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1. INTRODUCTION

Today, nuclear power is a significant component of the world's energy supply. There are
437 nuclear power plants in operation with a total generating capacity of some
344.4 GW(e) that generated more than 2200 TW.h in 1995. Worldwide, the nuclear share
in total electricity generation is approximately 17 %. At the end of 1995, there were 39
nuclear units under construction representing a capacity of around 32.6 GW(e). The future
of nuclear power, including its overall growth and the evolution of reactor and fuel cycle
strategies, will depend on the global economic and social evolution and on the use of other
energy sources as well as on nuclear technology progress.

hi this connection, the objectives of this key issue paper are to outline the expected trends
in energy and electricity demand and supply that will impact the future of nuclear power
and to highlight new realities that are likely to affect the assessment and implementation
of alternative reactor and fuel cycle strategies in the next five to six decades.

The new realities have been assessed as compared to the situation that prevailed in the late
1970s when the last comprehensive international analysis of nuclear power and its fuel
cycle (International Nuclear Fuel Cycle Evaluation/INFCE) was completed [1]. They
include economic, policy and technical aspects. New economic and policy realities taken
into account in the studies upon which this paper is based have impacted the world energy
outlook up to 2050 that is presented in Chapter 2. New technical realities with regard to
nuclear power are explicitly addressed in the discussion on fuel cycle requirements and
supply in Chapter 4.

This paper has been prepared by an international working group constituted of experts
from Member States and international organizations. It is based upon a critical review of
published literature on the subject matter, supplemented by analyses and calculations
carried out by members of the Working Group. The document was integrated and
harmonized by the Secretariat under the guidance of the members of the Working Group.
It reflects the consensus of the contributing experts and does not necessarily reflect the
views and policies of the countries and international organizations represented in the
Working Group.

The paper is structured in five chapters including the present introduction as Chapter 1.
Chapter 2 sets the overall context; it describes and discusses alternative energy demand
and supply projections derived from documented studies that have been carried out and
published by authoritative international organizations. Chapter 3 elaborates on factors
affecting nuclear power deployment and presents "nuclear variants" developed by the
Working Group, These variants provide some contrasted, but not extreme, projections of
nuclear power capacity and electricity generation trends in the world to 2050. Chapter 4
presents uranium and fuel cycle service requirements, and spent fuel arisings estimated by
the Working Group, corresponding to alternative reactor and fuel cycle strategies that
could be implemented in the framework of the nuclear variants described in Chapter 3.
Issues related to supply and demand balance at each step of the fuel cycle that are
discussed in Chapter 4 include: comparison of natural uranium resources and requirements;
and the influence of recycling strategies on uranium requirements and spent fuel and
plutonium arisings and accumulation. The main findings and conclusions from the analysis
carried out by the Working Group are summarized in Chapter 5, which is intended to
serve as a background for the discussions at the Symposium on alternative fuel cycle
strategies and their implications.
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2. ENERGY OUTLOOK

The energy demand projections presented in this paper illustrate a range of possible
futures, in order to provide a framework for analysing the potential role of nuclear power
in energy supply worldwide to 2050. These projections describe in quantitative terms
possible ways the future might unfold as far as energy demand and supply are concerned,
within a given set of assumptions regarding economic, social and technological
parameters. They are not forecasts and are not intended to be predictive.

The outlook presented in this paper is based upon two published studies covering
respectively the short term (to 2010) and the long term (to 2050). The short term
projections are drawn from the "World Energy Outlook, 1996 Edition" of the International
Energy Agency (IEA) of the Organization for Economic Co-operation and Development
(OECD) [2]. The long term projections are drawn from the "Global Energy Perspectives to
2050 and Beyond" published by the International Institute for Applied Systems Analysis
(IIASA) and the World Energy Council (WEC) in 1995 [3]. Those two studies were
selected in the light of their relevance in the short and long term respectively. The key
assumptions that were adopted in those studies, as well as the main characteristics of the
different cases and scenarios that are included in each of them, are summarized in the
paper. More information on the underlying hypotheses and methodologies used to develop
the projections are given in Refs [2] and [3].

The outlook covers the period from 1995 to 2050 worldwide and at the level of three
groups of countries: OECD countries; countries in transition of the former USSR and
central and eastern Europe (FSU/CEE); and other countries (rest of the world/ROW). For
the purpose of this paper, the countries which joined OECD after 1994, i.e. the Czech
Republic, Hungary, Poland and the Republic of Korea, are not included in the OECD
region. The regional disaggregation which has been adopted in the two studies upon which
the paper is based reflects, in the views of the authors, the current main differences
between the various countries of the world regarding, for example, economic development,
technological know-how and industrial infrastructure. In both studies, further regional
disaggregations were considered and analysed which are not presented in this paper.

2.1. Short term

The IEA World Energy Outlook 1996 presents two cases which examine possible energy
market developments to 2010. The energy demand projections are derived from past trends
using 1993 as base year. However, it is assumed that autonomous non-price related
improvements in energy efficiency reflecting technological progress, structural changes
and behavioural changes are reducing energy intensity continuously. The study uses the
OECD/IEA statistical databases and energy model.

The macroeconomic and demographic assumptions are similar in both cases. The
average gross domestic product (GDP) growth rate for the world is assumed to be 3.2%
per annum over the period 1993 to 2010 as compared with 2.8% between 1971 and 1993.
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The world's population is assumed to grow from the around 5.5 billion inhabitants in 1993
to about 7 billion in 2010, which corresponds to an average growth rate of 1.4% per
annum from 1993 to 2010 as compared with 1.8% from 1971 to 1993. The two cases
differ with respect to the assumptions on energy prices and improvement in energy use
efficiency.

The "capacity constraints" case (CQ assumes rising energy prices that would result
from insufficient production capabilities rather than from resource constraints. Energy
efficiency improvements are assumed to follow historical trends. The increase in energy
prices results in lower demand growth rate than in a business-as-usual scenario as the
energy demand elasticity to price constrains the consumption, at least until the supply at
higher prices is adapted to demand.

The "energy savings" case (ES) assumes flat energy prices and improvements in
energy efficiency going beyond historical trends. Additional efficiency gains would result,
in this case, from a combination of behavioural, technological and policy changes. The
assumed energy efficiency improvements are limited to progress achievable with present
technology and measures that are cost effective with current energy prices. The energy
consumption growth rate is projected to be lower in the ES case than in the CC case, since
the effect of additional efficiency improvements in the ES case is more dramatic than the
effect of price elasticity in the CC case.

2.1.1. Energy demand and supply

Although in both cases primary energy demand would increase less than in a
business-as-usual scenario, it is projected to continue to grow steadily. Worldwide, total
primary energy demand would reach some 11 800 million tonnes of oil equivalent
(11.8 Gtoe) in the CC case and 10.9 Gtoe in the ES case by 2010 (Fig.l). Total primary
energy demand growth rates would be 2.2 and 1.8% per annum between 1993 and 2010 in
the CC and ES cases respectively as compared to 2.2% per annum between 1971 and
1993.

In the OECD countries, total primary energy demand is projected to grow at 1.4
and 0.8% per annum from 1993 to 2010 in the CC and ES cases respectively. This would
result in a decrease of OECD share in world energy demand from around 55% in 1993 to
less than 50% in 2010 in both cases.

In the countries of the former USSR and central and eastern Europe, primary
energy demand is projected to grow at an average rate of 0.8% per annum from 1993 to
2010 in the CC case. In the £1S" case, the energy demand in FSU/CEE is projected to be
practically the same in 2010 as in 1993 owing to a decrease in energy demand to 2000
followed by a modest growth in the first decade of the next century. This would lead to a
slight decrease of FSU/CEE share in total world energy demand, from 16% in 1993 to
some 13% in 2010 in both cases.
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In the rest of the world, primary energy demand is projected to more than double
by 2010, reaching some 4.3 and 4.5 Gtoe in the ES and CC cases respectively. The share
of ROW in world primary energy demand is projected to increase from the current 28% to
almost 40% by 2010. There are three main underlying reasons for this strong increase in
energy demand in ROW: rapid economic growth and industrial expansion; high population
growth and urbanization; and substitution of traditional or non-commercial fuels by
commercial energy sources.

