
and to move various tools required for retubing. The most important task of the 
RTC is removing the 20 ft. long highly irradiated pressure tubes from the reactor 
face. The RTC then lowers the pressure tubes into a shielded transporter flask 
for removal from the vault area. Due to the nature of this task the RTC is 
required to be remotely operated, to be completely dependable and accurate in 
moving long items. 

The Ontario Hydro Pickering A units have successfully used RTC -> designed 
about 10 years ago but without benefit of u.tual retubing experience (Reference 
No. 3). For Bruce, a more advanced type of RTC has been designed and prototype 
tested (Reference No. 1). The RTC suppôt beams project beyond the end of the 
shielded cabinet by 7 ft. (2.1 m) at Pickering (Fig. 2.1) and 11 ft. (3.3 m) at 
Bruce (Fig. 2.2) 

At Lepreau (Fig. 2.3), the clearance from the fuelling machine bridge 
(which defines the width of the shielded cabinet) and the horizontal space for 
the RTC support rail at the top fuel channel is only 3 ft. 8 in. (1.1 m) This 
is due to the interference of steel members and the instrument tubing trays they 
support. The RTC gripper frames have to lower components such as irradiated 
pressure tubes down through this horizontal space with adequate clearance which 
is impossible with the existing RTC design; the Bruce RTC gripper frames are 
4 ft. 2 in. (1.25 m) square. 

There are two solutions to this problem. 

The first would require removing the interfering tubing trays and 
supports. This tubing is part of the fuel failure by delayed 
neutron (DN) monitoring system, consisting of 190 tubes in each 
vault. Due to the radiation field from the feeders above this 
option would result in radiation doses to workers disassembling and 
reassembling the tubing and supports, including erecting scaffolding 
for that purpose, and not meet ALARA objectives. This work would 
likely be on the critical path of the retube operation due to 
requirements for scaffolding, etc., being in the way of other vault 
preparation activities (e.g. shield cabinet installation). Finally, 
after retubing, the system would require recommissioning to prove by 
a flow method that each fuel channel is connected to the correct DN 
monitoring address. This procedure would be on the critical path of 
the recommissioning of the plant. 

The preferred alternative is to redesign of the RTC and supporting 
rails. The RTC gripper frames, bearings and drives will have to be 
much less in width in one direction than the 3 ft. 8 in. space 
available, in order to have adequate clearance for risk free 
movement of irradiated components. 
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Local Air Coolers (LACs): 

The ideal procedure for installation of pressure tubes is to assemble one 
end fitting onto a pressure tube to form a subassembly. This could be done in 
a workshop outside the reactor building, with each of the 380 subassemblies moved 
separately into the vault as required. 

The new pressure tube/end fitting subassembly is 29 ft. long and is longer 
than the normal access to the vaults. However by lowering at an angle, this can 
be moved through the limited normal access to the vaults. Once in the vault, 
this long subassembly has to be turned through a right angle and presented to the 
fuel channel site. This has been demonstrated by making a large wooden model 
(29 ft. x 2 ft. x 2 ft.) and moving it through the fuelling machine vault during 
the 1993 April shutdown. However these subassemblies would be too long to turn 
in the space (distance 26 ft.) between the reactor face and the local air coolers 
(LAC's), so three of the LAC s would have to be removed. 

Also many of the tools required in the retubing operation are long (30 ft.) 
and could not be used in the available space, (see Figure 2.3). 

One solution would be to remove three of the four LAC's from each vault. 
However this could cause major interference problems with some of the vault 
preparation and restoration activities. 

Two consequences of not removing the LAC s have to be examined: 

1) Insertion of new pressure tube/end fitting subassembly. Ideally these 
subassemblies should be put together out of the reactor building, but are 
too long if LAC s remain. They could be assembled in the shielded cabinet, 
as a parallel operation to other activities. This could be done with a 
pressure tube half inserted in a fuel channel site, before the rolled 
joint is made. The subassembly would then be fully inserted into the fuel 
channel site. Special shielding would be required. 

2) Design two-piece tools which can be quickly assembled/disassembled. One 
such device had been used in a Single Fuel Channel Replacement at Lepreau 
during the 1989 outage. However the operators found it very awkward to 
use. However it should be possible to design a better two-piece 
arrangement which can be put together and separated quickly when working 
in a well laid out shielded cabinet. 

Another option is to remove three of the four LAC s from one vault only, 
and to devote this vault to the moving in and installation of the new pressure 
tube/end fitting subassemblies. 

It has been demonstrated on the CAD model that the LAC s can be moved out 
through both the 'B' side vault openings, but with minimum clearances and some 
manoeuvring during the vertical lift by the 60 ton Boiler Room crane to avoid 
cable trays, piping and steel structures. 
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Haterial Handling: 

The longest irradiated components are the pressure tubes and calandria 
tubes. These and other irradiated components are remotely placed into a shielded 
flask (23 ft. long) on the vault floor which can be moved from the vault by the 
route described. Detailed studies and a custom designed 30 ton shielded flasks 
with drive motors are required to ensure trouble free movement in a production 
operation. Also, the capacity of the existing 15 ton New Fuel Handling crane 
will have to be increased; possibly up to 50 tons. A structural analysis has 
been undertaken to show that this weight could be taken by structures supporting 
the crane rails; but a new crane will be required. 

There are no built in hoisting facilities in the fuelling machine vaults to 
facilitate any of the various vault preparation or other retubing activities, so 
all hoisting requirements have to be identified early in the design and somehow 
avoided or accommodated. 

Schedule: 

Retubing a Candu reactor is a major project requiring years of planning, 
engineering procurement and staff training prior to the start of the retube 
outage, and has to be customized for the particular type of station design; a 
Candu 6 in the case of Lepreau. The project schedule may be summarized into the 
following phases: 

Preproject Phase: One year during which a retube concept, schedule and 
detailed estimate is developed and major technical problems unique to 
Lepreau are to be resolved. 

Detailed Engineering & Procurement: Three years consisting of detailed 
design of all tooling, equipment such as shielded cabinets and site 
facilities. All components are procured and tested prior to training of 
personnel. 

Personnel Training: One year prior to start of the outage, personnel are 
hired and trained to complete the complex reactor face work. These 
personnel also assist in procedure preparation and tool testing. 

Retube Process: 18 months for defuelling and draining the reactor, 
installation of shielding cabinets, removal of the old pressure tubes, 
installation of new pressure tubes, recommissioning and start-up the unit. 
The process requires significant construction manpower to operate a mix of 
manual and semiautomatic tooling. Estimates of Retube staff required 
range between 250 - 400 personnel depending on the activity being 
completed. 

Lead Time - The decision to retube must be made almost four years before 
the planned retube outage start, provided the major technical problems 
identified are resolved as part of the conceptual design during the Pre
project phase. 
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Conclusion: 

NB Power's studies to determine a retube method for the Lepreau 1 Candu 6 
show that the reactor building and facilities are significantly different to the 
Pickering and Bruce layouts. Potential solutions to these layout problems have 
been identified, but require conceptual design work to define an acceptable 
retube process. 

The erection and disassembly of retubing facilities in the fuelling machine 
vaults is generally on the critical path of the shutdown. In addition there are 
limits on the radiation dose to workers in the fuelling machine vaults. Thus the 
design must minimize the time required to reconfigure the fuelling machine bridge 
and to erect the shielded cabinet modules on it. 

Note: Dimensions and weights given in this abstract are approximate. 
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IMPROVEMENTS IN REMOTE REMOVAL TECHNIQUES FOR ACTIVE 
COMPONENTS DURING LARGE SCALE RETUBING OF 

CANDU REACTORS 
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107 P a r k S t r e e t N o r t h , 
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ABSTRACT 

T h i s p a p e r d e s c r i b e s t h e e v o l u t i o n of t h e "On Face" t o o l i n g 
a n d t h e t e c h n i q u e s u s e d f o r t h e r e m o t e r e m o v a l of t h e 
r a d i o a c t i v e p r e s s u r e t u b e s and end f i t t i n g s f rom CANDU 
r e a c t o r s . 

S t a r t i n g w i t h a b r i e f d e s c r i p t i o n of P i c k e r i n g u n i t s 1 and 
2 t e c h n i q u e s , t h e i m p r o v e m e n t s f o r u n i t s 3 a n d 4 a r e 
d i s c u s s e d t o g e t h e r w i t h a f o r w a r d l o o k a t t h e t e c h n i q u e s 
b e i n g deve loped f o r t h e Bruce A r e a c t o r s . 

The " P 1 / P 2 " t o o l i n g d e s i g n was done on a c r a s h b a s i s w i t h 
l i t t l e d e v e l o p m e n t t i m e a v a i l a b l e f o r s o p h i s t i c a t e d 
t o o l i n g . The r e s u l t a n t t o o l i n g was a d e q u a t e b u t d i d n o t 
a l l o w f o r t e c h n i q u e s t h a t c o u l d r e d u c e c y c l e t i m e and 
manrem r e d u c t i o n . 

The g r e a t e r l e a d t i m e a f f o r d e d f o r t h e P3/P4 work e n a b l e d 
more e f f e c t i v e t o o l i n g t o be d e v e l o p e d . Two t o o l s , t h e End 
F i t t i n g Removal Tool and t h e P r e s s u r e Tube Push Tool a l o n g 
w i t h t h e i r o p e r a t i o n a r e d e s c r i b e d . These new t o o l s and 
p r o c e d u r e s e n a b l e d s i g n i f i c a n t g a i n s i n p r o d u c t i v i t y and 
manrem r e d u c t i o n t o be made. The improved s t a t i s t i c s a r e 
r e v i e w e d i n t h e p a p e r . 

The Bruce r e a c t o r c h a n n e l i s d i f f e r e n t t o t h a t a t P i c k e r i n g 
b u t s i m i l a r t o o l i n g c a n be u s e d . The main d i f f e r e n c e i s 
t h a t emphas is has been p l a c e d on i n c r e a s i n g t h e amount of 
r e m o t e w o r k i n g t h a t c a n t a k e p l a c e b e f o r e l o c a l manua l 
i n t e r v e n t i o n i s r e q u i r e d f o r f u r t h e r s e t u p work . T h i s i s 
a c h i e v e d by t h e u s e of r e m o t e l y c o n t r o l l e d s h i e l d p l u g 
h a n d l i n g mach ine s and t h e a b i l i t y t o h a n d l e m u l t i p l e end 
f i t t i n g remova l work s t a t i o n s . T h i s e q u i p m e n t i s b r i e f l y 
d e s c r i b e d . 



DEVELOPMENTS IN ORBITING TOOLS FOR REFURBISHMENT OF CANDU FUEL CHANNEL 
COMPONENTS 

Mark Pollock 
Mechanical Design Engineer 

Spectrum Engineering Corporation Ltd. 
Peterborough, Ontario 

ABSTRACT 

This paper discusses the development of specialized tools for Ontario Hydro used to sever welds or components 
related to removal of old fuel channel end fittings (E/F), and to perform the activities required to weld new end 
fittings in place. It includes discussions of various options considered, the reasons for the chosen solution and 
the operation of the tools. 

INTRODUCTION 

Rerubing of all, or individual fuel channels in CANDU reactors is a method of refurbishment which enables 
reactor life to be significantly extended. 

One of the primary operations in the replacement of CANDU fuel channels involves precisely severing the End 
Fittings (E/F) from their attachment points to the tube sheet on the face of the reactor. Once the cutting and 
other related operations are complete, the old E/F's and the pressure tube are removed and new ones installed 
and welded at the location of the cut. 

The area to be cut in most reactors, (Pickering, Darlington, Wolsung, the east end of Bruce "A") is a weld on 
the outboard side of the expansion bellows assembly (Fig. I). The notable exception is the Bruce "A" west end 
which has a fixed end that does not employ a Bellows. It requires a radial cut through a thin steel tube at a 
position just outboard of the tubesheet. 

Access in all reactors is difficult because of the physical restrictions of surrounding lattice sites, feeder pipes 
and the obstructions on the target E/F itself. 

REMOVAL PHASE - DEVELOPMENT OF THE CUTTING PROCESS 

In previous Large Scale Fuel Channel Replacement Programs (LSFCR's) as well as single channel replacements 
at Ontario Hydro's Pickering Nuclear Generating Station, the E/F's were removed in a two piece process where 
one tool coarsely severed the outboard section of the E/F and a second tool removed the bellows weld (Fig 2). 
Removing the outboard section eliminated the obstruction presented by the feeder port so that a relatively simple 
tool could cut the bellows weld. While adequate, this method involved removing the old E/F in two pieces 
thereby requiring an extra cutting operation as well as doubling the number of pieces to be handled. 

The requirement to rethink the process arose during the Bruce LSFCR tooling development because of the 
significant differences with the Bruce E/F's both in size and configuration such that the Pickering tooling could 
not be used. 

The fuel channels at Pickering are essentially the same on each end of the reactor, and use the same tooling to 
cut the bellows weld. The Bruce fuel channels differ from end to end and the E/F's are larger in diameter. The 
east end has a bellows much the same as Pickering, and except for size, E/F removal could be made using the 
same two piece method, however the west end has a "stop collar" assembly which requires a radial cut that the 
Pickering method cannot accommodate (Fig.l). 



"High Torque" vs. "Low Torque" Cutting 

Two different cutting concepts have historically been used for LSFCR and general reactor maintenance work; 
these are the so called "high torque" and "low torque" methods. 

High torque cutting involves a single point cutting tool that rotates about the E/F and is advanced axially into 
the weld material. In the case of Pickering, with the outer portion of the old E/F removed, the tool could simply 
be slipped over the end of the stub to gain access to the weld to be cut. Other tools have had single point cutters 
mounted on "orbiter" shells that were assembled around the projections of the E/F. In all cases a relatively high 
torque had to be applied to drive the cutter and some mechanism for advancing the cutter had to be designed. 
Unfortunately, high torque cutting is best suited to axially advanced cutting and is not readily adaptable to the 
Bruce requirement for a radial cut through the stop collar. 

"Low Torque" cutting involves the use of a small tool with a circular saw typically in the range of 2.5" 
diameter which is "plunged" into the area to be cut and then rotated around the periphery of the channel. The 
tool must be small enough to fit in the space between the E/F's. It is normally carried on "orbiter" shells which 
take relatively low torque to drive. 

To perform the cuts, still using the two piece removal method, a number of concepts were considered, ranging 
from a redesigned high torque tool for the east end to a one piece "low torque" tool for the west end. Because 
of the difficulty in adapting high torque to the west end, and the desire to use common tooling if possible, 
attention became focused on the "low torque" method. 

One Piece E/F Removal 

During the course of the study, it became apparent that reactor downtime and worker radiation exposure could 
be reduced if the low torque tooling system could be developed sufficiently to allow the E/F to be removed in 
one piece. One piece removal required the development of an orbiter and cutting system that was fast enough to 
compete with two piece removal. 

Removal Orbiter. The first essential requirement for one piece E/F removal was for a removal series orbiter 
that could be assembled around the obstructions on the E/F quickly as well as meeting the running accuracy 
requirements. Several concepts were considered, but the eventual choice was a design that split horizontally and 
assembled on the E/F in two pieces (Fig. 3). The orbiter, when assembled, has two main components; the 
stationary ring which is anchored to the E/F using a hydraulic clamp, and the rotating ring which carries the 
cutting tool and is driven by an electric motor. The two rings are connected together using a series of spring 
loaded stud and shoe assemblies such that when they are split horizontally, they can be assembled in two pieces. 

An important element of the system are the "inserters" which are the tools used to insert and assemble the 
orbiter. The central feature of the inserter system is a "support ring" that clips onto the outboard face of the E/F 
and provides a support point for the orbiter. With it, the orbiter halves are supported by the E/F, rather than by 
the operator, during the assembly phase. 

Cutting Tools. The second essential element of one piece E/F removal is for "low torque" cutting tools that 
operate quickly. Previous reactor maintenance tools had used pneumatically powered cutters with qualified 
success; they cut successfully but were typically slow and underpowered because the available space was too 
small for suitably powerful motors. In order to make the cutting system viable, the cut times had to be reduced 
to less than 5 minutes. 

The only form of motor with suitable power density was found to be hydraulic. It offered the possibility of 
putting much greater power in the same volume such that fast cuts could be made. During testing, it was found 



that hydraulic powered bellows weld cuts could typically be completed in 2 minutes, representing a definite 
improvement over anything pneumatic powered tools had been able to achieve. 

Each cutting tool includes a hydraulic motor, a hydraulic plunge cylinder, inserter attach point, the cutter head 
and support bracket. They may include a reduction gearbox if a right angle drive is required (Fig.4). 

As with the orbiter, an important part of the cut tool is the "inserter" used to attach the tool to the orbiter. 
Because of size constraints, the cut tool has to be attached to the orbiter in a separate operation. With previous 
tooling, there had been problems with controlling the services to the tool. They had been manually fed by the 
operator and through over or under control the cable would sometimes "snag" and cause problems. To address 
the situation, and to take the operator "out of the loop", an automated cable feed system was developed. The 
cable is driven in or out by a motor which drives a long lead screw to which the cables are attached. The cable 
drive is slaved to the orbiter drive to maintain a pre-set amount of slack. For some tools, the first portion of the 
drive also "wrists" the tool (Fig.5), which means that it goes from the low profile shape needed to be inserted 
past the feeder port to the aligned position ready to attach to the orbiter. 

The tools must operate in a very small swept volume (Fig 6) defined radially by the clearance between adjacent 
fuel channels, and axially by the feeders on the outboard side and the bellows (east) or annulus gas system 
(west) on the inboard side. In addition there are a number of special sites near the periphery that have even 
more restrictive obstructions from feeder support brackets. 

Assembly. To assemble the orbiter, the first orbiter half, with its inserter supported from the support ring in a 
sliding block, is passed through the space opposite the feeder port and then rotated behind the feeder port. The 
second half, which includes the drive motor, has an inserter with a fulcrum block that clips to the support ring 
and then slides along the E/F until it is mated with the first half. When the two joint screws are tightened, 
assembly is complete. To prepare for tool acceptance the assembly is slid forward and temporarily locked in 
position using a hydraulically actuated clamp. 

Next, the fulcrum point for the cutting tool/inserter is clipped to the support ring and the assembly slid forward 
until in the vicinity of the toolmount on the orbiter. For some tools, the tool is "wristed" (Fig.5) into alignment 
before being attached to the toolmount using a captured bolt. The correct axial position of the orbiter/tool is set 
by releasing the orbiter clamp and sliding the assembly forward until a probe on the inserter touches the 
reference surface on the tubesheet. The clamp is then reapplied. The inserter is released from the tool and 
pulled back to its parked position where it attaches to the rear of the orbiter. The system is now ready for 
operation (Fig. 6). 

Operation. Before cutting, the tool and its service cables are pre-wound around the fuel channel. This is done 
automatically with the cable feed being synchronized to the orbiter rotation. Once in position, the cutting tool 
motor is started and the plunge cylinder forces the cutter into the surface. The orbiter is then rotated, unwinding 
the cables as the tool cuts a groove in the surface until the component is completely severed. 

INSTALLATION PHASE 

After the old E/F is removed, several intervening operations take place to refurbish and repair the lattice site 
before new E/F's are installed and prepared for welding. The weld operation involves cleaning using a wire 
brush tool, followed by welding and inspection. In the event of a weld defect, contingency repair tools that cut 
or grind the problem area can be installed on the orbiter. 

As the end fittings for the installation phase are installed in one piece, an orbiter is the only appropriate type of 
tool to carry the welding tools. 



The design of the orbiter for the installation phase has taken different routes, depending on whether the job is a 
single channel replacement, or an LSFCR where all the channels are replaced. 

For the single channel replacements, the orbiter used for cutting is again used for the welding operation, with 
the orbiter being installed in-situ on the reactor face after the new channel has been installed. Tooling of this 
type has been supplied to Bruce "A" and to Darlington. 

For the Bruce LSFCR, a design study was carried out in response to the Ontario Hydro planners' desire for a 
system that allowed a flexible approach to the installation sequence. It resulted in a somewhat more complex 
orbiter, but it allows the planner several options in coordinating the face activities because it can be preinstalled 
on the E/F in the assembly area, or installed in-situ on the face. As this orbiter is only used for the LSFCR, it 
has been called the LSFCR installation orbiter. 

Installation Tools 

The LSFCR installation orbiter is similar in concept to the removal series orbiter, but has been changed in detail 
to reflect the requirement for being capable of pre- or in-situ installation (Fig 7). It has the same concept of a 
stationary and rotating ring that split horizontally, but does not have the motor built in because of interference 
with E/F installation tooling and because there is a requirement for hand rotation during the installation phase. 
The orbiter is anchored in place using a mechanical clamp, rather than the hydraulic version on the removal 
orbiter because it would not be practical to maintain hydraulic pressure for preinstalled orbiters. Seven 
dovetailed slots are arrayed around the periphery of the stationary ring to accept either the motor, a handcrank, 
positioning tools or the orbiter inserters as the situation warrants. The 7 slots are situated to accept the 
motor/handcrank or the inserters at any of the 12 different site groupings that occur on the reactor face (Fig 8). 
Face assembly is much the same as with the removal orbiters except the motor/handcrank is separate and the 
inserters are removed. 

Several functions are required during the installation including wire brushing to clean the area to be welded, 
pre-inspection using an orbiter mounted video camera, the actual welding operation plus post weld inspection. In 
the event the weld is defective, cutting or grinding tools are used to remove the defective weld material so it can 
be rewelded. Tasks such as cleaning with a the wire brush tool may be performed by hand control of orbiter 
rotation whereas the welding requires a closely controlled speed feedback to a DC motor orbiter drive. 

An available orbiter mounted video camera is unique in that it incorporates a low powered laser that emits a thin 
plane of light inclined at an angle to the weld preparation area such that variations in the height of the surface 
can be detected. This is useful to detect the radial "fit up" of weld preparations as well as whether a completed 
weld is "concave" or "convex". Normally these features cannot be detected with video cameras alone. 

SUMMARY 

The tooling described above was designed by Spectrum Engineering for Ontario Hydro use on the Bruce 
LSFCR, the Bruce Multi-Channel Fuel Channel Replacement and the Darlington Single Channel Replacement 
Program. 

The approach to the replacement of End Fittings has evolved based on the experience from four Large Scale 
Fuel Channel Replacements at Pickering NGS, the West Shift operation at Bruce NGS as well as many single 
channel replacement operations. All tooling has been developed using the procedures laid out by Ontario 
Hydro's "Program of Quality Engineering for Fuel Channel Replacement Tooling and Equipment". 

The tooling is readily adaptable to other stations with minor design changes to accommodate differences in E/F 
diameter, length and positioning hardware. 
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CANDU SINGLE FUEL CHANNEL REPLACEMENT 

REDUCING TIME AND RADIATION EXPOSURE 

T.A. Hunter and D.R. Pollock 
General Electric Canada Inc. 

107 Park St. North 
Peterborough, Ontario 

K9J 7B5 

With cost pressures on Nuclear Generating Stations there is an ongoing incentive to 
improve fuel channel replacement tooling ana procedures to reduce reactor down time and 
radiation exposure. Improvements have been made on several tools including feeder 
blanking plates, feeder winches, video display, end fitting angle measuring tools, feeder 
bolt removal tools and reactor face shielding. Emphasis in this paper will be on shielding, 
feeder blanking plates and end fitting angle measuring. 

In addition to improved tooling it is equally important to ensure that there are good 
procedures to replace fuel channels with minimum time and radiation exposure. At the 
most recent fuel channel change at Darlington, good procedures and a well trained 
dedicated crew resulted in the fuel channel change being carried out with only 75 hours of 
in-vault time. This represented a significant reduction from previous fuel channel changes. 
Specific times for all single fuel channel changes have not been recorded but this paper 
identifies potential savings of 2 to 3 days with the use of improved tooling. 

PROCEDURES AND QUALITY CONTROL 

In order to carry out a fuel channel change in the shortest period of time it is imperative 
that good procedures are in place with all the necessary quality check points well identified. 
Also required is a well trained crew who are acquainted with all the steps and check points 
in the procedures. In addition a good communication system is necessary to transmit 
information between the reactor vaults and the control center. For Darlington a control 
center was provided that included camera monitoring and voice communication systems. 
With the use of two main cameras on each side of the reactor and miniature cameras 
mounted on various equipment, or simply on extension rods, the quality control 
requirements for the fuel channel change were met. The miniature cameras could be 
maneuvered remotely to various positions of the work site to relay pertinent information to 
the control center for verification. This setup permitted faster decision making, resulting in 
less personnel time in the vault. 

REACTOR FACE SHIELDING 

For the Bruce A Multi Fuel Channel Replacement program a full width shielding canopy 
was provided for each working platform in order to significantly reduce radiation exposure 
to personnel. The canopy was designed to be positioned at the front edge of the platform 
and provide shielding across the entire reactor face. Its construction was of one inch steel 
plate across the front and roof and the roof extended back a distance of five feet. The front 
face had a series of doors that provided access for working on one or two fuel channels at a 
time. The canopy was provided with lighting, electrical, service air, breathing air and 
communication outlets. The time to install and assemble the canopy was estimated at eight 
hours. Depending on the radiation fields in the work area and the number of fuel channels 
to be replaced this time is well spent in reducing overall radiation exposure. This canopy 
could be used for single fuel channel replacement. 
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Figure 1 shows the canopy and working platform mounted on the fuelling machine bridge 
with a flask in place ready to receive an active pressure tube or end fitting. 

FIGURE 1 
CANOPY AND WORKING PLATFORM ARRANGEMENT 

A similar canopy was provided for Darlington Single Fuel Channel Replacement. The two 
canopies differed in width. The Darlington canopy was designed to be installed on the 
platform as a complete unit in less than four hours. It covered approximately 1/3 of the 
reactor face. 

Some of these same principles can be adapted to the CANDU 6 working platform for single 
fuel channel changes. 

FEEDER BLANKING PLATES 

One of the initial steps in replacing a fuel channel in any CANDU reactor is to ensure there 
is positive isolation from the heat transport system; see Figure 2. Previously this was 
accomplished with a system utilizing 2 blanking plates. The procedure, which is still used 
on CANDU 6 reactors, is as follows: 
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5. 

The fuel channel is isolated from the heat 
transport water by using liquid nitrogen to 
form ice plugs in the feeder pipes. 

A blanking plate is installed on the feeder 
pipe with 4 bolts through the feeder flange, 
with the blanking plate sealing against the 
feeder hub. 

Once the fuel channel is replaced, another 
ice plug is formed. 

The feeder blanking plate is removed and 
an isolation plate is installed between the 
feeder hub and the end fitting. 

The hydrostatic pressure test is then 
carried out on new the fuel channel. 

LOCKWIRE 

6. An ice plug is formed for the third time. 

7. The feeder and end fitting are drained of 
water, the isolation plate is removed and 
the feeder pipe is reconnected to the end 
fitting. 

CAPSCREWS 

FLANGE 

HUB 

SEAL RING 

END FITTING 
BODY 

FIGURE 2 
FEEDER CONNECTION ARRANGEMENT 

The new blanking procedure uses only 1 plate. This dual purpose blanking plate is an 
ASME Section III, Class 1 component designed to meet full reactor operating pressure and 
temperature conditions. The blanking plate is made of stainless steel just under 1 inch 
thick with tv/o sets of holes in opposite corners. The holes of one set are threaded to fasten 
the blanking plate to the feeder hub through the flange while the other set are through holes 
to allow bolts to pass through the flange and fasten the blanking plate and feeder hub to the 
end fitting; see Figures 3 and 4. The steps for using this blanking plate are as follows: 

1. The fuel channel is isolated from the heat 
transport water by producing an ice plug in 
the feeder pipe. 

2. A dual purpose blanking plate is installed 
on the feeder pipe, using 2 of the 4 holes 
in the feeder flange. The blanking plate 
seals against the feeder hub 

3. Once the fuel channel is replaced, the 
feeder pipe and blanking plate are fastened 
to the end fitting, using the other 2 holes 
in the feeder flange. 

4. A hydrostatic pressure test is carried out 
on the fuel channel. 

5. An ice plug is formed for the second time. 

6. The feeder and end fitting are drained of 
water, the dual purpose blanking plate is 
removed and the feeder pipe is reconnected 
to the end fitting. 

WASHER' 

O-RING 

FIGURE 3 
FEEDER BLANKED 
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The advantages of the dual purpose blanking 
plate are as follows: 

3. 

