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ABSTRACT

The comparison of the effects of electricity producing systems is of growing importance

in decision-making processes for energy planning. This report documents the preliminary

results of a project for the CEC-DG XII Radiation Protection Programme on the

comparative assessment and management of the health and environmental impacts of

energy systems. The work reported in this document has also been supported by EDF -

NEssion Environnernent.

In order to profit from the comparative studies already existing, some of the most

important ones were surveyed The aim of these past energy comparison studies was

mainly to obtain a global measure of the risks associated with an energy cycle, with a

view to ranking the various electricity production systems; but this is now recognised as

merely an academic exercise, with a limited impact in decision-making. For energy

planning the development of a multi-dimensional approach seems more suitable, as this

allows the different types of indicators and measures needed to assess the risks of

different energy cycles to be compared. From the past studies it has been seen that health

indicators are generally well established, but a weakness is noted with respect to

indicators of environmental impacts. This remains a difficult subject, and until such

indicators are established, surrogates like concentrations in the environment will have to

be used, or qualitative comparisons must suffice.

This report presents a eneral framework allowing for consistent comparisons between

different energy systems. The key issues discussed are: assessment by fuel cycle,

consideration of the dimensions of time and space, the impact pathway approach for

assessing risk, and coherent indicators that can be used to measure the impacts. First

results are presented for four ativities of the nuclear fuel cycle according to the approach

developed: (1) the construction and dismantling of a 900 MWe pressurized water reactor,

(2) the transportation of materials between installations at the different stages of the cycle,

(3) the disposal of radioactive wastes, and 4) a severe nuclear reactor accident, have been

evaluated. The next phase of work wl investigate the remaining activities of the nuclear

cycle, and the potential use of multi-criteria analysis for comparative risk studies.
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1. GENERAL INTRODUCTION

Comparative information on health and environmental effects of various energy systems

is of growing importance in decision-making processes. The coming decade will

experience greater emphasis on the use of such comparative information in environmental

and safety management, and overall energy planning. This necessitates reliable, up to date

and credible data - presented in a consistent and coherent manner - which reflects the

whole range of risks and impacts over the entire fuel cycle of the various energy systems.

It is to this aim that the Commission of the European Communities Directorate-General

XII initiated within it's Radiation Protection Programme a project on the health and

environmental impacts of energy cycles to be completed by the cooperation of three

European teams: Centre d6tude sur I'dvaluation de la protection dans le domaine

nucl6aire (CEPN), Institut fr Energiewirtschaft und Rationelle Energieanwendung (IER)

University of Stuttgart, and Institut de Protection et de Hret6 Nucl6aire (IPSN). CEPN

has been co-financed by Electricit6 de France - NEssion Environnernent.

'Me general objective for this project was to help incorporate the health and environmental

impacts of energy cycles into decision-ma-king processes for energy policy. This was to

be achieved in a first step by the assessment of the health and environmental impacts of

the nuclear fuel cycle compared with those of the coal cycle. Being that comparative

studies of energy systems have been made in the past, it was decided to begin by a survey

of these previous studies in order to benefit from past experience and identify outstanding

limitations. This synthesis could then be used in the development of a coherent

methodology for the present comparison.

Parallel to this work a re-assessment of impacts for all installations involved in the nuclear

and coal fuel cycles, from the mining of the ore, all the way through to waste disposal,

was performed.

CEPN was charged with conducting a survey of previous work in the field of

comparative risk assessment, and then using this information to develop a general

framework to integrate both health and environmental risk dimensions of energy

generation. CEPN also provided selected elements to the assessment of the French

nuclear fuel cycle being conducted by IPSN 1]. IER at the University of Stuttgart was to
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conduct the risk assessment of coal in the Baden-WUrttemberg region of Germany, with

also some development on the external costs associated with electricity production from

coal 2].

The present report consists of three main sections: the survey of some of the most

significant energy comparison studies in the literature a conceptual framework developed

for this project, and the results for the selected elements of the nuclear fuel cycle.

For the application of the methodology to a real energy system, the French nuclear cycle

in the south-east of France was chosen. The stages of the fuel cycle and designated

installations consist of the following:

STAGE INSTALLATION
-------- - -- -- - ---- - -- ---- - -- -- ----------- - ------------------------------------------------

1) mining and milling French ines (Vend6e,
La Crouzille, Hdrault)

2) transformation (yellowcake--> UF4) Comurhex at Malv6si
3) conversion (UF4 -- > UF6) Cornurhex at Pierrelatte
4) enrichment Eurodif at Pierrelatte
5) fuel fabrication Romans and Pierrelatte
6) electricity production Tiicastin PVVR
7) reprocessing Cogerna at La Hague
8) conditioning and storage Cogerna at La Hague
9) waste disposal Aube surface disposal,

Auriat hypothetical granite
deep disposal site

10) transportation Road and rail

Results for the followin- selected elements of the nuclear fuel cycle are presented in this

report:

Construction Risks of the Tricastin PWR

Transport Risks of the Nuclear Fuel Cycle

Risks from Nuclear Waste Disposal

Dismantling a Nuclear Power Station

Nuclear Reactor Accidents
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2 SURVEY OF PAST STUDIES ON THE COMPARISON OF RISKS

ASSOCIATED WITH ENERGY SYSTEMS

2. 1. Introduction

The ob ective of this synthesis of previous energy comparison work was to define the

methodologies and indicators used in estimating the effects of the different energy cycles.

This information was then to be used in the development of a general framework for

comparative studies, so that a coherent structure could be presented with new information

- particularly environmental advances, and accident statistics - integrated into it. The

intention of this section is to summarize the evolution of energy risk analyses up until the

present day, so that the definition of a new era of energy production can gain maximum

benefit from past experience, and outstanding problems may be identified.

Nine reports have been surveyed, dating from 1974 to the present day, representing six

industrialised countries: USA, Canada, France, UK, Germany and Switzerland. These

nine reports obviously do not constitute a comprehensive list of all the relevant literature,

but it is believed that most of the significant reports have been included.

2.2. The reports surveyed

In this section a brief explanation of each study is given

The WASH-1224 report 3 was prepared by the United States Atomic Energy

Commission in 1974, in an attempt to quantify the cost to society of producing electrical

energy by currently available alternative systems. At the time of this study conditions

were rapidly changing, one of the most important impacts being the emergence of OPEC,

signaling a reat price rise in practically all forms of energy. For this reason, the

conceptual structure of this study, and the methodology of quantification of the results,

are as important as the results themselves.

The report which caused the most controversy, was that by INHABER 41 published in

1979. He came to the conclusion that nuclear power was safer than all renewable sources,

and came second only to natural -as when all systems were ranked. This report for the

Atomic Energy Control Board of Canada was praised by some and bitterly attacked by
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others, including personal rebukes normally unheard of in the scientific sphere. Whether

this report would have created such dissension had the results been inversed is doubtful,

but it did much to promote further study.

Also published in 1979 was a report by HAMILTON [51 of Brookhaven National

Laboratory, New York, who has written several reports on his group's results. This

particular one starts with the problem of the increasing acidity of rainfall in the United

States and Canada from the sulphates and nitrogen oxides produced by fossil-fuel

combustion. Such eissions are part of the health and environmental hazards of different

energy systems involved in the comparison.

In 1976, the Governing Council of the United Nations Environment Programme

(UNEP) requested a comprehensive review of the environmental impacts of the

production and use of different sources of energy. These had become the subject of

widespread debate, as it had recently been realised that the energy policies of one country

could affect the environment of a neighbouring one. Technological factors alone could

therefore not dictate energy policy decisions any longer. Three reports were produced,

dealing with: the environmental impacts of production, transport, processing and use of

fossil fuels; the environmental impacts of nuclear energy; and, the environmental aspects

of renewable sources of energy; which were then consolidated into the UNEP text

reviewed here 6], and published in 198 .

In 1981 the Centre d6tude sur I'dvaluation de la protection dans le dornaine nucldaire

(CEPN) published a report "Les impacts sanitaires et dcologiques de la production

d'dlectricit6", 7], for Electricit6 de France. The three main energy cycles were taken into

account - coal, oil and nuclear - and then the study was extended to include solar systems.

'Me results are applicable to the French case - a country with limited fossil fuel resources.

FERGUSON [8], was appointed by The Energy Centre, University of Newcastle Upon

Tyne, to undertake an evaluation of the fatal human health costs of electricity eneration

for public supply from coal, oil and uranium in the United Kingdom. Although under

contract from the United Kingdom Atomic Energy Authority, the centre was free to obtain

and evaluate data from all available sources for impartial consideration. The report was

published in 19 8 1.
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The Grand Delta study by the Institut de Protection et de SQretd Nucl6aire (IPSN), part

of the French Atomic Energy Commission, was started in 1980, major reports being

published in 1987 and 1990, 9]. The aim was to evaluate pollution from diverse sources,

put it into perspective, and then in the appropriate cases, ensure it's management. The

south-east of France was chosen, with 1982 and 1987 used as reference years. Coal, oil

and nuclear power production occur in this region, and the report centres on the risks to

the population of these cycles, along with the risks of heating, indoor pollution and

medical exposure to radiation.

The work by KALLENBACH, TH6NE and VOSS [101 published in 1988, was

initiated after the Chernobyl nuclear accident, when the government of the federal state of

Baden-Wdmemberg, the outhwestern region of Germany, asked for a comprehensive

assessment study of feasible energy supply options for the area, with a particular regard

to the possibilities of substituting nuclear power. Comparative risk assessments were

critically analyzed, and supplemented by information specific to the region, and to the

Federal Republic of Germany.

Under contract to the Swiss Federal Office of Energy, FRITZSCHE [I 1] studied the

health risks incurred by energy scenarii in Switzerland. The Chernobyl accident is again

cited as calling into doubt the safety of nuclear power, so as to warrant comparing the

health risks of alternative means of energy production. His results published in 1989 are

thought to be "representative of large modem power stations which could be built at the

present time in Europe".

2.3. Method of comparison

In order to compare the different studies, several indicators were chosen as important

components in the evaluation of energy systems. First of all the energy sources assessed

must be specified. In the case of renewables an additional important factor is the inclusion

of back-up systems. These systems are a type of safety net, so that when the renewab le

source is inadequate (i.e. there is no wind or sun to produce renewable energy), the back-

up systems (usually conventional power stations such as coal or nuclear plants) are used.
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The notion of assessing each stage of an energy cycle was developed initially in 973.

This was when it was realised that all the steps necessary to produce energy by a

particular source have to be included in the risk assessment, and not only the energy

production stage. This is particularly important when comparing different sources. Scope

for variations in results still remains, depending on what is considered in the cycle for

each fuel type. The total risk also depends greatly on the type of technology used, for

example, the mines underground or open-pit), and also other characteristics such as the

fuel type (e.g. sulphur content), the fuel supply and availability, transport, etc.

Some energy systems are more efficient when their energy is used directly, rather than for

electricity production. Renewable sources provide the best examples of this, whereas

nuclear power was specifically conceived for electricity production. In this respect the

end-use of each system is extremely important, and could be of particular interest in

energy conservation. The specificity of the renewables may play a vital role in scenarii

where their energy will not necessarily need to be converted into electricity, but could be

used directly for other purposes, for example, heating.

The results of a particular assessment are generally site-specific, therefore care must be

taken before they are transferred or compared to other sites. Meteorology and population

differences can be the cause of significant variations in results.

The methodology of the energy comparison can be done on a cycle or scenarii basis. A

comparison between cycles uses the risks of energy production by a particular energy

source as a function of the electricity generated by that source. In this way the risks are

compared after normalization of the results per unit energy produced. An energy scenario

is one in which a particular demand for energy has to be met by each source, and the

comparison is carried out in this context. The time-dependency of most renewable

systems means that in order to satisfy this demand, back-up utilities are needed. Scenarii

could be used to find the most viable proportions of energy generation by the different

means possible.

The impacts of energy systems are measured by indicators of health and environmental

effects. Health effects are considered for the two separate population groups of workers

and the general public. The levels of acceptable risk are different for these two

populations because it is assumed that workers have chosen (and are compensated) to



accept a higher risk. Generally the public has not made the active choice to accept an

increased risk.

The inclusion of major accidents in a risk assessment of energy systems is another factor

that must be taken into account. The impacts from a catastrophic accident may be very

large and could be the largest component of the risk assessed for a particular fuel cycle.

However, the occurrence of an accident may have a very small probability. A means to

incorporate these factors into a comparative assessment in a balanced way is difficult to

determine. One factor that is increasingly being taken into account is the risk aversion of

the public. With the exception of hydroelectricity, renewable sources have no conceivable

potential for severe accidents or for catastrophic failure, and therefore are generally

favoured by a risk averse public.

In order to provide an overall review, Table presents the nine comparison studies

mentioned above, with indications of the types of energy systems compared, their scope,

installations, fuel cycles, and the level of analysis.

2.4. Results of comparison

The original energy comparison studies looked at nuclear power versus the fossil fuels,

however later studies expanded to include the renewable sources as these became viable

options. Both Inhaber 4] and Kallenbach [10] include in their evaluations the need for

back-up systems in the renewable resources systems. This is a controversial point,

because the back-up systems (usually coal or nuclear power plants) can make up the

majority of the risk attributed to the renewables. In some cases, bing that electricity

production is not the most efficient use of the renewable resources, the assessment

evaluated the impacts of the direct use of these resources 4 6.

Coal, oil, gas, nuclear and renewable sources (including solar, wind, methanol and tidal),

are all considered, although not in all the assessments. This is due to the objectives of the

original work. For example, in France the risk assessment of gas was not conducted

because of the lack of this primary material in the country. One of the main concerns for

France was energy independency.
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Most of the studies were performed on a cycle basis, but the idea of scenarii has been

used in two of the studies 7, 10].

2.4. 1. Fuel cycle stages

All the studies surveyed conducted the risk assessment by stages in the fuel cycle. These

stages, along with a brief summary of the important considerations are presented in this

section.

2.4.1.1. Construction

Since 1979 the risk assessment work has included the construction (and dismantling) of

plants/installations, as well as the operational cycle. This was considered important

particularly for renewable sources, where the majority of the risk is associated with the

construction phase. The assessment of the construction risks, has not posed much of a

problem due to the vast experience already gained in this field. Dismantling should also

be considered but poses a problem because there is less experience. For the

decommissioning of nuclear sites, there is the additional complication of safe disposal of

aH radioactive material. These difficulties probably explain the fact that only two of the

studies in this survey included the assessment of risks from dismantling [5 6.