The projections for energy mix do not indicate a significant shift among different
primary sources during the period to 2010 in either case. It is projected that the increase in
primary energy demand will be met primarily by fossil fuels (Fig.2) which would remain
the major source of energy supply worldwide.

Annual world oil demand is projected to increase from around 3.5 Gt (70 million
barrels per day) at present to between 4.7 and 4.9 Gt (92 and 97 million barrels per day)
in 2010. It is expected to grow somewhat faster in the future than over the past two
decades in both cases, primarily because of: in OECD, the continuing growth in transport
demand and the lack of remaining substitution possibilities in the buildings and industry
sectors; in ROW, fast economic growth.

World natural gas demand is projected to grow at an average annual rate of
between 1.6 and 2.9% over the period 1993 to 2010. In 2010, natural gas demand is
projected to be between 2.3 and 2.8 Gtoe as compared to just over 1.7 Gtoe in 1993.
Rising natural gas demand is driven primarily by the power generation sector, where
electricity generated by natural gas is projected to increase at an average annual rate of
between 3.0 and 6.2%.

World consumption of solid fuels is projected to increase by an average annual rate
of between 1.7 and 2%, reaching over 3 Gtoe in 2010 as compared to less than 2.3 Gtoe
in 1993. The share of solid fuels in the world primary fuel mix is projected to remain
relatively stable.

The share of nuclear power in world primary energy supply is projected to
decrease slightly while the share of hydropower is projected to increase slightly.
Renewable energy sources, other than hydro power, are projected to register the highest
growth rate among all energy sources. However, their share in total energy supply is
projected to remain marginal during the period considered, reaching only some 1% by
2010. The IEA study does not include biomass (which represents a negligible share in
energy supply over the period considered) in renewable energy sources; for OECD
countries, it is included in solid fuels; for other countries, it is excluded from the analysis
owing to the lack of good quality disaggregated data.

In 2010, global energy related carbon dioxide emissions are projected to reach
around 31 500 million tonnes of carbon dioxide (MtCO2) in the CC case and 28
800 MtCO2 in the ES case. Those emissions would be almost 50% and about 36% higher

10
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than in 1990 in the CC and ES cases respectively. Most of the carbon dioxide emission
increase is expected to occur in developing countries where the emissions are projected to
more than double in each of the two cases between 1990 and 2010. hi OECD countries,
carbon dioxide emissions in 2010 are projected to exceed their 1990 level by around 27%
in the CC case and by over 13% in the ES case.

2.1.2. Electricity demand and supply

World electricity consumption is projected to reach around 20 900 TW.h in 2010 in
the CC case and close to 18 230 TW.h in the ES case as compared to 12 500 TW.h in
1993 (Fig.3). Growth is projected to be particularly rapid in developing countries, at 5.5
and 5.2% per annum between 1993 and 2010 in the CC and ES cases respectively, owing
mainly to rapid industrialization and urbanization. By comparison, average annual growth
rates are projected to be between 2.2 and 1.1% for OECD countries and even lower,
between 1.5 and 0.3 %, in countries of FSU/CEE.

The average electricity consumption per capita worldwide is projected to increase
from 2.3 MW.h in 1993 to 3 MW.h in the CC Case and 2.6 MW.h in the ES case in 2010.
Electricity generation per capita is projected to grow faster in developing countries than in
other regions, almost doubling from around 0.7 MW.h in 1993 to 1.4 MW.h in 2010 in the
CC case and 1.3 MW.h in the ES case. Even with this growth, however, the electricity
consumption per capita in developing countries would still be only one-sixth that in OECD
countries by 2010.

In the OECD countries, electricity generation is projected to grow at 2.2% per
annum in the CC case and 1.1% per annum in the ES case over the period 1993-2010, as
compared to 3.3% between 1971 and 1993. In both cases, fossil fuel capacity is projected
to show the fastest growth, because of the limited expansion of generation capacity from
nuclear and hydro power. Of the fossil fuels, natural gas fired capacity is expected to
increase fastest, although the growth rate is substantially different between the CC case, at
5.4% per annum, and the ES case, at around 1.7% per annum.

In FSU/CEE, electricity output is projected to grow at 1.5% per annum in the CC
case and at 0.3% per annum in the ES case between 1993 an 2010 as compared to 2.9% in
the period 1971-1993. In the ES case, electricity generation would decrease by more than
10% between 1993 and 2000 and return to its 1993 level only by 2010. Additional
generating capacity in this region would come mainly from natural gas in the CC case and
from coal and nuclear in the ES case.

In ROW, electricity production is projected to grow at 5.5 and 5.2% per annum in
the CC and ES cases respectively over the period 1993-2010 as compared to 8.1%
between 1971 and 1993. In those countries, the choice of fuel for power generation is
usually determined by t ie fuel that is locally available. Thus, the power generation
systems of China and South Asia are dominated by coal and those of Latin America by
hydro. While this will broadly continue to be the case, the ongoing restructuring and

11
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Fig. 4. Fuel shares in electricity generation
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deregulation of the power generation sector, as well as the increasing introduction of
private capital, are likely to give a boost to the use of natural gas in many regions. The
ability of ROW to finance the required large additions to electricity generation capacity,
790 to 890 GW(e) by 2010, is one of the major uncertainties surrounding the development
of electricity systems in these countries.

The projected growth in electricity demand would imply an increase of the world
power generating capacity from around 3000 GW(e) in 1993 to 3900 GW(e) in the ES
case and to 4500 GW(e) in the CC case by 2010. Most of the additional capacity would
be needed in developing countries that would account in 2010 for some 36 to 38% of
world capacity, a significant increase over their current share of 24%.

Worldwide, the respective shares of different energy sources in electricity
generation mix (Fig.4) are projected to remain fairly stable over the next fifteen years. The
major change would be a significant increase in the share of natural gas, from 14.9% in
1993 to 24.7% in 2010 in the CC case and 16.7% in the ES case.

Fuel inputs to world fossil fuel electricity generation are expected to grow at 2.5
and 1.6% per annum between 1993 and 2010 in the CC and ES cases respectively. In both
cases, the growth of fuel inputs is lower than that of electricity output because of
improvements in generating efficiency, owing mainly to the increased use of natural gas in
combined cycle gas turbines.

A continued slowdown in the average nuclear power growth rate worldwide was
assumed over the period 1993-2010. This assumption is based on the expectation that the
present trend will continue to prevail during the next decade owing to the limited number
of OECD countries where nuclear projects are being implemented or considered, financial
and safety issues hampering nuclear deployment in FSU/CEE, and lack of adequate
industrial structures and funding in most developing countries.

Hydro power development is not projected to be significant in OECD countries
owing to the limited number of adequate sites. The same applies to the European part of
FSU/CEE, but there are still substantial untapped resources in eastern Siberia. On the other
hand, hydro electricity generation in ROW is projected to roughly double between 1993
and 2010. Worldwide, the share of hydro power in electricity supply is projected to
decrease from 19.0% in 1993 to 17.3% in 2010 in the CC case and to increase slightly, to
19.6%, in the ES case.

Geothermal and other renewable sources are projected to increase steadily their
contribution to electricity supply, especially in OECD countries, up to 2010. Owing to
their present low (0.4%) share in total electricity generation worldwide, however, they are
expected to provide only a marginal 1% of electricity supply by 2010.