It eliminates the need to form one ice 
plug. Installation of an ice plug is 
usually carried out inside the feeder 
cabinet where the radiation levels are 
usually high, ie. 2 to 3 times greater than 
at the reactor face. 

Reducing the number of ice plugs 
minimizes the amount of nitrogen that is 
released into the reactor vault. Nitrogen 
displaces oxygen and can lead to the vault 
being classified as a confined space. This 
leads to additional safety concerns and 
work. 

An estimated savings of 1 to 2 days can be 
achieved using dual purpose blanking 
plates. 

LONG BOLT 

I BLANKING 
PLATE 

FIGURE 4 

END FITTING AND FEEDER BLANKED 

END FITTING ANGLE MEASURING 

During the replacement of a CANDU fuel channel there are two operations which require 
accurate feeder port angle measurements: positioning of the feeder port for the rolling 
operations and welding of the end fitting to the bellows or stop collar. 

Measuring the feeder port angle with the extension plate method is very painstaking and 
time consuming as it involves fastening an extension plate to the feeder port and taking an 
angle reading off the extension plate with a clinometer; see Figure 3. The problems 
installing the extension plate and measuring the angle are as follows: 

CLINOMETER, 

FEEDER PORT 
EXTENSION PLATE 

in-—•• 

U4 
FEEDER 

FEEDER 
FLANGE 

•JWh-
11 I* 'TT~I—r ^ '1 

I I 

LLJ 
i 

. _J 
Y 

END 
FITTING 

FIGURES 

EXTENSION PLATE AND CLINOMETER 



1. The addition of the feeder blanking plate to the feeder hub reduces the space to install 
the extension plate bolts. 

2. When the target feeder pipe is unfastened from the end fitting the feeder pipe springs 
to a position that interferes with the installation of the extension plate. 

3. The proximity of adjacent end fitting feeder pipes makes the work area very congested 
and difficult to access with the extension plate and clinometer. 

All the above space problems can be minimized by the installation of feeder spreading and 
jacking equipment. Although the feeder equipment helps, many hours are spent installing 
it and moving the feeder pipes to allow access for installation of the extension plate and 
clinometer. This work usually involves two or more mechanics thus expending time and 
increasing exposure. This system is still used on CANDU 6 and Pickering reactors 
although other methods are being reviewed. 

To overcome the problems described in the extension plate method an alternative means of 
end fitting angle measuring was devised for Bruce and Darlington. The Bruce and 
Darlington fuel channels have closure plugs which lock into the end fittings using an 
interrupted thread or breech arrangement. This provides convenient surfaces from which 
the angular orientation of the end fitting can be referenced. 

The Expander Support Sleeve and the Breech Mounted Clinometer Base make use of these 
surfaces for setting and measuring the angle. Since both tools use the same principle only 
the latter will be discussed in this paper; see Figure 5. 

END FITTING 

BREECH MOUNTED 
CLINOMETER BASE 

FIGURE 6 
BREECH MOUNTED CLINOMETER BASE 
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The Breech Mounted Clinometer base fits 
into the breech of the end fitting and 
references off the interrupted thread ends 
which are accurately machined with respect 
to the feeder port. The base has a pad on 
which a clinometer can be placed, 
permitting angular orientation or the end 
fitting to be set or measured. 

The tool has a locating lug which fits into 
the interruption in the breech thread. The 
lug is split at an angle into fixed and 
floating segments; see Figure 7. When the 
floating segment is adjusted axially the 
fixed segment is wedged against the ends of 
the breech threads, thereby positioning the 
tool accurately with respect to the feeder 
port. 

Fine adjustments to the end fitting angle 
can be achieved by means of two screws in 
the yoke to the left of the clinometer pad. 
The screws react against a pin in the end 
fitting clamping tool. 

Figure 8 shows the clinometer in place on 
the pad of the clinometer base. 

The calibration process for the breech 
mounted clinometer base involves choosing 
an end fitting and positioning the feeder 
port at approximately the correct angle. 
The location of the thread ends on the right 
side of the top breech position is then 
accurately measured (to the nearest second) 
with respect to the feeder port. This is 
the calibration standard reference angle. 
The end fitting is identified with 
appropriate information and set aside for 
use as a standard. 

Using a clinometer on the feeder port, the 
calibrated end fitting is set at its 
reference angle. The clinometer base is 
installed into the end fitting with the 
locating lug in the top breech position. 
The clinometer is then placed on tne pad of 
the clinometer base and an angle reading of 
zero degrees will confirm the accuracy of 
the tool. Shims are inserted under the pad 
to correct any discrepancies. 

Testing of the breech mounted angle 
measuring tools in the lab, using a variety 
of end fittings, has indicated repeatability 
within five minutes. 

FIXED 

u X 
FLOATING ADJUSTING 

SCREW 

FIGURE 7 
LOCATING LUG 

.CLINOMETER 

BREECH 
MOUNTED 

CLINOMETER 
BASE 

_ END 
FITTING 

FIGURES 
CLINOMETER MOUNTED ON CLINOMETER BASE 
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To measure the feeder port angle with the new tool, the tool is installed in the end fitting 
with the locating lug positioned at the 12 o'clock breech position. The adjusting screw of 
the locating lug is then tightened to a specified torque, using a wrench with a torque 
limiting device. A clinometer is placed on the clinometer pad and a reading is taken. If 
the end fitting feeder port is at the correct angle then the clinometer will read zero. The 
tools can also be installed in the other breech positions if required; then the reference angle 
will be 90 degrees for the two side lugs and zero degrees for the bottom lug. These 
alternative positions are only used in adverse conditions or when the installation of other 
tooling will interfere with the clinometer base. 

This new means of setting and measuring the end fitting angle has resulted in time savings 
of 6 to 12 hours, depending on the location of the fuel channel being changed. 

SUMMARY 

This paper has touched briefly on the value of good planning, procedures and shielding for 
CANDU single fuel channel replacement and how provisions of two relatively simple tools 
can result in significant reductions in schedule and radiation exposure. There are other 
areas where improvements have been made and undoubtedly there are many more to be 
discovered. 

In the fuel channel tooling business there has been continual improvement as designs 
evolved. In order to further reduce time and radiation exposure, this process needs to 
continue. We must keep an open mind to change and new ideas. On one hand we need to 
take a fresh look at old tasks but on the other hand we must be careful not to "reinvent the 
wheel". 

7 



WEDNESDAY OCTOBER 6 

10:30-12:00 Session C25: Waste Management 2 
Kent Room 
Chaired by: J. Graham (British Nuclear Fuels Ltd.) 

C25.1 Progress at AECL Research's Underground Research Laboratory 
by G.R. Simmons (AECL Research, WL) 

C25.2 The Role of Engineered Barriers in the Disposal of Nuclear Fuel Waste - The 
Canadian Perspective 
by K. Nuttall and L.H. Johnson (AECL Research, WL) 

C25.3 Sulfur Polymer Cement, A Solidification and Stabilization Agent for Radioactive and 
Hazardous Wastes 
by G.R. Darnell (INEL-EG&G Idaho, Inc.) 

C25.4 The Cigar Lake Analog Study: An International R&D Project 
by J.J. Cramer and F.P. Sargent (AECL Research, WL) 



PROGRESS AT AECL'S UNDERGROUND RESEARCH LABORATORY 

Gary R. Simmons 

AECL Research, Whiteshell Laboratories r. - , ., • -_,., ,^ 
Pinawa, Manitoba, Canada ROE 1L0 ' 

1. INTRODUCTION 
The Underground Research Laboratory (URL), a research and development facility, has been constructed by 

AECL Research near Pinawa, Manitoba for the Canadian Nuclear Fuel Waste Management Program (CNFWMP). The 
CNFWMP is developing the technology to engineer the safe and permanent disposal of Canada's nuclear fuel wastes 
[1]. A forma] public review of this technology is now under way as part of the Federal Environmental Assessment and 
Review process. 

The URL (Figure 1) currently comprises surface support facilities, a vertical shaft to a depth of 443 m, small 
shaft stations at depths of 130 m and 300 m, and major testing levels at 240 m and 420 m. A small ventilation shaft 
connects the 420 Level, the 240 Level and ground surface. Approximately 80 to 100 AECL and contract staff work on 
projects in the URL directed to investigating issues relevant to nuclear fuel waste disposal. 

The URL and AECL's studies have attracted the interest of national and international organizations and agencies. 
Several of these have either arranged to have specific tests conducted in the URL or to participate in AECL's planned 
activities. For example, the Japan Atomic Energy Research Institute and the Agence Nationale pour la Gestion des 
Déchets Radioactifs (ANDRA) have arranged to have their experiments done in the URL; and ANDRA, the CANDU 
Owners Group, the Swedish Nuclear Fuel and Waste Management Company, and the United States Department of 
Energy have concluded agreements to participate in AECL's experiments. 

2. HISTORICAL PERSPECTIVE 
During the development of the CNFWMP in the 1970s, the need for an underground facility to conduct large-

scale multidisciplinary experiments and demonstration tests was recognized. Several facility concepts were assessed [2], 
and an underground research laboratory at a reasonable depth with a vertical access shaft was selected by AECL [3]. 
The initial phases of the URL Project were Site Evaluation and Construction. Site Evaluation, a comprehensive 
geotechnical characterization of the URL, began in 1980 with regional reconnaissance studies and then more detailed 
site characterization. Monitoring of many of the instruments installed during Site Evaluation will continue at least until 
the end of URL operation. The Construction Phase began with construction of the shaft collar in 1983 and ended in 
1990 with completion of underground access and services to all levels. The present phase of the URL, the Operating 
Phase, began in 1989 and will continue until 2011. 

The Site Evaluation phase began with regional reconnaissance of the Lac du Bonnet batholith, which is 
considered to be representative of many large granitic intrusions of the Canadian Shield. The batholith, dated as Late 
Kenoran age (2680 Ma), is a relatively undifferentiated pink and grey massive porphyritic granite-granodiorite, which 
displays some subhorizontal gneissic banding [4,5]. This regional reconnaissance work resulted in the identification of 
eight potential sites and the selection of the URL site shown on Figure 2 in 1980. The selected site was leased from the 
Government of Manitoba. The surface and subsurface leases allow excavation, drilling and testing for research 
purposes, but exclude the use of radioactive wastes. 

The detailed characterization of the selected site revealed three major low-dipping fracture zones, which control 
the large scale patterns of groundwater movement and groundwater chemistry within the rock mass (Figure 3). Other 
permeable, subvertical fracture zones correspond to the locations of surface topography lineaments; however, their 
depths were only inferred from groundwater pressure-response observations made during some of the large-scale 
groundwater pumping tests. Except for these distinctive fracture zones, the rock mass below 300 m was found to be 
relatively unfractured, with fracturing being more pronounced near the surface. This work also revealed a complex 
spatial pattern of hydraulic conductivity within each of the fracture zones. These patterns also controlled the local-scale 
patterns of groundwater movement and the distribution of groundwater chemistry within the fracture zones themselves 
[5]. 

Construction of site access and services began in 1982, In 1983 a 15-m deep shaft collar was excavated to install 
the foundation for the headframe. Shaft excavation resumed in 1984 and a rectangular shaft, 2.8 m by 4.9 m in cross 
section, was completed to the 255-m depth in 1985. Between 1985 and 1987, the 240 Level access tunnels were 
developed and the ventilation raise was excavated between the 240 Level and the surface. During 1987 and 1988, a 
4.6-m-diameter circular shaft was extended to the 443-m depth. The final activity of the Construction Phase, boring of 
the ventilation raise from the 420 Level to the 240 Level, was completed in 1990. 
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Particular emphasis was placed in the Construction Phase on the development and demonstration of 
characterization and testing methods applicable to exploratory excavation and •.,-> disposal vault characterization during 
construction and operation. A full geotechnical characterization program was conducted during this phase. Combining 
the geotechnical activities, many of which were of an R&D nature, and the construction activities in an effective and 
safe manner was one of the major challenges. A project management and control system was developed during the 
Construction Phase to manage this integrated project effectively [6]. 

3. AECL RESEARCH'S PROGRAM OF OPERATING PHASE EXPERIMENTS 
The Operating Phase activities have been consolidated into nine multidisciplinary studies gnd experiments, which 

may be grouped as follows: 
Characterization Methods Development and Demonstration, 
Solute Transport Studies, 
Excavation Response Studies, 
Vault Sealing Studies, and 
Disposal Vault Emplacement Room Simulations. 

Of the nine planned activities, seven are under way and are discussed briefly below. The other two, scheduled 
for implementation in the future, are: 

Shaft Sealing Experiment: A study of materials and emplacement methods for a shaft seal, and the 
performance of components of a high-quality sealing system. 
Multicomponent Experiment: A study of many aspects of the disposal concept, including buffer 
emplacement and room backfilling and sealing, to gather data on the performance of a fully backfilled room 
under the influence of moisture and heating. 

The process of selecting and approving the nine specific studies and experiments is described in reference 7. 

4. CURRENT STATUS OF AECL RESEARCH'S OPERATING-PHASE EXPERIMENTS 

4.1 URL Characterization Program 
The objective of the URL Characterization Program is to develop and demonstrate a methodology for 

underground characterization, to apply it to the siting ami analysis of URL experiments, and to contribute to other large-
scale geological studies of the Lac du Bonnet batholith. In this activity, which began in 1980, the methods, equipment 
and procedures have been selected, developed or modified for gathering geotechnical information during the 
development of an underground facility. For the URL activities and in the future development of a disposal vault, this 
information may be used for facility design; to confirm or extend the geological, geochemical, hydrogeological and 
geomechanical understanding of the site; and to develop and test models for design and performance assessment. Within 
this activity we also maintain the database on the characteristics of the URL rock mass for use in designing and 
establishing boundary conditions for experiments. 

The background data and the continuous monitoring of hydrogeological, geochemical and geomechanical 
conditions at the URL provide an excellent database and environment for continued development and demonstration of 
characterization methods. Two examples are a well-understood stress environment for testing new stress determination 
methods and analyzing experiment responses and a well-understood geologic environment for testing new or improved 
geophysical methods. 

The development and demonstration of methods for underground site characterization during construction is 
essentially complete. The results have been documented in several papers and reports, and have been compiled in a 
report "An Approach to Underground Characterization of a Disposal Vault m Granite" [8]. 

4.2 In Situ Stress Program 
The objective of the In Situ Stress Program is to develop and demonstrate tools and equipment for determining in 

situ stress, to improve methods of analysis used to calculate the stress from field measurements, and to determine the 
influence of various physical factors on the calculated in situ stress. The Program has met essentially all its objectives. 

We have refined the methods of stress determination in hard crystalline rock and have confirmed that structural 
features such as microcracks and large thrust faults influence the determination and characteristics of the in situ stress 
conditions. Major geological features such as thrust faults may act as in situ stress domain boundaries, and both the 
stress magnitudes and orientation may change across these boundaries. The stiffness of the rock varies with the extent 
and scale of fracturing in a rock mass and can influence the distribution of stresses on a large scale. The in situ stresses 
may be higher in bodies of sparsely fractured rock than the average stress conditions published for the Canadian Shield. 

Overcoring methods of stress determination arc effective in moderately stressed rock. There is no single 
technique that will provide results in highly stressed rock. A combination of techniques such as microseismic 
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monitoring, convergence measurements ant' physical observation will provide îesults with a reasonable confidence. The 
hydraulic fracturing technique might be developed for borehole determination of in situ stress in highly stressed rock. 
Work is under way with contractors to extern! the capabilities of the hydraulic fracturing method. 

4.3 Study of Solute Transport in Richly Fractured Rock 
The objectives of the Study of Solute Transport in Highly Fractured Rock are to understand solute transport in 

zones of highly fractured rock and to develop and demonstrate methods for determining transport properties in such 
zones at prospective disposal sites. To achieve these objectives, we have conducted two sets of groundwater tracer tests 
at the URL to study the solute transport properties of the major low-dipping fracture zones FZ 2 and FZ 3 (Figure 3). 
Estimates of such properties are required at local and regional scales for the development of groundwater flow and 
solute transport models being used to evaluate the concept of disposal of nuclear fuel waste deep in the plutonic rock of 
the Canadian Shield. 
Fracture Zone 3 Tracer Tests 

One series of four groundwater tracer tests has been conducted in FZ 3 in which the groundwater flow has been 
disturbed by the excavation of the URL shafts. An array of boreholes drilled from the surface intersect FZ 3 at various 
distances and directions from the URL shafts. In each test, groundwater tracers were injected into the radially 
converging groundwater flow system at distances between 60 and 160 m from the shafts. The tracers that reached the 
shafts were collected at groundwater seepage locations in the access shaft and ventilation raise near FZ 3. 

In these tests it was determined that transport occurs in both the fracture zone and in the network of subvertical 
fractures surrounding the zone. There appear to be variations within the subvertical fractures that affect the solute 
transport, and multiple tracer pathways were evident in some of the individual fractures. It was also found that 
fluorescein and rhodamine WT do not behave as conservative groundwater tracers in the fractures at the URL [9]. 
Fracture Zone 2 Tracer Tests 

Another set of seven groundwater tracer tests has been performed successfully in a relatively uniform region of 
high permeability within FZ 2, where there are numerous boreholes available for testing [10]. These boreholes provide 
an array to examine the scale- and direction-dependent hydraulic properties of the fracture zone. The tracer experiments 
are being conducted as two-well recirculating tests between several pairs of boreholes at spacings ranging from 20 m to 
210 m. Conservative nonsorbing groundwater tracers (iodide and bromide) were injected as pulse sources, and tracer 
concentrations in the recirculated water were monitored throughout the duration of each test. 

Well-defined tracer breakthrough curves have been obtained for each test. At a transport scale of less than about 
20 m, double sharp tracer peaks were observed in the tracer breakthrough curves. The second peaks may be caused by 
recirculation or flow channelling. At a transport scale of about 30 m and greater, single, well-dispersed tracer 
concentration peaks were observed for most tests. These results suggest that there is an averaging of the solute transport 
properties at the larger transport scale within the fracture zone [10]. 

Equivalent porous media transport models are being used to describe fluid flow and solute advection and 
dispersion within the large fracture zones. The equations are solved using the finite-element code MOTIF (Model of 
Transport In Fractured/Porous Media) developed by AECL. The fracture zone has been represented by two-
dimensional quadrilateral elements of differing thickness, permeability, porosity and orientation in three-dimensional 
space. The material properties estimated from borehole logs and surveys and hydraulic tests, and the hydraulic pressure 
responses observed during the tracer tests are being used to calibrate the groundwater flow component of the model. 
The tracer breakthrough data are then used to calibrate the transport porosity and dispersivity characteristics of the 
model. 

The simulation results obtained so far indicate that the equivalent porous media approach is suitable for 
modelling fluid flow and solute transport in the major fracture zones at the URL [10]. The transport porosity and 
dispersivity characteristics vary spatially, with channelling being significant at small scales. Future modelling will 
examine the scale dépendance of the solute transport properties at increasing distances and will investigate the 
complexity required to represent all the test results. 

4.4 Buffer/Container Experiment 
The Buffer/Container Experiment is examining the full-scale, in situ performance of the reference buffer material 

in a single emplacement borehole environment under the effect of heat. It is an engineering demonstration of aspects of 
borehole emplacement and a field test to collect a database for improvement and validation of models of the coupled 
processes that will occur in the highly compacted clay-based buffer and the rock mass surrounding an electrical heater. 
Test l 

The current heated test, Test 1, was initiated in 1991 (see Figure 4 for the Test 1 geometry). In this test, 
groundwater is available to the buffer at the rate naturally supplied by the intact rock. Thermally induced drying of the 
buffer closer to the heater is anticipated, with the moisture migrating to the outer regions of the buffer. Only limited 
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groundwater recharge from the borehole wall is expected, in which case only modest clay swelling pressures would be 
produced. 

The hydrogeological monitoring and analyses carried out for the Buffer/Container Experiment demonstrated that 
it is possible to characterize the flow fields in the low-permeability granite adjacent to an emplacement borehole [11]. 
Most notably, computed moisture fluxes into the emplacement borehole, based on hydraulic transmissivities measured in 
100-mm-diameter boreholes, compare very well with measured in flows in the emplacement borehole. In terms of in 
situ buffer performance, this allows the hydraulic interaction between the bentonite-based buffer and the granite to be 
both observed and analyzed. 

By the end of 1993 June, Test 1 had been operating for 84 weeks. The heater skin temperature has essentially 
reached equilibrium at about 85°C under the applied 1200-W power output. The system has essentially reached thermal 
steady state. Control of the heater power output has been excellent throughout the test. The mid-heater temperature 
distribution in the experiment is shown in Figure 5. The consistency in thermal gradients in the buffer with time as the 
system temperatures approach steady state implies that no significant change in the thermal properties of the buffer has 
occurred. Thermal analyses to date, however, indicate that the sand has a higher than expected thermal conductivity, 
possibly because of compression of the sand layer related to heater expansion. 

Although the test is essentially at thermal equilibrium, other transient responses have been measured. These 
include moisture measurements in the buffer and pore pressures in the rock, indicating that the local moisture conditions 
may be changing with time. The experiment will continue to operate during 1993 while the conditions to be satisfied 
prior to decommissioning the test are established and while the apparent moisture transients are investigated. 
Isothermal Test 

A buffer/granite/concrete plug interaction test, the Isothermal Test, has been started to aid in distinguishing 
between moisture migration caused by the thermal gradient and by the hydraulic gradient. The test is installed in 
another 1.24-m-diameter by 5-m-deep borehole on the 240 Level in an area that had already been characterized 
hydrogeologically. 

The main objectives of this test are to assess isothermal buffer/rock/concrete plug hydraulic and mechanical 
interaction over an extended time period, to provide data to calibrate the isothermal moisture transfer aspects of the 
coupled heat/moisture flow models using a water potential formulation, and to provide experience with additional buffer 
instruments such as electrical impedance-based moisture sensors and soil stress inclusion gauges. 

The test consists of a 2-m section of in situ compacted, instrumented buffer overlain by a concrete plug for 
sealing and restraint. Besides allowing an assessment of isothermal buffer/rock/concrete plug hydraulic and mechanical 
interaction over an extended time period, this test is our first experience with the application of concrete in a URL 
sealing experiment, and will provide important preliminary data on its in situ performance. 

The Isodiermal Test was sealed, and monitoring started in 1992 November. It is proposed to leave the test for 
three to four years. For test decommissioning, the concrete plug will be removed and samples of buffer will be taken 
for analyses to confirm the water content measurements taken throughout the test. 

4.5 Mine-By Experiment 
During development of a disposal facility, knowledge of the response of the rock to excavation will be needed to 

help optimize many elements of the design, including the depth of disposal, the layout of tunnels and rooms, the 
excavation method and geometry, the spacing of waste containers, and the emplacement of seals. The Mine-by 
Experiment is designed to address some of these issues and, in particular, is aimed at characterizing excavation-induced 
damage and developing numerical modelling capabilities to better understand rock mass behaviour around an 
underground opening in massive brittle rock. It is being conducted in three phases: the excavation test, the connected 
permeability test, and the heated excavation test. 
Excavation Test 

The final arrangement of the Mine-by Experiment developed for the excavation test [12] is shown in Figure 6. 
The wall-to-wall spacing between the instrument galleries and die test tunnel is approximately 18.5 m. The circular test 
tunnel was excavated parallel to the minimum horizontal stress, and was initially 46 m long and 3.5 m in diameter. 
Following the excavation response measurements, the first 15 m of the room was slashed to a width of 5.0 m and a 
height of 4.5 m to study the effect of the slash on the visible excavation damage. 

The selected excavation method (Figure 7) for the test runnel incorporated four initial rounds done entirely or 
partially with careful drill-and-blast, with the balance excavated by first line-drilling the complete perimeter of the 
tunnel to the desired round length (generally 1.0 m or 0.5 m), and then progressively breaking out the interior of the 
round with hydraulic rock splitters. This method provided access for frequent monitoring, flexibility in scheduling and 
excavation size, and eliminated the percussive effects of explosives. 

The in situ stresses and geomechanical properties around the 420 Level influence the results of the excavation 
test. The subhorizontal principal stresses are 55 and 48 MPa, and the subvertical principal stress is 14 MPa oriented 
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14° from vertical. The test tunnel passes through both granite and granodiorite whose properties are very similar 
although the uniaxial compressive strength of the granodiorite is slightly higher than that of the granite (228 ± 20 M Pa 
to 213 ± 20 MPa). 

The instrumentation arrangement for the excavation test is shown in Figure 6. The excavation of the test tunnel 
began in 1992 January and was completed in 1992 August. Detailed geotechnical characterization, precise instrument 
location and instrument removal, and post-excavation geophysical testing have been completed. The effect of the 
additional slashing done between 1993 January and April on the continuation and extent of the breakout in the room 
perimeter has been monitored. These data and the data collected during initial test runnel excavation will be analyzed 
and reported over the next 12 months. 

Modelling for analyses of the Mine-by Experiment excavation test ranges from the simple two-dimensional 
elastic solution for a circular opening to three-dimensional modelling with a uniquely derived laboratory-based 
constitutive model with five functional parameters. The objectives of the various modelling efforts dictate their 
complexity. It is becoming more and more apparent, however, that what provides the most accurate prediction of the 
failure zone is an elastic analysis using stepwise removal of the material that analysis at each step indicates as being 
"overstressed. " 

The difficulty that arises is establishing the in situ strength for the intact granite. Although the laboratory-
derived strength based on the onset of unstable crack growth is about 150 to 170 MPa, it appears that the process of 
creating an excavation in a stressed medium results in cracking and weakening of the rock ahead of the tunnel face. 
This causes the stress level associated with unstable crack growth to decrease dramatically to the stress level associated 
with crack initiation [13], and results in breakouts on the room perimeter at a lower stress than would otherwise be 
expected. 

Our studies have confirmed that the strength of rock is made up of two components: the intrinsic strength or 
cohesion, and the factional strength. For engineering purposes it is assumed that these components are mobilized at the 
same displacements such that both components can be relied on simultaneously. Damage testing of intact samples of 
Lac du Bonnet granite has shown that cohesion is reduced as friction is mobilized in a sample. This progressive loss of 
intrinsic strength and mobilization of friction is modelled using the Griffith locus based on a sliding crack model. There 
appears to be a maximum cohesion that can be relied on for engineering purposes, and this strength is less than half of 
the un con fined compressive strength measured in the laboratory. 
Connected Permeability Test 

Excavation response tests in the shafts during excavation, in Room 209 on the 240 Level, and in the Mine-by 
Experiment have extended our understanding of the response of rock to excavation at a range of stress levels. 
Instrumentation and techniques have been demonstrated to measure the responses invasively and remotely. The 
responses are related to in situ stress level, lithology, local geological structures, and to the excavation method. At least 
locally, there is a connected permeable pathway for hydraulic transport that parallels the excavation and extends a few 
centimetres into the rock. 

The Connected Permeability Test, a joint activity with ANDRA, is being installed to study the extent and 
significance of connected permeability in the excavation-disturbed zone around the Mine-by test tunnel. The design of 
this test is based on experience gained in the URL shafts and in the Room 209 Excavation Response Test. 

To date, a slot has been excavated into the floor of Room 415 to allow the observation of rock conditions and the 
collection of water that may seep through connected fractures in the floor during hydraulic testing. The slot has been 
excavated across the room to a depth of 2 m and a length of 4.2 m. A thermal imaging system supplied by ANDRA has 
been used to monitor for conductive fractures during heating of the end of the room. This will be followed by 
construction of a water-retaining dam across Room 415, and attempts to cause water to move through the excavation 
damage zone in the floor of the room. 
Heated Excavation Test 

The. Heated Excavation Test currently being planned will assess the effect of heating on the excavation response 
of the rock around the Mine-by test tunnel. Large-diameter drilling will be the excavation method in this test. 

4.6 Study of Solute Transport in Moderately Fractured Rock 
The objective of the Study of Solute Transport in Moderately Fractured Rock is to understand the factors that 

influence solute transport in moderately fractured rock, to demonstrate methods for determining the transport properties 
in such rock, and to gather data for use in assessing the effectiveness of equivalent porous media modelling for 
simulating such transport. 