2.4.1.2. Mines

Underground and open-pit mines lead to significantly different results when assessing the

impacts from this stage in the fuel cycle. The former type of mine is likely to have a

greater impact on the health of the miners. Fritzsche [ 1 shows results for underground

mining, an out-of-date mine and surface mined coal.

The assessment of risk from mining operations has been carried out for a long time. In

gathering the information needed for a present day assessment one must be careful to use

the appropriate statistics. An example of this are the improvements in the current working

conditions in mines which mean that the risk to the present generation of coal miners is

lower than ever before. Occupational diseases can take years to develop and be

recognized as work-related, therefore the statistics of mining illnesses being recorded

today may be due to conditions from years or even decades ago, so the risks we associate
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with mining in current studies are probably higher than the actual risk. But this reduction

in risk must be partly counterbalanced with a possible increase in the risk of accidents due

to the mining of deeper and previously 'inaccessible' deposits.

2.4.1.3. Transport

Transport risks are a haza d of a energy cycles; even when a power station is located on

the same site as a fuel repository some transportation is necessary. The EPSN report 9 is

the only one that does not include transport, although others do not include all the

transportation risks involved in a fuel cycle. For example Kallenbach [IO] disregarded the

non-radiological transport risks associated with nuclear power due to the small amount of

material transported per GWa. Inhaber 4] used a method that takes estimates available for

the risks of transportation for conventional systems (e.g. coal), and transforms them into

the risk per unit weight of material transported. This is assumed to be reasonably

applicable to other systems, even though it has limitations.

2.4.1.4. Plant operation

Plant operation is included in ail the studies, and involves the general running and

maintenance of the plants. This essential stage in the cycle often has less risks associated

with it than other steps. The uncertainties involved in the evaluation of the health effects

associated with normal emissions mean that the public risk could be hi-her, particularly

for the combustion of fossil fuels.

2.4.1.5. Waste

The long term health effects of waste disposal and storage were included because these

are risks associated with energy systems even if their consequences may not be apparent

for many years. These effects have tended to be overlooked in energy studies due to the

difficulty of producing reasonable figures far into the future, and also a lack of

knowledge. Inhaber discounts all such risks apart from those from nuclear power

production, and the CEPN states that they did not include waste in their comparison due

to the lack of information, (except for nuclear waste), on which to base a comparison.
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Waste disposal affects the environment, even if it leads solely to a restriction on land-use

in the area. The leaching of chemicals and radioactivity into ground water must also be

thoroughly assessed.

2.4.2. Impact indicators

2.4.2. 1. Health - public and workers

Man-days-lost (NML) have been the major unit of health consequences introduced in

several studies to aggregate morbidity and mortality, where one death equals 6000 MDL,

(also called working-days-lost (WDL)). This unit was estimated from information on the

average age of death from occupational accidents taken from national workers

compensation system statistics. There is some ambiguity between the different units man-

days-lost and working-days-lost, and also in the accuracy of the figures obtained.

Definitions of working-days-lost, and man-days-lost, often vary between countries. The

reporting of the number of days off work depends on the particular scheme used in the

country involved. It seems that usually when results arequoted this way they refer to

actual days off work, and therefore weekends are not counted in the figures. The Annex

gives a definition of the French Worker's Compensation Scheme, which is vital to

understanding the indicators and using them to compare data and results between different

countries. This problem was encountered when comparisons between the French nuclear

cycle and the German coal cycle indicated large differences (up to a factor of 2. The

German system is described in the EER report 2].

Some reports use both fatalities and working-days-lost 5 7 9 0], whilst others argue

that mortality alone is a good indicator of riskiness [I 1] "mortality can often be taken as

an indicator, because in many cases the number of injuries of varying severity are more or

less related to the number of deaths". Ferguson [8] uses death as an indicator, and omits

the estimation of risks for non-fatal cases. This is due to the fact that the data is simply

not always available, and also it is unlikely that the reporting of cases will be uniform for

different industries in different countries (as has been seen in this project). Time lost is

unlikely to be consistent for similar injuries, and definitions of seriousness may not be

compatible. Ferguson warns that as for other unquantifiable effects, they should not be

undervalued in the evaluation stage.
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The evaluation of collective public health risks is also dependent on the size and

distribution of the potentially exposed population (density, number, age, etc.). Therefore,

the choice of the reference site can have a large impact. Equivalent plants can lead to

estimates of different levels of health risk according to their siting.

2.4.2.2 Environment

It is important to note that the comparative studies surveyed have covered the

environmental impacts of different energy sources to a much lesser extent than the health

impacts. Indicators for actual environmental detriment have not been found in this survey.

The emissions are reported and can be considered as some sort of indicator. The

environment tends to be thought of only as the medium through which the releases travel

to humans (especially for the nuclear industry) 3 6 7 91, but the problem of the actual

effects of the releases on the ecosystems has not been assessed in the past. Indicators

need to be established so that environmental risks and costs can be included in energy

system analyses. The UNEP report 61 includes discussions of environmental effects,

including thermal discharg,es, land requirements, transmisson lines etc. which need to be

taken into account, in addition to the eission of pollutants.

The assessment of environmental risks must be developed further. This work is currently

being developed due to the increased awareness of the potential global and long term

impacts of the emissions from energy production.

2.4.3. Severe accidents

Major accidents were treated in various ways in the assessments surveyed. Some studies

omit them completely, whilst others include them for certain cycles but not others.

Fritzsche [I 1 has recently looked at severe accidents for coal, oil, nuclear, natural gas

and hydroelectricity, not just in the power plants themselves, but also other installations

such as oil platforms and refineries, in an attempt to widen this area of knowledge. For

the fossil fuels there is a vast array of historical data on accidents which could be used

with a reasonable degree of reliability. Most of the attention, however, has been paid to

the possibility of nuclear accidents. Probabilistic safety assessments have emerged in an

attempt to quantify the probability of a nuclear accident, and were used in several of the

reports 6, 8, 1 0 I .
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Efficient warning systems and effective countermeasures may reduce the catastrophic

tendencies of major accidents, and so lower the risk. They are notable by their absence

from these risk studies.

The health indicator of late mortality is only deemed appreciable for nuclear accidents

[I I, even though late fatalities are possible for non-nuclear systems. Chemical effects are

less well-known than radiation risks.

Public risk aversion is an important aspect to be considered in assessing the public risk

from catastrophic accidents. Even though risk has been conventionally defined as the

consequences times the probability, the fact that a catastrophic accident has an extremely

low probability of occurrence does not lower the public's anxiety. This aversion to the

possibility of a major accident gives support to renewable energy sources, but they only

appear to be a partial solution as some authors 4, 101 deem back-up systems vital, due to

the intermittent availability of solar and wind power to supply the energy required for

current standards of living.

A general methodology for the assessment of the impact of catastrophic accidents in

comparative risk studies must be developed.

2.4.4. Resource depletion

Resource depletion has been consistently overlooked in comparative studies. The

possibility of the depletion of the world's sources of energy, at some point in the future,

is generally accepted. Wash 3 is the only study to look at resource depletion by

including a table of potential electrical energy production for coal, residual fuel oil, gas

and WR systems, using statistics from 1970. These figures will obviously depend

greatly on the efficiencies of use, the discovery of further reserves, and the economic

viability of the exploitation of previously unprofitable reserves. An update of this work

would surely be useful in energy comparison studies.

Resource depletion can be included in the general discussion of the issue of irreversibility

of current actions. This is an ethical issue that requires that a decision be made on the

degree of responsibility today's population holds for the future. Can we take actions that
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are irreversible and have the potential for future negative impacts? Can these risks be

overlooked?

The subject of irreversibility is discussed by Hubert et al 7]. Using the example of the
impact Of C02 on future climatic change, Hubert stated in 1981 that "an effect that is

difficult to quantify should not be neglected solely for that reason". This sounds even

more poignant today.

2.4.5. Risk evaluation

All results presented in the studies surveyed should be interpreted with caution. They

depend on the technological scenarii used, and also on the fact that certain effects are

observed whilst others are estimated. Thus two types of evaluation are present in the

results of risk comparison studies, and warrant different statuses. On the one hand there

are those risks calculated from statistical observations, for example, accidents at work or

classic occupational diseases, whereas on the other hand, some risks are estimated from

simulation models or extrapolation methods. A classic example of potential error due to

extrapolation is the use of studies on the health effects resulting from high levels of

exposure to a pollutant, to estimate health effects associated with low levels of exposure.

Another example is extrapolating health effects for human beings from effects observed in

animals. These results can have a large degree of uncertainty due to the model employed,

and are often based on expert judgement.

The risks linked to stochastic effects which cannot be isolated (for example, cancer risk

associated with weak doses of ionizing radiation), are even more difficult to evaluate. The

final results of comparative studies are in fact an aggregation of estimated and observed

risks, which do not carry the same weight. A methodology must be developed that will

attempt to balance these different qualities of results.

In recent evaluations of the relevant literature 10 1 large differences in risk estimates

(up to several orders of magnitude) were found, but could be traced back to different data

and assumptions made. This has always been the case when comparing different studies.

Table 2 gives an idea of the variation in results which was found in the studies reported

here.
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2.5. Discussion

'Me initial aim of energy comparison studies to rank the various electricity production

systems is now recognised as merely an academic exercise, with a limited impact in

decision-making. The objective of a global measure of the risks associated with an energy

cycle has also been rejected. It appears that it will be necessary to find a multi-

dimensional methodology that will allow the different types of indicators and measures

needed to assess the risks of different energy cycles to be compared.

When assessing the risks of an energy system the end use of the energy should be taken

into consideration. The petrochemical industry must share some of the risks of oil

exploration and drilling for example, and some of the coal from mines goes directly into

houses for fires, rather than to drive turbines in a power station. The health risks of -direct

usage of fuels for heating is evaluated in the SN report 9].

The importance of including all stages of the fuel cycles in the evaluation of the risks due

to energy production is reinforced by this survey. All the reports presented take into

account some or most of the different steps. It should be noted that it is important to apply

a coherent approach to all cycles compared. Health indicators are generally well

established, although when comparing cycles between countries the measure of non-fatal

effects needs further clarification. A lack of environmental indicators is noted throughout

the literature. This remains a difficult subject, and until such indicators are found we may

have to be content with qualitative comparisons and the calculation of concentrations in

the environment.

The technological hypothesis used in risk comparison studies often determines the nature

and the level of risk of each cycle. Thus a modification in the standard of emissions of the

installations must lead to a reevaluation of the public risk. A major example of this is the

introduction of desulphurisation systems into the fossil fuel cycles. The resulting lower

sulphur emissions significantly decrease the health effects that could result from the

emissions. For the newer sources of energy the technical hypothesis is a particularly

important consideration. Technological advances are expected in the near future because

several of the new systems proposed are still prototypes. A risk assessment of the full

scale operation involves extrapolations from the risk associated with the prototype.
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Earlier studies have only approached health and environmental effects from a local level,

and time periods of no more than a lifetime. Recently the dimensions of time and space

have become important 12], where risks are evaluated locally, regionally and globally, in

the short, medium and long term. Time and space elements are important considerations

in risk assessments if we are to include all impacts no matter how dispersed over the

world or through generations. This can be illustrated by C02 emissions which may

eventually lead to global warming, and high level radioactive waste which must be

contained for thousands of years.

With interest now turned towards the integration of health and environmental effects into

alternative scenarii for electricity production, combining various energy sources and

relating the socioeconomic contexts to a specific level (local, regional or global) and

temporal period (short, medium or long term), the need for a coherent methodological

framework has arisen.
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3 A GENERAL FRAMEWORK FOR COMPARATIVE STUDIES

A general fi-amework has been developed, allowing for consistent comparisons between

different energy systems. The issues dealt with in the conceptual framework are: the fuel

cycle, the dimensions of time and space, the impact pathway approach and the indicators

that can be used to measure the impacts. The important issues from each of these

components are discussed in the sections below.

3. 1. Fuel cycle

3. 1. 1 Type and technology

Generally, energy systems are divided into two groups. The first concerns the main

processes in use today - e.g. fossil fuels (oil, coal, natural gas), hydro, and nuclear -

while the second concerns mainly small units of production (e.g. renewables: most of the

solar processes, wind, biomass/wood, and new/secondary energy forms: syngas,

hydrogen). These small units are not able to replace all the established energy systems,

and are generally used to complement these systems and solve distribution problems in

rural areas.

Attention should be paid to the level of technological development, particularly in the case

of renewable energy resources. Many of these systems are not yet at an industrial level.

The objective of a decision-making process is difficult to achieve when comparing the

risks associated with a prototype to those of an "industrial" energy process. It is

necessary to take into account the evolution of the technology because, in general, a

decrease in the level of risk is seen when a process is more generally used.

In this project the comparison between a fossil fuel system (coal) and a nuclear fuel

system (PWR) is detailed. The development of the general framework allows for the

expansion of the comparison to other energy systems in the future.

The following qualitative and quantitative information is useful in characterizing the

various technologies:
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total yearly production per unit (expressed in TWh and in tonnes concerning mines);

variations according to the level of the demand; the state of new technologies may not

be indicative of their production capacities;

conversion efficiency (%), including the percentage of calorific losses at the power

station level. This value allows both the quantity of fuel necessary for production and

the level of releases to be estimated. Theoretic efficiency can be deduced from energy

equivalency;

number of workers associated with the different steps of the energy system;

quantity of fuel transported; and

waste production per stage of the fuel cycle.

3.1.2. Stages of energy production

The fuel cycle can be broken down into the stages of fuel extraction, fuel preparation and

conversion, electricity generation, material transport, waste processing and disposal. At

each of these stages there is a technology or series of technologies, that are employed.

The impacts of the construction and dismantling of the various installations needed in the

energy system must also be included in the assessment of the total fuel cycle.

The introduction of different steps poses the problem of defining the end product and the

relationship between the various installations and activities. When electricity generation is

the end product, the risks can be normalized to the amount of electrical energy produced

(per TWh(e)). In the comparison between coal and nuclear fuel cycles, the risks are

normalized by the amount of electricity produced.