14
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2.2* Long term

The HASA/WEC study examines long term energy perspectives by analysing a
range of scenarios covering alternative possible futures. Those scenarios are neither
predictions nor forecasts but rather "images" illustrating different energy demand and
supply paths that might be followed under certain constraints and opportunities. The study
presents six scenarios, within three cases, encompassing a wide range of projected total
energy demand worldwide to 2050.

The methodology adopted by IIASA for building the scenarios relies upon the use
of analytical models that ensure an overall internal consistency of assumptions and results.
The models were run using 1990 as base year and historical trends leading to that year.
The IIASA Scenario Generator model provides plausible paths of energy use, derived from
extensive analysis of historical data and trends and reflecting alternative assumptions on
future growth patterns and technological progress. Two other models, linked together by
an internally controlled soft-linking [4], have been used for checking the internal
consistency of each scenario in an iterative manner: the bottom-up/system-engineering
model called MESSAGE III [5]; and the top-down/macroeconornic model called 11R
derived from Global 2100 [6].

The IIASA/WEC results are given for the eleven regions traditionally used in WEC
studies (see Ref. [3]). The main results from the study that are presented and discussed
below refer only to the same three aggregated regions considered in the short term
projections, i.e. OECD, FSU/CEE and ROW, and world total.

2.2.1. Main characteristics of the scenarios

Some underlying assumptions and hypotheses are common to all the IIASA/WEC
scenarios. A substantial social and economic development is assumed, especially in
developing countries, that in turn allows for significant technological progress and energy
efficiency improvement. Energy intensities decrease steadily worldwide in the three cases.
The population growth assumption adopted for the three cases is based upon the World
Bank 1993 reference population scenario and leads to a world population of slightly more
than 10 thousand million inhabitants by 2050. The three cases (A "high growth", B
"middle course" and C "ecologically driven") differ mainly by the assumptions on energy
resource availability and prices, technological development, environmental constraints and,
to a lesser extent, economic growth. As compared with the short term cases of IEA, the A
case would be a continuation of the trends assumed in the CC case while the C case
would prolong the ES case.

Case A assumes high economic growth and technological progress worldwide over
the period 1990-2050, leading to an average GDP per capita of some $10000 in 2050 as
compared to less than $4000 in 1993. Economic growth would be nearly 2% per annum in
OECD countries and twice faster in developing countries. Extended to 2100, case A would
lead to per capita incomes that would render obsolete the current distinction between

15
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developed and developing countries. This high economic growth, in turn, would allow for
rapid turnover of capital stock and equipment, thereby facilitating technological progress
and the penetration of innovative technologies on the energy supply market. Therefore,
significant energy efficiency improvement would occur, although this case assumes limited
constraints on fossil fuel resources, relatively low energy prices and low emphasis on
environmental protection measures.

Three scenarios are considered within Case A, differing mainly in the assumptions
on absolute and relative availability of fossil fuels. Scenario Al corresponds to high
availability of conventional and unconventional oil and natural gas, leaving few
opportunities for a broad deployment of renewable energy sources and limiting the use of
coal, which is generally considered as a lower quality fuel than oil and natural gas, in
particular from an environmental sustainability view point. Scenario A2 assumes that
greenhouse gas emission concerns would vanish, or at least have little impact on energy
mix choices. In that context, coal will be the preferred source in many countries having
large solid fuel resources that are recoverable at low or moderate costs. Scenario A3
assumes steady technological progress in the field of renewable sources, especially
biomass, and nuclear power. Penetration curves for advanced technologies are assumed to
follow patterns similar to the ones experienced with fossil fuels during the nineteenth
century.

Case B assumes a more modest economic growth than case A, leading to an
average GDP per capita worldwide of some $7200 in 2050. Although developing countries
are assumed to have higher economic growth rates than the rest of the world, their level of
income per capita would remain much lower than the world average, at some $3000. Case
B, which may be qualified as "business as usual", assumes rather slow technological
progress and energy demand/supply pattern evolution more or less in line with past trend
extrapolation. However, the progressive exhaustion of the cheapest fossil fuel resources,
combined with a limited development of advanced conversion technologies, would lead to
some energy efficiency improvement in the medium term beyond 2020. As in case A, it is
assumed that energy policies would not place a high priority on environmental protection.

The only scenario considered in case B relies largely on fossil fuels for energy
supply, since the assumed framework provides little opportunity for technological
innovation that would allow significant substitution of alternative energy sources for
traditional sources.

Case C is based on rather optimistic and challenging assumptions. It assumes that
energy policies would integrate explicitly environmental protection objectives and that
steady technological progress would lead to a broad deployment of innovative technologies
aimed at enhanced efficiency and reduced environmental impacts. Although the average
economic growth rate worldwide is assumed to be lower than in case A, international co-
operation would reduce significantly regional disparities in per capita income.

16
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The two scenarios considered within case C differ mainly by the role allocated to
nuclear power in energy supply. In scenario Cl, nuclear power would be practically
phased out worldwide by 2100 while in scenario C2 the share of nuclear power in total
primary energy supply would increase up to some 12% in 2050. In both scenarios,
technology choices would be driven by environmental concerns and the overall objective
to minimise harmful impacts of energy production and use on human health and the
environment. The evolution of energy transformation and consumption patterns as well as
technological progress would reduce drastically the energy intensity of the world economy
and the carbon intensity of the energy sector.

Carbon dioxide emissions arising from the energy sector are projected to vary from
scenario to scenario depending on the absolute level of total energy consumption and on
the structure of energy supply. In all the scenarios within cases A and B, carbon dioxide
emissions would continue to increase until 2050 reaching between 33 000 and 55
000 MtCO2 by that date as compared with around 23 000 MtCO2 at present. However, in
scenario A3, which assumes a large deployment of biomass and nuclear power, the carbon
dioxide emissions would start to decrease in the second half of the next century. In case
C, carbon dioxide emissions would be more or less stabilized at their present level up to
2020 and would decrease slowly thereafter to some 18 500 MtCO2 by 2050.

The aggregate long term analysis carried out in the IIASA/WEC study cannot
address site specific local environmental impacts resulting from other airborne emissions
such as dust, particulate, sulphur and nitrogen oxides. However, local environmental
impacts are closely related to global impacts and the objectives of environmental
protection at the local, regional and global levels are generally not conflicting. The carbon
intensive scenarios would have also significant local environmental impacts while the
scenarios that would reduce carbon dioxide emissions such as Cl and C2 would also
alleviate local environmental impacts.

2.2.2. Energy demand and supply

The results for total energy demand are presented in Fig. 5. In the three cases,
sizeable efficiency improvements are expected to be achieved worldwide. Over the period
to 2050, the energy intensity of the world economy is projected to decrease by 0.8, 1.0
and 1.4% per annum, in cases B, A and C respectively. Nevertheless, world primary
energy demand is projected to increase significantly by 2050, reaching some 14 Gtoe in
case C, 20 Gtoe in case B and 25 Gtoe in case A.

The share of OECD countries in world primary energy consumption is projected to
decrease in the three cases from its present level of around 50% to some 27% in cases A
and B and 21% in case C by 2050. The share of countries in transition (FSU/CEE) is
projected to decrease also, although less significantly, from nearly 20% in the early 1990's
to some 15% in case A and 12% in cases B and C by 2050. On the other hand, the share
of the rest of the world (ROW) is projected to increase in the three cases reaching by
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2050 some 60% in case A and B and nearly 70% in case C as compared with some 30%
in 1990.

Although the six scenarios would lead to contrasted energy mixes by 2050, fossil
fuels are projected to retain a major share in energy supply over the period considered By
2050, coal, oil and natural gas together would still account for more than half of the
energy supply of the world in all scenarios with a share ranging from 52% in scenario Cl
to 78% in scenario Al. Renewable energy sources, including hydro power, are projected to
increase significantly their share in energy supply except in scenarios Al and B, which
assume that additional fossil fuel resources would be available at competitive costs and
that little or no environmental protection constraints would be prevailing.