Current information on the characteristics of a proposed experiment location near the 240 Level is being assessed. 
Three additional boreholes were drilled during early 1993 to obtain additional data. If the assessment of these data 
confirms the suitability of the location, the excavation of an access tunnel to the test area will begin. 
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4.7 Grouting Experiment 
The Grouting Experiment is being developed as an engineering demonstration of the grouting of a fracture zone 

and a field test of the materials and methods for grout application that are under development in the CNFWMP. The 
objective for 1993 is to prepare an experiment plan. 

As a prelude to this experiment, a field trial of cement-based grout application was conducted in 1987 as part of 
the extension of the URL access shaft to a depth of 443 m [14]. In these trials, low-water/cement-ratio (0.6 and 0.4) 
grouts comprising reground sulphate-resistant portland cement, .10% by weight silica fume and superplasticizer were 
injected into FZ 2 near the shaft. In laboratory tests, these grouts exhibited hydraulic conductivities of about 10'14 m/s, 
similar to intact granite. As well, the unset grouts did not exhibit any segregation or chemical bleeding, important 
factors for grout effectiveness and groundwater contamination in waste disposal applications. The superplasticizer gave 
the grout mixes the lower viscosity that was necessary to inject them into fractures. In the field trials, the grouts 
appeared capable of penetrating fissures in the rock with apertures as small as 20 urn. 

In this field trial, acoustic emission monitoring and electromagnetic tomography were applied to track the 
progress of grouting. Although the results were not definitive, the experience indicates the potential for geophysics in 
monitoring grout applications. 

5. SUMMARY 
As the experiments and studies at the URL have progressed, we have learned much that is essential to showing 

the feasibility and safety of AECL's concept for nuclear fuel waste disposal. As briefly discussed above, we have 
demonstrated many aspects of geotechnical characterization from the surface and underground and are now conducting 
studies into specific issues of rock strength, rock failure, solute transport and excavation disturbance. Specific studies in 
the area of vault sealing technology are in progress and planned. As well, the expertise that has been developed in the 
URL project is contributing to the preparation of documentation for the Environmental Impact Statement and will be 
available to participants in the regulatory and public review. 
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SUMMARY 

The concept developed in Canada for disposing of nuclear fuel waste is disposal at a depth of 500-1000 m in 
plutonic rock of the Canadian Shield. The waste would be isolated from the biosphere by a multi-barrier system 
consisting of engineered components supplementing the natural containment potential of the host-rock. The key 
engineered barriers are the waste form itself (used Candu fuel), the container that holds the waste form, and 
sealing materials used to envelop the container and to backfill and seal the vault excavations. 

During the past fourteen years, AECL has carried out a comprehensive research program on the design, 
materials selection, and performance assessment of engineered barriers. The research has recognized the generic 
nature of the concept development phase of the program whilst taking account of the key parameters 
characteristic of the plutonic rock disposal environment. The research approach has included studies of 
underlying processes, large-scale component testing and demonstration, conceptual engineering, model 
development and the study of natural analogs. On the basis of the research we have: 

developed a number of container designs that meet the primary structural requirements that will exist in a 
disposal vault. 

demonstrated that both copper and titanium can provide long-term containment of the waste; depending 
on material choice and container wall thickness, lifetimes between 10 and 10 years are considered 
achievable. 

demonstrated that intact used fuel bundles are a highly durable waste form from which most of the 
radionuclides will be released at a slow rate controlled by the low solubility of the U0 2 fuel matrix. 

demonstrated that cement- and clay-based materials can provide effective sealing of excavated openings 
and a physico-chemical environment that ensures that radionuclide transport between the container and 
the host rock occurs primarily by diffusion rather than by groundwater flow. 

The results have demonstrated that there is considerable flexibility in the selection of materials and designs for 
engineered barriers for a disposal system in plutonic rock that could meet potential constraints that might be 
imposed by conditions at an actual disposal site. 

1. INTRODUCTION 

Canada generates about IS % of its electricity from nuclear power, using CANDU heavy-water moderated 
reactors with a total installed capacity of about 15 GWe. About 16000 Mg(U) of used fuel is in storage at 
reactor sites, all in the form of intact used natural uranium fuel assemblies. Additional used fuel is produced at 
a rate of about 1 800 Mg(U) per year. Although used-fuel storage has been demonstrated to be safe and 
reliable, and can continue for many decades, it is recognized that storage is only an interim solution, and that 
disposal should be the final step in the nuclear fuel cycle. The objective is to isolate the nuclear fuel waste from 
the biosphere in such a manner than no responsibility or burden would be passed on to future generations. 
Canada does not reprocess used fuel and, consequently, the direct disposal of fuel is the primary focus of the 
fuel cycle. However, there is an international consensus that both used fuel and solidified waste from 
reprocessing are acceptable waste forms for disposal, so that there are no major technological barriers to the 
future implementation of reprocessing in Canada. 

Since 1978, Atomic Energy of Canada (AECL) has been carrying out a generic research and development 
program, referred to as the Canadian Nuclear Fuel Waste Management Program (CNFWMP), to assess the 
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concept of disposing of nuclear fuel waste deep in plutonic rock of the Canadian Shield [1,2]. A multi-barrier 
containment system has been adopted in which the natural retardation provided by the geologic medium is 
supplemented by passive engineered barriers. 

The research and development program has had three primary goals: 

to develop and demonstrate the technology required to site, design, build and operate a disposal facility 
in plutonic rock that will satisfy Canadian regulatory criteria, 

to develop and demonstrate a methodology to evaluate the performance of a disposal system against the 
regulatory criteria, and 

to show that suitable sites in plutonic rock are likely to exist that, when combined with a suitably 
designed facility, would meet the regulatory criteria. 

The research program is now well advanced and a robust and flexible concept for the disposal of nuclear fuel 
waste has been developed. The findings of the research are presently being documented in an Environmental 
Impact Statement that will be reviewed under the Canadian Environmental Assessment and Review Process. 
This paper briefly describes the research on engineered barriers, highlighting the factors of importance to barrier 
design and reviewing our present understanding of the characteristics and processes that influence barrier 
performance. 

2. ROLE OF ENGINEERED BARRIERS 

Engineered barriers in a disposal facility are a series of "man-made" structures designed to supplement the 
natural containment potential provided by the host disposal medium. The specific designs and materials selected 
for engineered barriers will depend on the type of disposal medium being considered and, in particular, the 
quality and geological characteristics of the host medium. More specifically, in a given medium, the 
characteristics of a specific site being evaluated for disposal will influence the selection of designs and materials 
for the engineered barriers. Consequently, the multibarrier philosophy is important since it provides the 
flexibility to optimize the combined performance of the engineered and natural barriers to design a disposal 
system that meets the required environmental and safety standards. 

The main components of the engineered barriers system [3] are common to the disposal concepts of most 
countries and comprise: 

a durable waste form which is either used fuel or solidified high level waste from fuel reprocessing, 

a container, in which the waste is sealed, with a minimum lifetime of 300-1000 years, based on the 
characteristics of the waste, and 

a system of seals based on clay or cement materials designed to seal and fill the disposal vault; the main 
seals are the buffer, surrounding the containers, the backfill used to seal most of the remaining 
underground excavations, and special grouts, plugs and bulkheads to control localized hydraulically 
active regions of the rock and to supplement the sealing properties of the buffer and backfill. 

3. CANADIAN PERSPECTIVE 

Guidinp Principles 

The approach taken to developing and assessing engineered barriers in the CNFWMP has been guided by a 
number of broad principles, outlined below, that mainly stem from the generic, non-site-specific mandate of the 
program [4] and the regulatory requirements for disposal in Canada [5,6]. 

The engineered barriers should be compatible with disposal at depths of 500-1000 m in plutonic rock of 
the Canadian Shield. 
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The designs and materials used for engineered barriers, and the operational activities necessary for their 
manufacture and emplacement, should be technically feasible with available technology or with 
reasonably achievable developments. 

The approach to designing engineered barriers should be flexible so that a range of design options are 
available to accommodate potential constraints on vault design that might be imposed by the 
characteristics of an actual disposal site. 

The engineered barriers are integral components of the disposal system and, consequently, their 
performance should be assessed in terms of the performance of the overall disposal system rather than by 
imposing quantitative performance targets for individual barriers, 

4. BASIC DESIGN FACTORS 

In considering the design and performance of engineered structures, there are generally a number of basic 
factors characteristic of the service environment that influence, and possibly constrain, the design objectives and 
limits of performance of the structure. Moreover, these factors are generally not independent and will interact 
with each other, in addition to varying with time. In the context of permanent underground disposal of nuclear 
fuel waste, the "service" duration is tens of thousands of years, time-frames that are unique in the design of 
engineered structures. The key factors relevant to the disposal environment are discussed below. 

Temperature 

Nuclear fuel waste, whether used fuel or vitrified reprocessing waste, contains radionuclides that provide a 
time-dependent source of thermal energy due to their decay. The characteristics of the resultant temperature 
transient in a disposal vault, but particularly the peak temperature and its duration, can be controlled by the age 
of the waste at the time of disposal, the amount of waste in each container and the spatial distribution of 
containers in the vault. 

Since temperature will influence the nature and kinetics of chemical reactions involving the engineered barrier 
materials (and the host rock), and their physical and mechanical properties, it is an important parameter in the 
design and selection of materials for the barriers. Based on extensive reviews of industrial experience with 
candidate engineering materials, and of research and testing data, an upper temperature limit of 100°C was 
recommended for the disposal container in the Canadian program. This was a provisional recommendation 
made primarily for the purpose of establishing reference values of basic parameters required for carrying out 
conceptual engineering design studies and performance assessments of a hypothetical disposal facility. Ongoing 
research on the properties of engineered barrier materials has confirmed the appropriateness of this limit. 
Comparable temperature limits have been used in most waste disposal programs. 

Chemistry 

The chemistry of the disposal environment and its evolution with time is a major factor influencing the design of 
engineered barriers. Although the natural geochemical and hydrogeochemical characteristics of the groundwater 
and host rock are important, the groundwater that initially contacts the engineered barriers will be relatively 
oxidizing until the oxygen introduced during vault operations is consumed by reactions with oxidizable minerals 
in the granite. The groundwater chemistry will be further modified by interactions with the relatively large 
volumes of sealing materials, and by radiolysis. Consequently, it is the performance of the engineered barriers 
in this chemically evolving environment that is important to their design and potential durability. 

Groundwaters in the Canadian Shield are expected to be relatively saline, particularly at depths of 500-1000 m, 
compared with granitic rock bodies being investigated in other countries [7]. Such conditions will require the 
use of a corrosion-resistant material for the disposal container; a range of materials have been evaluated in the 
CNFWMP with the major emphasis placed on copper and dilute titanium alloys [3]. 
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Radiation 

In addition to causing the temperature transient, radionuclide decay results in a radiation field in the immediate 
vicinity of the container that decreases with time in a fashion dependent on the characteristics of the waste form. 
In general, the radiation levels are quite predictable because the nature of radioactive decay and the attenuation 
of radioactivity is well understood. However, the effects of radiation on the materials of the vault, although 
understood qualitatively, require careful consideration and evaluation in designing the engineered barriers. In 
general, there are two key effects of radiation. The first, solid state damage to the materials in the vault, is 
unlikely to be a significant factor with regard to barrier performance at the radiation levels expected. The 
second is radiolysis, which causes changes in the redox potential of the groundwater, and has implications for 
the corrosion of the waste form and the container material. 

In some national programs, e.g., Sweden and Switzerland, the potential effects of gamma-radiolysis on 
container coirosion have been mitigated by shielding inherent in the container design [8,9]. The approach taken 
in the CNFWMP was to investigate the impact of radiolysis on container corrosion rather than to assume a 
priori that container self-shielding is a necessary criterion. After several hundred years, the activity of the fuel 
and the associated gamma-radiation fields will decay to low levels and gamma-radiolysis effects on container 
corrosion are expected to be less significant. It is largely on this basis that a minimum container lifetime of 
500 years was established for the CNFWMP. 

Pressure 

Pressures in the vault have to be taken into account in designing the engineered barriers, particularly the 
container to ensure that the design lifetime is not limited by deformation and premature failure by mechanical 
overload. Because of its high strength, ptutonic rock has only limited plasticity so that lithostatic stresses are 
not expected to be transmitted to the container, particularly if it is surrounded by a deformable buffer. In 
contrast, disposal in salt, for example, would need to take into account lithostatic stresses due to creep deforma
tion of the salt formation. However, a vault in plutonic rock will resaturate with time, imposing a hydrostatic 
pressure externally on the container (10 MPa at 1000 m depth). In addition, clay-based buffer and backfilling 
materials, particularly bentonite clays, have the capacity to generate a swelling pressure during resaturation that 
acts on the container incrementally to the hydrostatic pressure. 

5. RESEARCH AND DEVELOPMENT APPROACH 

The planning and design of the research and development program has recognized the present generic phase of 
developing the disposal concept and the principle of maintaining flexibility in the design options for engineered 
barriers. The following are the key components: 

small-scale laboratory experiments to understand the characteristics of materials of importance to 
engineered barrier design and performance; 

large-scale testing and demonstration to evaluate engineered barrier designs and materials at a scale and 
under conditions relevant to a disposal vault; the ongoing experimental program in the Underground 
Research Laboratory (URL) is an important example of this type of work [10]; 

conceptual engineering studies of engineered barriers and the design of a hypothetical disposal facility to 
assess engineering feasibility and costs, and to develop a reference system to demonstrate performance 
assessment methodologies; 

development of conceptual and mathematical models to describe the performance of the engineered 
barriers, e.g., container failure, release of radionuclides from the used-fuel bundles, mass transport 
through the sealing materials into the surrounding rock; 

studies of natural analogues to provide confirmation of our understanding of the long-term performance 
of engineered barrier materials in a disposal vault. 
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Fuel Performance 

Experimental studies of used fuel dissolution and of the aqueous oxidation behaviour of the U0 2 have led to an 
understanding of the principal mechanisms by which radionuclide release would occur in a disposal vault [11]. 
First, when groundwater penetrates the fuel sheath, the fraction of the cesium and iodine inventories located in 
the ïree space in the fuel element (about 2% on average) would dissolve essentially instantaneously. Secondly, a 
further 6% (on average) of cesium and iodine is released at a lower, but still significant rate, by preferential 
dissolution at the U0 2 grain boundaries. Finally, the majority of the fission product and actinide inventory, 
which is contained within the uranium oxide grains is released extremely slowly as the U0 2 grains dissolve. 

The current model for the dissolution of used Candu fuel in groundwater is based largely on our understanding 
of the redox chemistry of U02 [12]. After the vault is sealed, the redox potential is expected to be oxidizing. 
However, oxygen will be consumed quite rapidly due to reaction with Fe species dissolved from minerals 
contained in the backfill and granite, resulting in very low oxidation potential?;. Extensive studies have shown 
that, under these conditions, the surface composition of the U0 2 is below U0 2 25 and that such compositions 
have extremely low solubilities. Parallel studies on the effect of alpha-radiolysis indicate that, for the radiation 
fields expected, the oxidation potential will remain in the region of high stability. Experiments on used fuel 
confirm that, over a wide range of groundwater composition, temperature and irradiation history the dissolution 
rates are extremely low [13]. 

Container Performance 

The container research program has included studies of conceptual designs, structural testing and analysis of 
prototype containers, evaluation of fabrication and inspection technologies, and studies of corrosion and other 
degradation mechanisms [3,14]. The objective has been to develop a range of container alternatives that meet 
the minimum lifetime target of 500 years, but with the potential for some of the alternatives to provide absolute 
containment for very much longer periods. It has been generally assumed that container failure due to 
mechanical overload can be avoided by prudent engineering design and, therefore, that corrosion and other 
degradation processes will eventually limit container lifetime. 

The container design options studied include stressed-shell designs, in which the corrosion resistant shell is the 
only structural member resisting the external loads, and supported-shell designs, in which a thinner shell (but of 
sufficient thickness to meet the corrosion requirements) is internally supported by a compacted particulate 
material (e.g. glass beads or sand), a cast-in-place metal or alloy (e.g lead), or a structurally supported 
component within the container [14]. 

The short-term structural performance of all these container designs for disposal at a depth of 500-1000 m was 
confirmed by testing full or half-scale containers under hydrostatic pressures up to 10 MPa and temperatures up 
to 150°C. Most of the containers tested were fabricated from ASTM Grade-2 titanium. The stressed-shell 
container concept, although technically feasible, would require a minimum wall thickness of several centimeters 
if made from Grade-2 titanium to avoid eventual collapse due to creep processes. Based on the structural testing 
and corrosion research programs, a packed-particulate container, fabricated from Grade-2 titanium with a 
minimum wall thickness of 6.35 mm, was selected as a reference design for vault conceptual engineering and 
performance assessment studies. The container would accommodate 72 Candu fuel bundles. 

Our corrosion research has identified three mechanisms by which ASTM Grade 2 titanium containers could 
potentially fail [15]. The first mechanism, uniform, or general, corrosion, proceeds extremely slowly 
(< < i/im/a) under anticipated disposal conditions (groundwater temperature < 100°C and chloride content < 1 
moI/L) due to a passivating oxide layer on the surface of the titanium. Therefore, if uniform corrosion were the 
dominant failure process, container lifetimes considerably greater than 500 years would be achieved. 

However, if the passivating layer breaks down, titanium could be susceptible to localized degradation, crevice 
corrosion appearing to be the most probable at the redox potentials anticipated. The experimental approach has 
focussed on understanding the mechanism and kinetics of crevice propagation, making the conservative 
assumption, in modeling the container failure process, that crevice initiation is inevitable. 
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The third failure mechanism is hydrogen-induced cracking which may occur due to the ingress of hydrogen 
produced during crevice corrosion. Although there is no experimental evidence for hydrogen-induced cracking 
in Grade-2 titanium, it is assumed that this mechanism could occur at low temperatures where both the solubility 
of hydrides and the ability of the titanium to relax stresses by plastic deformation will be lower. 

A conservative model to predict the failure rate of Grade-2 titanium containers has been developed based on the 
assumptions that crevice corrosion will initiate, and propagate indefinitely, on all containers, and that hydrogen-
induced cracking will also initiate at temperatures below 30°C [15]. The model uses the measured temperature 
dependence of the crevice propagation rate, together with the calculated spatial and temporal variations in 
temperatures in the vault, to predict the container failure times. Less than 0.1 % of the containers are predicted 
to fail in the first 500 years; most of the containers (~97%) fail by crevice corrosion over the next several 
thousand years. Finally, the remaining containers, whose crevice corrosion rates are slow, are assumed to fail 
by hydrogen-induced cracking. Consequently, given the conservative assumptions in the model, there is little 
doubt that the reference container would isolate the fuel from groundwater for at least 500 years. 

Assessments of the lifetimes of copper containers, based on uniform corrosion and pitting, have been carried out 
in both the Canadian and Swedish disposal programs [8,16]. In the Swedish concept, for which the 
groundwaters are more reducing and contain more sulphide than those in the Canadian Shield, the supply of 
oxidants (principally sulphide, given the absence of gamma-radiolysis) limits the corrosion rate, resulting in 
lifetime predictions > 106 years for a 100-mm-thick container. 

The major assumptions in the Canadian approach, based on extensive electrochemical studies, are that the 
corrosion rate is limited by the transport of copper species away from the container, and that sufficient oxidants 
are always present (due to gamma-radiolysis) to maintain the corrosion process. Under these conditions, a 
minimum lifetime of 30000 years is predicted for a 25-mm-thick copper container. When the expected decrease 
in oxidant concentration in the vault is taken into account (primarily controlled by reactions with iron-based 
minerals in the rock and backfill) container lifetimes of at least 106 years are predicted for a 25-mm-thick 
container. 

Sealing System Performance 

Several clays and cement-based materials have been evaluated with regard to their performance as sealing 
materials. For the buffer, research has focussed on compacted sodium bentonite clays, which swell on 
saturation with water to form a low hydraulic conductivity seal in a confined space. The swelling pressure can 
be limited, while retaining the hydraulic and mass transport properties, and improving the thermal, mechanical 
and shrinkage properties, by mixing with quartz sand [17]. A 1:1 dry mass ratio appears to optimize the 
important physical and mechanical properties and has been selected as a reference buffer for conceptual 
engineering and performance assessment case studies. Mixing with quartz sand provides additional flexibility in 
the emplacement method since the required hydraulic properties can be achieved by in situ compaction, whereas 
comparable hydraulic properties using bentonite alone can only be achieved by pre-compaction. 

The technology for in-situ compaction of the reference buffer has been demonstrated in the Buffer-Container 
Experiment in the URL [18]. In this experiment, an electrical-heater, surrounded by compacted buffer, is 
located in an in-floor borehole excavated in intact granite at the 240-m level, simulating at full scale a used fuel 
container emplaced in a disposal borehole [19]. Some 500 instruments are incorporated to monitor the thermal 
and mechanical response of the buffer, the container and the surrounding rock. Groundwater uptake by die 
buffer is controlled by the permeability of the rock. The experiment began in 1991 November and the surface 
temperature of the container has now attained a steady state value of 85°C. After terminating the test, Uie heater 
and the buffer will be carefully disassembled to determine the extent of moisture redistribution and cracking in 
the buffer, for comparison with model predictions. 

For the main backfill, which would occupy the major volume of the vault excavation, i.e., disposal rooms, 
tunnels and shifts, studies indicate that a mixture of 25 wt. % natural glacial lake clay and 75 wt. % crushed and 
graded granite provides an appropriate combination of density and hydraulic and thermal conductivities after in 
situ compaction. 
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High performance cement-based materials are being investigated for grouting natural fractures and excavation 
damaged zones in the rock and for the construction of concrete seals and bulkheads. Research has shown that 
the use of microfine cements mixed with pozzolans (silica fume) and superplasticizers have high fluidity at low 
water/cement ratios and result in higher strength and lower hydraulic conductivity than conventional grouts 
[20]. Successful field demonstrations of the injection of these high performance grouts have been carried out in 
the URL and in the Stripa Facility in Sweden. 

Natural Analogue Studies 

Studies of natural analogues can provide important confirmation of our understanding of the processes 
(dissolution of U02 , and the movement of groundwater and material transport) that would occur in a waste 
vault. 

The Cigar Lake uranium deposit in northern Saskatchewan is extremely rich, with local concentrations of 
uranium approaching 60%. The deposit is notable because it is located at a depth of about 430 m, and has no 
direct surface-signatures to indicate its presence. Studies on the Cigar Lake deposit have been under way since 
1984 [21] and results are now being compiled into a series of reports. Little dissolution of the principal ore 
mineral, uraninite (U02), appears to have occurred since the ore body was formed 1.3 billion years ago. This 
observation is consistent with redox potential measurements and studies of the surface mineralogy of the 
uraninite that indicate strongly reducing conditions in the ore zone. Such conditions maintain a low uranium 
solubility ( < 10' mol/L). The results are also consistent with laboratory studies on used fuel and provide 
confirmatory evidence for the stability of used fuel under disposal conditions. 

Studies of the properties of bentonite in its natural, unprocessed state (before grinding and drying) can provide 
insights regarding its long-term performance as a buffer material in a disposal vault. Samples of unprocessed 
Avonlea bentonite from a deposit in southern Saskatchewan with an age of 75 to 85 million years maintain a 
significant swelling capacity (>250 kPa) and a low hydraulic conductivity (< 10"11 m/s). Although samples 
obtained from the field are fractured, laboratory tests indicate that the flow rate of water through such samples 
rapidly decreases and that the clay demonstrates an ability to self seal [22]. Such studies support the contention 
that bentonite buffer material will prove to be an effective barrier to groundwater flow in a disposal vault, 
ensuring that the transport of radionuclides is principally by diffusion. 

6. CONCLUSIONS 

As a result of fourteen years of research, AECL has developed a concept for the disposal of nuclear fuel wastes 
in plutonic rock of the Canadian Shield. The safety of the concept is based on a combination of engineered and 
natural barriers, which the research results have shown provides considerable flexibility in the approach to 
designing a disposal facility and in the selection of materials for the barriers. 

Research on engineered barriers has included fundamental studies to elucidate underlying processes, large-scale 
tests to demonstrate engineering feasibility and to understand interactions at a scale relevant to a disposal vault, 
and modelling to assess the overall performance of a disposal vault. The key conclusions are summarized 
below: 

used Candu fuel bundles are highly resistant to dissolution under the groundwater conditions expected in 
a disposal vault, a conclusion that is consistent with our understanding of the stability of uranium ore 
deposits in the earth's crust, 

there is a wide range of potential container designs, based on copper or titanium, that could isolate the 
fuel from contact with groundwater for at least 500 years and, most probably, for very much longer 
periods, 

a variety of clay- and cement-based materials have been evaluated that, when used with appropriate 
designs, can provide durable seals for a disposal vault, limiting groundwater flow and ensuring that 
radionuclide transport is primarily by diffusion. 
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The research has produced a significant base of scientific and engineering information including fundamental 
thermodynamic and kinetic data, material's properties data, conceptual designs and component demonstration 
and test data, and methodology and models for predicting engineered barrier performance. Most of the 
understanding, data and technology established can be applied to alternative designs of engineered barriers, thus 
providing considerable flexibility for the future implementation of nuclear fuel waste disposal in Canada. 
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SUMMARY 

There are no known perfect solidification and stabilization agents for radioactive or hazardous 
wastes, so the search continues for individual agents for specific wastes. The U.S. Department of 
Energy began testing sulfur polymer cement (SPC) as a radioactive and hazardous waste 
solidification and stabilization agent because of its unusual properties. SPC is a sulfur polymer 
composite material that begins melting between 110 and 120°C (230 and 248°F), with an optimum 
pour temperature between 130 and 140°C (266 and 284°F). The compressive strength of SPC 
upon cooling averages 27.6 MPa (4,000 psi). Its mechanical strengths continue to increase for at 
least two years to approximately triple the original strength. As a proven construction concrete, 
SPC has demonstrated the ability to survive for years in acids and salts that destroy or severely 
damage hydraulic concretes in months or even weeks. 

Perhaps SPC's strongest selling point is that it will always melt and pour at approximately 1356C. 
This feature will allow hazardous or radioactive waste specimens that do not pass the required 
tests to be remelted and reformulated until they do pass. 

Heavy loadings (5 wt%) of the eight toxic metals have been combined individually with SPC and 
7 wt% sodium sulfide nonahydrate (Na2S*9H20). The leach rates for mercuiy, lead, chromium, 
and silver oxides were reduced by six orders of magnitude, while arsenic and barium were reduced 
by four. With ever increasing emphasis on high-temperature treatment of radioactive and 
hazardous wastes, the ability of SPC to stabilize incinerator ash and its volatilized toxic metal 
contents is encouraging. 

All SPC used in tests to date was formulated for the construction industry. The preceding tests 
and many others conducted in other countries like Denmark, Japan, France, Germany, and the 
Netherlands strongly suggest that SPC shows great promise for further development. Ion-
exchange resins that failed miserably in routine SPC testing passed in excellent fashion when the 
temperature and duration of heating was increased. An additive dramatically improved the leach 
resistance for toxic metals. The search is just beginning for different configurations of SPC that 
can accommodate higher loadings of various difficult-to-stabilize wastes. 

a. Work supported by the U.S. Department of Energy, Assistant Secretary for Environmental 
Restoration and Waste Management, under DOE Idaho Operations Office, Contract No. DE-
AC07-76ID01570. 



ACRONYMS AND TERMS 

The correct terms for the substances addressed in this paper are "modified sulfur cement" and 
"sulfur polymer cement." These two terms are synonymous, and for clarity are given the single 
acronym "SPC." The acronym for sulfur polymer cement concrete is "SPCC." The words "cement" 
and "concrete" refer to the generic family of hydraulic cements and concretes, while "PCC" refers 
to the specific concrete known as Portland cement concrete. Hazardous waste that is also 
radioactively contaminated is called mixed waste. 

INTRODUCTION 

Within the U.S. Department of Energy (DOE), solidification and stabilization agents for low-level 
radioactive waste (LLW) and mixed waste were failing to pass governmental tests at unacceptable 
rates, or were passing the tests with low waste-to-agent ratios. Recognizing that problem in the 
early 1980s, DOE's Defense Low-Level Waste Management Program sought other potential waste 
solidification and stabilization agents that might supplement or replace concrete. SPC was 
selected for testing. The ability of SPCC to withstand attack by most acids and salts that destroy 
concrete offered strong evidence that SPCC might perform better in stabilizing waste for long 
periods of time than concrete. 