When direct usage of the fuel is considered, the risk could be divided by the amount of

final product and wastes (i.e. we consider that there is a linear relationship between the

different steps of the fuel cycle). In this case, the problems concerning loss of production

and differences in productivity between the various fuel cycles for example, are not taken

into account. It appears impossible to define generic relationships etween the different

steps of a fuel cycle because of the great difference in technologies used.
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3.1.3. Mode of operation

The distinction between normal and accidental operation modes is important. In many

cases the most significant portion of the risk assessed for a energy system can be from a

catastrophic accident. In general, accidents are events with large consequences and a low

probability of occurrence. In future assessments it may be necessary to solidify this loose

definition in some way, such as events leading to over 10 deaths, or when releases are

over a certain value. To estimate the risks associated with a large accident may be a huge

task, but it can be accomplished with a range of uncertainty attached to the estimate.

However the actual impacts are not enough in assessing the risks. The probability of the

accident occurring must be taken into account. In addition, when monetizing the risks, the

issue of the public's risk-aversion concerning the consequences of accidental situations

must be taken into account.

One must be very careful to take these issues into account before the risks associated with

the energy system can be totalled.

3.2. Time and space dimensions

'Me estimated risks have to be categorized according to the dimensions of time and space.

With this framework, the comparisons between different technologies can be carried out

in a consistent manner.

rime
The dimension of time can be divided into three categories:

- short term: concerns direct effects or immediate impacts (timespans up to one year),

such as occupational injuries to personnel, site destruction and pollutant emissions;

- medium term: concerns late or deferred effects occurring within a human lifetime, or

over several decades (e.g. occupational diseases, cancer, and also environmental effects

such as acid rain);

- long term: time periods over a human lifetime, concerning effects such as changes in

ecosystems, global warming and genetic effects to future generations.
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S12age

The regions that are affected are difficult to specifically delineate and keep mutually

exclusive. However, it is necessary to set general guidelines so comparative assessments

can be conducted.

- local concerning the various effects which appear on the production site or around an

installation; this level includes the most exposed population;

- regional concerning impacts of pollutants on the nearest exposed populations (several

tens of kilometers) to national or geographical regions (for example, acid rain);

- global concerning pollutants which potentially affect all regions; of course, the

evaluation of these effects is relatively uncertain and depends on the evolution of

knowledge.

The additional category of continental may be implemented in specific studies.

3.3. Impact pathway approach

The assessment of risk is generally carried out using an impact pathway approach. The

beginning of the pathway are the releases to the environment or activities that may cause

harm. The endpoints of the pathways are the impacts on human health and the

environment. These impacts are measured by indicators that will be defined as

consistently as possible for each of the impacts.

Once the stage of the fuel cycle and technology are chosen the potential sources of

impacts can be dentified. For each case, a pathway is determined to follow the source to

its ultimate impact on humans or the environment. These impacts can then be classified

according to the time and space dimensions described earlier.

These endpoints of human health and environmental quality are linked except in the case

of occupational hazards (where the impacts are more direct between source and receptor).

The releases from the technology enter the environment causing degradation or ultimately

impacting on human health. The degree of difficulty quantifying the impacts to the

environment depends on the substance released, the pathway identified for that release,

the environment involved, and the current state of knowledge.
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The following information is needed in characterizing the releases to the environment:

Technology controls: - pollutant control technologies in use, and their efficiency.

Atmospheric pollution: - emission rates of air pollutants such as: SO2, CO, C02,
NOx, TSP (total suspended particulates), HC,
heavy metals, radionuclides.

- pollutant emission factors for ITWh production.

Aquatic pollution: - volume of water used in the process per TWh;
- emission rates of pollutants per TWh such as: acid and

alkaline effluents, heat, toxic chemicals.

Waste: - volumes of waste (solid, liquid and gaseous);
- emissions from waste treatment facilities;
- storage: leach rates into ground water, emissions.

The human population for which risk is being assessed can be divided into two general

categories: the public and workers. 'Me pathways identified for each group are different.

The impact to the public is closely linked to the impact pathways for the environment.

These are difficult to evaluate due to the complexity of modelling the cycling of the

emissions in the environment (the route to humans), as well as the problem of multiple

exposures to toxic pollutants. Occupational risks occur during the course of employment

and therefore these impact pathways are less complex.

3.4. Indicators

3.4. 1. Health indicators

Various indicators of health impacts may be estimated. Indicators of mortality and

morbidity can be applied to the health effects on.the public and workers. Deaths can be

direct, as in transportation or industrial accidents, or due to diseases occurring later in

life. Morbidity can be measured as incidence of disease. In the workplace a commonly

used measure is working-days-Iost. This corresponds to the number of days that a

worker is unable to work due to an accident or disease. Weekends are not included,

although the worker may still of course be suffering during these times.
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Some of the types of information that will be utilized are:

- death rate and morbidity rate per cause, of the population (national data-base or WHO

statistics);

- statistics of occupational injuries and diseases related to the different activities

involved in the energy system (probability and severity);

- accidents during fuel transportation (probability per kilornetre, severity, releases...

Table 3 illustrates some of the main indicators of health impacts within the context of the

pre-defined time and space dimensions.

3.4.2. Environmental indicators

As in the case of health impacts, indicators of environmental impacts must be designated.

These are measures of degradation in the environment, such as site destruction, pollution,

and radioactive contamination. All installations will cause a certain amount of

environmental disturbance, particularly during their construction phase when site

destruction will occur. Once operating, emissions to the atmosphere and the aquatic

environment can cause pollution of the surrounding region. Wet and dry deposition of

gaseous releases can lead to ground contamination over wide areas, and effects such as

acid rain. The possibility of major accidents with associated environmental devastation

can be a main concern for many energy cycles. The matrix in Table 4 presents some of

the main indicators of the environmental impacts that can be taken into account.
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4. RISK ASSESSMENT FOR FIVE ACTIVITIES IN THE NUCLEAR

FUEL CYCLE

4.1. Introduction

The PWR (pressurized water reactor) cycle in France has been used as an example of a

PWR system for the purpose of this project. The public and occupational risks associated

with each stage, as well as the transport of materials and hazardous substances between

sites, are included. An assessment of the construction and dismantling of a nuclear power

station has also been included.

The power station, Tricastin a 900 MWe PWR, was chosen for the energy production

stage. This technology is representative of the nuclear power stations in France, where

75% of electricity is produced by nuclear plants, and 34 of the 56 reactors are 900 MWe

PWR's (as of I January 1992). Tricastin was brought into industrial service in

1980/1981. The other installations involved in the nuclear fuel cycle defined for this

project are found in the area surrounding this site. As far as possible the data utilized in

this assessment is specific to the selected installations. When this was unavailable,

national data were applied.

Environmental effects, although not included in this first phase, must be dealt with in the

future. The growing concern about the impacts of electricity generation on the world's

environment has been emphasised in the reports presented at the Helsinki Symposium

"Electricity and the Environment" 121.

The nuclear fuel cycle, as defined in this study, is presented in Figure 1. Generally

accepted risk assessment methodologies were used to calculate the risks reported, and so

they are not described in detail in this report For the calculation of effects due to

exposure to ionizing radiation, dose-response functions from the International

Commission on Radiological Protection, 1991 (ICRP 60) were applied. For the public

the incidence of fatal cancers and non-fatal cancers is 5% and 12% per sievert

respectively, and for workers the values are 4 and 12%. The probability of hereditary

effects is weighted according to severity, and is I% for the general public and 06% for

workers. 7be results are set within the conceptual framework developed above.
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4.2. Risks of power plant construction

Concerning the evaluation of risks associated with the construction of a nuclear power

plant, only occupational risk has been considered in detail. The risks to the public are

expected to be mainly due to the transportation of the necessary materials, and are

therefore calculated from transport accident statistics. The results are given per TWh for

ease of comparison with other steps of the cycle, and between different studies.

4.2. 1. Occupational risks

See Fizure 2 for a schematic diagram of the occupational risks of building a 900 MWe

nuclear power plant.

Two sets of data were used to derive the occupational risks due to power plant

construction: national economic data, and national statistics of occupational injuries and

diseases. It is possible to apportion the total initial investment into the main industrial

branches involved in construction. Combining this distribution with the productivity by

branch, the construction workforce can be estimated. Then using data from the workers

compensation scheme (CNAM) on occupational injuries and diseases, the risks to the

workforce can be calculated. Fi,-,,ure 3 shows the different steps of the occupational risk

evaluation.

A detailed account of the risk evaluation follows, using 1988 values for the economic data

(INSEE), and an average over five years 1984-1988) for the occupational accident

statistics (CNAM) 'Me repartition between the industrial branches is from 1980 131, and

the total investment costs from an EDF estimation 14].

4.2. 1. 1. Investment

The total investment necessary for the construction of a nuclear plant is equal to

6 372 Francs 1988 values) /kW 14]. For the Tricastin reactor 900 MWe) the estimated

costs of construction are approximately 740 ME These are apportioned to the main

branches of industry involved according to the input-output model:
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INSEE no. Economic branches (INSEE) Percentage

T07 Ferrous Metals 4 %
T14 Mechanical Engineering 58 %
T15A Electrical Engineering 18 %
T24 Building Trade and

Civil Engineering 20 %

TOTAL 100 %

4.2.1.2.Workforce

Using the national accounts for 1988 [15], the work productivity is calculated. Given the

work productivity and the investment costs in each branch, the workforce required for the

construction of a 900 MWe power plant can be found. For each industrial branch the cost

of the workforce has to be estimated from the total investment in the branch. As the

investment includes material costs, the cost of the workforce is calculated by multiplying

the total costs by the value added divided by the effective production of the branch

(Table 5).

4.2.1.3. Risk of occupational accidents and diseases

The risk to the employees is estimated from the national statistics on occupational

accidents and diseases (French workers compensation system: CNAM), 16], although

the statistics provided for each industrial activity are not categorised in the same way as

those for the national industrial accounts. For reference purposes the correspondence

between the CNAM. and INSEE branches used, from information supplied by INSEE

[171, is given in Table 6 The accident and disease statistics for each industry are

averaged over five years 1984-1988).

4.2.1.4. Construction risks

The risk to the actual construction workforce is given by the occupational risks (in risk

per 1000 employees) multiplied by the workforce. The results are split into immediate

risks and delayed risks (the immediate effects of occupational accidents and the delayed

effects of occupational diseases).
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It should be noted that although permanent disabilities resulting from occupational
accidents can be included as a short term risk (due to their general immediate apparition

after the accident), their effects stretch into the medium term (for the expected lifetime of

the individual). A similar point should be made about temporary disabilities caused by
occupational diseases. Being temporary, these effects are in themselves short term, but

owing to a usual latency period for the development of occupational diseases, the effects
may not appear until the medium term and can therefore be included in this category.

4.2.1.5. Risk per unit of energy

After calculating the risk of building a nuclear power plant, this risk can be normalised
per TWh of production of the plant over it's lifetime. This enables an easy comparison

between other steps of the nuclear cycle, and other energy sources. Taking the production
of Tricastin from 1982 - 1988, the average production in one year is 578 TWh (Table 7 

and this is presumed to be the production for each year the plant is in operation. The
lifetime considered is 25 years 14], as beyond this time it is reasonable to consider that
more investment will be necessary to perform maintenance and back-fitting operations.

Tables and 9 present the occupational health risks per TWh, due to the construction of a

900 MWe nuclear power plant.

4.2.2. Public risks

The risks to the public of the construction of a nuclear power plant are mainly expected to

be due to the transportation of the necessary materials, and have therefore been calculated

from transport accident statistics. These calculations take into account the amount of

materials transported and also the number of kilometers travelled. See Figure 4 for the

results. It should be noted that these transport risks include the small number of workers
involved in transportation, because the transport statistics do not separate the public from

workers [ 1 8, 19].

1
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4.3. Transport risks between the different steps of the nuclear fuel cycle

4.3. 1. Introduction

This assessment examines the transportation of radioactive materials resulting from the

production of TWh by a 900 MWe pressurized water reactor in France, i.e. the case

applicable for Tricastin. The relevant stages of the fuel cycle and the sites are presented in

Fizure 5. This figure illustrates the type, amount, and the distances transported. Table 0

summarizes the transportation taken into account in this assessment and provides the

masses of each material transported per TWh produced.

The numerous stages of the nuclear fuel cycle necessitate that different processes are

carried out at various sites i--ure 5 in France. The different processes require the

transportation of various materials, such as concentrated uranium ore and plutonium

oxide, beween these sites. Road and rail are the current modes of transportation for

radioactive materials in France.

Taking into account the mass of materials to be transported, the distance and the means of

transportation used (HGV or train), the risk of accidents can be calculated. During the

nuclear fuel cycle, hazardous materials make up a large proportion of those transported,

and so the possibility of a substance escaping in the event of an accident has to be taken

into account. The toxicity of these materials is usually known, and by applying a suitable

diffusion model the number of people affected can be estimated.

The transportation routes and distances for the technologies taken into account in the

nuclear fuel cycle are also shown in Figure 5. The most common atmospheric dispersion

conditions were used in the atmospheric model, and the average population density along

the road and rail routes was used. 'Me weather conditions applied are normal diffusion

with a wind speed of m.s- 1. The average population density between factories at

Pierrelatte for the transportation of enriched and natural UF6 is 300 inhabitants/km2. For

the longer distance between La Hague and Pierrelatte (UO2 NO3)2 and uO2 transport),

the average population density is taken to be 530 inhabitants/km2.
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In the event of a transportation accident occurring, the impact pathways are shown in

Fig= 6 The impacts fall into two categories:

A: deaths or injuries directly due to the physical impact of the accident itself-,

B: an accident involving damage to the packaging which results in a release of the

substance into the atmosphere, leading to serious health impacts due to both the chemical

and radioactive effects of the substance on humans.

The evaluation steps for the health impacts of a transportation accident are:

I) Probability of accident scenario occurring,

H) Number of deaths/injuries directly due to the physical impact of the accident,

III) Concentration of substance in the atmosphere,

IV) Number of deaths/injuries due to chemical effects,

V) Calculation of collective dose,

VI) Radiological effects,

and are presented schematically in Figure 7.