The share of nuclear power in total energy supply worldwide is projected to differ
drastically from scenario to scenario ranging in 2050 from some 4% in scenarios Cl and
A2 to around 12% in scenarios Al, A3, B and C2. For purposes of this paper, scenarios
A3, Cl and C2 were selected for further analysis, since they represent effectively the high,
low and mid-range of the IIASA/WEC long term outlooks for nuclear electricity
generation and provide, therefore, a robust basis for developing and discussing three rather
widely contrasted nuclear variants up to 2050. Figure 6 shows that nuclear electricity
generation growths are similar in cases Al, A3 and B. In case C2, nuclear capacity
increases continuously but less rapidly than in cases Al, A3 and B because total energy
demand growth is lower. In case Cl, on the other hand, nuclear electricity generation
increases slightly up to 2030 and decreases progressively thereafter.
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3. NUCLEAR POWER OUTLOOK

The objective of the nuclear power variants presented below is to provide an
internally consistent and coherent framework for investigating a range of new realities that
might occur in the nuclear power and fuel cycle sector and for discussing opportunities
and challenges that governmental and industry policy makers would have to face in
designing strategies for the next century in the context of the various possible outlooks for
nuclear power development.

3.1. Factors affecting nuclear power deployment

Nuclear power deployment over the next five to six decades will be affected by a
number of factors whose evolution cannot be predicted with certainty. Such factors include
some that are specific to nuclear technology, some that relate to the overall energy and
electricity markets and some that apply to different regional contexts. These factors,
qualitatively described in the present section, were taken into account in the development
of the nuclear variants that are presented in Section 3.2 and were used for estimating the
uranium and fuel cycle service requirements that are discussed in Section 4.1.

3.1.1. Factors specific to nuclear power

Public acceptance is a key factor for the future development of any energy source
or technology. The steadily growing public reluctance, especially in the most developed
countries, to accept new large industrial facilities impacts choices and policies in the
electricity sector and affects the implementation of all power plants, irrespective of their
type. However, nuclear power is almost unique in the importance of the debate on its
public acceptance.

Although nuclear power plants of the present generation already provide a high
level of safety, public anxiety seems to be much higher with regard to nuclear energy than
to other industrial activities. This may result largely from the fact that the probabilistic
safety assessment approach used in the nuclear industry is difficult to comprehend for the
public. Continued high quality operation of nuclear facilities and the progressive
implementation of international safety regimes should help in alleviating public concerns.
Also, the development of advanced reactors designed for reducing the probabilistic risk of
accident as well as the on-site and off-site consequences of a potential accident may
reduce public opposition to further nuclear projects. Nevertheless, nuclear power
development is likely to remain somewhat hampered by public perception and lack of
acceptance of nuclear accident risks, even when those risks are among the lowest of any
industry.

Nuclear power, like many other electricity generation chains, produces wastes that
require suitable means for disposal. Technically, the management and disposal of
radioactive waste do not raise major issues. Repositories for low and intermediate level
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waste have already been implemented and are operational in many countries, and technical
solutions exist for the final disposal of high level waste, including spent fuel.
Transportation of radioactive waste has been carried out routinely with very good safety
records over the last decades. The experience of several decades has proven that the
interim storage of spent fuel can be achieved safely over long periods. However, the
construction of high level waste repositories, which is firmly planned or being considered
in a number of countries after the turn of the century, is a necessary step forward for
convincing the public, by the implementation of real facilities, that high level waste can be
disposed of safely in such a way as to provide an acceptable level of protection of human
health and the environment in the medium and long term.

A further source of public anxiety arises from the potential use of nuclear materials
and technologies for weapons. Proliferation risks have long been recognized and addressed
by the international community and measures have been put in place to prevent, in so far
as feasible, diversion of fissile materials (see Key Issue Paper No. 5). These include the
Treaty on Non-Proliferation of Nuclear Weapons and associated safeguards agreements
with the IAEA as well as a number of other international agreements such as the Euratom
and Tlateloco Treaties. The international safeguard regime has proven to be effective in
limiting the number of nuclear weapon States. In order to reduce even further the risks of
proliferation, work has been started on the design of diversion resistant reactors and fuel
cycle systems.

Technological progress offers opportunities to restore the acceptability of nuclear
power and improve its viability. Those include the development of advanced reactors and
fuel cycle technologies designed to enhance further safety in a cost effective manner and
reduce proliferation risks. Advanced nuclear technologies under development include also
reactors more efficient in using the energy content of uranium through, for example,
higher fuel burnup and recycling of fissile materials, as well as innovative isotopic
separation processes with higher enrichment efficiency.

Nuclear energy is a highly demanding technology that requires adequate
institutional and industrial infrastructures to sustain its viability. Comprehensive and stable
regulatory and legal frameworks are essential for the successful implementation of nuclear
power programmes. Nuclear power deployment requires also sufficiently well educated
and highly qualified personnel for the construction, operation and maintenance of power
plants and fuel cycle facilities, and industrial capabilities meeting quality control and
assurance standards prevailing in the nuclear field. Inadequate technical and industrial
infrastructures to support the implementation of nuclear projects might prevent the
viability of nuclear power programmes or at least delay their implementation. International
co-operation and technology transfer offer ways to facilitate the deployment of nuclear
power in a greater number of countries (see Key Issue Paper No. 6).

Licensing procedures and regulatory regimes have a major impact on decisions to
embark on nuclear power projects. In many countries, current regulations and practices
that result from an accumulation of successive layers of rules and standards tend to be
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highly complicated and continuously evolving. This introduces a high degree of
uncertainty on lead times to obtain approval for construction and operation of a nuclear
power plant and on the conditions under which the plant will have to be operated during
its lifetime. In turn, it entails significant financial risks for investors and might inhibit the
deployment of nuclear power.

Adequate institutional arrangements and industrial infrastructures are essential to
support nuclear power development. In the case of stagnation of nuclear power
programmes during an extended period of time, or of a rapid take-off of those
programmes, the adaptation of structures and industrial capabilities might be a challenge.

There are also technical factors affecting nuclear deployment. So far, nuclear
energy has been used mainly for electricity generation and this has limited its potential
market share in total energy supply, hi addition, for technical and economic reasons, most
reactor designs have been developed for large size nuclear units that are attractive only
when and where large networks exist and high electricity demand density prevails.
However, there is significant potential for other applications, e.g. heat and/or potable water
production by small and medium size reactors. Nuclear units are less land intensive than
most alternative electricity generation technology. The availability of adequate sites for
constructing nuclear power plants is and will continue to be a limiting factor in some
countries for the deployment of nuclear power.

Economic factors remain a cornerstone for market deployment of any electricity
generation technology. Low fossil fuel market prices are challenging the ability to
maintain the competitiveness of nuclear electricity in many countries. Technological
progress has reduced significantly capital costs of gas turbines and, combined with
efficiency inprovements, enhanced dramatically the competitiveness of gas fired power
plants. On the other hand, nuclear fuel cycle costs are low and have been decreasing
owing to technological progress. Moreover, the incorporation of externalities in the costs
borne by electricity producers and, thereby, paid by consumers, offers opportunities to
reinforce the competitiveness of nuclear power. For example, if the costs arising from the
impacts of carbon dioxide and other atmospheric emissions from fossil fuelled energy
systems would be valued and internalised in the cost of energy from fossil fuels, the
competitive margin of energy sources which do not emit pollutants, such as nuclear power
and renewable energy sources, would be increased significantly.