NOTE: Portland cement has been used for five decades as the principal radioactive waste 
solidification agent and thus, is accepted as the standard of comparison for other waste 
solidification and stabilization agents. 

With waste stabilization and minimization as the primary goals in waste disposal, DOE's Defense 
Low-Level Waste Management Program funded research and testing of SPC ladened with LLW 
at Brookhaven National Laboratory (BNL). DOE's Hazardous Waste Remedial Action Program 
(HAZWRAP) added funding later. This paper summarizes these and other tests. 

DEVELOPING AND TESTING COMMERCIAL SPC AND SPCC 
FOR HARSH CHEMICAL ENVIRONS 

Pertinent data provided by commercial tests of SPC and SPCC are vital to understanding SPC's 
potential for stabilizing LLW, mixed waste, and hazardous wastes. 

Developmental Background 

In 1972, the Bureau of Mines discovered that the addition of dicyclopentadiene and oligomers of 
cyclopentadiene in equal quantities totaling 5 wt% of the sulfur phase resulted in a construction 
concrete having advantageous properties not found in other concretes.1,2,3 The Bureau of 
Mines and the Sulphur Institute joined forces. In 1973, the Sulphur Development Institute of 
Canada joined the effort.4 

Properties of SPC and SPCC 

SPC and SPCC will melt every time their temperatures are elevated to approximately 115°C 
(235°F). When heat is removed, they will regain their original strength very rapidly (upon 
cooling). The various mechanical strengths of SPCC are approximately double those of routine 
PCC and are not specifically cited herein; however, they are detailed in Reference 5. While it 
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takes the average PCC approximately 28 days to achieve a compressive strength of 27.6 MPa 
(4,000 psi), SPCC reaches that approximate strength upon cooling. In two years, its strength can 
increase by a factor of three.6 

SPC was found to be impermeable to water in laboratory tests.4 While both SPC and concrete 
have approximately the same volume of pores (void space), the pores in SPCC are not connected, 
whereas the pores in concrete are. The U.S. Bureau of Mines worked with the 
U.S. Environmental Protection Agency (EPA) to protect miners from radon gas. A spraying 
concept was develop- i and patented that applied an approximately 7.5-mm (l/4-in.)-thick lining of 
SPC on mine walls. The SPC lining proved impermeable to radon gas.7 

However, any of the following events will allow both water and gas to penetrate solidified SPCC 
to varying degrees: (a) if the SPCC is cooled too quickly, it will contain an excess of voids that 
will connect with each other, (b) if the aggregate in the SPCC contains water, tiny steam vents 
will develop, or (c) if the wrong aggregate or waste is used, SPCC will become more porous. 
Fortunately, cooling of the SPCC mass can be controlled with precision,8 water can be routinely 
eliminated prior to the pour, and the additions of SPCC AL2O.3 or Fe203 will improve the 
impermeability of SPCC while reducing the emissions of S02.6 With a given aggregate, SPCC will 
be less permeable than concrete. 

Sulfates attack PCC, but have little or no effect on the integrity of SPCC.112 SPCC is 
corrosion-resistant, and its impermeability protects steel reinforcing materials (and metal waste) 
from oxidation and subsequent concrete rupture. Where strength and fracture resistance are 
primary goals, glass fibers, synthetic fibers, epoxy-coated rebar, steel rebar, or a combination 
thereof can be added.5 Shrinkage, on the average, is 0.1%, slightly greater than PCC. SPCC is 
resistant to damage by freeze-thaw cycling, and has coefficients of expansion compatible with 
those of other construction materials, such as concrete and reinforcing steel. Creep in SPC is 
roughly half that in PCC. Where SPCC and PCC are made with the same aggregate, their 
densities are nearly identical. Viscosity of SPC is between 25 and 50 cp at 135°C (275°F). 

SPCC is best used where exposed to high concentrations of mineral acids, corrosive electrolytes, 
salt solutions, or corrosive atmospheres in general.6'5'9 After being exposed to sulfuric acid 
solutions and copper electrolytic solutions for nine years, SPCC showed no evidence of corrosion 
or deterioration. In a six-year test in a chemical processing plant, PCC was attacked and 
completely destroyed in some cases, while SPCC showed practically no evidence of strength loss 
or material degradation. After seven years of exposure to a salt environment in a test at a potash 
chemical storage building, two SPCC structural support piers were undamaged, while the PCC 
pier in the same location was heavily damaged after only two and a half years. 

SPCC has its faults. In construction applications, SPCC has been shown to deteriorate in hot 
concentrated chromic acid solutions, hot organic solvent solutions, sodium chlorate-hyperchlorite 
copper slimes, and strong alkali (over 10%). SPCC is not recommended for placement in areas 
handling strong bases, strong oxidizing agents, or aromatic or chlorinated solvents.2 

TESTING AND MODIFYING SPC FOR SOLIDIFICATION AND 
STABILIZATION OF WASTE 

In the 1980s, DOE funded BNL to research, test, and develop SPC to EPA and U.S. Nuclear 
Regulatory Commission (NRC) requirements. This section discusses those and other efforts. 
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Tests Completed to EPA Standards 

SPC requires no chemical reaction for solidification; it will always solidify when it cools below the 
melt point and will accept a wide range of waste (aggregate) with divergent chemical and physical 
compositions. SPC is easier to use than thermoplastics, like polyethylene, because of SPC's low 
viscosity and low-melt temperature.1 

Mixed waste fly ash with a pH of 3.8 contained the following, which are expressed in weight 
percentages: zinc 36, lead 7.5, sodium 5.5, potassium 2.8, calcium 0.8, copper 0.7, iron 0.5, and 
cadmium O.2.10'11 The ash also contained highly soluble metal chloride salts (primarily zinc 
chloride) that increase the mobility of contaminants while interfering with the solidification 
reaction of conventional solidification and stabilization agents. The fly ash was combined with 
SPC and was submitted to the EPA's extraction procedure toxicity (EP Tox) test, and to the 
toxicity characteristic leaching procedure (TCLP). With a loading of 40 wt% flyash, both 
cadmium and lead were still above the concentration limits allowed under the Resource 
Conservation and Recovery Act (RCRA), so additives were sought that would further reduce the 
mobility of the toxic metals. Sodium sulfide (Na2S) was selected because it reacts preferentially 
with cadmium and lead (toxic metals) to form highly insoluble metal sulfides. The resultant 
monolith passed the EPA's EP Tox test and the TCLP, thus meeting the criteria for a delisting 
petition as hazardous waste. 

The need for incineration/vitrification of troublesome wastes before introduction to any 
solidification agent has long been recognized by the EPA12 and DOE. Based on the preceding 
successes and the need for high-temperature waste, tests were set up by the author. Mercury and 
its compounds are the most troublesome, and volatilization rates can approach 100%. Toxic 
metal oxides become secondary waste streams that must be captured and stabilized in a separate 
medium. SPC not only serves as an encapsulation material suitable for toxic metal oxides, but 
also causes chemical conversions from the highly leachable metal oxide form to the unleachable or 
leach-resistant forms of metal sulfides and sulfates. The addition of 7 wt% sodium sulfide 
nonahydrate (Na2S*9H20) to the SPC mixture further enhanced the conversion factor. The 
potential for leaching mercury, lead, silver, and chromium was reduced by six orders of magnitude. 
Arsenic and barium were next with four orders of magnitude. Cadmium and selenium were less 
responsive.13 

Tests Completed to NRC Standards 

The NRC has established a qualifier list of tests under the title "Waste Form Qualification 
Testing." After the immersion test was completed, compressive strengths of waste-impregnated 
SPCC ranged from a low of 13.8 MPa (1,998 psi) for 40 wt% boric acid, to a high of 44.4 MPa 
(6,435 psi) for 40 wt% incinerator ash, with sodium sulfate falling in between. Compressive 
strength tests after freeze-thaw cycling were well above the NRC limit, and there were some 
insignificant increases and decreases in strength with different wastes. 

The waste contained Co-60 and Cs-137 and was leached for 90 days in compliance with American 
Nuclear Society (ANS) 16.1. The leach rate was found to be lower for incinerator hearth ash 
(14.6) than for highly soluble sulfate salts (9.7). The leach rates were some four to eight orders 
of magnitude lower than the minimum leach index (6) established by the NRC. The conclusion 
was that radionuclides in SPC leach very slowly.11 
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The NRC tests for biodégradation of SPCC were completed successfully with "no growth" being 
the result of both the American Socie'y for Testing and Materials (ASTM) G-21 and ASTM G-22 
tests. The NRC irradiation test to 10 :ad was completed successfully. Initially, some 
deterioration was detected in the SPCC and mixed waste fly ash combination when subjected to 
the immersion test, but that problem was corrected by the addition of 0.5 wt% glass fibers.10 

SPCC specimens containing 80 wt% loadings of lead oxide were successfully subjected to 108 rad 
at Oregon State University as prescribed in the NRC irradiation test. The specimens actually 
gained 1,000 psi during the irradiation test, and were an order of magnitude belter than NRC 
requirements. No gas generation was noted. The original intent was to test lead-ladened SPCC 
as a possible shielding for personnel in high-radiation areas. 

In the Netherlands, scientists subjected SPC final waste forms to 108 rad and also found that the 
specimens gained strength. During the irradiation tests, no gaseous radiolysis products were 
detected.6 Inorganic waste and SPC are essentially insensitive to radiation. The constituents that 
cause radiation effects in the hydraulic or bitumen waste forms are not present in SPC. 

The Netherland's Energy Research Foundation ECN, and BNL, dried ion-exchange resins and 
combined them with SPC. In the worst case, the test specimen crumbled in three days by 
absorbing moisture from the air (60 to 80% humidity). The Netherlands tried another technique. 
They combined the resins with SPC and raised the temperature 100°C to 220°C-250°C in the 
presence of asbestos or diatomite for three hours. The resultant test specimen was immersed in 
water for one year and showed no signs of deterioration.6 

The author has completed a series of full-scale nonradioactive tests with different mixers in an 
effort to select one that can be used for the NRC's full-scale tests with mixed waste, and 
afterwards as an operational SPC mixer.8 

Research and development has resulted in a modified SPC that can stabilize waste types like 
dehydrated boric acid salts, incinerator hearth ash, mixed waste fly ash, and dehydrated sodium 
sulfate salts that have previously defied solidification and stabilization in concrete in any 
significant quantity. The modified SPC offers a monolithic waste form that is durable in harsh 
environments.11 

Comparative test results show that a given volume of waste requires less SPC than cement to 
achieve a stabilized final waste form that will satisfy EPA and NRC requirements. The following 
numerical advantages of SPC over cement were calculated: 6.7 times less SPC with sodium 
sulfate, 3.6 times less SPC with boric acid, 1.4 times less SPC with incinerator bottom ash, and 
2.7 times less SPC with incinerator fiy ash.11 The average was 3.3 times less SPC than cement. 

Since the NRC requires only 500 psi compressive strength, and since the SPCC, which contained 
various waste, averaged approximately 4,000 psi,1 there is a large "window of opportunity" for 
experimentation to develop the optimum SPC mixture for given waste forms. 

b. Test results confirmed in a telecommunication with Mr. William C. McBee, irradiation test 
manager, June 4, 1991. 

4 



Waste Streams That Cannot be Combined with SPC for Stabilization 

Combining sodium nitrate salts with SPC is not recommended because when the two compounds 
are combined, they could cause a "potentially reactive mixture."11 SPC is not compatible with 
highly soluble compounds or organic materials. Expanding clays cannot be used in SPCC for the 
same reason.2 Chemical corrosion of the final waste form occurs when placed in strong alkaline 
solutions (above 10%), strong oxidizing solutions like chromic acid and hypochlorite solutions, and 
some metal slimes like copper. 

SAFETY AND ALARA CONSIDERATIONS 

Sulfur is the chemical industry's most widely used raw material14; therefore, a great deal of 
information is available on handling it safely. A safe working environment is ensured by following 
the appropriate procedures provided by the National Safety Council,15 National Fire Protection 
Association,16 U.S. Department of Health and Human Services,17 National Institute for 
Occupational Safety and Health, and Manufacturing Chemists' Association, Inc.18 

Airborne SPC dust can be mildly explosive if all conditions are optimal (normal safety precautions 
are not exercised); therefore, SPC is procured in pellet or wafer form, which provides handling 
capabilities with minimal creation of dust. SPC and SPCC will emit hydrogen sulfide gas (H2S) 
and sulfur vapor to the off-gas system if excessive temperatures are created. Normal heat control 
systems with backup gas detectors will prevent a safety hazard.15,16,17'18 The recommended mixing 
temperature for SPCC is 127-138°C (260-280°F), which will minimize gaseous emissions to the 
off-gas system and provide optimum viscosity. 

SPC and SPCC are nontoxic19 and do not meet any of the criteria for flammability as 
established by the United Nations or the U.S. Department of Transportation. SPC's flash point, 
as determined by the Cleveland open cup method, is 177°C (350°F), and the autoignition is 
232-254°C (450-490T). SPC and SPCC will burn if held in a flame, but will self-extinguish when 
the heat is withdrawn. '5 Their poor thermal conductivity (0.2 to 0.5 BTU/h ft CF) is a strong 
deterrent to melting. 

SPCC offers self-shielding that reduces the radiation exposure of operators over that experienced 
in handling the same waste before it is microencapsulated in SPCC. Since SPCC will 
accommodate three to four times more waste than PCC, handling by operators and radiation 
exposure is reduced accordingly because of fewer handlings of containers. 

CONCLUSIONS 

From the beginning, we sought the problems associated with SPC, and have been pleasantly 
surprised at each new promising finding. SPC is a new solidification and stabilization agent; the 
oldest documented specimens are 15 years old. In order to establish acceptable longevity, SPC is 
being tested and evaluated in the laboratory for phase changes, etc. Those unreleased tests are 
encouraging at this time. The principal value of SPC is in these areas: greater waste-to-agent 
ratio than concrete, no need to empty mixer after the pour, can remelt and reformulate SPC to 
pass required tests, less permeable than concrete, no water in the final waste form, low 
temperature process, and less radiation exposure to workers. 

What remains is SPC formulation development for different troublesome wastes, and 
determination of which wastes are best placed in SPC. With high-temperature processes being 
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the favored treatment, SPC should be the "clean up" agent that will readily accommodate the high 
concentrations of toxic metals, most notably lead and mercury, in the resultant ash and off-gas 
system residue. 

In determining cost and environmental advantages, the volume-reduction factor offered by SPC 
will be abundantly clear in the ever increasing high cost of mixed waste disposal. Additionally, the 
lack of water in the SPCC final waste form offers less chemical breakdown, less biodégradation, 
less leaching, and less gas generation after disposal. In general, the public should benefit 
environmentally and economically from the use of SPC. 
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THE CIGAR LAKE ANALOG STUDY: AN INTERNATIONAL R&D PROJECT 

Jan J. Cramer and F. Peter Sargent 
AECL Research, Whiteshell Laboratories 

Pinawa, Manitoba, Canada ROE 1L0 

The Cigar Lake uranium deposit is located in northern Saskatchewan, Canada. The 1.3-
billion-year-old deposit is located at a depth of about 450 m below surface in a water-
saturated sandstone at the unconformity contact with the high-grade-metamorphic Canadian 
Shield. The uranium mineralization, consisting primarily of uraninite (UO2), is surrounded 
by a clay-rich halo in both sandstone and basement rocks, and remains extremely well 
preserved and intact. The average grade of the mineralization is 8 % U with locally grades 
as high as 55 - 60 wt. % U. 

The Cigar Lake deposit has many natural features which parallel the features being 
considered within the Canadian concept for disposal of nuclear fuel waste. The study of 
these natural structures and processes provides valuable insight toward the eventual design 
and site selection of a nuclear fuel waste repository. The main feature of this analog is the 
absence of any indications on the surface of the rich uranium ore 450 m below. This 
indicates that the combination of natural barriers has been effective in isolating the uranium 
ore from the surface environment. More specifically, the deposit provides analog 
information relevant to the stability of U02 fuel waste, the performance of clay-based 
barriers, radionuclide migration, colloid formation, radiolysis, fission product geochemistry 
and general aspects of water-rock interaction. The main geochemical studies on this deposit 
focus on the evolution of groundwaters in the deposit and on their redox chemistry with 
respect to the uranium, iron and sulphide systems. 

AECL, through generous cooperation from the owners of the Cigar Lake deposit, has 
conducted analog studies since 1984. International participation started in 1989 through 
collaboration with the Swedish Nuclear Fuel and Waste Management Company (SKB) and, 
more recently, with the Los Alamos National Laboratory (LANL). The studies are aimed at 
providing data and information for use in the safety assessment of the Canadian, Swedish 
and United States disposal concepts. 

The geochemistry of the naturally occurring radionuclides 99Tc, I29I and ^ P u in the deposit 
is being investigated. This study includes the calculation and measurement of the production 
of these radionuclides in the high-grade ore, and the measurement and modelling of their 
mobility within the deposit using the unique facilities at LANL. 

This paper summarizes the results of these studies and their value in building confidence in 
the geological disposal concept for nuclear fuel waste. 
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ABSTRACT 

This paper provides background information and summarizes the results of AECL's analog 
study on the Cigar Lake uranium deposit. This R&D project includes national and 
international cooperation with many organizations directly or indirectly involved in nuclear 
waste management research. The emphasis is on the analog aspects of this deposit and the 
implications of modelling activities related to the environmental and safety assessment of the 
Canadian disposal concept for nuclear fuel waste. 

INTRODUCTION 

AECL has been conducting natural analog studies on the Cigar Lake uranium deposit (the 
"Cigar Lake Analog Study") in northern Saskatchewan since 1984, as part of the Canadian 
Nuclear Fuel Waste Management Program. This deposit has a number of features analogous 
to aspects considered in the safety assessment of the concept for disposal of nuclear fuel 
waste at depth in crystallite rock [1-4]. In particular, the long-term isolation of U02-ore in 
this deposit is of great interest to AECL, which is developing a concept for disposal of 
nuclear fuel waste including used U02-based fuel. 

AECL's studies on the deposit from 1984 to 1988 concentrated on the characterization of the 
relatively undisturbed mineralization and its surrounding host rocks, prior to the onset of 
mining-related activities started in 1988. In 1989, AECL and the Swedish Nuclear Fuel and 
Waste Management Company (SKB) started a collaborative three-year program to extend 
and focus the analog studies on the Cigar Lake deposit. In 1991, the Los Alamos National 
Laboratory (LANL) joined the program via a collaborative agreement with the United States 
Department of Energy, to work specifically on the geochemistry of nuclear reaction products 
formed in this deposit. 

This paper provides background information and summarizes the results of the Cigar Lake 
Analog Study. The emphasis is on the analog aspects and the implications of modelling 
activities related to the safety assessment of the disposal concept for nuclear fuel waste 
developed in Canada. 

OBJECTIVES 

The Cigar Lake deposit has many natural features which parallel the features being 
considered within the Canadian concept for disposal of nuclear fuel waste. The study of 
these natural structures and processes provides valuable insight toward the eventual design 
and site selection of a nuclear fuel waste repository. The two main objectives of the Cigar 
Lake Analog Study are 
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To obtain an understanding of the processes, and their effects, involved in 
steady-state water-rock interaction in the deposit; and 

To obtain an understanding of the processes, and their effects, involved in 
trace-element migration in and around the deposit (including paleo-
migration processes since the deposit was formed). 

To achieve these objectives, databases and models were produced with the aim of addressing 
the following four issues related to safety assessment of the disposal concept: 

The evaluation of equilibrium thermodynamic codes and databases, 
The evaluation of the role of colloids, organics and microbes in transport 
processes for radionuclides (near- to far-field analogy), 
The evaluation of U0 2 stability and the influence of radiolysis on U0 2 

dissolution and radionuclide migration (near-field analogy), and 
The evaluation of generic mass-transport models for potential radionuclide 
migration through clay-based sealants (near-field analogy). 

CIGAR LAKE 
U-DEPOSiT 

I*.'• j | Q u a n t • cemented cap 

| | Altered sandstone 

Clay-rich halo 

Ifon-onide lone 

U-ore 

F t l Glacial overburden 

Protero2oic sandstone 

Metamorphic shield 

FIGURE 1 A three-dimensional block diagram showing the Cigar Lake uranium deposit 
located at the contact between the sandstone host rocks and the underlying 
metamorphic basement. 
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THE CIGAR LAKE URANIUM DEPOSIT 

The 1.3-Ga-old uranium deposit at Cigar Lake [5] is located near Waterbury Lake in 
northern Saskatchewan, Canada, and is one of the many unconformity-related uranium 
deposits found in the Athabasca Sandstone Basin [6]. The uranium mineralization is found 
inside the clay-rich matrix of the hydrothermally altered sandstone at a current depth of 
450 m below surface [7], on top of the contact between the sandstone and the underlying 
older basement rocks (Figure 1). 

The uranium ore, comprised primarily of uraninite (U02) and pitchblende (amorphous UOj) 
with subordinate coffinite (USi04) [8,9], was orginally formed at a depth of > 3 km below 
surface. The average grade of the ore is ~8 wt.% U, with local concentrations reaching 
values as high as 60 wt. % U. The clay matrix to the uranium mineralization consists of 
illite and chlorite, changing upward and outward to illite and kaolinite. 

FIGURE 2 Schematic cross section through the Cigar Lake uranium deposit. This section 
runs parallel to the direction of regional groundwater flow, and the heavy 
arrows indicate the general flow directions of groundwater within the three 
distinct flow regimes (I-III). 
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Three groundwater flow regimes have been identified in the local stratigraphy at Cigar Lake 
(I, II and III in Figure 2). The uppermost Local Regime (I) is unconfined and includes 
waters of the glacial overburden. The Intermediate Regime (II), in the upper sandstone unit, 
is confined between the Local Regime above and the Semi-Regional Regime in the lower 
sandstone unit below. The Semi-Regional Regime (III) is confined below by the altered top 
("regolith") of the basement and the clay-rich halo surrounding the uranium ore in the 
deposit. The groundwater flow direction in the Semi-Regional Regime is from southwest to 
northeast, intersecting the deposit through the highly permeable altered sandstone overlying 
the clay and ore zones (Figure 2). 

The clay-rich matrix and halo surrounding the uranium mineralization play an important role 
in the long-term preservation of the main ore zone in this deposit. The clay-rich rocks and 
zones have relatively low hydraulic conductivities, compared with the altered and unaltered 
sandstone of the overlying Semi-Regional aquifer, thereby effectively sealing the ore zone 
from bulk groundwater flow through this zone, and effectively filtering out colloids during 
mass transport from the ore zone [10]. In addition, the clay-rich rocks and the 
hydrothermally altered sandstones are enriched in pyrite/marcasite (iron-sulphides), 
providing efficient redox buffering in the undisturbed system. 

ANALOG FEATURES OF THE DEPOSIT 

The Cigar Lake uranium deposit has a number of features analogous to aspects considered in 
the safety assessment (SA) of concepts for the disposal of nuclear fuel waste at depth in 
crystalline rock [4]. However, the Cigar Lake ore has been well-preserved without specially 
designed, man-made barriers inside a natural aquifer, and without showing any direct 
evidence of its existence at the present-day surface. Since the current topography and 
overburden were formed during the last glaciation, any potential migration of radionuclides 
from the ore has not reached the surface environment during at least 104 a, i.e., the time 
period for which quantitative predictions in safety assessment are required by regulatory 
guidelines in Canada. Thus, the spatial arrangement of the U02 ore surrounded by natural 
barriers, including a clay zone and several hundreds of metres of host rock in a tectonically 
stable formation, is similar to that of the disposal scenario in the concept being considered in 
Canada. The significant difference is the highly porous and permeable sandstone host rock 
of the deposit compared with the low-permeable granite in the disposal scenario. 

In addition, several other analogous processes and materials have been studied in more detail 
in the Cigar Lake deposit. These include both processes that occur in the present-day system 
and those that occurred during the ~ 1-Ga history of the deposit since its formation. For 
example, current processes that have been studied include water-rock interaction, evolution 
of groundwater compositions, redox geochemistry, stability and dissolution of uranium and 
clay minerals, sealing by clay, formation and properties of colloids, activity and role of 
microbes, etc. On the other hand, paleo-processes that can be studied from the geological 
record include the effects of erosion, uplift and glaciation, paleo-hydrology, water-rock 
interaction, redox buffering, mineral stability and radionuclide mass transport. A 
comprehensive record of these studies is given in Reference 11. 
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TABLE 1 ORGANIZATIONS INVOLVED IN AECL'S ANALOG STUDY 

CANADA 
Cigar Lake Mining Corporation 
Becquerel Laboratories Inc. 
Bondar-Clegg Co. 
Isotrace Laboratory 
Loring Laboratories Ltd. 
TASCC Facility 
Geological Survey of Canada 
Carleton University 
École Polytechnique 
McMaster University 
University of Saskatchewan 
University of Waterloo 
University of Western Ontario 

USA 
Brookhaven National Laboratory 
Lawrence Livermore National Laboratory 
Los Alamos National Laboratory 
University of New Mexico 

EUROPE 
Swedish Nuclear Fuel and Waste 
Management Co. 
Studsvik Nuclear 
Conterra AB 
Royal Technical Institute 
University of Linkôping 
Scottish Nuclear Reactor Centre 
MBT Tecnologia Ambiental 
INTERA 

Saskatoon, Saskatchewan 
Mississauga, Ontario 
Vancouver, British Columbia 
Toronto, Ontario 
Calgary, Alberta 
Chalk River, Ontario 
Ottawa, Canada 
Ottawa, Ontario 
Montreal, Quebec 
Hamilton, Ontario 
Saskatoon, Saskatchewan 
Waterloo, Ontario 
London, Ontario 

Upton, New York 
Livermore, California 
Los Alamos, New Mexico 
Albuquerque, New Mexico 

Stockholm, Sweden 
Studsvik, Sweden 
Uppsala, Gothenburg, Sweden 
Stockholm, Sweden 
Linkôping, Sweden 
East Kilbride, Scotland 
Barcelona, Spain 
Melton Mowbray, U.K. 

STUDY APPROACH 

The Cigar Lake Analog Study was subdivided into a number of Tasks, each covering one 
particular discipline or related disciplines (Figure 3). Table 1 lists the organizations 
collaborating with AECL in this study. The goal for each Task was to produce specific 
databases and conceptual models, and to carry out modelling to further improve the 
understanding of the observed processes in each discipline. The main databases and 
conceptual models produced are the following: 

The geological database and conceptual model, 

5 



The hydrogeological database and conceptual model, 
The mineralogical and lithogeochemical database, and 
The hydrogeochemical database and the geochemical conceptual models 
for evolution of groundwater compositions and redox geochemistry. 

In addition, the various databases and conceptual models were subsequently integrated in 
modelling for the SA-related objectives. 

TASKS MODELLING 

Colloids 
Geology 
Hydrogeochemistry 
Hydrogeology 
Mineralogy and 
lithogeochemistry 

Nuclear reaction 
product geochemistry 

Ore mineralogy 
Organics and 

microbiology 
Radiolysis 

FIGURE 3 Relationship between Tasks and Modelling activities in the Cigar Lake Analog 
Study. 

GENERAL CONCLUSIONS 

The Cigar Lake Analog Study has provided valuable information and insight on a number of 
safety assessment aspects in the Canadian disposal concept. The important general 
conclusions can be summarized as follows: 

- UO : dissolution and stability: 
- U02 is stable under reducing conditions over geological time; 
- little dissolution of U02 occurred during 100 Ma; and 
- congruent dissolution of U02 is controlled by surface alteration. 

- Clay sealing: 
- clay (in this case illite) can provide effective, long-term sealing; 
- illite is stable under suitable conditions over geological time; and 
- clay is an efficient barrier to radionuclide and colloid migration. 
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- Colloids: 
- colloid and particle contents in groundwater are generally lowest in competent 

rock and highest in friable rock; 
- only a small fraction of radionuclides in water is attached to colloids; 
- colloids can be effectively sealed in by clay-rich rocks; and 
- colloids were not important in radionuclide migration at Cigar Lake, at least 

on a time scale of 104 a. 

- Organics and Microbes: 
- low humic-contents in dilute water are unlikely to play a significant role in 

either speciation or mobilization of radionuclides; 
- microbes can survive in radiation fields, and they can mediate in redox control 

and buffering; and 
- organics and microbes are unlikely to adversely affect radionuclide migration 

in the near field. 