Step I gives the probability of a specific accident scenario occurring, and steps II to VI

estimate the resulting effects given the occurrence of that accident. The total impacts due

to the accident are calculated as the sum of the number of deaths/injuries due to the

physical impact of the accident, plus the deaths/injuries due to chemical and radiological

effects.

For effects due to the substance, the case of a global fire has been retained. This is the

worst case scenario. The mode of transport and the packaging dictate the probability of a

global fire, and properties of the substance determine how much is released. Uranium

hexafluoride is volatile and explosive, therefore a 00% release is expected. Uranyl

nitrate is transported as a liquid, and is expected to evaporate in a global fire, also leading

to a 00% release in the worst possible instance. Plutonium dioxide is a powder and

therefore much lower percentage releases are expected.

The intermediate results together with a detailed explanation of the methodology for this

transport evaluation can be found in 24].
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4.3.2. Occupational risks from transportation

No results specific to workers are presented for the transportation stage of the nuclear fuel

cycle because no differentiation is made between the public and workers during the

evaluations. The occupational risks are included in those estimated for the public. The

occupational radiological risk from normal transport operations has not been included

here, as this is expected to be a very inor element in the overall risk assessment, and

will be added at a later stage.

4.3.3. Public risks from transportation

4.3.3. 1. Risks from the physical impact of accidents

To obtain the number of deaths/injuries due to an accident it is necessary to calculate the

expected number of accidents. For this calculation the following probabilities are

assumed: 2 x 10-7 road accidents per vehicle.km, and 8.5 x 10-8 train accidents per

wagon.krn [18]. Combining the number of vehicles (wagons) necessary for the

transportation of substances, and the distances travelled with the accident statistics, the

expected number of accidents can be calculated (Table I I 

The road accident statistics used are: 0126 deaths/accident, and 0806 injuries/accident

(road accidents) 19]. For rail the corresponding statistics are: 0283 deaths and 0591

injuries per wagon accident. The expected number of deaths/injuries were directly

calculated from the expected number of accidents provided in Table I , and are reported

on the same table.

4.3.3.2. Radiological risks

The first step in estimating the number of health effects associated with the release of a

hazardous substance, is to model it's dispersion in the atmosphere. Using the

concentration of the substance in the atmosphere, the quantity inhaled by the population

can be calculated. These quantities are then converted to a dose in order to estimate the

radiological effects, using effective dose values for a particular or-an and for the

substance given by ICRP recommendations. The model used here is the CALISOD

model, explained in detail in references 25, 261. The doses were integrated over a
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maximum of 30 km, using normal diffusion, I rn/s wind speed, meteorological

conditions.

Established dose-response functions from ICRP 60 were applied to estimate the number

of radiological effects expected from the collective doses. The results for the global fire

worst case scenarios for natural and enriched UF6, U02(NO3)2 and uO2, are presented

in Table 12.

4.3.3.3. Chemical risks

The physical and chemical characteristics of the substance released must be taken into

account. The reactions that take place in the environment can transform a material into a

chemical form that is more or less toxic to humans than the original substance released.

These chemical transformations must be characterized and taken into account in the

dispersion model.

When UF6 is released into the atmosphere it reacts rapidly with water vapour forn-fing

uranium oxyfluoride and hydrogen fluoride:

UF6 + 2H20 ------------ > U02F2 4HF

('220mg) (150mg) (50mg)

After inhalation uranium oxyfluoride decomposes into U02 2+ and F2 2- ions. The

chemical toxicity of UF6 stems principally from the hydrogen fluoride initially produced

and from the uranium, the toxicity of the fluoride ion is negligible in comparison to that of

the acidic hydrogen fluoride.

The toxicity thresholds used in the equation are determined in terms of LD50. The D50

(lethality dose 50) is the dose which leads to the death of 50 of the exposed population.

For 6 the chemical toxicity limit is 220 mg; this quantity will produce 150 mg of

U and 50 mg of HF which are the toxicity thresholds for U and HF respectively.
Inhalation of hydrogen fluoride leads to lung injuries, whereas the U02 2+ ion targets the

kidneys. The threshold of acute renal effects is at 25 mg of uranium inhaled, which is

equivalent to 37 mg of U6.
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The chemical effects reported in reference 271 for a 100% release of UF6 are applied in

this assessment. The effects from U02(NO3)2 are derived from the above values. The

results are presented in Table 13 for 100% releases. The chemical effects of a plutonium

oxide release have not yet been estimated.

4.3.4. Results

In order to estimate the expected number of effects associated with the transportation

necessary for ITWh electricity production, all the effects calculated above for releases

must be multiplied by the probability of the release scenario occurring. An overall

summary table of the risks of transportation during the nuclear fuel cycle is presented in

Table 14.

4.4. Risks from radioactive waste disposal

Radioactive waste comprises a great variety of materials with different physical, chemical

and radioactive characteristics. This diversity results in widely differing potential hazards.

The grouping of waste into categories with similar characteristics and hazards for disposal

purposes is part of the waste management strategy decided by a government, and may

differ from one country to another, notably as far as the choices of disposal route and

waste classification are concerned.

For this report we assume that the high level radioactive waste is disposed deep

underground in granite at the Auriat site in France. ne results presented in section 44.2.

are a taken from the European PAGIS study 28]. The site de I'Aube in France is used

for the disposal of low and intermediate level wastes (section 44.3.). The results

presented for this disposal method are derived from a source term given by the CEC (this

is not necessarily the actual source term for the PWR fuel cycle in France) 29].

4.4. 1. Introduction

When calculating the risks from nuclear waste disposal, the length of time to be taken into

account is a major problem. Far in the future, everything becomes uncertain and the value

of any estimation is dubious. Therefore, radioactive waste management is faced with two

different dimensions: first it is necessary to assess the risk for long term effects, and then
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similarly large uncertainties and/or probabilistic events need to be discussed. Moreover

the definition and significance of doses to the public thousands of years a-head are subject

to criticism. When discussing estimated doses in the far future these reservations should

be taken into consideration.

The calculation of collective dose is more problematic for this stage than for others. It is

already difficult to model geological changes over thousands of years, so it is basically

impossible to foresee the development in population density, consumption habits or other

changes in human society that are essential in the assessment of collective dose. The

calculation of physical impacts is therefore restricted to individual dose rate. This is,

therefore, not directly comparable to the collective doses estimated for the other stages of

the fuel cycle. A methodology to incorporate this type of information into a comparative

assessment will e developed in the future.

A further problem in dose estimation is the possibility of human intrusion. The

probability for a human intrusion scenario is very difficult to evaluate and is not

considered here.

4.A.2. High level radioactive waste disposal

Todays concept of high level radioactive waste disposal involves a multibarrier system.

'Me waste will be stored in such a way that several barriers must be breached before it can

reach man. For each independent barrier (natural and man made), detailed modelling is

necessary. ne idea of the muldbarrier concept is to isolate the radioactivity long enough

to allow most of the radionuclides to decay, and to reduce the concentration of the others,

in order to reduce the doses to individuals or populations to far below the presently

accepted legal limits. Most of the baTriers are "engineered barriers": the waste container,

the glass matrix, the backfill and the repository structures. The "natural barriers" taken

advantage of are the host rock, the surrounding geosphere and, generally, the

environment before man is reached. Usually, two complementary approaches are used to

analyze the overall behaviour of a repository system. A deterministic" approach is used

to calculate doses (here detailed models are used to achieve the best available description

of the repository to produce a single value of the quantity being predicted, e.g. dose) and

a stochastic" approach is used for sensitivity and uncertainty analyses (here multiple

simulations are performed, generally with simplified models, in order to estimate the
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range of variability of the quantity being predicted). For the time after closure, generally

two basically different scenarios are examined, the "normal evolution scenario" (no

human intrusion, no extra-terrestrial impacts and so on) and the "altered evolution

scenario" which includes all different types of disturbed development. The results are

reported for the deterministic approach in the normal evolution scenario 28].

4.4.2. 1. Input data

The reference waste is assumed to be from a lightwater reactor and the spent fuel is

reprocessed by the PUREX process in order to recover plutonium and uranium. The

majority of the radioactive fission products, some activation products and the unrecovered

actinides contained in the spent fuel are then concentrated at the reprocessing plant into

high level waste (FILW). Afterwards, the waste leaves the reprocessing plant in liquid

form and is conditioned at the vitrification facility into a borosilicate glass matrix and

contained in stainless steel canisters. After being confined in the glass matrix and packed

into a steel mould, it is finally transported to a disposal facility and buried in an

underground repository. Between the several steps delay times are assumed which are

indicated in Table 15 as well as other basic data needed for computing the radionuclide

inventory. For this reference waste, the radioactivity decay up to one million years has

been computed together with the corresponding total heat decay.

4.4.2.2. Source term

The radionuclide inventory found in the HW at the vitrification stage depends upon a

number of factors which effect its composition (reprocessing practice, selection of waste

streams, escape or separate collection of some radionuclides, delays between fuel

discharge, reprocessing and vitrification). The reactor and fuel characteristics assumed for

defining the waste are shown in Table 15. For the radionuclide inventory the following

assumptions were made: fission gases are not included in the reference waste inventory

since they are presumed to be either released through the stack of the reprocessing plant,

or conditioned and disposed of separately. The same applies to I129 and C14. Other

volatile species are assumed to be entirely included in the HLW. The reference fraction

for U and Pu is considered as 1.5 kg of U and 004 kg Pu per tonne of fuel. For the

French nuclear fuel cycle an installed nuclear capacity of 60 GW, is assumed. The

capacity of the repository is taken to be 30 years which leads to the radionuclide inventory
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given in Table 16 The activities represent waste arising from the reprocessing of about

48 000 tonnes of heavy metal. The gross radioactivity and heat production of the waste

per initial tonne of heavy metal are shown in Figures and 9 as a function of time.

The vitrification process assumed as reference is the one in which waste is incorporated

into a borosilicate glass matrix type. The reference glass, loaded with the radioactive

waste residue, has the composition given in Table 17. Per tonne of heavy metal, 0. 1 1 m3

of glass-waste matrix is produced. The glass has been tested and shown to be stable up to

a temperature of 6000C. At the vitrification facility the molten waste product is poured into

cylindrical stainless steel canisters which are then sealed. Reference canister data are

given in Table 18.

4.4.2.3. Reference site

It is assumed that the reference site is the French research granite repository site at Auriat.

The repository capacity chosen reflects the waste arising during 30 years of reactor

operation. With the assumptions made earlier this leads to a capacity of 400 m3. The

main characteristics of the repository are given in Table 19. For the repository design two

cases are examined: reference case A and variant case assumes an interim storage of

vitrified waste for a period of 30 years before disposal, and I canister stack per borehole.

This results in a total area of the repository (1 800 boreholes) of 22 k2' the oreholes

being 35 m apart. In the variant case storage is assumed for 100 years before the

disposal of 3 canister stacks per borehole. 'Me corresponding total area 600 boreholes is

0.37 k2, and the boreholes are 25 rn apart. In both reference and variant repository

designs, vitrified waste canisters are stacked in vertical boreholes dlled from horizontal

galleries on a single level. The boreholes are backfilled with compacted bentonite. The

depth of the boreholes is 30 m in both cases. The 48 000 tonnes of heavy metal are

distributed over 36 000 canisters. 'Me details for the two repository designs are given in

Table 20,

4.4.2.4. Modelling

To calculate doses, the route from the repository to man has to be modelled. The

processes to be modelled in the geosphere are mainly: advection, dispersion/diffusion,

sorption-desorption and radioactive decay. To model the biosphere it is necessary to
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identify all relevant pathways through which the radionuclides may reach man. In the end

it will always be either intake of radioelements, or external irradiation from the

contaminated environment which contributes to exposure. Intake results either from

inhalation of airborne radionuclides (aerosols and soil dust) or from ingestion of

contaminated foodstuffs such as drinking water, sea-food, fresh-water fish, milk, meat

and vegetables. The intake was examined for a hypothetical critical group. Because future

lifestyles and diets are difficult to foresee the corresponding parameters are assumed to be

the same as todays. The consumption rates, and the concentration and dose conversion

factors used, are given in Tables 21 and 22 respectively.

4.4.2.5. Results

Table 23 presents the results of the deterministic calculations for the normal evolution

scenario and Fizure 10 shows the associated graph with the calculated dose rates as

functions of time for the considered nuclides. No appreciable exposure is expected before

250 000 years when individual dose rates due to Tc-99 would be in the order of 2xIO-4

mSv/y. The maximum individual dose rate is computed to occur at about 3 million years

and not to exceed 6 x 10-3 rnSv/y. Figure I presents a comparison of the two different

repository concepts.

For comparison with the other steps of the nuclear fuel cycle, the maximum dose rate per

TWh of electricity produced is presented in Table 24. Here the hypothesis of 60 GW

installed capacity running for 30 years, with 6 422 fall-load hours per year, is used.

4.4.2.6. Conclusions

'Me conclusions of the deterministic calculations for the normal evolution scenario are:

(i) No significant radioactivity is expected to reach man before one million years after

disposal.

(ii) 'Me peak dose-rate of 6 x 10-6 Sv/y (5 x 10-10 Sv/yfrWh) is predicted at 3 million

years after disposal (1 x 10-6 Sv/y for the variant design) and is mainly from Np-237.

The uncertainty associated with the Np-237 dose rate value is 4 x 10-6 Sv/y.

(iii) An early peak dose rate of 2 x 10-7 Sv/y 1.6 x 10-11 Sv/yfl'Wh) comes from Tc-99

at 250 000 years.
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4.4.3. Low and intermediate level waste disposal

The site de l'Aube was assessed as a surface waste disposal site. 'Me main characteristics

of this site are given in Table 25.

The surface waste disposal site was assumed to contain the low and intermediate level

waste associated with 30 years operation of a 20 GWe nuclear park. The quantities of

waste by category are given in Tatle 26. The radionuclides and their associated

radioactivities, in this source term are given in Table 27.

4.4.3. 1. Maximum individual dose

All the dose calculations for radioactive waste disposal are only for the public. The

maximum individual dose arising fi-om radioactive waste disposal was calculated from the

GEOLE (gaussian) geosphere model 30], including the following assumptions:

i) The activities taken into account are after an initial 3 year cooling period of the wastes;

ii) The total destruction of the casings is assumed 330 years after storage begins.