The physical availability of fuel is unlikely to place a constraint on the future
deployment of nuclear power, provided that adequate fuel cycle strategies are developed
and implemented in a timely way. Known and inferred uranium and thorium resources and
efficient fuel cycle technologies that are existing or under development should ensure
sufficient nuclear fuel supply for all nuclear variants and strategies analysed in this paper.
Security of supply is not a concern for nuclear power, since the establishment of adequate
strategic fuel inventories is technically easy and implies only very low financial penalty.
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3.1.2. Factors affecting energy and electricity markets

Trie deployment of nuclear power will be affected also by factors external to the
nuclear industry, and these factors might impact the attractiveness of the nuclear option as
compared to alternatives, i.e. fossil fuels, hydro power and, in the long term, other
renewable energy sources. Although many of those factors raise challenges for nuclear
power, they also offer opportunities for its deployment.

Globalization of the world economy results in growing international linkages in
trade and investments, in the energy sector, it is perceived as enhancing the stability of
supply and prices on international markets. Free exchanges of energy and electricity across
borders are reducing the incentive for implementing policies aiming primarily at national
energy independence in some countries. In this connection, domestic energy resources
such as nuclear power will not be considered more attractive than imported resources. On
the other hand, globalization is expected to increase economic growth, which will create
additional electricity needs that could be met by new nuclear power plants in some regions
of the world. Also, large capital investments required for nuclear power projects should be
easier to raise in the framework of multinational funding arrangements.

Deregulation of the power sector has proven to be a catalyst for progressively
reducing monopolies and captive markets, thereby putting pressure on electricity producers
to improve their economic competitiveness. Greater uncertainty on future market share is
likely to lead those producers to expand their generation capacities taking into account
short term demand projections and contracts for guaranteed sales. In this context, flexible
strategies based on small size power plants with short implementation times are likely to
be adopted. On the other side, the opening of the market offers opportunities for investing
in large generation units similar to the existing nuclear power plants with the expectation
to supply a broader range of domestic and foreign users.

Global climate change and other environmental concerns are increasingly high on
the agenda of policy makers. In spite of the large uncertainties on the impacts of energy
related environmental burdens, and in particular on the threat of global climate change, the
precautionary principle is increasingly applied and countries are implementing policies to
reduce emissions and waste from industrial activities. Many countries have already taken
commitments in this respect at the national level or in the framework of international
conventions such as the Sulphur Protocol [7] and the Framework Convention on Climate
Change [8]. The extents to which these issues will affect energy and electricity policies
are difficult to predict and are likely to vary in different regions and over time. However,
in the long term, environmentally benign electricity generation sources are likely to
increase progressively their share in energy supply worldwide. This trend offers
opportunities for the deployment of nuclear power which is practically carbon free and has
been identified as a very cost effective means to reduce greenhouse gas emissions from
the energy sector in a number of countries.
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The concept of sustainable development is calling for energy strategies that
preserve natural resources and the environment and give equal opportunities to present and
future generations worldwide. Nuclear power is one of the mature sustainable energy
sources that can contribute significantly to world energy supply today and in the long
term. Nuclear power plants use natural resources, uranium and possibly in the future
thorium, that are plentiful and have no other known significant application. Nuclear power
plants have proven to be health and environmentally benign when adequately operated.
Those factors could in the long term be a determinant for a large deployment of nuclear
power. According to the Second Assessment Report of the Intergovernmental Panel of
Qimate Change [9]: "Nuclear energy could replace base load fossil fuel electricity
generation in many parts of the world if generally acceptable responses can be found to
concerns such as reactor safety, radioactive waste transport and disposal, and nuclear
proliferation."

3.1.3. Regional differences

Nuclear power development will vary from country to country owing to differences
in the respective economic contexts, levels of technological and industrial development,
natural resource endowment and other physical characteristics such as climate and
geographical location.

Countries enjoying large domestic fossil fuel resources, especially if they are
exploitable at low costs, are likely to rely mainly on classic thermal power plants for base
load generation, unless environmental or logistic (e.g. transportation of large quantities of
coal over long distance) issues would prevent their broader deployment. In those countries,
nuclear power would be considered as a candidate only if and when its competitiveness
would be fully established. In specific geographical/climatic conditions where abundant
potential is available, hydro power competes favourably with nuclear power and ensures
the same or even a higher degree of energy independence. The availability of domestic
uranium or, to a lesser extent, thorium resources might be an incentive to implement
nuclear power programmes although nuclear fuel supply is generally not a key issue in
terms of independence or cost.

The size and structure of electricity demand is an important factor in the choice of
supply sources and technologies. Nuclear power, at least with present technology, is not
the best option in countries where total electricity demand is rather low and/or where the
demand is widely spread with limited need for large power plants connected to a broad
integrated network. On the other hand, nuclear power plants are an attractive option in
countries having mega-cities and industrialized areas requiring large electricity supply.

In some regions, nuclear power could provide potable water and heat for the
residential and industrial sectors; The development of small and medium size reactors with
enhanced safety features can facilitate non-electrical application of nuclear power and its
broader deployment provided those reactors would reach competitiveness with alternative
sources.
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Lack of funds for financing projects in the power sector may lead to choices that
yield lowest investment cost rather than minimum levelized generation cost. Financing
issues, especially important in developing countries and countries in transition, are likely
to prevent the implementation of some nuclear projects in the short and medium term.

Siting of nuclear power plants has already proven to be an issue in some countries.
Worldwide, adequate land availability is not likely to be a major problem for nuclear
power development. However, in some countries and regions, large scale deployment of
nuclear power might be hampered by the lack of sites.

3.2. Nuclear variants

Taking into account the number of factors that might affect nuclear power
deployment and the range of uncertainties on those factors, three contrasted nuclear
variants were developed in order to illustrate a wide but not extreme range of plausible
futures. The projections of nuclear capacity and electricity generation in the world were
established in the framework of the global energy and electricity demand scenarios
described in Chapter 2.

For the short term, from 1995 to 2010, the nuclear projections of IAEA/NEA
[10,1 l]were adopted since they reflect the actual nuclear power programmes being
implemented or planned in each country. Those projections rely on a country-by-country
approach based upon data provided by national authorities and an expert review of
published information on nuclear power programmes. They are consistent with the global
energy outlook of IEA.

For the long term, from 2020 to 2050, the long term projections of IIASA/WEC
were adopted. As described in Chapter 2, they are based upon a mathematical modelling
approach at the level of major world regions. The scenarios A3, C2 and Cl were selected
for establishing nuclear electricity generation projections in the high, medium and low
nuclear variants respectively.

The nuclear capacity projections from 2010 to 2020 was derived from an
interpolation between the short term IAEA/NEA and the long term IIASA/WEC
projections.

The three nuclear variants may be characterised as follows:

• the high variarat/HV, based upon the high IAEA/NEA projections to 2010
and the A3 case of IIASA/WEC from 2020 to 2050, corresponds to high
economic growth, limited impact of environmental concerns on energy
policies and significant development of biomass and nuclear power;

• the medium variant/MV, based upon the high IAEA/NEA projections to
2010 and the C2 case of IIASA/WEC from 2020 to 2050, corresponds to
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medium economic growth, ecologically driven energy policies and sustained
development of all renewable energy sources and nuclear power worldwide
including in developing countries;

•™ the low variantfLV, based upon the low IAEA/NEA projections to 2010
and the Cl case of IIASA/WEC from 2020 to 2050, corresponds to medium
economic growth, ecologically driven energy policies and phase-out of
nuclear power worldwide by 2100 for policy reasons.

Nuclear electricity generation in the short term and nuclear capacity in the long
term were derived from the IAEA/NEA and IIASA projections respectively using the
following assumptions for the worldwide average load factor for all reactors: 70% to 2005;
increasing to 75% in 2010; further increase to 80% in 2020; and remain at 80% up to
2050.

in 2050, the installed nuclear capacity in the world is projected to be around 333
GW(e), 1132 GW(e) and 1805 GW(e) in the low, medium and high variants respectively
as compared with 345 GW(e) in 1995. The world nuclear capacity projections for the three
variants are summarised in Table I and shown in Fig. 7.