- Groundwater chemistry: 
- interactions with clay minerals control the bulk composition of groundwater; 
- redox geochemistry is strongly controlled and buffered by the iron and 

sulphur redox couples; and 
- the evolution of groundwater compositions can be predicted by existing 

geochemical codes. 

- Radiolysis: 
- radiolytic-oxidation models for U02 dissolution appear overly conservative in 

SKB's current PA code; and 
- dissolved Fe2+ is an important scavenger of radiolytic oxidants. 

- Radionuclide migration: 
- natural hydrologie barriers and appropriate geochemical conditions in a 

relatively open, natural system are effective in limiting radionuclide migration 
over any significant distance; and 

- clay sealing is an important barrier to radionuclide migration. 
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Abstract 

Total neutron yields from spallation reactions in lead at proton energies between 0.4 and 2 GeV 
are investigated theoretically. At 1.6 GeV the integral neutron yield from a 100 cm diameter, 100 
cm long lead target is calculated to be in the range of 46 to 57 n/p, depending on the level density 
parameter used in the evaporation model of the neutron emission. These yields can provide high 
neutron fluxes for transmutation of actinides and the radiologically significant fission products 
" T c and 129I. The thermal-neutron induced transmutation cross section of 90Sr was measured at 
the NRU reactor with an activation technique. The value obtained is 9.7 ± 0.7 mb. This low 
value rules out the feasibility of thermal-neutron-induced transmutation of this radionuclide. 

Introduction 

The disposal of high-level radioactive waste materials (HLW) in the spent fuel from nuclear power 
reactors is one of the concerns that, at present, influences the public perception of the safety and 
acceptance of nuclear power technology. Over the years, many options for managing the HLW 
have been proposed. One of these1 suggests partitioning the long-lived radionuclides from the 
HLW and converting them to short-lived or stable nuclides by neutron-induced nuclear 
transmutation (P-T). With transmutation the effective half-life of a radionuclide is 

Vn = T,"" / (1 + 1-44 a (pT,"'), where a and q> are, respectively, the effective cross section and 
the neutron flux. The objective of the P-T option has been to reduce the long-term (> 1000 years) 
hazard of HLW to a level low enough to permit disposal in a repository requiring medium-term 
integrity and institutional control. 

For maximum effectiveness, the P-T option must reduce the inventory of both long-lived fission 
products and higher actinides. The cost of waste transmutation must be a modest increment on 
the cost of nuclear power generation, and any increase in the short-term radiological risk should 
not negate the expected long-term benefit. Thus an effective P-T option would constitute an 
advanced fuel cycle requiring significant developments in techniques for fuel reprocessing and 
partitioning, and the generation of economical sources of neutrons for transmutation of 
radionuclides. 

The transmutation options have been reviewed by many agencies. Over the last couple of years, 
there has been a resurgence in activity in this field. The nuclear data committees of IAEA and 
NEA that coordinate the evaluation of data for nuclear-power-related technologies 
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have encouraged international cooperation. Improved data is needed for spallation reactions that 
could be used to generate high fluxes of neutrons, the transmutation cross sections of 
radionuclides, and the neutron-induced reaction cross sections used to assess radioactivity and 
radiation damage. The data on transmutation cross sections of radionuclides need to be examined 
carefully, since there are often few corroborative measurements and in some cases there is a large 
spread in the reported values. One such case was 90Sr, where two measurements had reported a 
thermal-neutron-induced transmutation cross section of 800 mb and 14 mb. 

In this paper, we report our theoretical studies of neutron yields from high-energy pro! •a-induced 
spallation reactions in heavy elements like lead, and our recent measurement of the transmutation 
cross section of 90Sr. 

Neutron Yields from Spallation Reactions in Lead 

The spallation reactions at proton energies between 0.5 and 2 GeV in targets of heavy elements 
such as lead are a prolific source of neutrons that can be used for accelerator-based electro-
breeding of fissile materials, or for transmutation of long-lived radionuclides in HLW. Evaluation 
of the integral neutron yields from these reactions has been the subject of many studies.1"18 The 
Intranuclear-Cascade-Evaporation (INCE) model of Bertini4 has proved to be reasonably 
successful in describing the spallation reaction process. In this model, the elastic collisions of 
nucléons and pions with nuclei are ignored. The computation of the nonelastic collision is based 
upon the premise that at energies above a few tens of MeV, the interaction of a nucléon or pion 
incident upon a complex nucleus can be treated as the interaction of the incident nucleon/pion with 
the individual nucléons of the nucleus. This premise holds, because the de Broglie wavelength of 
the incident particle is comparable to or smaller than the average distance between the nucléons 
within the nucleus. 

A nonelastic collision is modeled to take place in two successive stages. In the first stage - the 
intranuclear cascade - the interactions with the individual target nucléon create collision products 
of high-energy particles. These may interact with other single nucléons inside the same nucleus 
(intranuclear cascade) or inside other nuclei (internuclear cascade). In the second stage~the 
evaporation process-the excited residual nucleus remaining at the end of the intranuclear cascade 
is assumed to have its residual excitation energy equipartitioned among the remaining nucléons, 
and the nucleus cools off by evaporation of low-energy, low-mass particles until the excitation 
energy is < 7 MeV ,when the evaporation of particles is suppressed by binding energy. The 
remaining energy is emitted as gamma rays. The INCE model incorporated in the LAHET/HETC 
family of Monte Carlo codes includes the possibility of fission during the second stage, in 
competition with the evaporation process. Details of the nuclear model and the associated 
parameters used in the LAHET/HETC version of the INCE model are discussed in several 
publications.4"14 
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Computation of Total Neutron Yields 

We computed the neutron yields with the LANL code package10 LAHET/MCNP using the 
traditional INCE model of Bertini,4 supplemented by the RAL model9 to describe the fission 
induced by high-energy interactions. Transport of the particles included the multiple Coulomb 
scattering of primary protons and the elastic scattering of neutrons with energies below 50 
MeV. The cascade histories were computed through alt generations. The dependence of the 
integral neutron yield on the level density parameters was explored. The computational 
geometry considered a cylindrical Pb target with an on-axis pencil beam of incident protons or 
neutrons. The calculations were made for various diameters and lengths of a Pb target. The 
LAHET code followed all interactions of protons, pions, and muons. Neutrons were followed 
in LAHET down to a cutoff energy of 20 MeV, and were passed on to the MCNP code as 
source particles for transport in the target. The total number of neutrons of all energies 
escaping from all surfaces of the bare target following a combined LAHET/MCNP treatment 
were tallied and defined as the integrated neutron yield available from the spallation target as a 
neutron source. This tally does not include the neutrons that were captured in the Pb target. 
The spectral energy distributions of the neutrons and protons escaping from the target were 
also tallied. 

For a benchmark comparison with the measured data, the set-up of the experiments17 was 
modeled and the neutrons captured in the H2O moderator surrounding the Pb spallation targets 
were tallied. Potential sources of uncertainty in estimates of the total yield were investigated. 
These included the leakage of neutrons from the moderator assembly, the fraction of neutron 
yield captured in the region of the moderator in which the neutron flux was actually measured, 
and the effect of the beam size on the leakage of protons and high-energy neutrons from the Pb 
target. 

Results 

Figure 1 shows the calculated integrated yield of neutrons escaping from a cylindrical Pb target 
of 100 cm diameter and 100 cm length after bombardment with neutrons and protons. The 
solid curve represents a neutron and the dashed curve a proton projectile. These computations 
were made using the RAL fission-evaporation model7-10 and the default level density option in 
the code.10 The data points show the measured yield from proton-induced reactions reported 
in the literature.19'20 

For neutrons of energy below 20 MeV, the yield is computed with the MCNP code using the 
evaluated cross sections. In this energy range, the neutron multiplication is produced by the 
(n,2n) reaction that dominates (86% at 15 MeV) the total nonelastic cross section, including all 
of the (n.n'y) and the (n,y) channels. A 15 MeV neutron incident on an infinite block of Pb 
can generate neutrons until its energy drops to the neutron binding energy of «7 MeV. Each 
neutron generated would account for an energy loss of 8 MeV, if we adopt 1 MeV average 
energy for the outgoing evaporated neutron. Thus all interactions initiated by a 15 MeV 
incident neutron would generate ((15-7)x0.86/8) » 0.9 additional neutrons inside a large Pb 
target. For energies above 20 MeV, the calculations are made with the INCE model, and the 
rise in the solid curve just above 20 MeV reflects the onset of (n,xn) reactions with x > 2 . The 
distribution of the residual nuclei produced by all interactions of a 30 MeV incident neutron 



shows that many channels contribute to the neutrci production. The cross sections of these 
reaction channels are not established fully in this energy range, and the magnitude of the rise in 
the neutron yield curve needs to be validated with integral experiments. 

For protons, the data shown by the dashed curve in Figure 1 is calculated by the INCE model. 
In this case, the lower yield is due to the loss of kinetic energy of protons by the ionizing 
atomic collisions that reduces their range in the target. The data point at 32 MeV shows the 
measured total yield of 0.16 n/p reported by Tai et al.20 and at 100 MeV the yield of 0.34 n/p 
measured by Lone et al.2[ The degree of agreement clearly indicates that the model is 
reasonably successful in predicting the total neutron yield, in spite of any deficiency in 
predicted differential yields. The data points between 0.54 and 1.5 GeV show the measured17 

yield from a Pb target of 20 cm diameter and 60 cm length. These data are discussed in the 
section on validation of calculations. 

Figure 2 shows the variation in the integrated neutron yield with the target diameter. The yield 
increases steadily and reaches a plateau at a diameter of about 100 cm. This change is due to 
the propagation and interactions of the high-energy neutrons that escape from smaller-diameter 
targets, as was pointed out earlier.2-19 We have confirmed this by recording the spectra of the 
high-energy nucléons leaking from the targets and computing their potential contributions with 
the data from Figure 1. 
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Level Density Dependence 

In the evaporation model7-22 the probability of emission of a particle i of kinetic energy E is 
expressed as 

where g-{ is the number of spin states, mj is the mass of the emitted particle and alc (E) is the 
cross section for the compound nucleus formation in the inverse reaction. The level density for 
excitation energy E* is given by 

where ©0 and a are constants for a given nucleus and 5 is the pairing energy. The parameter a 
depends on the mass number A. The evaporation model incorporated in the HETC code uses 
the value a « A/B0 where B0 is an input parameter. Various reviews of the data on level 
densities indicate B0 to be in the range of 8 to 20. However, the data show that the level 
densities are strongly influenced by nuclear shell structure, and the densities of magic nuclei 
are several orders of magnitude lower than the densities for the mid-shell nuclei. The Julich 
option in LAHET incorporates the shell-structure-dependent B0 

No nuclear-structure effects are incorporated in the formalism used to calculate the inverse 
cross section. The code7-22 calculates it from the geometric cross section modified by an 
empirical expression (to take into account energy dependence) and a Coulomb barrier 
correction for charged particle emission. It has been argued that if the shell effects are 
included in the level densities, corresponding effects should be included in the inverse cross 
sections. The integrated yield of neutrons depends on B0 and is found to decrease linearly with 
increasing B0. Increasing B0 from 8 to 20 decreased the yield by about 24%. 

Validation of Calculations 

To develop an Intense Neutron Generator for electro-breeding of fissile materials, an extensive 
series of spallation neutron yield measurements was carried out at the BNL Cosmotron in 1965 
by a Chalk River-Oak Ridge team.17 A variety of target materials and shapes, and a range of 
proton energies (from 0.5 to 1.5 GeV), were used. Six different targets of Be, Sn, Pb and 
depleted U were studied. The targets were mounted in a large cylindrical tank of H2O (1.83 m 
diameter by 1.83 m high), which was located in an external beam of the Cosmotron. The 
absolute neutron flux distribution in the water surrounding the targets was measured, with up 
to 55 Cu or Au foils mounted on a lucite frame about 110 cm long by 60 cm high. The frame 
was mounted symmetrically above the target in a vertical plane. The foils were counted by an 
automatic counting system, which had been calibrated previously against a 4TÏ (3-y coincidence 
system. As a further check on the system, a standardized neutron source was measured in the 
Chalk River Pool Test Reactor tank using the same foil array and counting system. The source 
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strength thus determined was within 2% of the value determined by the National Research 
Council of Canada. 

The integrated proton current into the targets was measured by the irradiation of polyethylene 
foils placed at the entrance of the beam into the water tank. The ]1C activity produced in the 
foils was measured in a calibrated counter at BNL. The neutron yield was evaluated from the 
leakage of neutrons from the tank and parasitic absorption in the target and the structural 
materials. The overall accuracy of the measured yield is stated to be 5%. However, there are 
no published details of the neutronic analysis of the experiments. An analysis of the 
experiment with LAHET/MCNP simulations shows that only 3% of the neutrons would have 
escaped from the large moderator tank. The fraction captured in the foil region was 91%. 
Changing the proton beam diameter from 1 cm to 4 cm shows insignificant variation in the 
calculated leakage of protons or high-energy neutrons from the target. Thus the overall 
magnitude of the corrections does not appear to be great. 

A comparison between the measured data17 and the calculated yields is shown in Figures 3a 
and 3b for 10 and 20 diameter, 60 cm long Pb targets. The standard deviation of the Monte 
Carlo computed data is better than \%. The yield calculated with the mass-dependent B0 

values, shown by the solid curve, is in excellent agreement with the measured data. For nuclei 
near Pb, the mass dependent value of B0 is about 20 and the yield calculated with this value 
shows similar good agreement, as indicated by the short dashed curve. The yield calculated 
with the default level density option in LAHET, shown by the medium dashed curve, is about 
25% too high. The same is true of the yield shown by the long dashed curve that is calculated 
for B0= 8. 

At 1.6 GeV, the total yield from spallation reaction in a 100 cm Pb target of 100 cm diameter 
is calculated to be 57 n/p for B0 = 8 and 46 n/p for B0 = 20. These yields are significantly 
high and can provide2 high fluxes of thermal neutrons for effective transmutation of actinides 
and radiologically significant fission products ("Tc and 129I). 

Transmutation Cross section of 90Sr 

The beta emitter 90Sr, with a half-life of 29 years would be one of the major heat 
sources in a high level spent-fuel waste (HLW) repository. The 90Sr can, in principle, be 
transmuted by neutron radiative-capture to the 9.5 h half-life 91Sr, but the cross section for this 
reaction is not well known. Prior to our work two vastly discrepant values were reported in 
the literature, viz 0.8 ± 0.5 b in reference 23 and 0.014 ± 0.0024 in reference 24. 

Because of the large discrepancy in the reported values, we decided to measure25 the cross 
section by employing chemical techniques to separate Sr from Y for enhancement of the 
detection sensitivity for 91Sr. These measurement yielded a value of 0.0097 ± 0.0007 b. This 
confirmation of the low value of this cross section rules out the feasibility of thermal-neutron-
induced transmutation of 90Sr. Failure to eliminate 90Sr would circumvent the effectiveness of 
removal of Cs in terms of any significant reduction of radiological hazard of HLW for the 
initial 1000 years. 
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ABSTRACT 

The mortar used in the construction of stone houses and buildings in Canada during the French 
regime is known to have better properties, in particular better longevity, than even the modern 
mortars. However, the exact recipe for these mortars has been lost, as it was transferred verbally from 
the masons to their sons or successors. This paper covers part of a project attempting to find out the 
recipe of the ancient mortar from careful analysis of samples of ancient mortars provided graciously 
by the Québec Ministry of Cultural Affairs. These samples come from the remains of three stone build
ings in the old part of Québec City: the second house of Champlain (1624), the Gervais-Beaudoin house 
(1682) and the "Magasin du Roy" (The King's Store)(1680-1700). For the sake of comparison, several 
mortar samples from buildings and houses in the Kingston area were also analyzed. 

The analysis work presented here was based on instrumental neutron activation analysis 
(INAA), using the SLOWPOKE-2 nuclear research reactor at Royal Military College. The main ele
ments detected and measured with the INAA technique were Ca, AI, Fe, K, Na, Ba, Mg, Ti, CI and 
Mn. One of the difficulties with neutron activation analysis is that silicon has a (n,p) reaction with 
thermal neutrons, producing MAI, the same radioisotope resulting from the (n,>) reaction with 27A1. 
Therefore, Si had to be determined by means other than nuclear. The results from INAA were quite 
surprising, because the French regime samples had significant differences in their elemental composi
tions. The samples from the second house of Champlain and the Gervais-Beaudoin house are quite 
similar, with 8-10% calcium, 6% aluminum, and 2% iron, for the most abundant isotopes (excluding 
silicon). However, the "Magasin du Roy" samples exhibited some 24% calcium, 25% aluminum, and 
negligible concentrations of iron and other éléments. For this lost set of samples, the relative 
concentrations are quite similar to those of the St.Mary's Cathedral and the modern mortars in 
Kingston. 

INAA produced results on the elemental content of the samples with a 5% accuracy, however, 
it cannot provide information on the molecular arrangement of the materials, and other, non-nuclear, 
methods are needed to obtain information here. The research is now performed using several conven
tional methods including infrared spectrometry, X-ray spectrometry, and other examination methods 
such as porosity, density and micro-hardness tests. Despite its limitations, INAA remains a key analysis 
method for this project since its high accuracy will be put to good use in the quantitative dosing of the 
various components of the French regime mortars. 



INTRODUCTION 

At the end of the French regime in Canada, many trades people such as masons returned to 
France, and those who stayed Canada gradually abandoned their traditional methods and adopted those 
introduced by the British masons. Before the superior properties (durability) of the mortar used during 
the French regime were recognized, the recipe had been lost since it was transferred only orally between 
the masons and their apprentices. The prese. t project is essentially a search for this recipe, and since 
Instrumental Neutron Activation Analysis is a technique readily available at the SLOWPOKE-2 Reactor 
Facility at Royal Military College, Kingston, Ontario, is was used in a first attempt to partially 
characterize the various mortar samples, and, later, it will be used to control the relative concentrations 
of the various components of the mortars. 

The samples analyzed were graciously provided by the Ministry of Cultural Affairs of Québec, 
and came from the remains of three separate buildings located in the old part of Québec City: the 
second house of Champlain (1624), the "Maison Gervais-Beaudoin" (1682) and the "Magasin du Roy" 
(The King's Store) (1680-1700) (Fig. 1). For comparison, several mortar samples from buildings and 
houses in the Kingston area were also analyzed: two different mortars from the St. Mary's Cathedral 
in Kingston (1840), samples from a Scottish house (1860), the "Kingston Pavilion" (1900), and two 
different modern mortars: one from the former house of the first author (1972) and another used in 
the restoration of the St. Mary's Cathedral (1990). 

2141: Second Habitation of Champlain 
(Under Notre-Dame-des-Victoires Church) 

2128: Maison Gervais-Beaudoin 
151QU: Magasin du Roy 

Figure 1. : Location of the Three Archaeological Sites in Québec City. 

The results presented in this paper cover only those obtained by Instrumental Neutron 
Activation Analysis (INAA), using the SLOVVPOKE-2 research reactor at Royal Military College. In 
order to complement INAA, several more traditional physical and chemical methods are being used, 
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including infra-red spectroscopy, X-ray spectroscopy, and micro-hardness testing, among others. The 
project is now focussing into these conventional techniques which are able to provide information on 
the molecular structure of the many components of the mortars. Based on the information gathered, 
the last phase of this project will consist in an attempt to synthesize a mortar which, hopefully, should 
have properties comparable to those of the ancient mortar. 

NATURE OF MORTARS 

Two types of mortars were used by the ancient Egyptians1: clay-type mortars were used to hold 
the stones together, while the gypsum-type mortars were mostly buffers between the stones in masonry 
work. It is with the Romans1 that the mortars saw a rapid expansion resulting is spectacular masonry 
masterpieces, many of which can still be admired today. The Romans used mixtures of sand with lime, 
in proportions ranging from three parts sand and one part lime, to a 5-to-2 sand to lime ratio. Other 
ingredients included charcoal dust, clay, grit, crushed brick, all added in minute amounts. 

Modern types of mortar combine the properties of Portland Cement to those of lime. Chemical 
reaction with water, then air, transform the lime (CaO) into CaCo, and calcium silicates are also 
formed. Modern mortar normally consists in one part Portland Cement, two parts calcium hydroxide 
(Ca(OH);) obtained from the lime-water reaction, and eight parts (by volume) of sand. In addition to 
the cement, water, lime and sand, other substances called admixtures are incorporated to add further 
strength to the mortar. Examples of these are fly ash and pozzolans, which are siliceous or alumino-
siliceous materials. These react chemically with calcium hydroxide and water to form cementious 
materials. Oxides other than calcium and silicon oxides are also often found in mortars, including 
aluminum, sodium, potassium, magnesium, sulphur and iron oxides. 

The mortar of interest for this study comes between the Romans' mortars and the modern ones, 
and was produced in the 17,h and 18,h centuries by the masons who came as settlers in New France, At 
this time, about only the elite was literate, a situation resulting in a large amount of practical knowledge 
being transmitted only verbally and eventually lost. The recipe for the mortar used at this time is 
obviously one of these lost pieces of good knowledge. What makes this mortar so interesting is that it 
"lives", in the sense that, it swells under humid conditions, shrinks when dry and follows the movements 
of the masonry caused by temperature changes3. Archaeological excavations in the Québec City area 
have revealed that, even after 3'/: centuries, this type of mortar was still in good shape. 

The composition and properties of these ancient mortars were compared to those representing 
more modern periods: the 19lh century, the 1970s and today. Although these mortars come from a 
different region of Canada, the basic materials are quite similar, but the recipes are different enough 
to draw interesting conclusions on the various approaches by Canadians of French and British origins. 

NEUTRON ACTIVATION ANALYSIS 

This nuclear analysis technique is based on the absorption of particles, most often neutrons, 
by the nuclei of non-radioactive atoms, the subsequent transmutation of these atoms into radioactive 
nuclides or radioisotopes, and the detection and analysis of the radiation emitted by these newly created 
radioisotopes. The particular nuclear reactions induced by the bombardment of the target nuclei, the 
radioisotopes formed, and, consequently, the radiation emitted by the activated atoms, are specific to 
the nature of the incident particles and the target nuclides. Therefore, once the nature and energy of 
the incident particles have been selected, the method is a powerful tool to detect the presence of certain 
radioisotopes in the irradiated sample, hence, the presence of the elements from which the radioisotopes 
have been formed. The formed radioisotopes may indicate their presence by the emission of one or 
several types of radiation as they undergo their radioactive decay: alpha and beta particles, neutrons, 
gamma rays and X-rays are the most common. In addition, these particles and photons are emitted with 
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energy spectra which are characteristic of the decaying radioisotopes, thus permitting unambiguous 
detection and characterization in most cases. The selection of the particle types for the bombardment 
of the samples and for the subsequent detection of the emitted particles is determined mainly by the 
specific research work and by the availability of equipment. In most applications, activation analysis 
is done with thermal neutrons as incident particles, and with gamma spectroscopy as the means of 
characterizing the irradiated samples. The method is called "Instrumental Neutron Activation Analysis" 
(INAA) when it involves sophisticated electronic equipment such as Multichannel Analyzers and 
microcomputers to carry out the analysis work*. 

INAA is not only able to perform qualitative analysis of samples, but its main advantage lies 
in its very high sensitivity and accuracy in quantitative analysis5. Quantitative analysis aims at 
determining the amounts of one or more of the components within the samples under investigation. In 
the gamma spectra obtained from the formed radioisotopes, the size of the photopeaks, (more 
specifically the area under the peak), is directly proportional to the number of atoms of the radioisotope 
present in the irradiated sample. Therefore, quantitative analysis is carried out essentially by comparing 
the size of selected photopeaks from the unknown sample to that of carefully characterized samples 
called "standards" irradiated in a strickly controlled fashion. Since the mass and composition of the 
standards are rigorously known, the quantitative composition of the unknown is then easily calculated. 
The technique is based on the following equations which include the many control parameters available 
to the user: 

c = 
AX 

BW<b(l-e~kti) e " U d ( l - e " U f f ) 
( i ) 

where C = concentration of element of interest, g; 
A = area under photopeak, counts/s; 
X = decay constant of radioisotope, s*1; 
B = activation constant, given by Eq. 2; 

{units = (counts/s)(mole/neutron)(nr/g:)); 
W = mass of sample, g; 
0 = neutron flux, neutrons/m2-s; 
t, = irradiation time, s; 
t,, = decay time, s; 
tc = counting time, s. 

The activation constant may be obtained from the activation and analysis of standard samples 
producing the radioisotopes of interest and for which the elemental content is determined with great 
accuracy before irradiation. The activation constant B is given by the following equation, in which the 
symbols now refer to the irradiation and counting of the standard sample: 

B = AX (2) 
X e< CWQ ( l - e ~ A C j ) e"A C d ( l -ltd e c) 

In Eq. 2, the units of C for the standard are in fraction of sample consisting in the element of 
interest. 
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Among the main advantages of INAA, the high sensitivity makes it often several hundred times 
better than the next best method of analysis, and INAA can, for many elements, detect and measure 
accurately trace elements in the part per billion (ppb) range. It can analyze several elements at once, 
and uses often minute quantities of the samples. Most often, the samples require little or no previous 
preparation before irradiation, other than weighting and encapsulation, and, after irradiation, 
manipulation is usually kept to the minimum. In many cases, the doses of radiation required are small, 
resulting in modest levels of radioactivity within the irradiated samples, and, once allowed sufficient 
time to decay back to background levels, the samples may be used again for other purposes. For several 
applications, INAA can be classified as a non-destructive evaluation technique. 

Like any analysis technique, INAA has its disadvantages. Large sources of thermal neutrons 
are rare and expensive, but Canada has succeeded in designing a i,mall, inherently safe, and affordable 
low power nuclear reactor, the SLOVVPOKE-2, which was primarily intended for INAA in a university 
environment. While most elements can be easily activated and analyzed by INAA, a low number of 
them, like most noble gases, carbon, oxygen and lead, are particularly stable and have low neutron 
absorption cross sections, or produce radioactive products with too short or too long half lives. Some 
problems exist for a low number of elements for which interfering nuclear reactions exist and can falsify 
the results: these problems are usually dealt with by using complementary analysis techniques in 
addition to INAA. In more compter; samples, the presence of both short- and long-lived radioisotopes 
often saturates the detection equipment, making difficult the analysis of the long-lived radioisotopes. 
This is usually dealt with by performing both short and long irradiations of the samples, and by 
allowing various decay times. Other techniques such as Cyclic and Pseudo-cyclic NAA are also used to 
cope with this problem. 

The most important drawback of this method is that it is not able to provide information on 
the molecular arrangement of the atoms. For example, an element such as copper or nickel is easily 
detected and analyzed by INAA, but INAA cannot tell the user whether the atom of copper or nickel 
is part of a cyclic or a chain organic compound. In order to fully characterize the types of bonding, 
other analysis methods, such as Fast Fourier Transform Infra-red, must be used. 

PROCEDURE AND RESULTS 

The many samples of mortar were first very finely crushed and encapsulated. For each type 
of mortar, six capsules were prepared, with three submitted to short (30 s) irradiations, and three to 
long (2 h) irradiations. The thermal neutron flux at the irradiation sites was 5.07 x 10" n/cnr-s. The 
standards consisted in liquid solutions of the various elements identified in the mortar samples in a 
previous qualitative analysis. Analysis was done using a Nuclear Data MCA and the EPAA software', 
which contained the necessary databases and isotopic libraries included in the locally developed QUASH 
and QUAL softwares. 