The GEOLE model takes into account the activity in the disposal site, the degradation of

the packages and site characteristics to calculate the annual releases of radionuclides into

the water outlet. The use of the water from this outlet is used to derive the maximum

individual dose to a person living in the vicinity of the site. The consumption rates of

contaminated produce used in the dose rate calculations are given in Table 28.

4.4.3.2. Results

Figgres 12 and 13 show the dose rate as a function of time for both the radioactive wastes

from nuclear reactors and from the reprocessing of spent fuel, which are both stored in

the surface disposal site. The maximum individual dose rates are given below for wastes

corresponding to 30 years of operation of a 20 GWe nuclear park. The dose rates per

TWh of electricity produced were estimated assuming that a 900 MWe pressurized water

reactor produces an average of 578 TWh per year (average production for Tricastin from

1982 to 1988), i.e. 6 422 full-load hours per year.
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a) Reprocessing wastes

The maximum individual dose rate occurs after 365 years and is due to Tc-99 and 1129.

The rate is I x 10-7 Sv/y. When normalized per TWh of electricity produced, the

maximum individual dose rate is 26 x I - S v/yfl'Wh.

b) Waste from nuclear reactors

For low and intermediate level wastes from nuclear reactors, the maximum individual

dose rate occurs after 400 and 4 00 years, due to I- 129 and C- 14 respectively. The dose

rate is approximately x 10-7 Sv/y. When normalized per TWh of electricity produced

the maximum individual dose rate is 1. 3 x I - 1 0 Sv/yfrWh.

4.5. Dismantling a nuclear power plant

At this time there is no first hand knowledge of the impacts of dismantling a nuclear

power plant. In most countries, the utility is required to plan in advance the monetary cost

of dismantling the plant. An additional complication in assessing the impacts of

dismantling is that the option of delaying the actual work must be considered. This could

significantly affect the impacts estimated.

The cost of dismantling a nuclear power station has been estimated at 15% of the

investment costs 14]. Due to a lack of practical experience this value has been used.

Thus, based on the investment costs of a 900 MWe nuclear. power plant of 740 F

(1988 value), dismantling costs are estimated to be about 861 MF. This value was used

in an evaluation of the occupational isks of dismantling.

4.5. 1. Occupational Risks

The risk to the workers will consist of occupational accidents and diseases associated

with the Building Trade and Civil Engineering Industry, plus the radiological risk of

exposure to contaminated materials. The non-radiological risks were assumed to account

for 8% of the construction costs 459 MF), and radiological protection the remaining

7%. Using the input-output method the workforce needed for dismantling has been

estimated at about 2 308 man.years (Table 29 taking the hypothesis that all the 459 MF

is workforce costs in the building industry.
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The non-radiological occupational risks associated with the dismantling of a nuclear

power plant were estimated in the same way as those for the construction of the plant

using statistics from the French workers' compensation system (CNAM). The risk of

occupational accidents and non-radiological diseases is shown, normalised per TWh of

electricity produced during the plant's lifetime, in Tables 30 and 3 .

See Figgre 14 for a schematic diagram of the non-radiological occupational risks of

dismantling a nuclear power plant.

4.5. 1. 1. Delayed dismantling

When considering the radiological risks, it must be noted that the power plant can be left

for several years to await a decrease in radioactivity before decommissioning (Table 32

shows the percentage of the original dose remaining as a function of time 31]). In this

case the cost of immediate dismantling including conditioning and storage of waste

products, has to be compared with the deferred dismantling costs, including upkeep and

surveillance of the site. There will of course be an economic optimum for the time period

of the delay, although relatively accurate economic forecasting is needed.

4.5.1.2. Radiological fisks

When considering the decommissioning of a nuclear power plant the radiological risks

have to be carefully considered. As already mentioned there are several options for

decommissioning, ranging from immediate to deferred dismantling, and even

entombment. Occupational radiation dose estimates for decommissioning from a NUREG

report 31] are reported here, due to the lack of practical experience in France. Table 33

presents the expected doses, the doses per TWh assuming that the power station has

produced 578 TW`h per year for 25 years, and the fatal cancer incidence risk associated

with the exposures, using ICRP 60 dose-response functions.
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4.5.2. Public risks

4.5.2. 1. Transport risks

The public risks of dismantling a nuclear power station, are thought to be pincipally due

to the transport of the resulting waste, and more precisely (80%) to normal traffic

accidents, i.e. non-radiological causes 13]. As a first estimation, the public risks are

taken to be the same as those associated with the construction of the nuclear PWR power

plant.

Total Deaths = 0014 Deaths/ TW`h 1.0 x 10-4

Total Injuries = 0092 Injuries/ TWh 6.4 x 10-4

4.5.2.2. Radiological Risk

The public radiological impact of power plant dismantling is also taken from the NJREG

report 311 and is included in Table 33. The dose to the public is expected to occur

principally during the transportation of contaminated materials from the power plant site

to the disposal site. For immediate dismantling the dose estimate for the public is 0 12

man.Sv, which would lead to an expected 006 fatal cancers, using the ICRP 60 dose-

response coefficients for the general population. When normalised per TWh electricity

produced these results can be aditioned to those of the other steps in the nuclear fuel

cycle, i.e. 83 x 10-4 man.SvfIWh leads to an expected 415 x 1-5 fatal cancers/'I'Wh.

4.6. Major nuclear reactor accidents

4.6. 1. Introduction

Unlike the rest of the nuclear fuel cycle there is no historic experience of nuclear accidents

that can be used directly. There has not been a nuclear accident with major radiological

impacts on the public and the environment in the West. The Three Mile Island accident

had no significant off-site impact, and it does not seem appropriate to use data from

Chernobyl because of the differences in construction of Western and the RMBK reactor,

and the differences in emergency planning. Therefore, the evaluation is restricted to

probabilistic assessments of accident scenarios and consequences using results from

French studies.



44

In 1982 the French Atomic Energy Authorities (IPSN - Institute of Nuclear Safety and

Protection) decided to start a complete probabilistic safety assessment of the standard

French 900 MWe reactors. This study was completed in 1990 32]. One of the main areas

of interest was the composition of the unit operation profile, so that the contribution of

each state to the probability of an accident could be established. A split into two parts -

unit operation (85.5% of the time) and outages 14.5%

4.6.2. The French PS A of 900 MWe reactors

Most of the data used has been accumulated from past experience. France has a

predominantly standardised nuclear park of pressurized water reactors, representing

approximately 200 reactor.years, which gives rise to high quality data.

For additional information, databases from abroad were used. These mainly concerned:

i) Operational data - average duration of the different states of the unit;

ii) List of initiating events - also the associated occurrence frequencies;

iii) Reliability data - failure rates of components etc.

It should be noted that much effort was made to incorporate human error into the study.

This is now emerging in studies from other nations. A derivation of the SHARP

(Systematic Human Action Reliability Procedure) method was used to take account of

human responses to an initiating event.

4.6.2. L Uncertainties

These arise mainly from three areas:

(1) Inexhaustiveness of the study itself - in such a study it is impossible to prove that

every aspect has been taken into account, even when every care is taken to do so.

(2) Reliability of the data - the error margin of the data is estimated at between 3 and 10.

The most uncertain factors are the frequencies of very rare initiating events and human

error, notably in situations for which no past experience exists.

(3) Uncertainties linked to the model are very difficult to estimate quantitatively, although

sensitivity studies can help identify hypotheses which could be at the origin of significant

uncertainties.
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4.6.2.2. Results

The results are given as a total frequency of core damage, and then the percentage of this

frequency constituted by the different initiator groups and by unit status igi1res 15 and

1_6). This repartition can be very useful, because for the first time it gives an idea of the

contribution of the outages to the possibility of core melt, and also which initiator groups

are more likely to lead to core damage.

Approximately 50% of the total probability of core melt is made up of loss of primary

coolant accidents. See Table 34 for the frequency of loss of primary coolant accidents per

reactor.year.

The total frequency of core melt is estimated to be 495 x 1-5/unit x year.

Fiaure 17 shows a comparison of the results of several international probabilistic safety

assessments evel 1). From this it can be seen that the results of the assessment presented

here are in a similar range to other international estimates.

4.6.2.3. Risk per TWh

Taking the production of the 900 MWe units of Tricastin from 1982 to 1988, the average

annual production is 578 TWh/y. Therefore the frequency of core damage per TWh is

given by 495 x 1-5 578 or 856 x 1 6/TWh.

4.6.3. Environmental consequences

The probability of core meltdown resulting in an atmospheric release is further estimated

at between 0.1 and 0.01. Taking this assumption, the probability of a nuclear accident

with large environmental consequences ranges from 86 x 10-8 to 86 x 0-7 per

TWh.

Environmental consequences could prevail for decades if the contamination is severe.

This would mean agricultural losses, massive decontamination programmes for the soils,

possible water supply contamination, as well as restrictions on human intervention in
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some areas, and possible effects on animal and plant life. In this study only radiation

related effects to man are considered.

4.6.4. Human consequences

Data regarding the consequences in terms of health effects for workers are not available

even though most or a of the immediate deaths will occur in this group. There have only

been two nuclear accidents and neither have provided data that can be considered as

representative. In the case of the Three Mile Island accident there were no imediate

deaths and although the Chernobyl accident did result in 31 immediate deaths with a

possibility of many more in the medium term, the response taken at that time in the USSR

cannot be compared to that of Western Europe in a similar case.

A nuclear accident could cause any number of immediate deaths, from zero up to a large

fraction of the population living in the vicinity. The medium term effects (cancer) are

more difficult to quantify, as are the possible long term hereditary and inter-generational

effects. These are calculated for the public only.

A rough estimation of the effects of an accident occurring at a French nuclear power

station has been made, based on a study by CEA-IPSN which estimated the evacuation

costs of an accident with radioactive releases in the Dunkerque-Graveline area 331. The

expected doses are given in Table 35

As before, the recommendations in ICRP 60 have been used to calculate the effects of the

doses on the general public. Table 36 presents the expected effects from exposures after a

nuclear accident.

Taking the well-known relationship of probability multiplied by consequences equals

risk, and classifying cancers as medium term effects and hereditary effects as long term,

the risks of a nuclear accident in terms of human health are given in Tables 37 and 3.

4.6.5. The monetary cost of a nuclear cccident

Determining the economic cost of a nuclear accident is a complex problem which is faced

after the already very complex exercise of a probabilistic risk analysis. A detailed analysis
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of the possible socioeconomic consequences of a major nuclear accident has never been

done in France, and so with a general increase in the uncertainties of the risks of such an

accident, and the possible scale of the disaster, the compensation levels have been

adjusted. On the 1st June 1990 a new law was adopted with regard to civil liability in the

event of a nuclear accident. In the case of a nuclear plant accident the ceiling of

compensation to be paid by the industry concerned (EDF) increased from 50 to 600

million Francs. In addition the complementary state compensation practically doubled,

passing from 1.5 to 25 x 109 Francs. This does not imply that this would be the cost of

the worst scenario imaginable, but gives some idea of the possible economic magnitude

of a nuclear accident 34].

4.6.6. Conclusion

Internal and external stresses, such as fires, flooding and earthquakes have not been taken

into account in this evaluation. It must also be remembered that the probability of a core

meltdown is not equal to the probability of an accident with consequences for the public

and the environment, as automatic safety systems are activated and operators may take

remedial action. At present there is no specific relationship between this probability and

the possible health and environmental consequences. As experience has proved with

Three Mile Island and Chernobyl a nuclear accident can have little or no effect on the

public and the environment, or devastating consequences. For new installations being

built, there is a move towards an attempt to take the possible effects of a nuclear accident

on the population and the region, into account. This treatment must be made in close

conjunction with the concept of risk aversion.

4.7. Summary

The results of the evaluations of the four stages of the nuclear fuel cycle are summarised

in two tables: one for the public (Table 39 and one for the occupational risks (Table 40

of the nuclear fuel cycle.

This presentation of the risks for normal operation in the time-space matrices follows the

conceptual framework presented in the beginning of this report.
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5 FUTURE DEVELOPMENTS

This is the initial stage in the development of a framework to be used to compare the

impacts of different energy cycles. The survey of past studies as well as the experience

gained in this project have identified the issues and concepts that must be addressed

before direct comparisons can be conducted in a totally consistent manner.

The first priority for future work is to complete the evaluation of the whole nuclear fuel

cycle in the consistent and coherent manner already discussed. An up-to-date evaluation

will then pave the way for comparison studies with other fuel cycles. In parallel with the

CEPN's work on the nuclear fuel cycle, IER will continue to study the risks of coal

electricity production, with the final aim of comparing the two cycles.

When confronted with the problem of comparison between cycles, it becomes

increasingly clear that new methods for comparing complex systems must be

implemented. There are many cases where common indicators cannot comfortably be

applied without compromising the results. With this in mind it becomes obvious that

some sort of multi-dimensional approach, such as multi-attribute analysis, will be needed

to allow for the comparisons of the different types of risks that can be estimated.
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Figure 1: A schematic representation of the Nuclear Fuel Cycle
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I
no. of accidents 0, 20 0, 8 0 27
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no. of injuries 16
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Fig_ure 4 Transport risks of nuclear power plant construction
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Figure 6 Impact Pathways for a transportation accident.

Pathway Deaths/injuries due to accidents;
Pathway B: Health and environmental impacts.
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Figure 7: Steps in the evaluation of the health impacts from a transportation accident.
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Figgre 10: Deterministic estimate of individual dose rate evolution for the normal scenario

at Auriat (HLW) with contributions by important radionuclides 281

10-5 Reference case - 0y cooling before disposal

Variant case - 100y cooling before disposal

7 10-5
>

7
72

W O 6 4xlO5 6x lo 8X 6 1XIO 1.2x,,O

Time (years)

Figure I : Comparison of deterministic estimate of total individual dose rate evolutions

for reference and variant repository concepts (HLW) at Auriat 28]
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Figgre 14: Schematic diagram of the non-radioactive occupational risks

of nuclear power plant dismantling
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Figure 15: Percentage of core melt probability by the different iniator groups

for a 900 MWe PWR 32]



CORE MELT PROBABILITY

States of the plant

See Table 34 for definition of states
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. .........
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...........