Table I. Nuclear Capacity in the World (GW(e))

High variant

Medium variant

Low variant

2000
368

368

362

2010
467

467

400

2020
660

541

428

2030
1068

745

470

2040
1416

930

460

2050
1805

1132

333

The world nuclear electricity generation in 2050 is projected to be around 2335 TW.h
in the low variant, 7935 TW.h in the medium variant and 12 650 TW.h in the high variant.
The nuclear electricity generation projections for the three variants are summarized in Table
II and shown in Fig.8.

Table II. Nuclear Electricity Generation in the World (TW.h)

High variant

Medium variant

Low variant

2000
2257

2257

2222

2010

3070

3070

2627

2020

4626

3792

29%

2030

7482

5224

3296

2040

9926

6521

3223

2050
12 650

7933

2335
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In the high variant, the nuclear capacity in operation worldwide would increase five-
fold during the first half of the next century and nuclear electricity generation would increase
slightly more owing to assumed improvement in nuclear plant availability factors. Although
this would mean a significant revival of nuclear power programmes by the turn of the century,
the average nuclear power plant construction rate over the period would not be significantly
higher than the actual rate experienced during the period 1975-1985. Assuming average
lifetimes of some 30 years for reactors put into operation before 1985 and 50 years for the
units that have been connected to the grid later, the required construction rate for
implementing the high variant would be around 35 GW(e) per year. The share of nuclear
power in total energy supply would increase continuously over the period considered and
would reach some 11.5% by 2050.

In the medium variant, the installed nuclear capacity would be multiplied by three
between 2000 and 2050, corresponding to a construction rate of some 20 GW(e) per year over
the period. Nuclear electricity generation would grow less rapidly than in the high variant.
However, owing to lower total energy demand growth rate, the share of nuclear power in
energy supply would be slightly higher, exceeding 12% in 2050.

hi the low variant, the installed nuclear capacity would continue to increase slightly
to 2030 owing to the continuation of nuclear programmes in some countries where projects
and plans are already committed. After 2030, nuclear capacity and electricity generation
would decrease progressively with the decommissioning of the oldest nuclear power plants
that would not be replaced by new nuclear units. By 2050, the installed capacity would be
slightly lower than at present and the share of nuclear power in total energy supply would be
around 3.5%.
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4. FUEL CYCLE REQUIREMENTS AND SUPPLY

In order to support nuclear electricity generation capacities corresponding to the
variants described in Chapter 3, adequate uranium and fuel cycle service supply capabilities
have to be put in place in a timely way. Within each of the three nuclear variants, alternative
fuel cycle strategies might be implemented that would modify the requirements at each step
of the fuel cycle.

This chapter presents and discusses estimated uranium and fuel cycle service
requirements for different strategies relying on available technologies that might be chosen
in different countries at different points in time. The results include uranium and fuel cycle
service requirements worldwide over the period 1995-2050. They show that, depending upon
the variant and strategy adopted, demand levels could vary drastically and require different
production capabilities. The section on supply/demand balance addresses issues related to
comparisons between resource base and industrial capabilities on the one side and uranium
and fuel cycle service demand on the other side.

4.1. Uranium and fuel cycle service requirements

4.1.1. Fuel cycle strategies

A number of processes for the different steps of the fuel cycle are technically proven
and commercially available. Alternative fuel cycle strategies could be chosen in each country
according to its specific policies and goals, taking into account the balance between its
domestic energy resources and industrial capabilities. The choice between alternative fuel
cycle strategies will depend also on nuclear electricity generation growth. In the medium and
high variants there would be incentives, in some countries, to reprocess spent fuel in order
to recover and recycle fissile materials as a means to reduce uranium requirement growth. In
the low variant, reprocessing and recycling could also be considered in some countries as a
means to address issues related to managing the back-end of the fuel cycle.

Recognizing that different options are likely to be adopted by different countries and
in order to explore a broad range of possible uranium and fuel cycle service requirements,
three contrasted types of strategies have been considered:

• direct disposal of spent fuel, i.e. once/through (O/T);
• recycling in thermal reactors (SI and S2); and
• introduction of fast reactors (FR).

The O/T strategy assumes that spent fuel would be directly disposed of. However, the
calculations take into account the reprocessing and recycling of uranium and plutonium in
some countries where contracts anchor firm commitments are in place for the short and
medium term, i.e. to 2010.
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The recycling strategies, on the other hand, assume that spent fuel arisings from light
water reactors would be reprocessed twice and that the fissile materials recovered, i.e.
plutonium and uranium, would be recycled in light water reactors using mixed oxide fuel
(MOX). The spent fuel of third generation would be stored for eventual use in fast reactors
or final disposal.

The strategy SI assumes that up to 50% of the spent fuel arisings from light water
reactors would be reprocessed and that fissile materials would be recycled in light water
reactors using mixed oxide fuel (MOX) for 30% of the core.

The strategy S2 assumes that all of the spent fuel from light water reactors would be
reprocessed, and that fissile materials would be recycled in light water reactors using MOX
fuel for 30% of the core.

The FR strategies investigate alternative rates of implementation of fast reactors
compatible with industrial capabilities (see Key Issue Paper No. 3) and plutonium availability
(see Section 4.1.3 and Annex I). Those strategies are considered only in the medium and high
nuclear variant since in the low variant there would be little incentive to develop advanced
reactor types owing to the long term prospect of phasing out nuclear power. Taking into
account the programmes and plans for the development of fast reactors worldwide, it is
assumed they would start to be commissioned at a significant rate only by 2030 in a limited
number of countries.

4.1.2. Main assumptions

The assumptions on reactor and fuel cycle characteristics adopted in each strategy are
compatible with technologies and industrial capabilities that are available today and/or
expected to be implemented within the time frame considered, i.e. to 2050. In particular, the
reprocessing and MOX fuel fabrication capabilities that exist or could be built and operated
during the first half of the next century would permit implementing the recycling strategies
SI and S2. Similarly, in the FR strategy, plutonium availability has been taken into account
in the fast reactor commissioning rates that have been considered.

The assumptions made on the various parameters that have an impact on uranium and
fuel cycle requirements are based on documented information from the literature
complemented by communications from experts in the field. Details on numerical assumptions
and their rationale are provided in Annex I and in the Symposium poster paper on
"Estimation of uranium and fuel cycle service requirements" [12]. The different reactor and
fuel cycle characteristics and their evolution over the period 1995 to 2050 that were used for
estimating uranium and fuel cycle service requirements are intended to be realistic "mean"
values for the world as a whole and do not reflect country specific characteristics or
performance of reactors and fuel cycle facilities.

The main generic assumptions that apply for all strategies relate to load factors, reactor
mixes, enrichment tails assays, average fuel enrichment and burnup and fuel cycle lead times.
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Trie average load factors chosen for estimating uranium and fuel cycle requirements
reflect the evolution experienced worldwide and the technological progress expected by
reactor manufacturers and utilities. The IAEA PRIS database shows that the worldwide
average availability factors of nuclear units in operation have been increasing over time and
have exceeded 70% since the early nineties. Therefore, the following assumptions have been
taken for the worldwide average load factor for all reactors: 70% to 2005; increase to 75%
in 2010; further increase to 80% in 2020; and remain at 80% to 2050.