The results are presented in Figures 2 to 10, which provide the concentrations for the ten most 
abundant elements. Several other elements, such as Sc, Th, Hf, As, Sb, U, Co, V, Cr, Rb, and La, 
were detected, but only as traces. Figure 11 gathers the results for all nine types of mortars and 
facilitates their comparison for the four most abundant elements: calcium, aluminum, iron and sodium. 
In Figs. 2 to 10, the term "Variance" designates not only the statistical fluctuation from one sample to 
another for a given type of mortar, but also includes the experimental error associated with INAA, due 
mainly to the random counting of the gamma radiation and to the uncertainty in the characterization 
(mass and concentration) of the standard samples. 
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CHAMPLAIN'S SECOND HOUSE 
(1624) 

variance 
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Figure 2 

MAGASIN DU ROY 
(1660-1700) 
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Figure 4 

MAISON GERVAIS-BEAUDOIN 
(1682) 

K Na Ba Mg 
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Figure 3 

SCOTTISH HOUSE 
(Kingston Area, 1860) 

Ca AI Fe K Na Ba Mg Ti CI Mn 

ELEMENTS 

Figure 5 



St.MARY'S CATHEDRAL 
(Hard mortar, 1840) 
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Figure 6 

MODERN: St.MARY'S CATHEDRAL 
(1990) 
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Figure 8 

St.MARY'S CATHEDRAL 
(Friable mortar, 1840) 
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MODERN: H. BONIN'S HOUSE 
(1972) 

Ca AI Fs K Na Ba Mg 

ELEMENTS 

Tl CI Mn 

Figure 10 

COMPARISON FOR MOST IMPORTANT ELEMENTS 
(Calcium, Aluminum, Sodium) 

I SODIUM 

ELEMENTS 

IRON • ALUMINUM • CALCIUM 

A B C D E F G H I 
A: Champlaln'g 2nd Horn* B: Maison Gorvil».Boiudoln C: Magasin du Roy 

D: Scottlfh Houie 
C: St.Mary's, Modem 

E; SI.Mary'», Hird 
H: Kingston Pavillon 

Figure 11 

F: SI.Mary'a, Friable 
1: H. Bonin'a Houia 

DISCUSSION 

Contrary to expectations, the samples from Québec City were not uniform. The mortars used 
for the Second House of Champlain and the Maison Gervais-Beaudoin were quite comparable, but the 
mortar from the Magasin du Roy was much different, containing more than twice as much calcium in 
proportion than the other two mortars. For this mortar also, the relative amounts of aluminum, iron 
and sodium are significantly lower than for the mortars used in the other two houses. The reasons for 
this may be that either the raw materials came from another location, or that the recipe was different, 
(or both). 

The mortars used in the Kingston area are quite different by their relative compositions, having 
higher content of calcium and lower amounts of aluminum and sodium. An exception is ttie mortar used 
for the Scottish House which is located some 20 km north of Kingston. It is possible that the raw 
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materials, the sand, in particular, may have come from a pit located in the Canadian Shield, which 
comes close to Kingston. For all the other mortars, the sand most probably comes from the limestone 
region characteristic of the Great Lakes and the St.Lawrence River valley. Another interesting finding 
is the elemental difference between the two mortars used in the original construction of the St.Mary's 
Cathedral in Kingston, with the hard mortar being quite similar to the mortars used in the 20th 
century. This shows that the relative content in calcium directly intluences the hardness of the mortar. 

The element labelled as aluminum includes silicon as well. In INAA, when trying to determine 
the concentration of aluminum in a sample, there is an interfering nuclear reaction with silicon, 
aSi(n,p)MAl, which also produces 3A1. This interference becomes important when the ratio of silicon 
to aluminum exceeds 207, which is certainly the case for the mortars (otherwise, the Canadian 
aluminum industry would not import bauxite from the West Indies). Therefore, some chemical analysis 
methods are needed to sort out silicon from aluminum. Another interfering reaction may be the 
"AUn.aJ^Na reaction with fast neutrons. The neutron energy spectrum at the irradiation sites in the 
SLOWPOKE-2 reactor is more than 90% thermal, and, for this reaction to actually influence the 
sodium results, the aluminum-sodium ration must exceed 3770. Here, the results give this ratio as below 
10, with the exception of the Scottish House which has a ratio of 24. Considering that the "aluminum" 
concentration includes the silicon as well, as discussed above, the actual Al/Na ratio is well below these 
values, allowing this interfering reation to be neglected. 

As for the other elements (K, Bu, Mg, Ti, CI, Mn), these are found in comparable amounts 
in all types of mortars, but at this point, this research cannot inform us on the influence of these 
elements of the properties of the ancient mortars versus the modern ones. Sodium is an element that 
may reveal some interesting facts about the ancient mortars, since it is significantly more abundant in 
two of the French Regime mortars, but not in the third. This may be due to the water used for these 
mortars. A possible explanation is that, for Champlain's Second House and the Maison Gervais-
Beaudoin, the water may well have been taken from the St.Lawrence River which is salted at this 
location. For the Magasin du Roy, the water may have come from a nearby well or source to which the 
masons building the Gervais-Beaudoin house did not have access. One may argue that the chlorine in 
these samples does not follow the same trend. It is possible that most of the chlorine may have been 
washed away due to its soluble chemical nature over the years. More investigation is obviously needed 
to solve this mystery. 

CONCLUSION 

This work illustrates well the strengths and weaknesses of INAA. It has permitted to prove that 
the mortars from the French Regime are indeed quite different than the ID1" and 20lh centuries mortars. 
While their elemental compositions are now accurately known, (except for AI and Si), further work 
must be carried out using more traditional methods to complement INAA and to determine the 
molecular structures based on the elements detected. Only then the recipe for the ancient mortars will 
be determined, but INAA will remain a most useful tool for the precise characterization of the relative 
amounts of the various chemical compounds. INAA will also serve as a control method in the synthesis 
phase of this research. 
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HANDLED GAMMA QUANT GENERATOR 
IN DENSITY MEASUREMENT 

Mo2elev Alexander 

Small Scale Research^' & Production Company RADICAL 
P.B.il-8-, Dubn-a 5-,—-Moscow- region, RUSSIA , 

The up to date ways of the density measurement are based 
usually on the spectrometry of the scattering irradiation excited 
by a different radioisotopic sources. 
In this paper, the principally new source - gamma quant generator 
is proposed. 

The essentiel] part of this arrangement is . the source of 
artificial gamma radiation. The main advantage of this kind 
source in density measurement application is possibility of 
remote handling that excludes any polutiort in the case of damage. 

I he preliminary computation and mathematical simulation have 
revealed tha c thy yaioma quant generator has advantages upon the 
traditional radioisotopes sources in technical characteristics. 

In the course of investigation the model of generator was 
created. The carrying out researches with this model have shown 
as well the expediency of subsequent investigations as the 
confirmation of the theoritical computations. 

As a result of the researches the next parameters have been 
received ; 
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TECHNOLOGY-ASSISTED TRAINING 
IN THE NUCLEAR REGULATORY ENVIRONMENT 

D.J. Martin, Ph.D. 
Senior Training Officer, Training Centre 

Atomic Energy Control Board ()(p%ri ooo c r) • 
P.O. Box 1046, Station B 
Ottawa, Ontario, Canada 
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Introduction 

One contributing factor to the safety of nuclear installations is adequately-trained personnel. While this 
is self-evident for the operational staff of a nuclear utility, it applies equally to staff of a nuclear regula
tory agency. In late 1989, the Atomic Energy Control Board (AECB), Canada's nuclear regulatory 
agency, set up a Training Centre to oversee the production of training programs for AECB staff and for 
training staff of foreign regulatory agencies who had requested assistance from Canada. 

In setting up the Training Centre, the natural intent was to prepare as high a quality of courses as 
possible. However, we realized that the mechanics of delivery of courses can materially affect their 
quality and effectiveness. This paper describes briefly how we address the issue of enhancing the effec
tiveness of courses by using appropriate technology. 

Technology for three types of materials 

The Training Centre's courses rely on computer technology to enhance the effectiveness of courses. The 
technologies are applied to produce three types of materials: 

• printed materials 
• video-based materials 
• computer-based material 

Printed materials 

Printed materials are produced using what is commonly referred to as "desktop publishing standards". 
The pages are designed using aesthetically-pleasing layouts; typefaces, styles and sizes are chosen for 
maximum clarity; diagrams are produced to illustration-level quality. Figure 1 shows two reduced-size 
sample pages. Note that the page is not so dense that the eye is fatigued. Headings are set in larger font 
sizes and in boldface. 

In addition, reduced-size copies of the slides used by lecturers are appended to each lecture section. 
While course material has been written by differing lecturers, the manual is of a consistent, corporate 
design, which adds to the presentation value of the material. Each course participant receives a manual 
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of this design. Lecturer's receive printed lesson plans of a similar quality. In summary, we believe that 
course content is made more accessible by the use of desktop-publishing. 

Video-based materials 

Training can be assisted, and content made more assimilable, by using vidéocassettes of the concepts 
under discussion, and so the Training Centre has set up a video editing station. The station consists of a 
Macintosh II computer connected to a NewTek VideoToaster and three S-VHS editing decks and two 
VHS VCRs. This set-up allows the in-house production of full industrial-level quality tapes. Video 
sequences can be intercut with graphics and titles produced on the Mac. The VideoToaster allows pro
fessional-quality transitions and edits. Recently, a series of tapes relating to Safeguards inspections were 
produced for the IAEA. Tapes have also been made of an incident at a power station, and an incident 
resulting in overexposure to radiation. In this visual society of ours, considerable value is found in pre
senting concepts in professional-quality 'ideotapes with appropriate graphics and voice-overs. The cost 
of setting up such a video workstation is considerably less expensive than going to a production compa
ny. Further, control of the production process is in-house. 
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Computer-based materials 

The traditional method of teaching has relied heavily on the classroom approach: a lecturer standing 
before a class of trainees. This method has the advantage of live interaction between the lecturer and the 
trainees but has several disadvantages: 

• the pace of the lesson is at the average of the capabilities of the trainees. Thus, the better 
trainees become bored, and the poorer trainees struggle to keep up; 

• it requires scheduling 20 or so people to be in one room for several days; 
• it ties up the (expensive) lecturer, who may have duties elsewhere; 
• it relies on the capability of the lecturer to present the material well and consistently and in a 

dynamic fashion. 

To address these disadvantages, the Training Centre has adopted the use of computer-based interactive 
modules of two types: 

• lecturer support modules 
• self-paced training modules 

Lecturer support modules use a computer connected to a liquid-crystal display (LCD) which sits atop a 
high-intensity overhead projector (of the type used for slide acetates). The audience sees on a standard 
projection screen what is on the computer monitor. The module itself contains text, colour photographs, 
animations and video segments. Thus, a rich environment of support material is available to the lecturer 
to assist in the presentation of the lecture content. Figure 2 shows a typical screen from one of our 

Main 
*£ 

Type A 

Fig 2: Sample screen from a 
lecturer support module 

• Radioisotopes 



modules. The screen shows that photographs are easily incorporated 'yjih bulleted text. As mentioned 
before, the lecturer support screens are incorporated into the participants' manuals, for ease of reference. 
Self-paced modules are interactive computer documents which reside on the computer on the trainee's 
desk. The advantages of this set-up include: 

• the trainee progresses at his or her own rate through the material; 
• the trainee allocates time to study without the need to coordinate with others; 
• the material can be customized for the trainee. 

Figure 3 shows a screen from a self-paced module which describes the layout of a CANDU plant. The 
"buttons" on the screen are live, and the user uses a mouse to point and click for navigation. It is there
fore easy to learn how to use the tool. Digitized sound is used in the modules, and the sound track can 

ùlulll Unit 
, Dnmratim Diutlon 

Fig 3: Sample screen from a self-paced module 

easily be replaced with one of a different language. This feature is particularly useful for foreign 
trainees, as it helps in the learning process to reduce the barrier of language. Note in figure 3 that when 
the user presses a button, the appropriate part of the plant layout becomes highlighted. (This is, of 
course, much clearer in colour on the computer screen compared to this grayscale printed page). In this 
case, the training organization can be assured the part to be described is clearly delineated: if a lecturer 
were simply to point to a projected slide, it is difficult to ensure that all trainees realize the delineation 
of the plant part or system under discussion. 

Digitized video sequences are also incorporated into the self-paced modules. They are particularly 
effective when used in conjunction with animations: the animation shows the concept involved, while 
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Fig 4: Sample screen from a self-paced module 
showing the use of animation in concert with video 
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the video footage shows what the real world application looks like. Figure 4 illustrates a screen from a 
module discussing fuelling of a CANDU station: the animation shows the flow of the fuel through the 
station, and the complementary video sequence shows station staff transferring the fuel bundles. The 
source footage comes from stock libraries and from material shot by AECB staff on location. 

One crucial aspect of the use of technology to enhance effectiveness of courses is that the technology 
must not get in the way: it must be user-friendly, easy to set up and easy to use. The Training Centre's 
choices of hardware and software reflect this requirement. 

Conclusion 

The mechanics of presenting material can impede or enhance the flow and clarity of course information, 
and so can materially affect the quality and effectiveness of a training course. This paper has described 
briefly how the Training Centre of the Atomic Energy Control Board addresses the issue of enhancing 
the effectiveness of courses by using appropriate technology: desktop-publishing, video and computer-
based interactive modules. Further information can be obtained by writing to the author. 
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ALARM PROCESSING FOR DIAGNOSIS USING 
A HOLOGRAPHIC NEURAL NETWORK (HNeT) 

J.E. Smith, M. Schwarzblat and J.G. Sutherland 

AND America Limited 
2140 Winston Park Drive, Suite 202 

Oakville, Ontario, L6H 5V5 

INTRODUCTION 

The purpose of using a neural network for alarm processing is to provide 
a process plant operator with a tool for rapid diagnosis of plant "upset" 
conditions. Consider that if a major process failure occurs at a nuclear 
generating station, many alarms will be triggered in the control room. In 
such cases, operators need help to determine which alarms are most 
significant, what the actual upset is and what needs to be done to correct 
it. Neural networks are a means of using a computer to emulate human 
thought and learning processes, and are patterned after the human brain as 
a structure of cells and interconnections. As such, they work very well 
in applications involving pattern recognition. Alarm processing is such 
an application. 

The idea of using a computer for diagnosis is not new. There are existing 
computer diagnostic tools using expert system technology. However, neural 
networks offer some additional advantages to more conventional techniques, 
in that they can also recognize incomplete or distorted patterns, rather 
than just the complete or defined patterns on which they have been 
"trained". Also, because neural networks are structured as highly-
interconnected parallel paths, rather than simple, serial paths, they 
rarely fail catastrophically. A failure of a neural net pathway will lead 
to degraded performance, but not outright failure. 

OVERVIEW OF THE PROCEDURE 

Alarm processing using HNeT involves more than just setting up and 
training the neural network. The overall process requires a series of 
logical steps, as follows: 

(1) The alarm patterns which will occur for various plant upset 
conditions have to be generated, to provide a basis for the training 
of the network. 

(2) The alarm patterns and the upset conditions have to be modelled in 
a stimulus/response form that HNeT can handle. That is, the alarm 
pattern provides the stimulus, and the proper diagnosis is the 
response. 

(3) A set of testing patterns must be formulated, in addition to the 
training patterns. This is to check the performance of the network 
against a set of patterns it has not "seen" before, and to test its 
ability to recognize incomplete or distorted patterns and still 
provide the proper diagnosis. 

(4) The neural network has to be set up and trained. This a relatively 
simple process with the single-cell network that was used. However, 
some fine tuning of the network's control variables is required to 
optimize its performance. 

(5) There has to be some post-processing to present the results in a 
form an operator can use to diagnose the upset. 
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GENERATION OF ALARM PATTERNS 

The method used to generate the alarm patterns was based on the technique 
suggested by Schwarzblat and Arellano in reference 1. Briefly, this 
suggests using the fault trees for a system and extending them one level 
below the basic events. Each basic event in the original fault tree 
becomes a gate whose inputs are the alarms which occur when that basic 
event occurs- The extended fault trees are then processed in the same 
manner as regular fault trees, but the resulting minimal cut sets are now 
patterns of alarms rather than patterns of failures. 

This technique was used exactly as described in the first attempts to use 
a neural network in this research. However, the method proved to have a 
flaw as far as providing a full set of alarm patterns was concerned. The 
process of deriving minimal cut sets eliminates patterns which contain 
other, complete patterns. For example, if one system failure mode trips 
alarms 1, 5 and 7, and another trips alarms 1, 5, 7 and 12, the pattern of 
four alarms would be eliminated since it already contains the pattern of 
three alarms. Therefore the method was modified for further attempts. 
The minimal cut sets of the system fault tree were generated, and the 
alarm patterns were derived directly from the sets of failures in the 
minimal cut sets. 

Figure 1 shows a diagram of the hypothetical system used in the 
experiments. A fault tree of the process components for this system was 
constructed and processed. The fault tree did not include details of the 
controls, because there was no need to make any attempt to derive a 
probability of failure for the system, and the alarms would be triggered 
by failures of the process components themselves. Failures of the 
controls for any process component manifest themselves as failures of the 
component. 

Tables 1 and 2 are extracts from the minimal cut sets derived from the 
fault tree, and the alarm patterns generated, respectively. Each minimal 
cut set of Table 1 shows a combination of component failures that result 
in system failure. By knowing the alarms which are triggered for each 
component failure, an alarm pattern can be derived for each minimal cut 
set. 

Table 2 shows that the alarm pattern is presented as a series of binary 
inputs, where "1" means that an alarm is present, while "0" means that it 
is absent. The corresponding diagnosis for any alarm pattern is assigned 
an integer number. For the system used, there were nine possible "upset" 
conditions to be diagnosed, and sixty alarm patterns on which to train the 
network. Note also that there were 30 possible, individual alarms and 
indications to make up each alarm pattern. Space did not permit showing 
the full scope of the patterns in Table 2. 

THE HNET NETWORK 

At this point, it is worthwhile digressing to explain the term 
"holographic" as applied to neural networks. Its use does not imply that 
optical methods are used to implement the network. Rather, the 
mathematical principles, upon which HNeT is based, are similar to those 
which describe holography through numerical expression of electromagnetic 
wave potentials, see references 2 and 3. These principles are based on 
the properties of complex numbers, and result in a unique method of 
mapping stimuli (inputs) to responses (outputs), which results in very 
fast training, when compared to conventional, "back-propagation" networks. 

Conventional networks generally require an input cell for each input, an 
output cell for each output, and an intermediate layer of cells between 
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them to facilitate the interconnections and processing. With 30 inputs 
nnd a single output for this problem, such a network would probably 
require 40 or more cells. HNeT's particular mapping method permits the 
use of a single cell which can handle multiple inputs and outputs. in 
effect, a network is encapsulated in a single cell. 

NETWORK TRAINING AND TESTING 

With only a single cell, the set-up of theHNeT network involved only 
presenting the data file to the network and defining the stimulus and 
response variables. Optimizing the network's control variables was done 
as part of the training process. 

The actual training involves presenting the set of stimulus/response 
patterns to the network repeatedly, until the mapping of stimulus to 
response "converges" to a low error value. The "error" being the 
difference between a response generated by the network and the desired 
response for a particular stimulus. The results showed good convergence 
after about 5 training cycles or "epochs". However, to optimize the 
network variables, and to reduce the individual errors to values where 
good discrimination between diagnoses was assured required 130 epochs. 

Once the network had been adequately trained on the training data, it was 
tested against a different set of stimuli. This testing set was derived 
from the training set, but deliberate distortions were introduced. In 
some cases an alarm was deliberately omitted, in other cases a spurious 
alarm was added, and in other cases one alarm was substituted for another. 
A set of 19 different patterns was presented in the testing set. The 
format of the set of test patterns was also as shown in Table 2. 

RESULTS 

Table 3 shows the results from the test using the deliberately distorted 
alarm patterns. In each case the desired diagnosis number is compared 
with the diagnosis number returned by the trained network, and the error 
value is the difference between them. In any kind of neural network, the 
association between the stimuli and the responses is rarely perfect. 
There is always a degree of "fuzziness" between the desired and generated 
responses, hence the differences between the desired and generated 
diagnoses in this case. Those error values marked with an asterisk are 
those where the diagnosis is considered ambiguous or erroneous. 

The criteria by which error values are judged are as follows: 

(1) For desired diagnosis 0, any generated diagnosis value less than 
zero is acceptable. 

(2) For desired diagnosis 9, any generated "diagnosis value greater than 
nine is acceptable. 

(3) For desired diagnoses between 0 and 9 the absolute value of the 
error must be less than 0.5 to be an acceptable diagnosis, otherwise 
it is ambiguous or erroneous. 

The four tests where the error values were outside the above acceptability 
criteria were examined rnorw closely. It was determined that the 
distortions introduced were sufficient that there were real ambiguities in 
the possible diagnoses. Thus for test #2 the distorted alarm pattern 
could just as easily have indicated diagnosis #8 as diagnosis #9. 
Therefore the network was behaving properly, as it was trained. 
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PRE AND POST-PROCESSING 

In a real plant situation, some pre and post-processing of the alarms and 
diagnoses need to be done. The presence or absence of alarms needs to be 
sensed directly by the network. The diagnoses generated need to be 
translated into a descriptive form that guides an operator to initiate the 
correct mitigating and recovery procedures. 

These aroas of pre and post-processing have not yet been examined in 
detail in this work. The emphasis has been on developing the methods for 
training and testing the network. The pre-processing will require the 
design and development of hardware interfaces to take alarm signals 
directly from the plant and present them to the network in the form of 
data records, like in Table 2, but in real time. Post processing will 
require the design and implementation of software to take the generated 
diagnoses, compare them with acceptability criteria and present the most 
likely diagnosis to the operator. Also since alarms do not always trip 
together, the diagnosis should not be "frozen" at any time. Diagnoses 
should be updated as new alarms come in and change the pattern. 

CONCLUSIONS 

The work reported in this paper cannot yet be construed as a practical 
system for using neural networks for alarm processing and diagnosis. 
However, it does show, as a proof of principle that neural networks can be 
used successfully, and that the practical problems that need to be solved 
are soluble with existing technology. In particular, its recognition of 
distorted alarm patterns shows great promise for a practical system that 
can aid operators to make rapid, correct diagnoses. 
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TABLE 1. - Selected Minimal Cut Sets from the System Fault Tree 

MCS # 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Failure Events 

APSW-MV4-SC 

APSW-HX1-FM 

APSW-P4-FR 

APSW-NV4-FC 

APSW-V9-FC 

APSW-V4-FC 

APSW-SC1-BL 

APSW-L1-EL 

APSW-V5-FC 

APSW-CV1-SC 

APSW-MV1-SC, APSW-V3-FC 

APSW-MV3-SC, APSW-P1-FR 

APSW-P1-FR, APSW-V3-FC 

APSW-MV3-SC, APSW-MV1-SC 

APSV7-MV1-SC, APSW-P3-FSR 

APSW-P1-FR, APSW-P3-FSR 

APSW-MV3-SC, APSW-NV1-FC 

APSW-MV3-SC, APSW-NV2-FC 

APSW-NV2-FC, APSW-P3-FSR 

APSW-V1-FC, APSW-P3-FSR 
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TABLE 2. - Typical Alarm Patterns for Training a Network 

1 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

3 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

4 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

5 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

6 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

u 

0 

0 

1 

0 

7 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

8 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

9 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Alarm9 

10 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

11 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

1 

0 

0 

0 

0 

12 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

13 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

• o 

0 

0 

14 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

c 

15 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

IS 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Û 

0 

17 

1 

0 

0 

0 

0 

1 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

18 

0 

0 

0 

0 

0 

1 

0 

0 

0 

1 

0 

0 

1 

0 

0 

0 

0 

0 

1 

19 

0 

0 

1 

0 

0 

1 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

20 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

Diagnosis 

5 

9 

7 

2 

0 

8 

9 

1 

9 

6 

0 

7 

9 

4 

0 

3 

9 

2 

8 

7 



TABLE 3. - R e s u l t s from Test Pa t t e rns 

Test No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Desired 
Diagnosis 

9.0 

9.0 

1.0 

0.0 

7.0 

0.0 

5.0 

0.0 

2.0 

9.0 

9.0 

0.0 

3.0 

0.0 

4.0 

9.0 

6.0 

0.0 

8.0 

Actual 
Diagnosis 

9.0045 

8.3986 

1.1170 

-0.2207 

6.5363 

-0.1176 

5.0234 

-0.5561 

2.1033 

9.6048 

8.0427 

1.4246 

3.2513 

-0.9637 

4.0391 

8.0145 

5.8878 

-0.0523 

8.2014 

Error 

0.0045 

0.6014 * 

0.1170 

0.2207 

0.4637 

0.1176 

0.0234 

0.5561 

0.1033 

0.6048 

0.9573 * 

1.4246 * 

0.2513 

0.9637 

0.0391 

0.9855 * 

0.1122 

0.0523 

0.2014 
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ABSTRACT 
The objective of the current OPUS (Operator/User Support) System project is to produce an 
intelligent performance support system for the operators and maintainers of the Central 
Sampling and Condenser Leak Detection System at the Pt. Lepreau Nuclear Generating 
Station in New Brunswick. The design of the OPUS system addresses issues that have been 
raised in recent reviews and takes advantage of the experience that has been gained in the 
area of operator support systems over recent years.1,2 The fundamental design revolves around 
a user-centred concept since this will help to address one of the major shortcomings of past 
designs which is lack of operator acceptance. Primarily the system is an active one in the 
sense that it reacts to changes in input data and undertakes circumstance sensitive tasks. The 
model will eventually run on different platforms, for both performance and geographical 
reasons, and is multi-tasking in order to realize the inherent parallelism that is present. 
The contrived modularity is extremely germane to minimising code maintenance requirements. 
Additionally it eases the task of code verification and provides for incremental growth and 
flexibility. Asychronous communications are used to provide flexibility and to handle the 
parallelism while to ensure stability periodic synchronous communication is imposed. 

INTRODUCTION 
The OPUS (Operator/User Performance Support) system is a group of interrelated computer 

programs designed to assist in decision making and to monitor data on a continuing basis for 
a very specific set of preenumerated procedures. An anthropomorphic approach has been 
taken for two major reasons. These are to improve operator acceptance and because the 
problem breaks down into naturally into three layer strategic, tactical and operational aspects. 
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We have named these the MANGER, SUPERVISOR, AGENT levels. In addition it is 
designed to act as a test bed for a range of generic ideas.3 The model will eventually run on 
different computing platforms, for both performance and geographical reasons, and is multi
tasking in order to deal with the concurrent requirements of the problem. Each task is a 
separate software process and, to allow for incremental growth, proactive, persistent and 
intelligent modules are used. The consequential and concomitant aspects of communication, 
synchronisation, and organization of the computational flow for real-time performance create 
problems of their own, not least of which is the intertwined effects of temporal and logical 
correctness. In order to address some of these, all communication is effected through the 
blackboard. The communications traffic is handled both asynchronously and synchronously 
and decomposed into four distinct categories. 

To develop the concepts on a real problem, the system for sampling the secondary side 
chemistry at the Pt. Lepreau Nuclear Generating Station in New Brunswick was chosen. The 
current phase is a single processor realisation but it is expected to rapidly expand into a 
multi-processor multi-platform implementation encompassing a number of operating systems. 
The procedures used to define the code within the OPUS modules are found in internal 
documents from the New Brunswick Electric Power Commission - Pt. Lepreau. It became 
apparent early on that the nature of the problem set required parallel processing and the entry 
of data at distributed locations. 

Problem Description 
In order to fully define the practical problem as far as the nuclear plant was concerned a 

number of documents 
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COCENSERLEAK 
NXCATON 
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TRANSECT 
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ACTION 
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ACTION ACTION 
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Figure 1 Hie Problem Logic 

and flow sheets for the 
Pt. Lepreau secondary 
side chemistry were 
consulted. These 
outlined procedures for 
dealing with the 
problem of bad 
chemistry brought 
about by either an 
ingress of cooling 
water, due to a 
condenser leak, into the 
system or from some 
other cause. The 
procedures for a 
condenser leak as 
opposed to bad 
chemistry are 
sufficiently different to 
allow the problem to be 
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broken down on this basis. Figure 1 shows the logic involved. It may be seen that if bad 
chemistry is discovered the procedures to be followed by the maintainers is the same 
regardless of the reactor power level and whether or not condensate polishing is on or off. On 
the other hand if a condenser leak occurs a more complex set of decision making logic is 
involved and the specific criteria for actions to be taken depend on the reactor power level 
and whether the plant is undergoing startup and whether condensate polishing is on or not. 
This logic is spread out over a series of individual programs that are called into action only 
when required by the current situation. The secondary side system has monitoring points 
where the maintainers are required to take manual grab samples both to confirm a bad 
chemistry or condenser leak situation and to monitor the situation as the event continues. 
Trying to execute the process in a serial fashion is impracticable because such a programme 
would have to wait for the input of a grab sample. These are required only each 30 minutes 
so that response to other events would be prevented. This would defeat the whole purpose. 
This inherent parallelism in the problem requires that event driven programming techniques be 
used. 