STATE - %

Figure 16: Percentage of core melt probability by unit status for a goo MWe PWR 321
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Table 1: Overview of some past studies on the comparative isks of energy systems

STUDIES COUNTRY YEAR ENERGY SOURCE ASSESSED STAGE OF C YCLE INDICATORS END-USE SEVERE AREA METHOD-
ACCIDENTS STUDIED OLOGY

Coal Oil Gas Nuclear Renewables Construction Mines Transport Plant Waste Dismantling Health Environment
(*back-up) Operation Public Occupational

WASII-1224 U.S.A 1974 4 x x x electricity x U.S.A. Cycle
emissions

[3) $/GWa $/GWa
(75% load factor) 75% load factor)

INHABER Canada 1979 nuclear x x electricity Canada Cycle
only heat MDL

14] MDL MWa MDL/MWa mechanical
over life-time over lifetime

HAMILTON U.S.A 1979 4 W q X electricity nuclear U.S.A. Cycle
WDL, Deaths beat only

151 Deaths GWa No. Cases
per GWa

UNEP United 1981 4 (X) x nuclear nuclear 4 q electricity nuclear x Cycle
Nations only only Deaths, emissions heat only

161 Death I GWa Injuries discussion mechanical
per GWa + others

CEPN France 1981 4 x (x) x x q electricity x France Cycle
PWR solar emissions Scenarii

[71 Deaths GWa WDL, Deaths
per GWa I

FERGUSON UX 1981 x x X 4 x electricity U.K. Cycle

181 AGR Deaths GWa Deaths GWa probabilities

IPSN France 1987 x x x x X electricity X S.E.France Cycle
+ except emissions heat

[91 1990 oil No. cases & WDL & Deaths
Deaths per year per ear

KALLENBACH Germany 1988 x q 4 x electricity nuclear F.R.G. Cycle
PWR Deaths, Injuries only Scenarii

1101 & Diseases Deaths &
per GWa WDLperGWa

FRITZSCHE Switzerland 1989 (X) x x electricity Europe Cycle
fatalities yr

[11] Deaths GWa Deaths GWa &
(acute & late) (acute & late) probabilities

Key to he tble;

4 = icluded in the study
x = not included in die study

= see text for definition of back-up
= the inclusion or not of back-up systems

MDL = man-days-lost
WDL = working-days-lost

** = see text for definition of cycle and scenario
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Table 2 Variations in results for fatalities per GWa

-CQ.d Oil Gas Nuclea RenewableZ

Public 0. - 23.5 0.00 - 21.1 0.0 - 04 0.00 - 1.0 0.0 - 1.0

Ocgupational 0. - 5.0 0. - .1 0.1 1.0 0.1 1.0 0.1 - .0



Table 3 Example of a Time - Space Matrix for the Health Effects

of the Nuclear PWR Cycle

HEALTH EFFECTS
OF NUCLEAR SHORTTERM MEDIUM TERM LONG TERM

POWER

occupational injuries: mines, - pneumoconiosis: mines - mutagenic effects:
LOCAL building power stations - cancers: major accidents, irradiation during the fuel

irradiation: transportation, fuel irradiation, during the fuel cycle
manipulation, major accidents cycle major accidents

irradiation: major accidents - cancer: emissions and - mutagenic effects:
REGIONAL irradiation from major accidents, accidents, incidents,

incidents, waste storage waste storage

cancer: - mutagenic; effects:
GLOBAL due to increase in background due to increase in background

radiation levels radiation le



Table 4 Time-Space Matrix for the Environmental Effects

of the Nuclear PWR Cycle

ENVIRONMENTAL
EFFECTS OF SHORT TERM MEDIUM TERM LONG TERM

NUCLEAR POWER
_site destruction: installations -water, land and atmospheric -biotope changes: irradiation,
-atmospheric pollution: pollution as a esult of incidents, major accidents,

LOCAL major accidents, radioactive irradiation and major emissions.
emissions, incidents accidents

-water pollution: thermal effects, -biotope changes: irradiation,
chemical emissions incidents, major accidents,

emissions.

-pollution, iradiation: -biotope changes: irradiation, -biotope changes: irradiation,
REGIONAL major accidents, incidents, major accidents, incidents, major accidents,

emissions, incidents emissions. emissions.

GLOBAL



Table 5: Calculation of the construction workforce for a 900 MWe PWR

INSEE Branch Effective Value Added Value added No. of Average Yearly Work Share of the No. hours Construction
1988 Production (million FF Eff. prod. employees hours per Productivity construction required for Workforce

1988 values) (thousands) employee (FFIhour) investment costs construction t-3U1

T07 Ferrous metals 110 317 29 706 0,27 104,2 1 586 1 79,75 411 343 954 217

T14 Mechanical Engineering 255 027 105 422 0.41 423,3 1 651 1 0,85 58% 9 123 239 5 526

TISA Electrical Engineering 279 635 135 000 0,48 443,0 1 607 189,63 18% 2 630 344 1 637

T24 Building trade and 680 266 309 245 0,45 1554,2 1 680 118,44 20% 4 406 353 2 623

Civil Engineering Total 16 503 0 1 10 002
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Table 6 Correspondance between INSEE and CNAM branches

(average values of the constituents were used).

INSEE CNAM

T07 Minerais et mdtaux ferreux 01-01 Production de m6taux ferreux

01-03 Premi�re transformation des

m6taux ferreux

01-07 Fabrication de mat6riels lourds chaines

et tubes d'acier

T14 Wcanique 01-08 Fabrication de mat6riels lourds grosse

chaudronnerie, soudure

01-09 Fabrication de mat6riels lourds mat6riels

de combustion et de conditionnement Tair

01-10 Fabrication de mat6riels lourds: moteurs,

machines h vapeur, turbines et pompes

01-11 Fabrication de materiels lourds : machines

et mat6riels m6caniques divers

01-14 Fabrication de mat6riels 16gers

01-22 Activit6s non d6sign6es ailleurs

T15A Mat6-riels dlectriques et 01-22 Activit6s non d6signdes ailleurs

dlectroniques professionnels

'M4 Batiment, gdnie civil et 02 Industries du Bdtiment et des

agricole Travaux Publics
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Table : Electricity production of Tricastin

4 x 90OMWe Tricastin
(GWh net)

1982 20 467
1983 23 236
1984 25 200
1985 25 794
1986 24 253
1987 22 665
1988 20 208

Total 161 823

GWb/y 23 118

Average 5,78
(I unit) TWh/y
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Table E: Occupational accidents associated with the construction of a nuclear power plant

per TWh 90OMWe PWR)

INSEE Branch No. of deaths VVDL No. PD Average degree
1 988 of PD

(OA) (OA) (OA) (OA)

T07 Ferrous metals 1, 2 E-04 3 0,01 8,50

T14 Mechanical Engineering 1,98E-03 54 0,1 8 8,28

T15A Electrical Engineering 4,41 E04 2 0,04 8,20

T24 Building trade and 4,42E-03 92 0,27 10,57
Civil Engineering

Total 6,96E-03 I 6 1 0,51 1 9, 5 1 --- Jj

OA = Occupational Accidents

Table 9 Occupational diseases associated with the construction of a nuclear power plant

per Wh (90OMWe PWR)

INSEE Branch No. of deaths WDL No. PD Average degree
1988 from TD of PI)

(OD) (OD) (OD) (OD)

T07 Ferrous metals 5,66E-06 0,03 5,45E-04 21,90

T14 Mechanical Engineering 1,44E-04 0,76 0,01 21,90

TISA Electrical Engineering 4,27E-05 0,22 0,00 21,90

T24 Building trade and 1,10E-04 1,35 0,01 14,28
Civil Engineering

Total 3,03E-04 2,3 7 0,03 946

OD = Occupational Diseases
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Table 10: The masses and relevant packaging for the materials transported during the

nuclear fuel cycle

MATERIAL MASS/TWh MASSITWh MODE PACKAGING No packages
TRANSPORTED in tonnes (tonnes of capacity in per vehicle/

of pr duct *1 uranium) tonnes 2 wagon 3
Dumper truck

CRE 1,47E+04 22 ROAD 27 1
tonnes

DV55 12,4
CONCENTRATED ORE 3,18E+01 2,47E+01 RAIL 1,7 18,5

tonnes concentrate (13-24)
artic. lorry silo

UF4 2,93E+01 2,22E+01 ROAD 26 1
tonnes UF4

48Y
UF6 4,09E+01 28 ROAD 8,3 1

natural tonnes U
30B shell

UF6 6,21 E00 4 ROAD 1,5 6
enriched to 325% tonnes U

RCC (2xAF)
FUR ASSEMBLY U02 6,32E+00 - ROAD 1,33 7

(2 assemblies)

SPENT FUR 6,32E+00 RAI L 4,585 1
(7 assemblies)

(from reprocessing) LR35(cap. 2.5m3)
U02(NO3)2 1,67E+01 10 RAI L 1,125 6

tonnes product
(0, 68 t U)

FS47
PuO2 3,33E-02 ROAD 19,3 10

powder form kg PuO2 with escort
(17kg Pu)

ROAD 3 or 4 5
REACTOR WASTES 7 tonnes (5 or 7)

(CONCRETEBLOCKS) blocks/TWh
7 RAI L 3 or 4 11

tonnes (11 or 18)

REACTOR WASTES 39 ROAD 0,12 144
(METALLIC BARRELS) barrels/TWh tonnes (2 containers)

44 RAIL 0, 2 216
1 tonnes (3 containersL

*1 The mass values are taken from 20] with the exception of the reactor waste data 21
*2 The packaging is as reported in 22] with the exception of the reactor waste data 21
*3 The number of packages per vehicle/wagon is as reported in 22] with the

exception of natural U176 23], and reactor waste data 21].
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Table 1 1: Deaths and injuries directly due to the physical impact of

accidents during transportation

Probability o No. of average Expected EXDected Expected
mom FROM-- an accident per vehicles or distance No. accidents No. of No. of

FUELSTEPS --T0 veh (wag).krn train wagon, travelled /km per TWh deaths injuries
per TWh (single) p2r TWh per TWh

MINETO
CFE ROAD MILL 2,OOE-07 546 5 5,46E-04 6,88E-05 4,40E-04

MILLTO
CONCENTRATEDORE RAIL Malv6si 8,50E-08 1,01 90 7,72E-06 2,19E-06 4,56E-06

MaIv6s to
UF4 ROAD Pierrelatte 2,OOE-07 1,13 200 4,51 E-05 5,68E-06 3,63E-05

UF6 ROAD Pierrelatte 2,OOE-07 3,33 5 3,33E-06 4 9E-07 2,68E-06
natural

UF6 ROAD Pierrelatte 2,OOE-07 0,47 5 4,66E-07 5,88E-08 3,76E-07
enriched to 325%

Pierrelatte
FUEL ASSEMBLY 102 ROAD to Reactor 2,OOE-07 0,68 5 6,78E-07 8,55E-08 5,47E-07

Reactor to
SPENTFUEL RAIL La Hague 8,50E-08 1,38 900 1,05E-04 2,98E-05 6,23E-05.

La Hague to
U02(NO3)2 RAIL Malvdsl 8,50E-08 2,47 1000 2, OE-04 5,94E-05 1,24E-04

(from reprocessing)

PuO2 ROAD La Hague to 2,OOE-07 1,73E-01 900 3,1 E05 3,92E-06 2,51 E05
powder form Pierrelatte

Reactor to
ROAD Waste disposal 2,OOE-07 1,31 600 i,57E-04 1,98E-05 1,27E-04

REACTOR WASTES (Aube)
(CONCRETE BLOCKS) Reactor to

RAIL Waste disposal 8,50E-08 0,67 600 3,41 E05 9,64E-06 2,01 E-05
(Aube)

Reactor to
REACTOR WASTES ROAD Waste disposal 2,OOE-07 0,27 600 3,22E-05 4,05E-06 2,59E-05

(METALLIC BARRELS) (Aube)
Reactor to

RAIL Waste disposal 8,50E-08 0,21 600 1,05E-05 2,97E-06 6,20E-06

(Aube) I I I I

I TOTAL 1,18E-03 2,07E-04 I 8,75E-04
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Tablg, 12: The collective dose and expected effects in the case of a global fire during the

transportation of UF6, U02(NO3)2 and PU02, for DN 1 weather conditions

*Collective No. fatal No. non-fatal No. hereditary
SUBSTANCE dose (man.Sv) cancers cancers effects

natural UF6 5,88E-01 2,94E-02 7,06E-02 5,88E-03

enriched UF6 4,15E-0 1 2,08E-02 4,98E-02 4,15E-03

U02(NO3)2 7,89E+01 3,95E+00 9,47E+00 7,89E-01

PuO2 (5, 1 g) 2,0 E03 1,0 1 E+02 2,41E+02 2,01E+01

PuO2 (136g) 1,28E+00 6,40E-02 1,54E-01 1,28E-02

For DN1 (normal diffusion, wind speed I m/s) weather conditions



Table 13: The chemical effects associated with the release of UF6 and U02(NO3)2

during transportation accidents

Mode of Prob. of accident with Number of Distance Number of Probability Chemical Chemical "Expected - **Expected
PRODUCT Transport global fire & 100% vehicles travelled packages of scenario* effects induced acute chemical effects chemical induced

.release (per vehicle.km) (per TWh) (km) per vehicle Deaths effects Deaths acute effects

UF6 Road 3,74E-10 3,33 5 1 6,23E-09 10,70 1296 6,67E-08 8,08E-06
(natural 071%)

UF6 Road 3,02E-10 0,47 5 6 4,26E-09 0,07 166 2,90E-10 7,10E-07
(enriched at 3.25%)

U02(NO3)2 Rail 1,79E- I 2,47 1000 6 2,65E-07 0,88 106 2,33E-07 2,81E-05

*Probability of scenario = prob. of a global fire with 100% release (per vehicle.km) x no. vehicles x average distance travelled x no. packages per vehicle
"Expected number of effects = probability of scenario occurring x no. effects associated with the release



Table 14: Summary of worst case scenario transportation accidents

No. of average Expected Expected Expected Expected Expected Expected Expected No. Expoiod No.
MASS/TWh MASS1TWh PACKAGING No pack&gos MODE FROM.. vehicles or distance No. ccidents No. of No. of No. of deaths due No. o cuts effects Collective Do" Fatal Cancers Non-fatal cancers