From 1995 to 2010, the nuclear capacity projections, which are based on country
programmes and plans, include the reactor mix evolution. At present there are five main
reactor types in operation: pressurized water reactors (PWRs), including those of Soviet
design (WWER-440 and WWER-1000); boiling water reactors (BWRs); gas cooled reactors
(GCRs and AGRs); pressurized heavy water reactors (PHWRs); and light water cooled
graphite moderated reactors (RBMKs). Pressurized water reactors (PWRs) represent nearly
64% of the installed capacity, boiling water reactors (BWRs) account for some 22% and
pressurized heavy water reactors (PHWRs) for some 5% By 2010, the shares of PWRs,
BWRs and PHWRs are projected to be around 68%, 21% and 7% respectively. The shares
of the other reactor types (GCRs, AGRs and RBMKs) will decrease progressively as the
existing units reach the end of their lifetimes. Therefore, it was assumed that only three
reactor types, PWRs, BWRs and PHWRs, would be in service after 2020 and that their
respective shares in the total capacity would remain constant. Fast reactors will play a
marginal role in reducing uranium and fuel cycle service requirements at the early stage of
their introduction until 2050. Therefore, they have not be taken into account in estimating
those requirements though (see discussions on the fast reactor strategy in Section 4.1.4) their
introduction would reduce uranium requirements dramatically in the long term.

In principle, the enrichment plant tails assay (per cent of U235 remaining in the tails)
varies from supplier to supplier and from contract to contract depending on the technical
capabilities of the isotopic separation process used and on the economic optimum between
the respective costs of separative work services and natural uranium. At present, the actual
tails assay is generally around 0.3%. Lower uranium prices lead to higher tails assays in order
to minimize the total nuclear fuel cost. In the light of the uncertainties on projected costs of
uranium and recognizing that assumptions on tails assays have a significant impact on natural
uranium requirements, those requirements have been estimated for two contrasted hypotheses:
tails assays remaining constant at 0.3% over the entire period 1995-2050; and tails assays
decreasing from 0.3% in 1995 to 0.15% in 2010 and remaining constant thereafter. The
second hypothesis is fully compatible with the technical performance of some of the
enrichment plants in operation at present and of advanced processes, such as atomic vapour
laser isotope separation (AVLIS).

According to the information compiled by the IAEA and used in its database for
estimating uranium and fuel cycle service requirements, the performance of existing reactors
shows a trend to increasing burnup of uranium fuels in all reactor types except PHWRs and
GCRs. It is expected that fuel burnup will continue to increase for all types of light water
reactors. Over the period considered, it has been assumed that the average fuel bumup of
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PWRs would increase rapidly from some 45 000 MW.d/t at present to around 60 000 MW.d/t
by 2015. Similar trends were assumed for BWRs, starting from around 35 000 MW.d/t at
present to reach some 50 000 MW.d/t in 2015 and a small further increase to 54 000 MW.d/t
in 2050. With regard to PHWRs, the average fuel bumup has been stable at some
7000 MW.d/t up to now because those reactors are using only natural uranium fuel. It is
projected that the enrichment of PHWR fuel will be gradually increased to 1.2% and that,
thereby, the fuel bumup will increase after 2010, reaching some 20 000 MW.d/t by 2050.

The average fuel enrichment varies from reactor type to reactor type and even from
reactor to reactor. In order to reach higher fuel burnup, the initial enrichment of the fuel has
to be increased. At present, title average fuel enrichment is between 3.4 and 3.8% for light
water reactors, while pressurized heavy water reactors use natural uranium. In the light of the
actual and expected future trends, an increasing average fuel enrichment has been assumed
for all types of reactors. For PWRs, the average fuel enrichment is assumed to increase from
3.8% in 1995 to 4.5% in 2010 and to remain stable thereafter. For BWRs, the average fuel
enrichment is assumed to increase from 3.4% in 1995 to 4% in 2010. For PHWRs, the
average fuel enrichment is assumed to increase linearly between 2010 and 2050, from 0.7%
(natural uranium) to 1.2%.

Annual uranium and fuel cycle service requirements were calculated taking into
account the lead times necessary at each fuel cycle step and a three year residence time in
reactors.
Figure 9 gives a schematic illustration of the once-through and closed fuel cycles.

4.1.3. Methodology

There are a number of models and computer tools available for calculating uranium
and fuel cycle service requirements. However, after a review of the existing models and
assessing their capabilities, it was decided to develop a new computer tool adapted to the data
and manpower available for preparing the present paper as well as to the overall objective of
the Symposium. The development and implementation of the computer tool was carried out
by the IAEA Secretariat with the assistance of experts from Members States.

The methodology adopted is described in details in Annex I and Ref. [12]. The
computer tool relies on a series of algorithms linking electricity generation to fresh fuel
requirements, and spent fuel arisings; the calculation are made using a series of linked spread
sheets. The results include estimates of uranium and fuel cycle service requirements
worldwide to 2050 for alternative fuel cycle strategies including strategies with recycling of
fissile materials. The model estimates for each reactor type average requirements
corresponding to a given level of electricity generation. The calculations do not reflect the
actual fuelling pattern reactor by reactor taking into account commissioning and shutdown
schedules for each reactor. This simplification, which avoids the need for a detailed reactor
database, does not introduce a significant inaccuracy in the results. On the other side, the
model provides capabilities for simulating the evolution of key fuel cycle parameters, e.g. load
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factor, fuel burnup and enrichment tails assay, from reactor type to reactor type and, for the
same reactor type, from time period to time period.

4.1.4. Main Results

The results presented below focus on: annual and cumulative uranium requirements;
spent fuel and plutonium arisings; and, for the recycling strategies, reprocessing and MOX
fuel fabrication requirements. More detailed results, including requirements at other steps of
the fuel cycle, are provided in Annex I and Ref. [12].

Estimated annual uranium requirements vary within a wide range from variant to
variant and, for the same variant, from strategy to strategy as well as according to the
assumption adopted with regard to enrichment tails assay.

In the low variant, annual uranium requirements would reach a maximum by 2030 and
decrease after 2040. In the once-through strategy with high tails assay (OT/HT), the maximum
annual uranium requirements would be around 73 000 t U. In 2050, those requirements would
range between 52 000 t U per year in the OT/HT strategy and 31 000 t U in the S2 strategy
with low tails assay (S2/LT).

In the medium variant, annual uranium requirements would increase continuously
during the period considered, hi 2025, annual uranium requirements would range between
nearly 100 000 t U in the OT/HT strategy and 66 0001 U in the S2/LT strategy. By 2050,
they would reach nearly 180 000 t U per year in the once-through strategy with high tails
assay and would be around 115 000 t U in the S2 strategy with low tails assay. The
difference of 65 000 t U between the 2050 annual uranium requirements in the OT/HT
strategy and the S2/LT strategy represent more than twice the world uranium production in
1994. With high tails assay, annual uranium savings of around 12% could be obtained by
choosing the S2 strategy instead of the once-through strategy. Operating enrichment plants
with low tails assay would reduce annual uranium requirements by some 23%. Overall
savings of some 35% in annual uranium requirements could be obtained by adopting the S2
strategy with low tails assay rather than the once-through strategy with high tails assay.

In the high variant, annual uranium requirements would range between 134 000 t U
and 91 000 t U in 2025, and between 283 000 t U and 183 000 t U in 2050, in the OT/HT
and S2/LT strategies respectively. In relative terms, the annual uranium savings resulting from
low tails assay and recycling would be the same as in the medium variant. The absolute
savings between the once-through strategy with high tails assay and the S2 strategy with low
tails assay would represent some 43 000 t U per year in 2025 and nearly 100 000 t U per year
in 2050.