Figure 2 The OPUS Multitasking Model 
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nie OPUS System Model 
For the foregoing reasons and for others that will be discussed the solution was recast 

in multiplatform/multitasking terms as illustrated in figure 2. This shows how the user 
interacts with OPUS. The OPUS system accepts raw plant data and supplies its appraisal of 
the current situation to the user. The user in turn can request more information and investigate 
the reasoning behind this assessment until satisfied. This does imply that the user have a very 
clear understanding of the OPUS 
system just as he does of the existing 

NO ALARM 

ONE LEAK ALARM 

UNRECOGNISED ALARM 

LEAK ASSUMED 

BAD CHEMISTRY 

LEAK & BAD CHEMISTRY 

operating manuals. OPUS does not 
filter data. Rather it is a reactive 
system which presents the user with 
the circumstance sensitive 
information and reasoning processes 
it uses in a layered and interactive 
manner. A pointed out by Garland4 

the mental model of the plant will 
differ depending on whether an 
operator, engineer or technician is 
using is the system. OPUS 
accommodates this by giving the 
user control of how much or how „ , . . u ... . » nrniTrnnMo 
,. ,, Figure 3 Alarm Handling Agent DEDUCTIONS 
little information is to be displayed. 
A control room operator for example 
may only require summary messages of what the current situation is and whether procedures 
are being followed to deal with it. A chemical maintainer on the other hand will require more 
detailed information on what steps are required to be taken and should be prompted to enter 
data. 

The hierarchical anthropomorphic design has essentially three levels:(l) strategic, which we 
refer to as the MANGER level, (2) tactical, which we refer to as the SUPERVISOR level and 
(3) operational which we call the AGENT level. In accordance with the user-centred approach 
discussed by Garland et al5 the users of the system can interact with the different levels 
depending on their needs. The core of the program revolves around a central blackboard 
whose purpose is to coordinate the inter-module communication and supply data as required 
to each of the system modules. 

Agents have very specific and limited tasks to do. They only accept input data from the plant 
and commands from their supervisors. Normally they do not communicate with other agents 
or other supervisors. They do not take actions by themselves, they merely relay conclusions 
back to their supervisors and display them locally as requested by the user. An example of 
these conclusions is shown in figure 3 for the Alarm Handling agent. 

The role of the Supervisor is more complex in that, in addition to dealing with the same 
inputs as the agents, they must also deal with the deductions of the agents they are 
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supervising. The Supervisor also takes no actions itself but communicates its own assessment 
of the situation to the Manager. In some instances this may simply be passing on the 
messages from its agents. 

The Manager accepts as input all the deductions from its supervisors, keeps the user informed, 
accepts user commands, monitors problem solving resources, spawns or kills off tasks as 
required and issues commands to its own supervisors. It is the only module that takes actions 
on its own initiative since it can spawn other processes as and when needed. 

The code used to construct the model is generic, only ne procedural contents of the modules 
are problem specific. This may be likened to using building blocks where the nature of the 
code blocks may be changed without effecting other modules that are on the same level or 
below them. This imparts a number of features 

• modules can be run on the computing platform of choice depending on 
the geographical location and/or computational requirements and tasks 
can be dealt with in parallel. 

• the procedural rules may be changed within a module without effecting 
the others. 

• the user has control in the sense that a different module(s) for different 
situations can be used. For that matter, modules with differing reasoning 
procedures may be used for the same situation if they are available. 

• modules are only run on an "as required" basis, thereby conserving 
computing resources. 

The Blackboard 
One of the major basic components of the overall structure is the blackboard. Essentially, the 
blackboard consists of a block of global memory which is shared by a number of programs. 
These programs can write to or read from the blackboard and may sometimes consist of 
separate segments of knowledge called the knowledge sources. The blackboard provides a 
loose coupling which makes the modules more autonomous. In theory the design allows for a 
large enough number of modules (limited only by memory) to cover most situations. This 
large number need not slow the completion of tasks because agents are only invoked when 
they are needed and the use of a distributed architecture allows extra processes to be added as 
necessary to accommodate more agents. 

All communication between various modules is through the blackboard and can be broadly 
divided into two types. The messages from individual modules to the blackboard and the 
messages from the blackboard to various modules. The first kind of messages are received 
asynchronously by the blackboard. This asynchronism aids exploitation of any parallism that 
may be present within the problem and provides the flexibility. However despite the 
desirability of completely asynchronous behaviour, both Burke and Prosser6 and Benveniste7 

point out that it is undisciplined, potentially unstable and unpredictable. Thus the management 
strategy of imposing sychronous behaviour is employed on the output side of the blackboard 
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to direct the problem solving effort. This ensures that all modules are processing the same set 
of data and have taken into consideration any results obtained by processing of the previous 
data set. However this does imply that agents finish computation before the new data set 
arrives, The asychrorous input messages are saved by the blackboard and are transmitted 
synchronously along with a new set of data to all the modules when the new data set becomes 
available. The messages for an individual module are placed in a first-in-first-out queue and 
are read by the module sequentially. 

Communications Types 
Clearly, on a fully distributed system, communication will t-Jce place over a network using the 
tools the operating system(s) provide. However the message traffic between modules and can 
be decomposed quite naturally into one of four fundamental generic formats and it is only the 
mode rather than the content of the messages that will change. These formats are labelled , 
DATA, COMMAND, ADMINISTRATION and DEDUCTIONS. 

The DATA messages contain raw input data from the plant, that is instrument output and 
plant status data such as reactor power and other operational data. The COMMAND messages 
contain the instructions from higher level modules to lower ones regarding use of resources 
and operating modes. The ADMINISTRATION messages contain such things as system time. 
The DEDUCTIONS messages contain the conclusions that each of the modules arrives at 
based on the current operating status, raw plant data and, if appropriate, deductions from other 
modules. 

Figure 4 shows the 
modules that are 
required for monitoring 
the situation under 
normal operation. Each 
process , a Supervisor 
and its Agents, is 
concerned only with a 
specific set of conditions 
and in fact does not 
know how to deal with 
events outside its own 
realm of expertise. For 
example the Data 
Monitoring Supervisor 
in Figure 4, is only 
required to deal with 
instrument maintenance, 
monitoring for abnormal 
trends (alarms) and Figure 4 Multi-Tasking ModeL Normal mode 
verifying that the status 
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of OPUS and the status of the plant is rational. Thus we have the Normal Operations agent, 
the Alarm Handling agent and the Plant Condition agent all reporting to the Data Monitoring 
supervisor via the blackboard. Should a Chemical upset occur, ie bad chemistry or condenser 
leak, this information is passed onto the Data Monitoring Supervisor which would inform the 
Manager. It is the task of the Manager to spawn the resources that are required for the 
specific event and to keep the user informed of its actions and the reasons why. 

Event Generator 
Since actual plant data was unavailable during the development stages of OPUS it was 
necessary to construct a means for testing. The Event Generator, shown in figure 4, was built 
for this purpose. The Event Generator programme consists of three basic sections: direct alarm 
toggling, simple scenario and dynamic plant simulation. The programme is menu driven and it 
allows the user to make a series of choices that are immediately available to the OPUS 
system. 

The alarm toggling section allows the user to toggle any alarm or combination of alarms on 
or off. This allows verification to be performed on the logic incorporated into the various 
OPUS modules that depends on analyser alarm settings. The simple scenario section provides 
a selection of scenarios for a number of monitoring points. This allows verification of the 
logic that depends on monitoring the trend from the Central Sampling System analysers. This 
is somewhat limited in scope because only one analyser trend was used as a trigger for each 
event and trends were not based on real physical processes. The dynamic plant simulation 
section will be designed to overcome the above limitations in that it is intended to simulate a 
condenser leak or bad chemistry scenario based on the behavioral characteristics of the 
secondary side system itself. In particular this should prove valuable as a training platform for 
operators and maintainers. 

Current version of the OPUS 
The present version of OPUS is a single processor model running under DesQview/X layered 
on MS-DOS. It is currently undergoing evaluation at the Pt. Lepreau nuclear generating 
station. In addition work is proceeding to expand the system into a multi-processor multi-
platform implementation encompassing a number of operating systems using the X-Windows 
open standard protocol. 

Conclusions 
The major issues that have been raised in contemporary assessments of operator support 
systems have to a large extent been addressed in the design of the OPUS system These are a 
user-centred concept to aid operator acceptance, different platforms for performance and 
geographical reasons, multi-tasking to handle the parallel nature of the problem, modularity 
to assist verification and code maintenance, and provide incremental growth and flexibility, 
asychronous communications to provide flexibility and handle parallelism and synchronous 
communication to ensure stability. 
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The OPUS system is currently under evaluation by the maintainers and operators of the 
Central Sampling and Condenser Leak Detection System at Pt. Lepreau Nuclear Generating 
Station in New Brunswick. Use of the system at Pt. Lepreau will materially effect the 
ultimate conclusion with regard to the one outstanding issue, that is of operator acceptance. 
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TRAINING PROGRAM EVALUATION: 
CURRENT REGULATORY ACTIVITIES 

D. Tennant, R. Droll 
Atomic Energy Control Board ' ':'•'•'•. c H 

Ottawa, Canada 

A Training Program Evaluation Secticn (referred to subsequently as the Evaluation Section) was created 
within the Operator Certification Division (OCD) of the Atomic Energy Control Board (AECB) in 
September of 1991 as part of a regulatory "Initiatives" program. The Evaluation Section is charged 
with regulatory evaluation of training programs for nuclear utility operations personnel, a new endeavour 
for the AECB . This paper reports on the activities the section has carried out so far, its methods, and 
its future plans. 

Historically, the Operator Certification Division (OCD) has administered a rigorous series of written 
examinations for nuclear utility staff desiring to obtain AECB authorization as senior operators or shift 
supervisors. In July, 1991, OCD staff presented an "Initiatives" program to senior nuclear utility 
training management; the "Initiatives" program is proceeding in two phases to create a new regulatory 
regime for the qualification of nuclear operations personnel. Phase 1 of the program is accomplishing 
four main goals: (1) creation of regulatory "Position Statements" which specify the methods and criteria 
the AECB uses to assess the competence of operations personnel and the quality of their training, (2) 
examination of prospective senior operators and shift supervisors by means of performance-based tests in 
full-scope simulators, (3) consolidation of some of the written examinations so that performance-related 
skills and knowledge are tested on the simulator and not by written examination, and (4) systematic 
evaluation of utility initial and continuing training programs. The fourth goal of systematic training 
program evaluation required the formation of a new section dedicated to fulfilling this function. 

Systematic Approach to Training: International Perspectives and Historical Development 

The OCD's activities in training program evaluation are part of a international trend requiring a 
systematic approach to training (SAT) as the best organizing principle for achieving effective training for 
nuclear operations personnel. The breadth of this international consensus is perhaps best shown in the 
International Atomic Energy Agency's Guidebook on Training to Establish the Qualification and 
Competence of Nuclear Power Plant Personnel.1 At the core of this guidebook is the requirement for 
a systematic approach to training; the guidebook has been translated into many languages and can serve 
as a textbook for the SAT approach. The SAT philosophy is accepted by both the World Association of 
Nuclear Operators (WANO) and the Institute of Nuclear Power Operations (INPO). All Canadian 
nuclear utility training departments have accepted the validity of the SAT approach. 

What, then, is a systematic approach to training? The IAEA, INPO and WANO2 have characterized the 
SAT process as consisting of five essential elements or phases: 

Analysis.which comprises such activities as needs analysis, job analysis, selecting tasks 
for training, and task analysis 

Design, which includes establishing performance standards, selecting training settings, 
determining entry level knowledge and skills requirements, developing learning 
objectives, sequencing and organizing the objectives and developing tests 

Development, in which the training developer specifies training methods and learning 



activities, develops training materials and creates lesson plans 

Implementation, in which training is delivered, trainees are evaluated, and training 
records are kept 

Evaluation, in which information concerning all the SAT phases is collected and 
analyzed so that improvements and corrections to the training program may be 
implemented 

In this abbreviated form, the SAT may be viewed as a model of the training process. It may also be 
viewed, and from a regulatory viewpoint this is very important, as a management tool for providing 
total quality assurance in training programs. Although the five elements of analysis, design, 
development, implementation and evaluation have been widely accepted, they are not the only way to 
characterize the approach. For example, U.S. and Canadian3 military training methodologies were 
forerunners to INPO's version of SAT, "Training System Development (TSD)". The U.S. military 
adopted the "Instructional System Development (ISD)" model. In the U.S. Air Force's formulation of 
ISD, the following five phases appeared4: (1) analyze system requirements, (2) define education/training 
requirements, (3) develop objectives and tests, (4) plan, develop, and validate instruction, and (5) 
conduct and evaluate instruction. 

Preceding the first systematic-training models, were "systematic approaches to education." Two such 
models appeared in 1970.5 6 These education models were very similar and both consisted of four 
phases. The phases in the Popham and Barker model of education were: (1) specification of objectives, 
(2) preassessment, (3) instruction, and (4) evaluation. A diagram showing a feedback from evaluation to 
the instruction phase was presented. 

The obvious difference between the four-phase systematic approaches to education and the typically five-
phase systematic approaches to training is the absence of the analysis phase in the education models. 
Educational objectives address societal needs, subject-matter needs, and student needs. In the more-
focussed world of training, learning objectives arise from an analysis of the job duties to identify needed 
skills and knowledge. 

Performance-based training is often used as a synonym for SAT. Performance-based training requires an 
analysis of what performances are required to do the job for which a training program is being designed. 
To pass the training program, the trainee must demonstrate that he or she can indeed fulfil specified job-
performance requirements. 

The Evaluation Section Perception of a Systematic Approach to Training 

Consistent with the international consensus on the value of a systematic approach to training, the 
Training Program Evaluation Section recognizes the SAT as the reference method for the continuing 
development of training programs at Canadian nuclear generating stations. This recognition includes 
acceptance that training programs may take somewhat different approaches and still follow the principles 
of a systematic approach to training. In a human-centred and fast-changing field like training, a 
straightjacket of regulatory restraints is not appropriate. 

The Canadian nuclear utilities have long been part of the international movement toward the SAT 
philosophy. Ontario Hydro policy NGD-113," Divisional Standards for Effective Training", contains a 
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complete set of objectives and criteria for the attainment of a systematic approach to training throughout 
its Nuclear Operating Branch. Much of the work done at the New Brunswick Power Commission, 
Hydro Québec, and Ontario Hydro stations took place when the OCD was checking operations personnel 
competence solely through its written examinations. The Evaluation Section recognizes the importance 
of the experience of the utilities and is working in a constructive fashion to foster improvements in the 
present practices and build on the work already done. 

The newly-formed Evaluation Section was particularly concerned that three of the phases of the INPO 
model - analysis, design and development - concerned activities that occurred before any training was 
delivered. If each phase were to be accorded equal weight, then , using the terminology of Joe Harless7, 
the "front-end" of the training process would be given three times the importance of the "back-end." 
Each of the Canadian nuclear utilities have many years of experience in delivering training to their 
workers. The "front-end" of this training occurred long in the past. Any improvements to the "front-
end" analysis would likely build upon the existing training programs. Thus, the "back-end" or 
evaluation phase of the SAT model seemed to have especial relevance to existing training programs. 

In developing its methods, the Evaluation Section is trying to profit from experience in other countries in 
how best to implement SAT. In the U.S. INPO has been the leader in defining the SAT process and in 
accrediting training programs at all the nuclear utilities in that country. The clear message coming from 
the U.S. nuclear industry and from the U.S. NRC is that excesses have occurred in implementing the 
goal of job and task analysis. The analysis approach advocated by INPO has taken far too long and cost 
far too much. The growing consensus is that a more practical approach is required. Increased emphasis 
is being given to the evaluation phase, especially for existing training programs. 

Another lesson from U.S. experience is that regulatory training evaluations have placed too much 
emphasis on training documentation and not enough on the eventual job competency of the trainees. 
This is reminiscent of some of the early bad experiences within nuclear generating station quality 
assurance programs. Accordingly the NRC is rewriting its procedures8 to place much more emphasis on 
viewing the quality of training in progress and the results of training. The emphasis will be on 
evaluating performance rather than documentation, although some documentation is clearly essential. ., 

The Canadian regulatory environment is, of course, different than that of the United States. NRC 
evaluators only examine training programs that have already been accredited by INPO. In Canada there 
is no organization corresponding to INPO. The total weight of an independent evaluation of utility 
training programs falls on the AECB. Thus, the Evaluation Section will have to cover the entire ground 
that INPO and the NRC cover together in the U.S. 

The Evaluation Section Model for SAT 

The concern about a possible over-emphasis on the "front-end" of training has led the Evaluation 
Section to adopt a three-phase training model: 

1. Prerequisites, including analysis, design, development, entry-requirements, organization 
and management of training, training of trainers, and training facilities 

2. Training, including training delivery, trainee evaluation and training records 
3. Evaluation, including feedback from job performance and from trainers, trainees, job 

incumbents and supervisors and a method of integrating the feedback to produce 
improvements and corrections to the training programs 
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Although the Evaluation Section model looks somewhat different from the five-stage models presented by 
INPO and the IAEA, it is a reorganization of the five-stage model rather than a rejection of any of its 
elements. The Evaluation Section recognizes the importance of job analysis in establishing training to 
achieve job-competency. But analysis is part of the prerequisites phase, which although an important 
phase, is not more important than the training and evaluation phases. With this approach, the Evaluation 
Section is recognizing U.S. experience and is also addressing utility fears that they will be forced to 
incur great expense with little useful training payoff in producing excessively detailed job-and-task 
analyses just to satisfy the regulators. 

Evaluation of the Recruitment, Training and Performance of Trainers 

The first formal regulatory evaluation performed by the newly-established Training Program Evaluation 
Section centred on the trainers themselves. The Evaluation Section recognized that the instructors had a 
key role in determining whether training would be effective or not. Unknown to the Evaluation Section 
staff at the time, this had also been the U.S. NRC's conclusion. As a result of the importance of the 
trainer in effective training, the NRC has produced a procedure for evaluating instructional skills.9 

The first challenge faced by the Evaluation Section staff was "How do you go about evaluating 
training?" Evaluation is a form of social investigation and is best done using the methods of social 
research: interviews, documentation study and observation. 

Developing standard interview questions required most of the initial effort of the Evaluation Section 
staff. Separate interview forms for trainers, training developers, simulator instructors, trainees, job 
incumbents, plant supervisors, plant/training coordinators and operational experience experts were 
written. A system was developed of keeping the standard questions in an easily-modifiable database so . 
that standard forms could easily be revised as new and better questions were created. This process of 
creating interview questionnaires has not come to an end. The Evaluation Section intends to create 
separate questionnaires for licensed operators and shift supervisors in the near future. 

To observe and evaluate training delivery, an evaluation form or checklist was needed. Separate 
evaluation checklists were created for the classroom, simulator and lab/OJT instructional settings. 

The question of documentation study was resolved by the utilities who seemed to be producing policies 
and procedures concerning the training of trainers at a rapid rate just prior to the arrival of the AECB 
evaluation team! The evaluation team studied Ontario Hydro's new policy concerning the training 
program for trainers and the certification of trainers. The Point Lepreau GS training department also 
had new policies for the evaluation team to study. 

Although recommendations for improvements were made to each of the utilities, the Evaluation Section 
found that the nuclear utility trainers possessed the skills and knowledge necessary to do their job. All 
the training delivery observed was of high quality. 

Evaluation Phase 

The Evaluation Section's next major project was to evaluate how well the nuclear utilities evaluated and 
revised their own training programs. This evaluation was to be a first step in evaluating the overall 
training process in order to determine the extent to which SAT was in place at the Canadian utilities. 
Since the utilities were all using mature training programs, it seemed to be sensible to evaluate first the 
licensee's capability to evaluate the effectiveness of its own training programs. The evaluation phase is 
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especially important for training programs which have been delivered for several years and are in a 
mature stage. Also, repeated self-evaluations can be considered as a form of continuing analysis; the 
SAT training phases form a loop with evaluation feeding back to all the other phases. 

The first training department whose self-evaluation practices were evaluated was Ontario Hydro's 
Western Nuclear Training Department serving the Bruce A and B nuclear generating stations. This 
evaluation, performed in November of 1992, was the first in which the Training Program Evaluation 
Section used set criteria to guide the decision on the adequacy of the utility's self-evaluation process. 
The Evaluation Section accepted the criteria given in Ontario Hydro's policy NGD-113, "Divisional 
Standards for Effective Training", as the basis for the evaluation. The final evaluation report considered 
each of the eight criteria given in NGD-113 for the evaluation training phase and judged whether the 
Western Nuclear Training Department had satisfied the criteria. The same criteria were used for 
evaluating the self-evaluation process at Ontario Hydro's other major nuclear training department, the 
Eastern Nuclear Training Department, which serves the Pickering and Darlington stations. Since the 
criteria used were those of Ontario Hydro's own policy, utility "buy-in" and acceptance of the criteria 
was assured. 

By June of 1993, the Evaluation Section had evaluated the utility training self-evaluation process at all 
the Canadian nuclear generating stations. All of these locations used a variety of evaluation methods. 
Trainees had a regular opportunity to make suggestions on end-of-course evaluation forms or at formal 
end-of-course meetings. The different training departments had somewhat different methods for ensuring 
adequate communication and coordination between the plant and the training department. Trainers 
entered the evaluation feedback loop via standard instructor course reports at some stations; at other 
stations trainers expressed their opinions less formally. Improvements and corrections to training were 
occurring at all the locations. However, at all the utilities there was some lack of coherence in the 
integration of the evaluation activities into a systematic process of training program evaluation. 
Consequently, the Evaluation Section judged that the internal evaluation process required further 
clarification by all the utilities; all locations were issued an Action Request in this regard. 

The Evaluation Section drafted its own set of criteria for utility self-evaluation practices for use at the 
Gentitly and Point Lepreau stations. These criteria were based on a comparison of criteria published by 
the IAEA, INPO, and the U.S. NRC. Consequently, the criteria should not have been a surprise to the 
utilities. But these criteria were something being imposed by the regulator and so utility "buy-in" was 
not assured. Subsequently, training management at the Point Lepreau Generating Station expressed 
reservations and some objections to the criteria used in the evaluation. 

Although there are various ways in which the SAT may be satisfactorily implemented, a set of standard 
criteria is needed both by the AECB and the utilities. The utilities are all associate members of INPO 
and have access to INPO objectives and criteria for the SAT. Unfortunately, not all of INPO's 
requirements and practices related to training programs are in the public domain. Since regulators do 
not have access to the INPO criteria, the Evaluation Section cannot work to INPO-promulgated training 
program criteria. Consequently, the Operator Certification Division, working through the Standing 
Inter-Utility/ Regulatory Working Group, has asked the Canadian nuclear utilities to join with the AECB 
in establishing a set of criteria for a systematic approach to training. 
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Radiation Protection Training 

As part of the OCD "Initiatives" program, it was considered that the extent of written testing might be 
reduced as formal simulator testing of authorization candidates and training program evaluation activities 
were introduced. Subsequently, it was considered that if radiation protection training was evaluated as 
satisfactory, then formal written testing of the authorization candidate's knowledge of the general 
principles of radiation protection could be ended. The separate AECB Radiation Protection written 
examination could be eliminated; specific radiation protection questions unique to each station, such as 
radiation protection emergency procedures, would be asked as part of a consolidated nuclear-and-
conventional specific examination. Testing of the candidates' knowledge of general radiation protection 
principles would be done by the utilities in accordance with new requirements. The AECB would 
monitor the utility radiation protection testing and training. 

The Point Lepreau Generating Station was chosen as the first station to be subject to an evaluation of its 
radiation protection training program. Consequently, Training Program Evaluation Staff have been 
examining all aspects of the radiation protection training program at Point Lepreau and in particular, 
those special skill and knowledge requirements needed by senior control room staff (Control Room 
Operator and Shift Supervisor). Regulators have monitored and evaluated all of the courses. One 
Evaluation Section representative attended all of the practical, hands-on, Radiation Protection 
Applications course. Nearly all of the trainers have been interviewed and all of the training materials 
have been read. A final decision on the future of the regulatory Radiation Protection written test at the 
Point Lepreau Generating Station is expected soon. 

Directions for the Future 

The Training Program Evaluation Section will initially emphasize the training programs for the 
authorized positions of senior operator and shift supervisor. In the previous evaluations many interviews 
of senior operators and shift supervisors were conducted; relatively fewer workers from other work 
groups were interviewed. This situation will change over time to include the training programs for other 
work groups as OCD continues with its "Initiatives" program, but the principal emphasis with those 
programs which train senior control room staff will remain. If the number and extent of OCD 
administered written and other tests for CROs and SSs are to be reduced, the AECB must be assured that 
the training programs for these positions are of high quality. 

Another current emphasis is on the "Generals" training for authorization candidates. This training 
comprises general physical and equipment principles on both the nuclear and conventional sides of the 
station. AECB staff are in the process of evaluating the "Generals" training material used at all the 
stations. In addition, several staff have audited a considerable fraction of a generals training program 
currently in progress at Point Lepreau. 

The Training Program Evaluation Section will also be examining the "front-end" phase of training. 
Initially this will be done by conducting fact-finding investigations at all the utilities. The Evaluation 
Section wants to obtain more information regarding the analysis methods currently used by the Canadian 
stations. 

Eventually, when it becomes clearer that training programs for authorization candidates are properly 
structured and delivered, the Training Program Evaluation Section will be looking more frequently at the 
training programs for chemical technicians and mechanical, electrical, instrumentation and control 
maintainers, all of whose job duties can have a significant impact on plant and personnel safety. 
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Benefits 

The rationale for instituting a program of regulatory evaluation of nuclear training programs is to ensure 
that high quality programs are implemented by utilities. Improvements in training should result in safer, 
more reliable nuclear generating stations. In the United States a trend of increased operational reliability 
is evident.10 At the same time the safety indicators used by INPO and WANO to gauge each station's 
safety status show improvement.'1 During this time INPO has been working to improve the 
implementation of SAT at the U.S. stations. Has the accreditation, of nuclear training programs by the 
Institute of Nuclear Power Operations played any role in this improvement? It is impossible to give a 
definitive answer to this question because improvements to operating procedures and work practices have 
been occurring at the same time as the increasing systemizing of training. However, high quality 
training can have done no harm! 

Conclusion 

Regulatory evaluation of training programs for nuclear operations personnel is well on its way to be 
being fully established in Canada. These evaluations have as their goal the assurance that the training 
programs are effective in enabling plant personnel to attain and maintain competence in their jobs and 
are in accord with the principles of a systematic approach to training. 

The AECB will continue to ensure the competence of people wishing to take up duties as senior 
operators or shift supervisors by examining them directly. However, these people will acquire their 
competence by passing through high-quality training programs, not by talcing the regulatory 
examinations. The Training Program Evaluation Section is working hard to facilitate the establishment 
and maintenance of such programs. 
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1. INTRODUCTION 

The knowledge of the nuclear power plant behavior face to 
operational transients like a turbine trip is very important for 
the operational team of a nuclear power plant. The simulation of 
this kind of situation by computer codes will allow nuclear 
engineers to predict the behavior of the main safety parameters 
involved in the transient and to determine if the design limits are 
fulfilled. 
A turbine trip transient starts with the closure of the turbine 
stop valves due to some fail in the plant that could damage the 
turbine, at this time a pressure wave is created and a strong 
coupling between pressure, core void and reactivity occurs in the 
plant. 
The work shown in this paper is a turbine trip transient analysis 
for a BWR/5 nuclear power plant performed with TRAC-BF1 code, a 
well-known best-estimate code used for transient analyses of 
boiling water reactors. The work undertook an evaluation of several 
safety parameters, such as dome pressure rise, maximum temperature 
in the fuel, maximum reactor power, total reactivity and others. 

2. MODEL DESCRIPTION. 

The model of the BWR/5 plant developed with TRAC-BF1 is shown 
in figure 1. This model uses one equivalent main steam line from 
the vessel to the turbine control valves and one equivalent 
recirculation loop with one recirculation pump from the suction in 
vessel level 3 to the discharge at the jet pumps. The 20 jet pumps 
are lumped into an equivalent one. The vessel modeled has nine 
axial levels and two radial cells. The core is located at levels 4 
and 5 and the control guide tubes at levels 2 and 3. The safety 
systems, low pressure and high pressure core sprays, are located at 
the top of level 5, the steam separators and dryers in level 7 and 
the safety-relief valves at level 9, the vessel's top. The 
simulation took into account the conditions at 104.3% power, 100% 
core flow, the beginning of reactor life (BOL) and the bypass on 
and bypass off conditions were analyzed. Several setpoints were 
written out in the TRAC-BFl model to simulate the transient, among 
those, closure of the turbine stop valves at 0 seconds, beginning 
of SCRAM at 0.28 s, and opening of relief valves at different 
setpoint pressures. 
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Figure 1 TRAC-BF1 MODEL FOR THE TURBINE TRIP ANALYSIS. 