FUEL STEPS In lonnes, (tonnes of capacity In per vehIcIal _TO train wagon, travelled/km par TWh deaths Injuries to the substance due to the substance man.Sy per TWh man.Sv per TWh man.Sv per Wh
of Product uranium) tonnos wagon par TWh (Si gle) par TWh per TWh per TWh (chemical) par TWh (chemical) (Radiation) (Radiation)

Dumper truck MINE TO
CRE 1.47E+04 2 2 2 7 1 ROAD MILL at Lodilwo 546 5 5.46E-04 6.88E-05 4,40E.04

tonnss
DV55 12,4 Lod4v to

CONCENTIZIATED CHE 3.18E+01 2.47E+01 1.7 18.5 RAIL MAIV631 1.01 go 7.72E-06 2.1 DE 06 4.56E-06
lonnes concentrate (13-24)

anic. lorry silo Malvds to
UF4 2.93E+01 2.22E+01 26 1 FICAD Piefralatte 1.13 200 4.51E-05 5.68E-06 3.63E.05

tonnes LIF4
48Y

UF6 41.09E+011 28 8,3 1 ICAD Pierfelatle 3,33 5 3.33E-06 4,119E-07 2.68E-06 6,67E-08 8.0SE-06 3,66E-09 1.83E-10 4.40E.10
natural tonnes U

308 + hall
UFO 6.21E+00 4 1.5 a AaW Plerrelatte 0.47 5 4,66E-07 5.86E-08 3.76E-07 2.96E-10 7,02E-07 1,76E-09 8.78E-1 1 2.1 IE-10

enriched to 325% tonnes U
ACC (2xAF) Pleffelatte

FUEL ASSEMBLY U02 6.32E+00 1.33 7 ROAD to Ractor 0.68 5 8.78E-07 8.55E-08 5.47E-07
(2 assemblies) F-3

Reactor to
SPENTFLIEL 6.32E+00 4,585 1 RAIL La Hague 1,38 goo 1.05E-04 2.98E-05 6,23E-05

(7 ssemblies)

(from reprocessing) LR35(cap. 2.5m3) La Hague to
U02(NO3)2 1.67E+01 to 1.125 a RAIL Malvisi 2.47 1000 2.1 OE-04 5.94E-05 1.24E-04 4,10E-07 4.95E-05 3.38E-07 1,69E-08 4,06E-08

tonnes product
(0.68 t U)

FS47 5.1g release
PuO2 3.33E-02 19.3 10 Fl La Hague to 0,17 goo 3.1 I E05 3.92E-06 2.51E-05 not simated not estimated 3,68E-08 1.84E-09 4.42E-09

powder form kG PU with escort Plerrelatto 136g release
1,00E-05 5,OOE-07 1.20E-06

Reactor to
5 ROAD asto disposal 1.31 600 1.57E-04 1.98E-05 1.27E-04

REACTOR WASTES 7 3 or 45 (5 or 7)
(CONCRETEBLOCKS) blocil tonnes Reactor to

7 11 RAIL Waste disposal 0.67 600 3,41E-05 9.64E-06 2.01 E05
(11 or la) (Aube)

1`18act to
REACTORWASTES 39 0.12 144 FK)AD Waste disposal 0.27 600 3,22E-05 4.05E-06 2.59E.03

(METALLIC BARRELS) barrelafTWh tonnes (2 containers) (Aubol
Reactor to

44 216 RAIL Waste disposal 0,21 600 1.05E-05 2,97E-06 8.20E.06
(3 contalnmL (Aub )

Collective dose values are hose for DN wather conditions. as those are the ost usual conditions in Francs. 2,07E-04 8.75E-04 4,77E-07 5's ____T 1,90E-06 4,57E-06
"TOTAL 11,1111E.03 2E-05 3,$IE-07

"Values for a PuO2 release of 519 are ed in the total
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TabIQ 15: Basic data for computing the radionuclide inventory for HLW

R�eactor type LWR

Nominal electric power per reactor 0.9 to I GW(e)-

Average specific power 33 to 40 IWX1(th)jtHM

Fuel tpe U0,

Initiii ivcnwe enrichment- 3.57o U-235

Irradiirion time I 000 to 333 davs

Burn-up 33 co 40 G\Vc I (th)/t FINI

Fuel discharged per yars 27 o 33 M

Delay before reprocessing 3 co 7 \c-.lrs

Delav before HL\V viirific;izion I yc-ir

Dclay before disposil 30 300 ye�irs
L

Bold print = reference values

Table 16: Radionuclide inventory considered for the granite option for HLW

Deterministic calculations Stochastic
Radionuclide adioactivity ... CIB q) of dose rate for- calculation of

dose rateorma evolution Human intrusion

Se-79 5.8 x10 x

Zr-93 5.1 x10 x x

Tc-99 2.5 x 10 x x

Pd-107 1.8 x10 x

Sn-126 1.0 x10

Cs-135 2.7 x 10 x x x

Th-229 M x x

U-233 3.0 10 x x

Np-237 5.4 x 10" x x x

Pu-239 2.0 x 10

Pu-240 3.2 10

An-i-241 1.3 \ 10 x

Am-243 3.6 10

Notes:

(1) The inventory corresponds to the vitrified waste from 180OGW(e) years of

power production, calculated at the time of vitrification.

(2) Daughter nuclide having a concentration near zero at the vitrification time.
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Table 17: Composition of reference high level radioactive waste

Glass: 87.9
SiO,, 45.5 CaO 4.0 PO, 0.3
B 20 , 14.0 FeZO, 2.9 Zro, 1.0
Al,0) 4.9 NiO 0.4 LiO 2.0
NaO 9.9 CrO, 0.5 ZnO 2.5

Waste residue: 12.1
Fission product oxides 11.25
Actinide oxides 0.85

(All data in wt%)

Table 18: Reference waste canister for HLW

Overall volume of container 0.18 m
Weight of container (empty) 75 kg
Glass volume 0.15 m
Weight of glass 405 kg
Radioactivirv inventory (time zero)

beta and gamma 2.9-10 " Bq
alpha 1.4-10 " Bq

Residual heat at vitrification (time zero) 3 000 W
Residual heat after 30 years 680 W
Residual heat after 100 years 165 W
Power reactor energy equivalent 51 Mwe-a
Initial Heavy Metal equivalent 1 360 kg
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Tablg 12: Main characteristics of the HLW repository

Main Respository Granite
Parameters

Nuclear power capacity (GWe) 60
Repository operational time (y) 30
Reprocessed spent fuel (tHM) 48 000

Volume of vitrified waste W) 5 400
Number of canisters 36 000
Time before disposal (y) 30-100
Maximum temperature at the 125-110
borehole surface C)
Type of repository:

.Reference I stack/borehole
Variant 3 stacks/

borehole
Repository depth (m) 600
Repository area (km') 2.2-0.4

Bold print for the reference repository concept
Tbe assumed burialdepth is of 50m for the penetratorand of 300-730 in forthe drillb�ee"iplacenicnt inethod

Table 20: Main characteristics of the reference and variant repositories in granite for HW

Capacity
Volume of vitrified HLW 5 400 m
Equivalent to reprocessing 48 000 t 11M
From power production of 1 800 GW(e)
Number of HLW canisters 36 000

Repository details Reference Variant
Time between vitrification and disposal 30 v 100
Number of galleries 42 24
Boreholes per gallery 43 25
Borehole spacing 35 m 25 m
Len-th of galleries 1 500 m 625 m
Borehole depth 30 m 30 in
Borehole diameter I m 3.2 m
Canisters per borehole 20 60 (3 stacks)
Number of boreholes 1 800 600
Repository area 2.2 km' 0.37 km
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Table 2 : Consumption rates and occupancy time for adult members

of inland and coastal communities

Intake Rate per Caput (kg y -)

Foodstuff Hypothetical
Inland Coastal Critical Group

Drinking water 730 730 730

Milk 150 150 300

Milk products 13 13 40

Eggs 11 11 30

Beef and veal 18 17 60

Mutton and lamb 7 6 30

Meat from pigs 20 19 60

Offals 2 2 20

Chicken 8 7 30

Root crops 50 50 120

Green vegetables 40 40 80

Fruit 19 19 60

Grain products 67 67 130

Oat products 1 1 15

Fish 7 10 55 N

Molluscs 0.1 0.5 7N

Crustacea 0.1 0.5 18

Occupancy (h y-')

Farmer ploughing 300 300 1 000

Shoreline 100 I 000

For the critical group, each individual is assumed to consume these amounts of seafood and to spend the time
stated on the shoreline
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Iable 22: Half-lives, mean radiation energies and dose conversion factors for ingestion

and inhalation of radionuclides

Beta Gamma Ingestion Inhalation
Nuclide Half-Life (y) (MeV) (Mev) (Sv/Bq) (Sv/Bq)

Se-79 6.500 E 04 5.58 E-02 0.00 E + 00 2.3 E-09 1.7 E-09
Sr+ 90 2.912 E+01 1.13 E + 00 1.69 E-06 3.9 E-08 3.4 E-07
Zr-93 1.530 E 06 1.96 E02 0.00 E + 00 4.2 E-10 8.7 E-08
Tc-99 2.130 E + 05 1.01 E-01 0.00 E + 00 3.5 E-10 2.0 E-09
Pd 107 6.500 E 06 9.26 E-03 0.00 E + 00 3.7 E-11 3.4 E-09
Sn 126 1.000 E + 05 7.63 E-01 1.61 E + 00 5.1 E-09 2.0 E-08
Cs-135 2.300 E 06 6.73 E-02 0.00 E + 00 1.7 E-09 1.1 E-09
Cs 137 3.000 E+01 2.49 E-01 5.64 E-01 1.2 E-08 7.7 E-09
Sm-151 9.000 E+01 1.98 E-02 1.34 E-05 9.2 E-11 7.7 E-09
Pb 210 2.230 E+01 4.27 E-01 4.8 1E-03 1.4 E-06 3.5 E-06
Po-2 10 3.788 E-01 8.19 E-08 8.51 E-06 4.4 E-07 2.2 E-06
Ra-225 4.052 E-02 1.07 E-01 1.37 E-02 8.1 E-08 2.0 E-06
Ra + 225 4.052 E-02 7.94 E-01 2.40 E-01 1.1 E-07 4.8 E-06
Ra + 226 1.600 E 03 9.56 E-01 1.76 E + 00 3.1 E-07 2.1 E-06
Ac + 225 2.738'E-02 6.87 E-0 1 2.26 E-0 1 2.6 E-08 2.8 E-06
Th-229 7.340 E+03 1.16 E-01 9.59 E-02 1.0 E-06 5.7 E-04
Th 229 7.340 E 03 9.10 E-03 3.36 E-01 1.1 E-06 5.7 E-04
Th-230 7.700 E 04 1.46 E-02 1.55 E-03 1.5 E-07 &.6 E-05
Pa-233 7.392 E-02 1.97 E-01 2.04 E-0 1 8.9 E-10 2.3 E-09
U-233 1.585 E + 05 6.32 E-03 1.33 E-03 7.2 E-08 3.6 E-05
U-234 2.445 E + 05 1.32 E-02 1.73 E-03 7.1 E-08 3.6 E-05
U 235 7.038 E + 08 '2.15 E-01 1.82 E-01 6.8 E-08 3.3 E-05
U-236 2.342 E 07 1.14 E-04 1.57 E-03 6.7 E-08 3.4 E-05
U-238 4.468 E 09 1.00 E- 02 1.36 E-03 6.3 E-08 3.2 E-05
U 238 4.468 E 09 8.82 E-01 2.74 E02 6.7 E08 3.2 E-05
Np-237 2.140 E 06 7.01 E-02 3.46 E-02 1.1 E-06 1.3 E-04
Np 237 2.140 E 06 2.67 E-0 1 2.38 E-0 1 1.1 E-06 1.3 E-04
Pu-238 8.774 E + 01 1.06 E02 1.81 E-03 8.6 E07 1.0 E-04
Pu-239 2.407 E 04 6.74 E-03 8.07 E-04 9.5 E-07 1.1 E-04
Pu-240 6.537 E 03 1.06 E-02 1.73 E-03 9.5 E-07 1.1 E-04
Pu-241 1.440 E+01 5.25 E-03 2.55 E-06 1.9 E-08 2.2 E-06
Pu-242 3.763 E+05 8.73 E-03 1.44 E-03 9.0 E-07 1.1 E-04
Am-241 4.322 E 02 511 E-02 3.25 E-02 9.8 E-07 1.2 E-04
Am + 242m 1.520 E 02 2.24 E-01 2.35 E-02 5.7 E-07 1.4 E-04
Am 243 7.380 E 03 2.82 E-0 1 2.29 E-01 9.8 E-07 1.2 E-04
Cm-242 4.457 E-01 9.59 E03 1.83 E-03 3.0 E-O� 4.5 E-06
Cm-243 2.850 E+01 1.38 E-0 1 1.35 E-01 6.7 E-07 8.1 E-05

+ Including emissions from short-lived daughters
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Table 23: Deterministic calculations of peak individual dose rates for the

normal evolution scenario at Auriat (HLW)

Radionuclide Reference design Variant design Principal
Time of Maximum Time of Maximum Pathway

maximum (y) dose rate maximum (y) dose rate
(Sv/y) (S

Zr-93 6,OOE+06 1,20E-08 6,50E+06 8,OOE 1 0 drinking water
TC-99 2,50E+05 1,80E-07 3,OOE+05 1,20E-08 drinking water

Cs-135 2,30E+06 4,OOE-07 3,OOE+06 3,OOE-08 animal products
Th-229 3,OOE+06 1,50E-06 6,OOE+06 3,OOE-07 inhalation
U-233 3,OOE+06 6,50E-07 6,OOE+06 1,30E-07 drinking water

Np-237 3,OOE+06 3,OOE-06 6,OOE+06 6,40E-07 drinking water
Peak 3,OOE+06 5,70E-06 6,OOE+06 1 I OE-06 I drinking water7

Table 24: Deterministic calculations of peak individual dose rates per TWh

for the normal evolution scenario at Auriat (HLW)