3. TRANSIENT DESCRIPTION. 

The turbine trip sequence of events obtained with TRAC-BF1 is 
presented in table I. The transient starts with the closure of 
turbine trip stop valves which produces a pressure rise in the 
reactor. At 0.11 seconds bypass valves open due to this pressure 
rise and also steam void collapsing in the core, forcing the water 
level descent in the downcomer region. Due to the core negative 
reactivity coefficient, power increases producing SCRAM at 0.28 
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sec. The recirculation pumps trip occurs at 0.20 seconds and 
safety-relief valves start to open at 0.48 seconds and to close 
later on in order to keep constant the dome pressure. 

TABLE I 

Sequence of Events with TRAC-BFl for Turbine Trip 
at 104.3% Power, 100% Flow 

EVENT 

Closure of turbine stop valves 
Start of SCRAM 
Recirculation pumps trip 
Bypass valves opening 
Relief valves opening 2 

4 
6 
8 

Relief valves closure 6 
4 
3 

BYPASS ON 

time (s) 

0.0 
0.28 
0.20 
0.11 
0.48 
0.60 
1.82 

5.87 
6.76 

BYPASS OFF 

time (s) 

0.0 
0.28 
0.15 

0.47 
0.61 
0.75 
1.52 
5.87 
6.76 

4. TRANSIENT RESULTS 

The main results are summarized in table II for bypass-on and 
bypass-off conditions. In this table the main values obtained for 
the steady state condition with TRAC-BFl are shown, they are 
reactor power, core flow, steam flow and feedwater flow. The other 
values are the main results obtained during the transient. 

TABLE II 

Results obtained with TRAC-BFl for Turbine Trip 
at 104.3% Power, 100% Flow 

VARIABLE 

Reactor Power (MWth) 
Core Flow (Kg/s) 
Steam Flow (Kg/s) 
Feedwater Flow (Kg/s) 
Maximum Power (% nominal) 
Minimum Steam Flow (% nom) 
Max. Pressure Rise (psi) 
Relief Valve Flow {% nom) 
Bypass Flow (% nom) 
Void Reactivity (dlls) 
Total Reactivity (dlls) 

BYPASS ON 

value 

2013 
. 7755 
1082 
1082 
110 
40 
55 
65 
26 

+1.38 
-1.0 

time (s) 

0.0 
0.0 
0.0 
0.0 
0.60 
0.50 
1.70 
1.90 
0.30 
2.30 
1.10 

BYPASS OFF 

value 

2013 
7755 
1082 
1082 
120 
20 
65 
90 

+ 1.30 
+0.16 

time (s) 

0.0 
0.0 
0.0 
0.0 
0.80 
0.50 
1.60 
1.60 

2.30 
0.60 
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The behavior of the following parameters, during the transient 
are presented in figures 2, 3 and 4 for the bypass-on condition and 
in figures 5,6 and 7 for bypass-off condition: 

BPF: 
DPR: 
SLPR: 
TPR: 
SRVF: 
TSF: 
DF: 
CIF: 
LEVEL: 
POW: 
PCFT: 
FWF: 
VSF: 

Bypass flow (%) 
Dome pressure rise (psi) 
Steam line pressure rise (psi) 
Turbine Pressure rise 
Safety-relief valves flow (%) 
Turbine steam flow (%) 
Drive flow (%) 
Core inlet flow (%) 
Level rise (inches) 
Power (%) 
Peak center fuel temperature (%) 
Feedwater flow (%) 
Vessel stem flow (%) 

The values in percent are in percent of rated. 

From this figures it is observed that the pressure rise 
reached its peak (55 psi) at 1.7 seconds after transient initiation 
for the bypass-on condition and a value of 65 psi at 1.6 seconds 
for the bypass-off condition. The 60% percent opening of relief 
valves were observed in the bypass-on condition and the 80% opening 
in the case of bypass-off, because their pressure setpoint was 
reached. Reactor power decreases asymptotically to 7% of rated 
value due to the control rod effect, which is greater than the 
positive effect due to void collapsing 

The results obtained with TRAC-BFl were compared with the 
values reported in the Transient Safety Analysis Design Report [2] 
provided by the reactor supplier. As it is shown in table III, both 
results have same trends but some different maximum values, reactor 
supplier results are more conservatives than TRAC-BFl. These 
differences may be due to the fact that their code is not a best-
estimate one as TRAC-BFl is. For instance, the maximum dome 
pressure rise for bypass-off condition is 110 psi at 2.1 seconds 
instead of 65 psi at 1.6 for TRAC-BFl, and 90 psi at 2.1 seconds 
instead of 55 psi at 1.7 seconds for the bypass-on condition. 

5. CONCLUSIONS 

The results of this work show that the values reached by the 
different parameters of the plant stayed low enough not to produce 
any effect on the safety of the plant. These results were compared 
with those provided by the reactor supplier and were found in quite 
good agreement. An overall validation of the TRAC-BFl model to 
analyze several transients as turbine trip, load rejection, closure 
of all MSIV, etc. is carry on by comparisons with startup test and 
sensitivity analyses. 
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TABLE III 

Comparison between TRAC-BFl and Reactor Supplier Results. 

PARAMETER 

BYPASS-ON: 

Max. Power (% rated) 
Max. Pressure rise (psi) 
Max. SRV flow (% rated) 
Max. bypass flow (% rated) 
Voids reactivity (dlls.) 
Total Reactivity (dlls) 

BYPASS-OFF: 

Max. Power (% rated) 
Max. Pressure rise (psi) 
Max. SRV flow (% rated) 
Voids reactivity (dlls.) 
Total Reactivity (dlls) 

TRAC-

VALUE 

110 
55 
65 
26 

1.38 
-1.0 

120 
65 
90 
1.3 
0.16 

-BF1 

TIME 
SEC. 

0.6 
1.7 
1.9 
0.3 
2.3 
1.1 

0.8 
1.6 
1.6 
2.3 
0.6 

SUPPLIER 

VALUE 

102 
90 
78 
28 

0.95 
-1.0 

100 
110 
100 
1.1 
0.0 

TIME 
SEC. 

0.6 
2.1 
2.3 
0.2 
2.3 
0.8 

0.8 
2.1 
2.2 
2.3 
0.6 

O POW 

Wi nrnrmm 

7 A 

TIME (SEC) 
4 PCFT « YHV 

Figure 2 TURBINE TRIP, 104.3% POWER. (BYPASS-ON) 
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SHOULD WE INSTALL A SOFTWARE-BASED 
REACTOR PROTECTION SYSTEM 

Geoffrey Ives 
Colenco Power Consulting Ltd. 

Mellingerstrasse 207 
5405 Baden, Switzerland <' " 

SUMMARY 

Digital technology applied to protection systems can provide more rapid, comprehensive 
and accurate protection. It is not subject to age-induced factors such as drift, thereby 
eliminating the need for frequent maintenance, and it facilitates diagnostic self-testing. 

The potential for reduced quantities of cables compared with traditional systems can also 
achieve a corresponding reduction in civil costs. However, although digital protection can 
help to eliminate some of the characteristic weaknesses of traditional systems, new 
technology introduces new uncertainties for all associated institutions. 

Computer based protection systems have most of their complexity built into software 
which is subject to error. Because there are normally three or four lines of protection, 
any failures in a single-version software has the potential to cause all protection lines to 
fail simultaneously. 

Functional or system diversity is therefore a prudent provision. Quantifying the reliability 
of software in large systems is not currently possible. Formal proof of dependability by 
functional testing of software is not feasible because the number of tests required 
becomes prohibitive. 

Full static analysis of the software by diverse means is gaining acceptance, but is 
expensive on resources. 

Subsequent modifications to protection systems may introduce problems of retesting, 
verification and validation. 

Because licensing authorities generally feel more comfortable in licensing well-proven 
systems, innovative technology may be at a disadvantage. Public acceptance is influenced 
by a public increasingly conscious of the environment, and sceptical of nuclear power. 
Safety-critical software acceptability is influenced by international factors such as 
standards, politics and financing. 

The dominating aspect of safety is how to produce and assure error-free software to 
ensure the potential for enhanced performance is realized. Despite the current 
uncertainties, experience will generate confidence and it is believed that digital 
protection systems will be part of the nuclear plant future. 



OPERATING UNDER FIRE 

THE FRENCH WAY 

F. BEDIOV and J.P. CHATRY 
E.D.F, - C.I.G. 

140. Avenue Viton - 13009MARSEILLE •> ' / 
FRANCE 

ABSTRACT 

Fire protection in nuclear plants usually has three aspects : prevention, 
detection and fire fighting. Prevention mainly consists in avoiding that a single 
fire may render two redundant safety systems unavailable. Detection aims at 
rapidly locating a starting fire, giving the alarm, and sometimes initiating 
automatic actions. 
Fire fighting is organised to extinguish any fire fast. On French plants, an 
operator is sent to confirm the fire and to extinguish it. In case of difficulty, he 
isolates the area, informs the control room who will call for outside support. 
In addition to this organization which aims at both the fire and its direct 
consequences, Electricité de France has developed an approach that allows 
the safe operation of the unit. This approach makes the assumption that the 
fire remains confined in a fire compartment, but all the electric equipment 
within this compartment is liable to be damaged and is subject to spurious 
faults. In order to mitigate these faults, all actuators are de-energised, and 
these de-energisations are programmed in such a way that untimely actions are 
avoided. The analysis determines which operational functions are unavailable 
due to this de-energisation. The list of unavailabilities allows the selection of 
the correct operating procedure. Each procedure is structured according to 
the function to be ensured (core cooling, water level or anti-reactivity margin) 
and for each function, according to the systems necessary or their possible 
substitutes . 

This approach implies that one can prove that whatever compartment is on 
fire, at least one substitute system for each safety function is available. The 
electrical distribution gives great importance to the A-train as only the 
redundant protection and safeguard systems are supplied by the B-train. For 
the control room operator to have sufficient means to bring the plant to a safe 
shut-down state in case of a total loss of the A-train, it is preferable to ensure 
the availability of some minimal operating systems in addition to the B-train 
ones. In pratice, this imposes the protection of a few control and power cables 
from non-redundant systems necessary for operator information or for long 
term operation. 
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1 - INTRODUCTION 

Fire fighting in nuclear plants usually addresses a double issue : fighting the 
fire in the conventional way, and also preventing any radioactive release. On 
French plants, an operator is sent to confirm the presence of the fire and to 
extinguish it. In case of difficulties, he isolates the area, informs the control 
room, and prepares the fire fighting equipment. In parallel, the shift 
supervisor calls for the senior shift supervisor, who in turn calls for the safety 
engineer, the on-call support team and outside support whenever necessary. 
Nuclear safety is mainly achieved through structural impediments which 
prevent any safety systems from being lost by any single fire. The plant is 
divided into fire sectors and fire compartments, the design of which would 
confine the fire within the fire compartment. In addition to this, Electricité de 
France provides its operators with specific operating procedures enabling 
them to bring the plant to and maintain it in a safe shut-down condition until 
the damage generated by the fire has been repaired. Procedures called 
Operator Fire Fighting Action Sheets (OFFAs), provide all the instructions 
necessary in order to ensure a smooth operation and to prevent subsequent 
untimely faults due to cable failure under fire. They also indicate which specific 
operating procedure to use in order to bring the plant to a safe shut-down 
state. 

2 - THE PLANT ARRANGEMENT 

The plant is divided into fire sectors and fire compartments. The fire 
compartments are defined in such a way that usually a fire initiated in any fire 
compartment, damaging all the equipment within the compartment, would 
not prevent the realisation of the following safety functions : 

- reactor trip, 
- containment isolation, 
- core cooling, 
- prevention of radioactive release. 

This is achieved when only one train of a redundant system or its support 
systems may be found in any fire compartment, thus avoiding potential 
common mode failure for fire hazard. 

A potential cable common point (PCCP) exists whenever in a fire compartment 
may be found : 

- cables supplying two redundant systems, 
- cables supplying a safeguard system of one train and a support system of 

the safeguard system of the other train, 
- cables of two different protection train (out of four). 
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When a potential common point for cables supplying redundant systems exists 
within a fire compartment, individual cable protections are provided. The 
protection consists of a qualified sealed MECATiss envelope which guarantees 
the cable operability under an external fire. The detailed knowledge of the 
individual cable routing h necessary both for the analysis of the PCCP and the 
realisation of its protection. This necessitates the constitution of an accurate 
as-built cable data-b?se. Such date-bases had been used during the plant 
erection. Their accuracy has since been verified and found adequate except for 
a few on-site modifications which had not been integrated at the time. The 
information is, however, still available and the data bases have been updated 
accordingly. Each data-base gives for each fire compartment all the cables 
identified by their end users within the compartment. It specifies their 
individual routing on the cable trays. 

3 - THE OPERATOR FIRE FIGHTING ACTION SHEET 

Why not limit the fire fighting strategy to these two aspects : an efficient fire 
fighting organization and installation provisions which guarantee the 
operability of the protection and safeguard systems ? 

TMI accident has taught us that an operator placed in a difficult situation could 
take a wrong view and through unadequate actions increase the gravity of the 
incident. 

In addition to the provisions which guarantee that a fire hazard could not 
jeopardize redundant safety functions, it was felt necessary to demonstrate 
that wherever the fire, the operator could still operate the plant and bring it to 
a safe shut-down state. It was decided to develop the OFFAS to give the 
operator the necessary operating instructions in order to bring the plant to a 
safe shut-down state whenever the fire cannot easily be contained. 

When outside support is called for, the operator uses the OFFAS relevant to the 
compartment on fire. Each OFFAS indicates the de-energisation program and 
gives the operating indications necessary in order to bring the plant to a safe 
shut-down state. 

When the de-energisation program concerns equipment, the loss of which has 
a direct consequence on the plant operation, the OFFAS refers to the relevant 
incident procedure, or else the normal operating procedure is used. 
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The OFFAS includes : 

- the list of immediate actions to perform in order to place the plant in the 
state in which it will be after the de-energising program has been 
implemented, 

- the list of the functional unavailabilities after the de-energisation, 
- the list of instrumentation data liable to be affected by the fire, 
- the list of spurious alarms, 
- the fall-back state to be reached and the fall-back time required, 
- restoration action whenever possible, 
- the de-energisation program. 

The de-energisation program is established in order to place the plant in a 
known state and so as no untimely action may be initiated due to equipment 
failure caused by the fire. These de-energisations are performed so that they do 
not induce untimely actions. The order in which the de-energisation shall take 
place is therefore specified on the OFFAS. Each program covers more than the 
equipment within the fire compartment in order to perform the de-energisation 
within an hour. This one hour delay is consistent with the appearance of the 
first faults from fire damage and the time needed to perform the de-
energisation program. 
The analysis determines the operation function unavailable due to this de-
energisation. The list of unavailabilities allows the selection of the correct 
operating procedure, as these procedures are structured according to the 
function to be ensured (core cooling, water level or anti-reactivity margin) and 
for each function, according to the systems necessary or their possible 
substitutes. The OFFAS then orientates the operator towards the existing 
incident procedure and within this procedure towards the optimum operating 
path. 

EDF has recently developed a new operating strategy and new operating 
procedures to deal with incident conditions. The previous incident procedures 
were selected from an unique initiating event. The new strategy, the System 
Availability Approach (SAA) is based on the analysis of the operability of the 
nuclear plant operating functions. This allows to accommodate all possible 
initiating events within one single operating procedure and allows the selection 
of the plant operating mode according to the systems unoperabilities. This new 
operating strategy is particularly well adapted to fire hazards as it allows the 
operator to determine the operating mode with a unique procedure 
irrespective of the fire location. 
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This approach implies that one can prove that whatever compartment is on 
fire, there is at least one substitute system for each operating function and 
therefore at least one possible operating path within the incident procedure. 
The electrical distribution gives great importance to the A-train as only the 
redundant protection and safeguard systems are supplied by the B-train. The 
plant would thus be very sensitive to an A-train loss due to a fire hazard, and 
most of the information necessary to operate could be lost. A specific 
operating procedure has been developed which adresses the extreme situation 
of a total loss of the A-train. For the control room operator to have sufficient 
means to bring the plant to a safe shut-down state in case of a total loss of the 
A-train, without being placed under too much strain, it is preferable to ensure 
the availability of some minimal operating systems in addition to the B-train 
ones. In pratice, this imposes the protection of a few control and power cables 
from non-redundant systems necessary for curator information or for long 
term operation. 

This new operating approach that takes fire hazards into account is a major 
improvement to the safety of existing nuclear plants. 
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NUCLEAR PLANT SAFETY ENHANCEMENT BY EARLY IDENTIFICATION 
OF SLOW-DEVELOPING ABNORMAL PROCESSES. 

V.Kotelenets, S.Korel.ev, M.Konovich ,.• 
Yuzhnoukrainskaya NPP ' 

Yuzhnoukrainsk, Nikolaev Region, Ukraine 329550 

The primary focus for the utility of a nuclear power station 
is to operate the plant in a safe manner. The Chernobyl 
accident have demonstrated that it is necessary to approach 
this problem very seriously. It is impossible to solve this 
problem without introduction of systems and equipment which 
can assure high quality and high level of operational 
reliability of NPP. 

One of the ways of NPP reliability and safety enhancement is 
to have possibility of the assessment of systems and 
equipment technical condition at any time. Such challenges 
are met by technical diagnostics methods. Technical 
diagnostics comprises theory, methods and means for technical 
conditions assesment. Problems of technical diagnostics can 
be arranged in three main groups. The first group is 
the monitoring of the current condition of the system and 
equipment. The second group is the monitoring during accident 
and quick identification of the failed equipment. The third 
group is identification of slow developing abnormal processes 
which may potentially result in incident or accident. 
Solution of the problems of the last group is of great 
importance because it gives the possibility of early 
identification of beginning of an unfavorable tendency and 
makes it possible to take the proper decision in good time. 

The difficulty of NPP equipment diagnostics during operation 
is that it is impossible to disassemble the equipment for the 
inspection or to interfere the electricity production process 
for the purpose of diagnostics. That is why it is necessary 
to develop special methods for equipment condition assessment 
during operation. 

While, in principle, process is controllable on each separate 
parameter or on a set of parameters, there is a great variety 
of possible equipment conditions. In general, this variety of 
conditions may be arranged in groups (or sets of conditions): 
"normal", "pre-alarm" and "alarm". Small differences in 
conditions which define the regime of the process may cause 
both fluctuations inside one set of conditions or transition 
from one set to another for many causes including slow 
equipment degradation. Even experienced reactor operator is 
not able to solve all the problems arising during operation 
especially the problems which require quantitative assessment 
of statistical data. For this reason it is necessary to apply 
special algorithms aiding operator in taking a decision. In 
other words, while seeing each monitored parameter 
separately, operator can not see the so called "combined 
condition" which can be analyzed by means of special methods 
only. 

At present operator controls the reactor on the basis of 
readings (indications) of measurement devices and screens 
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Systems information. He have to analyze hundreds of 
parameters simultaneously. In such situation he is not able 
to identify the beginning of slow developing abnormal 
process. Information system will give warning only at the 
moment when the monitored value goes out the limits. But in 
many cases such warnings appear too late and the operator do 
not have enough time to take a decision. Therefore early 
identification of abnormal trends makes it possible for 
operator to analyze situation more carefully and take the 
correct decision. 

One of the most acceptable ways of solving the problem of 
slow developing abnormal process identification is the 
application of parameter diagnostics methods. One of the main 
advantages of these methods is that there is no necessity to 
interfere into the technological process. The diagnostics may 
be performed continuously, periodically or from time to time. 
These methods may be practically applied on the basis of 
existing information processing systems hardware, only then 
the development of the special software is required. 

As investigations show the measured parameters do not 
fully characterize the technical condition of the monitored 
object or system because of a great amount of changing 
factors. Generalized indicators, calculated on the basis of 
certain set of thermohydraulic parameters are more stable and 
informative. Good results can be obtained if the so called 
"characteristic combination" of the set of equipment 
parameters and the tendencies of their changes are monitored. 
For steam generator it may be the set of three temperatures 
and steam pressure, for hydroaccumulators it may be the 
pressures on both sides of the check valves and the level of 
the boron water. 

This problem may be solved by means of the application of 
algorithm in which the monitored parameters are analyzed and 
essential indexes-signes (generalised indicators) are 
calculated. This algorithm is called "method of 
eigenvectors". It is accepted that at any time the equipment 
condition is characterized by the complex of parameters and 
may be presented as a "vector of current condition" in 
multidimensional space. Massifs of the monitored parameters 
act in this case as initial variables and the result is 
presented as a combined indicator Ci, which displays the 
condition vector's behavior in the course of time. The basic 
idea of the method is the analysis of pair correlation 
connection between monitored parameters. Implementation of 
the methods makes it possible to get rid of the information 
redundancy without its essential loss. On the basis of the 
method it is possible to obtain quantitative assessment to 
take the decision about the object's belonging to a certain 
set of conditions ("normal", "pre-alarm", "alarm") and also 
for identification of any condition's transfer from one set 
into another. 

This method was implemented to develop a computer code called 
"SODI". The code has been-introduced to the computerized 
information system of Yuzhnoukrainskaya NPP and probed during 
1000 hours. 



The software for operation monitoring and the early 
diagnostics of slow developing anomalies contains the 
following units: 

- unit for data collection and statistic processing of 
information; 

- unit for secondary information processing according to 
the given algorithms; 

- unit for information conversion and output in the 
convenient form. 

As a result of the processing of parameters massifs the 
generalized index ci is calculated for the selected time 
interval. The most suitable interval is approximately 8 hours 
and it is not necessary for the time spaces inside this 
interval to be equal to each other. 

In general the software package have demonstrated the 
efficiency in different operation situations. 

On the basis of performed investigations the following may be 
pointed out: 

1. When the process is stable and there are no changes in 
observed equipment condition the generalized index Ci has 
approximately equal quantity of negative and positive values 
in the given period of time (see Table 1). Such behavior of 
Ci can be explained by the fact that if the process is 
stable, then the software performs the processing of 
parameter fluctuations near the limits of measurement 
accuracy. 

Table 1. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Date 

04/05/93 
05/05/93 
05/05/93 
05/05/93 
05/05/93 
05/05/93 
05/05/93 
05/05/93 
05/05/93 
05/05/93 
05/05/93 
05/05/93 
05/05/93 
05/05/93 
05/05/93 
05/05/93 
05/05/93 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Time 

23 
00 
00 
01 
01 
02 
02 
03 
03 
04 
04 
05 
05 
06 
06 
07 
07 

56 
26 
56 
26 
56 
26 
56 
26 
56 
26 
56 
28 
58 
28 
58 
28 
58 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Pha 

59 
59 
59 
59 
59. 
59 
59. 
59. 
59 
59. 
59 
59. 
59 
59. 
59 
59. 
59 

68 
84 
84 
84 
68 
68 
84 
68 
69 
68 
84 
68 
68 
84 
84 
68 
68 

L 

8390 
8390 
8390 
8390 
8380. 
8390 
8390. 
8390 
8380 
8390. 
8390 
8390 
8390 
8390 
8390 
8390 
8380 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Pic 

159.25 
159.50 
159.75 
159.50 
159.75 
159.75 
159.75 
159.75 
159.75 
159.75 
159.75 
159.75 
159.75 
159.75 
159.75 
159.75 
159.75 

Pcv 

55.75 
56.00 
55.75 
55.75 
55.75 
56.00 
55.75 
55.75 
55.75 
56.00 
55.75 
56.00 
56.00 
55.75 
55.75 
-55.75 
55.75 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
X 
T 

I 
I 

Ci,n 

-0.0390 
0.0846 
0.9370 
0.7209 

-0.3009 
-0.7823 
0.9370 

-0.1799 
-0.3009 
-0.7823 
0,9370 

-0.7823 
-0.7823 
0.9370 
0.9370 

-0.1799 
-0.3009 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

The calculations were performed in order to analyze the 
operation of the check valves in hydroaccumulator of 



Emergency Core Cooling System. The following thermohydraulic 
parameters have been used: 

Pha - pressure in the hydroaccumulator; 
L - level in the hydroaccumulator; 
Pic - pressure in primary circuit; 
Pcv - pressure between the check valves; 

2. When the mode of operation of the observed equipment 
changes, which may be caused by either the change of the 
process or the beginning of abnormal process, the transition 
of the generalized index from one region of values to another 
takes place. Thus the generalized sign "feels" small 
deviation of the characteristic combination of parameters 
from the base values and may therefore serve as an indicator 
of condition's trend beginning (see Table 2). Such task 
cannot be solved properly by an operator, as he observes a 
lot of parameters, each of which can stay within permissive 
limits. 

Tdble 2. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Date 

06/05/93 
06/05/93 
06/05/93 
06/05/93 
06/05/93 
06/05/93 
06/05/93 
06/05/93 
06/05/93 
06/05/93 
06/05/93 
06/05/93 
06/05/93 
06/05/93 
06/05/93 
06/05/93 
06/05/93 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Time 

06: 
07: 
08: 
08: 
09: 
09: 
10 
10 
11 
12 
12 
13 
13 
14 
15 
15 
16 

58 
28 
00 
30 
00 
30 
04 
43 
51 
•21 
51 
.21 
:51 
:21 
:00 
30 
'00 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Tpr 

346.00 
346.00 
346.00 
346.00 
346.00 
346.00 
346.00 
346.00 
346.00 
346.00 
346.00 
346.00 
346.40 
346.40 
346.40 
346.00 
346.40 

Trt 

43 
43 
43 
43 
43 
43 
43 
43 
43 
43 
43 
44 
44 
44 
44 
44 
44 

50 
50 
50 
50 
50 
50 
65 
50 
80 
.95 
.95 
.10 
.10 
.10 
.25 
.40 
.55 

Trv 

101. 
101, 
101. 
101. 
101, 
101. 
101. 
101. 
101. 
101. 
101. 
101 
101 
101 
101 
101 
101 

20 
60 
60 
20 
20 
20 
20 
20 
60 
60 
60 
20 
20 
20 
20 
20 
20 

Pic 

158. 
158. 
159. 
159. 
159, 
159. 
159 
159 
159 
159 
159 
159 
159 
159 
159 
159 
159 

50 
75 
00 
00 
00 
00 
00 
25 
25 
50 
50 
.50 
.75 
.75 
.75 
75 
.75 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Ci,n 

-0.8717 
-0.7487 
-0.6745 
-0.8898 
-0.8898 
-0.8898 
-0.8378 
-0.7286 
-0.2636 
0.1263 
0.1263 
0.4440 
0.8627 
0.8627 
0.9162 
0.6951 
0.9509 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

The calculations was performed in order to analyze the 
operation of the relief valves in pressurizer. The 
following thermohydraulic parameters have been used: 

Tpr 
Trt 
Trv 
Pic 

- temperature in pressurizer; 
- temperature in relief tank; 
- temperature after relief valve; 
- pressure in primary circuit; 

In this respect the problem of identification of the cause of 
such transition arises. This problem can be solved by means 
of the following: 

- to use the operation experience for "teaching" the system 
on the basis of the well known situations; 



- to analyze automatic switch-over, regulators operation, mode 
changes and so on; 

- to perform the analysis of another set of thermohydraulic 
parameters which are the most characteristic of the 
observed equipment's condition. 

For more detailed analysis other diagnostics methods can be 
applied: visual, acoustic, vibrodiagnostics and so on. 

As you can see from Table 2, the generalized index changes 
sign. This sing change is connected with the small increase 
of thermal power, that is the result of the small change in 
equipment operation regime. 

Thus the performed investigations demonstrates the 
applicability of the parametric diagnostics and the described 
algorithm for the identification of slow developing processes 
in NPP systems. 

It should be pointed out that there is no universal method 
for complex system diagnostics. In many cases implementation 
of parameter diagnostics may indicate the presence of 
equipment defect but it may be very difficult to identify 
exactly the failed element. Nevertheless the method is very 
useful because it allows to indicate the malfunction at early 
stage in very cost effective manner. 
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