Radionuclide Reference design Variant design Principal
Time of Maximum Time of Maximum Pathway

maximum (y) dose rate maximum (y) do--.-, rate
(Sv/yfI'Wh) (Sv/y/TWh)

Zr-93 6,OOE+06 1,04E 12 6,50E+06 6,92E 14 drinking water
TC-99 2,50E+05 1,56E I I 3,OOE+05 1,04E 12 drinking water

Cs-135 2,30E+06 3,46E- 1 1 3,OOE+06 2,60E 12 animal products
Th-229 3,OOE+06 1,30E-10 6,OOE+06 2,60E I I inhalation
U-233 3,OOE+06 5,62E- 1 1 6,OOE+06 1, 12E- 1 1 drinking water

Np-237 3, E06 2,60E 1 0 6,OOE+06 5,54E- 1 1 drinking water
Peak 3,OOE+06 4,93E-10 6,OOE+06 9,52E I drinking water
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Table 25: Main characteristics of the site de I'Aube surface waste disposal site

Length of the centre in the direction of flow: 700m

Distance of the enclosure from the outlet: 250m

Kinematic porosity of soil: 0.06

Darcy velocity: 6m/y

Coefficient of molecular diffusion: 0

Coefficient of longitudinal dispersion: 50m
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Table 26: Volumes of waste by category for surface waste disposal at Aube for 30 years

operation of a 20 GWe PWR nuclear park

Reactor wastes except spent fuel Volume m3

Ion exchange resins 10 800
Evaporation concentrates 74 400
Filter slurry 1 200
Filter cartridges 6 600
Compactable wastes 129 000
Non-compactable wastes 66 600

TQtal 288 60-

Wastes from reprocessing spent fuel

Ion exchangers 810
Technical wastes 87 420
Organic effluents 2 040

Total 90 270

OVERALLTOTAL 378 870
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Table 27: Source tenn for surface waste disposal at Aube for 30 years operation of

a 20 GWe PWR nuclear park

1. Waste from the reactors 2. Waste from the reprocessing

of spent fuel
Radionuclide Radioactivity Radionuclide Radioactivity

(Bq) (Bq)

H-3 1,41E+13 Mn-54 1,07E+14
C-14 1,09E+12 Sb-125 2,13E+14

Fe-55 5,78E+14 Sb 124 5,33E+13
Co-60 1, 12E+ 1 5 Cs 137 6,93E+14
Ni-59 6,93E+1 1 Cs 134 5,33E 1 3
Ni-63 2,13E+14 Co-60 9,17E+ 1 5
Nb-94 2,19E+10 Co-58 2,67E+14
Sr-90 3,27E+12 Ag-110m 5,33E+13

TC-99 9,19E+09 Zn-65 5,33E+13

I 129 2,73E+10 U-232 4,30E+07
Cs-135 9,19E+09 U-233 9,48E+02
Cs-137 2,44E+14 U-234 2,10E+09
U-235 7,70E+08 U-235 1,53E+06
U-238 6,07E+09 U-236 5,69E+08

Np-237 1,48E+05 U-238 6,48E+08

Pu-238 5,81E+11 Pu-236 1,11E+08
Pu-239 5,4 lE+ I Pu-238 1,22E+12
Pu-240 5,41E+l I Pu-239 1,41E+ I

Pu-241 2,34E+13 Pu-240 2,04E+ 1 1

Pu-242 1,18E+09 Pu-241 1, 1 1E+09

Am-241 3,85E+1 1 Pu-242 7,78E+08

Am-243 2,59E+10 alpha 1,31E+14
Cm-243 2,65E+08 beta-gamma 1,53E+16
Cm-244 2,53E+1 1 Total 2,61E+16

Total 2,20E+15
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Table 28: Consumption rates of contaminated products used in the calculation of the

individual dose rates resulting from surface waste disposal

Product Consumption Units

Lettuce 20 kg/y

Cabbage 9 kgly

Carrots 10 kg/y

Leeks 10 kg/y

Potatoes 81 kg/y

Beans 15 kg/y

Radish 4 kg/y

Milk 88 Ily

Beef 5 kg/y

Mutton I kg/y

River water 0.4 I/Y

River fish 5 kgly



Table 29: Dismantling workforce for a 900 MWe PWR

INSEE Branch Value Added No. of Average Yearly Work Share of the No. hours Dismantling
1988 (million FF employees hours per Productivity construction required for Workforce H

1988 values) (thousands) employee (FF/hour) investment costs (%) dismantling tl)- 4-

T24 Building trade and 309 245 1554,2 1 680 118,44 8% 3 877 069 2 308

1 Civil Engineering I I I I I I I
I Total 1 3 877 069 1 2 308 1
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Table 3: Occupational accidents associatedwith dismantling a nuclear power plant

per TWh 900 MWe PWR)

INSEE Branch No. of deaths WDL No. of PD Average degree
1988 of PD/accident

(OA) (OA) (OA) (OA)

T24 Building trade and 3,89E-03 81 0,24 10,58
Civil Engineering

Total 3,89E-03 -- 81 0,24 10,58

Tablf 3 : Occupational diseases associatedwith dismantling a nuclear power plant

per TWh 900 MWe PVvR)

INSEE Branch No. of deaths WDL No. PD Average degree
1988 from TD of PD/disease

(OD) (OD) (OD) (OD)

T24 Building trade and 9,74E-05 1,19 7,68E-03 14,27
Civil Engineering

Total 9,74E-05 1,19 7,68E-03 14,27
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Table 2 Percent of Radioactivity Remaining as a Function of Time of Decommissioning

Time decommissioning Portion of original
is deferred years) dose remaining

0 100
10 26.9
30 1.96
50 0.16

100 0.08
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Table 33: Dose estimates and expected fatal cancers for dismantling

from NUREG 3 1 ], and applying ICRP 60 dose-response functions

Dose estimate Expected

Dose estimate man.Sv fatal cancers

man.Sv per Wh per TWh

Immediate Dismantlement

Decommissioning Worker 7.46 0.052 2.1E-3
Transport Worker 0.55 3.8E-3 1.5E-4
Public 0.12 8.3E-4 4.2E-5

Total 8.13 0.057 2.3E-3

Entombment (with without internals)

Decommissioning Worker 4.80 533 0.033 0037 1.3E-3 / 1.5E-3
Transport Worker 0.09 0.11 6.2E-4 / 7.6E-4 2.5E-5 / 3.OE-5
Public 0.02 002 1.4E-4 6.9E-6

Total 4.91 546 0.034 0038 1.3E-3 / 1.5E-3

Preparations for Safe Storage

Decommissioning Worker 2.27 0.016 6.3E-4
Transport Worker 0.08 5.5E-4 2.2E-5
Public 0.02 1.4E-4 6.9E-6

Total 2.37 0.017 6.6E-4

Safe Storage

for 30 years 0.14 9.7E-4 3.9E-5 (workers)
for 50 years 0.14 9.7E-4 3.9E-5 (workers)
for 100 years 0.14 9.7E-4 3.9E-5 (workers)

Deferred Dismantlement

After 30 years 0.16 1.1E-3 4.4E-5 (workers)
After 50 years 0.01 6.9E-5 2.8E-6 (workers)
After 100 years 0.01 6.9E-5 2.8E-6 (workers)
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Table 34: Loss of Primary Coolant Accidents

Frequency of Loss of Primary Coolant Accidents / reactor.year

In Operation When Shutdown

Large Beak 1.2 x 10-6 1.1 x 10-6

Intermediate Break 4.1 x 1-6 1.1 x 10-6

Small Beak 9.4 x 1-6 7.6 x 10-6

This leads to the conclusion that if there is core damage, there is a one in twenty chance

that it was caused by a large break in the primary coolant system, and a one in ten chance

that it resulted from an intermediate break.
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Table 35: Expected doses from a nuclear accident

Distance from Site Population Lifetime Dose Collective Dose

Doil (MSV) (man.Sv)

- 2 0 0 0

2 - 5 410 400 2 164

- 0 19 345 80 1 547

1 - 85 386 245 20 7 725

Table 36: Expected effects from exposures after a nuclear accident

Distance from Collective Dose Effects

Site un) (man.Sv) Fatal Cancers Non-fatal cancers Heredit=

2 - 2 164 108 260 22

- 0 1 547 77 186 15

1 - 5 7 725 386 927 77

TOTAL 11 436 572 1 372 114
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Table 37: Medium term risk of a nuclear accident

(range of values)

Distance from Site fatal cWr&OMn non-fatal cancerst'TWh

DMI

- 2 0 0

2 - 9.3 x 10-6 - 93 x 1-5 2.2 x 1- - 22 x 10-4

- 10 6.6 x 10-6 - 66 x 1-5 1.6 x 10- - 16 x 10-4

1 - 85 3.3 x 1-5 - 33 x 10-4 8.0 x 1- - 8.0 x 10-4

TOTAL 4.9 x 1-5 - 49 x 10-4 1.2 x 10-4 - 12 x 10-3

Table 38: Long term risk of a nuclear accident

(range of values)

Distance from Site Heredi1gry effect&rIWh

(km)

- 2 0

2 - 1.9 x 10-6 - 19 x 1-5

- 10 1.3 x 10-6 - 13 x 1-5

1 - 85 6.6 x 10-6 - 66 x 1-5

TOTAL 9.8 x 10-6 - 98 x 1-5
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TablQ 39: Summary of the four completed evaluations of the public risks

of the nuclear fuel cycle 900 MWe PY*TR)

PUBLIC SHORT TERM MEDIUM TERM LONG TERM

LOCAL Risk/TWh Risk TWh Risk/TWh

Electricity production Deaths: 1,0E-04
Construction of PWR Injuries. 6,4E-04

Deaths (direct): 2,07F,04
Injuries (direct): 8,7.5F-04

Transportation*
Deaths (chernical): 4.77F,07 Fatal cancerm 1,9E-08 Hereditary effects: 3,SE-09
Actite chem. effects: 5,82F-05 Non-facal cancers: 4,6E-08

Power plant Deaths: l,0E-04 Fatal aric Us: 4,2E-05 Hereditary effects: 8,3E-06
immediate dismantling Injuries: 6AE-04 Non-fatal cancers: l'OE-04

High level waste
Waste disposal (peak dose rate Sv/y): 5.OE-10

Low and medium level waste
(peak dose rate Sv/y): 1,3E-10

Including workers

Table 40: Summary of the completed evaluations of the occupational risks

of the nuclear fuel cycle 900 MWe PWR)

OCCUPATIONAL SHORTTERM MEDIUMTERM LONG TERM
RISKS

LOCAL Risk TWh Wsk Twh Risk TWh

Electricity production Deaths (OA): 7,OE-03 Deaths (OD): 3,03E-04
construction of PWR WDL (OA): 160 WDL (OD): 2,37

Power plant Deaths (OA): 3,9E-03 Deaths (OD): 9,7E-05
immediate dismantling V#DL (OA): 8 1 WDL (OD): 1,2

Fatal cancers: 2,3E-03 Hereditary effects: 5,6E-04
Non-fatal cancers: 6,7E-03

OA = occupational accidents
OD = occupational diseases
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ANNEX

OCCUPATIONAL ACCIDENTS

AND

DISEASES IN FRANCE
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(a). Definitions - CNAM (Caisse Nationale de 'Assurance Maladie)

Occupational Accidents: Accidents which lead to the interruption of work for at least

one day as well as the day during which the accident occurred. Accidents resulting in

Permanent Disability - an accident which leads to the recognition of a permanent disability

or a death.

Deaths: These are only taken into account when the death occurs before consolidation,

i.e. before the degree of permanent disability has been decided and a payment made;

deaths after consolidation are not included in the statistics for deaths to avoid counting the

person twice. Deaths due to fatal accidents - the year taken into account is the one during

which the professional nature of the accident causing death is recognised.

Permanent Disabilities: Since 1987, accidents leading to a disability of less than 10%

have been benefitted by way of a capital indemnity (single payment) depending on the

degree of partial permanent disability. The cost of these disabilities is included in the

statistics of the year during which the said capital indemnity is paid.

Permanent disabilies greater than or equal to 10% are counted in the year in which the

victim is notified of his/her allowance. This allowance (an annual amount paid for the

lifetime of the victim) depends on the degree of permanent disability, and also on the

salary of the employee.

(b). Presentation of the statistics on Occupational Accidents

There are 15 technical branches, each sub-divided, so that in total there are 137 tables of

statistics.

The technological statistics do not take into account occupational diseases or accidents

occurring during traveling. These are covered separately.

'Me following annual information can be found for each of the 137 divisions

-number of workers

-accidents with stoppages per 1000 workers

-number of accidents with stoppages

-accidents with permanent disabilities per 1000 workers
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-number of accidents with permanent disabilities

-days lost by temporary disability per 1000 workers

-number of days lost per temporary disability

-degree of permanent disability per 1000 workers

-total degree of permanent disabilities

-average duration of a temporary disability

-total number of permanent disabilities

-average degree of permanent disability

-number of deaths

For :- accidents with stoppages, accidents causing permanent disabilities, the number of

working days lost by temporary disability, and the degree of permanent disability, the

following supplementary information is given:

-sex of victim

-age

-nationality

-professional status

-place of accident

-nature of injuries

-part of body affected

-material element

(c). Occupational Diseases

These are given for the 15 main technical branches and 2 particular schemes - mines and

the SNCF (national railway company), and apply to those diseases for which an

indemnity or aowance has been paid for the first time in this year.

The following details are given:

- no. of cases of each disease

- no. of occupational diseases

- no. of permanent disabilities

- no. of deaths
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- no. of days lost by temporary disabilities

- total degree of permanent disabilities

There are two essential conditions that must apply before a disease is recognised as being

of an occupational oigin 

(1) the person must be suffering from one of the ailments registered in the 25 tables of

occupational diseases;

(2) the person must have been exposed to the risk defined in the same table, and must be

able to prove this exposure.

(d). Accidents whilst travelling to and from the workplace

These are given by regional health insurance offices, with the following information:

- no. of workers

- no. of accidents with stoppages

- no. of days lost by temporary disability

- no. of accidents with permanent disabilities < 10%

- no. of accidents with permanent disabilities 10%

- total degree of permanent disabilities

- no. of deaths