Estimated cumulative uranium requirements are shown on Figures 10a, 10b and 10c.
By 2050, they would range between 2.5 million t U in the low variant with the S2/LT strategy
and 7.7 million t U in the high variant with OT/HT strategy. Adopting low enrichment plant
tails assay would reduce drastically cumulative uranium requirements. Cumulative uranium
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savings by 2050 would be around 700 000 t U, 1.2 million t U and 1.7 million t U in the low,
medium and high variants respectively. Cumulative uranium savings resulting from the S2
strategy would represent some 400 000 t U, 600 000 t U and 750 000 tonnes in the low,
medium and high variants respectively. As compared to the once-through strategy with high
tails assay, the S2 strategy with low tails assay would reduce cumulative uranium
requirements to 2050 by around 1.1 million t U, 1.8 million t U and 2.4 million t U in the
low, medium and high variants respectively.

Estimated annual spent fuel arisings are shown in Fig. 11. The quantities of spent fuel
arising in the SI and S2 strategies refer to non-reprocessed spent fuel. In the once-through
strategy, annual spent fuel arisings in 2025 would be around 9500 t of heavy metal (tHM),
13 000 tHM and 16 500 tHM in the low, medium and high variants respectively. By 2050,
they would be around 6700 tHM, 19 800 tHM and 31 200 tHM in the low, medium and high
variants respectively, hi the three variants, the annual spent fuel arisings in 2025 would be
reduced by some 33% in the SI strategy and by some 65% in the S2 strategy as compared
to the once-through strategy. By 2050, the reduction in annual spent fuel arisings obtained by
reprocessing and recycling would be around 39% and 79% in the SI and S2 strategies
respectively.

By 2050, estimated cumulative spent fuel arisings would reach in the once-through
strategy some 673 000 tHM, 906 000 tHM and 1.13 million tHM in the low, medium and
high variants respectively. As compared with the once-through strategy, the SI strategy would
reduce cumulative spent fuel arisings in 2050 by some 21%, 25% and 27% in the low,
medium and high variants respectively. In the S2 strategy, the reductions in cumulative spent
fuel arisings by 2050 would be around 38%, 45% and 50% in the low, medium and high
variants respectively.

Annual plutonium arisings are shown in Fig. 12. The quantities are expressed in total
plutonium and refer to amounts of plutonium contained in the non-reprocessed spent fuel. In
the recycling and FR strategies, the reprocessed plutonium is entirely used for MOX fuel
fabrication and is at any time either in reactor or in the hold-up inventories of fuel cycle
facilities. In the low variant with the once-through strategy, annual plutonium arisings would
reach 88 tonnes of plutonium (t Pu) per year in the early thirties and decrease thereafter to
some 67 t Pu per year in 2050. In the medium variant with the once-through strategy, annual
plutonium arisings would be around 112 t Pu in 2025 and 198 t Pu in 2050. In the high
variant with the once-through strategy, annual plutonium arisings would reach some 145 t Pu
in 2025 and some 312 t Pu in 2050. By 2050, in the three variants, the adoption of the SI
strategy would reduce annual plutonium arisings by some 40% as compared with the once-
through strategy and the reduction obtained by the S2 strategy would be nearly 80%.

Cumulative plutonium arisings are shown in Fig. 13. The quantities are expressed in
total plutonium and refer to amounts of plutonium contained in the non-reprocessed spent
fuel. By 2050, with the once-through strategy, the amount of plutonium contained in spent
fuel would range between around 52601 Pu in the low variant and 9520 t Pu in the high
variant. The recycling strategies would reduce drastically the accumulation of plutonium in
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spent fuel. With the SI strategy, the quantities of plutonium remaining in spent fuel by 2050
would be reduced by some 30% in the three variants. With the S2 strategy, cumulative
plutonium arisings by 2050 would be reduced by around 50% in the low variant and 60% in
the medium and high variants. In absolute terms, as compared to the once-through strategy,
the S2 strategy would reduce the cumulative plutonium arisings in 2050 by some 2580 t Pu,
4210 t Pu and 5820 t Pu in the low, medium and high variants respectively.

Annual reprocessing requirements in the SI and S2 strategies are shown in fig. 14. In
the SI strategy, which assumes that up to 50% of spent fuel from light water reactors can be
reprocessed, the annual reprocessing requirements in 2025 would range between some 3210
tHM in the low variant and 5450 tHM in the high variant; in 2050, they would range between
some 2650 tHM in the low variant and 12 060 tHM in the high variant. In the S2 strategy,
which assumes that all spent fuel from light water reactors can be reprocessed, the annual
reprocessing requirements would range between 6240 tHM and 10 710 tHM in 2025, and
between 4930 tHM and 23 210 tHM in 2050.

Annual requirements for mixed oxide (MOX) fuel fabrication in the SI and S2
strategies are shown in Fig. 15. By 2050, with the SI strategy, those requirements would range
between 460 tHM per year in the low variant and 1530 tHM per year in the high variant.
With the S2 strategy, the annual MOX fuel fabrication requirements would range between
870 tHM per year in the low variant and 2960 tHM per year in the high variant.

While the recycling strategies considered above reduce significantly annual and
cumulative plutonium arisings by 2050 they would not, even in the long term, eliminate
plutonium inventories completely. The fast reactor strategies (FR) illustrate the potential role
of those reactors in eliminating plutonium inventories.

The fast reactor implementation rates suggested by Working Group 3, which reflects
the limits to industrial development of those reactors (see Key Issue Paper No. 3), lead to a
10% share of fast reactors in the total nuclear capacity by 2050 in the medium and high
nuclear variants. The fast reactor capacity installed by 2050 would be around 105 GW(e) and
205 GW(e) by 2050 in the medium and high variants respectively (see Figs. 16a and 16b).
In that case, plutonium requirements would exceed the quantities available from the
reprocessing of MOX fuel of the second generation and additional plutonium will have to be
extracted from spent fuel inventories that would thereby be reduced, hi both the medium and
high variants, the fast reactor implementation rates suggested by Working Group 3 would be
technically achievable as the cumulative plutonium arisings in the once-through strategy
exceed the plutonium requirements corresponding to those implementation rates (see Figs. 17a
to 17d).

The alternative fast reactor implementation rates investigated in this paper assume that
fast reactors would use only the plutonium arising from the reprocessing of MOX fuel of the
second generation (i.e. already recycled once in light water reactors as assumed in strategies
SI and S2) and from the reprocessing of fast reactor fuel. In that case, the installed fast
reactor capacity would grow significantly less rapidly than suggested by Working Group 3.
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The fast reactor share in total nuclear capacity would be a few per cent by 2050. A total fast
reactor capacity of some 25 GW(e) in the medium variant and some 35 GW(e) in the high
variant could be implemented by 2050 (see Figs. 16a and 16b). hi that case, the plutonium
inventories by 2050 would correspond to the plutonium contained in spent fuel which is not
reprocessed in strategies SI and S2 (see Figs. 17a to 17d).

Besides the two alternatives described above, a number of other fast reactor strategies
could be considered that would lead to a range of fast reactor implementation rates depending
on the respective shares of plutonium arisings recycled in thermal light water reactors and in
fast reactors directly.

4.2. Supply/Demand analysis

The following analysis on supply and demand balance covers only the variants and
strategies for which requirements were estimated and presented in Section 4.1. Within the
time frame considered, a number of alternatives could be considered that would lead to
different requirements at each level of the nuclear fuel cycle. For example, the three variants
considered in this paper rely exclusively on reactors using natural and enriched uranium and,
in the recycling and fast reactor strategies, plutonium and recycled uranium. However, some
other reactor types (e.g. high temperature reactors and thorium reactors) could be built and
operated before 2050. Also, at the various steps of the fuel cycle, new technologies could be
developed and implemented that would modify the demand and supply capabilities for
services at each step.

Therefore, beyond the alternative fuel cycle strategies based upon technologies
available today or that will reach the stage of commercial development in the coming decades,
other ways and means to reduce demand and/or to adapt production capabilities could be
considered. In each country and region, different fuel cycle strategies will be implemented
taking into account domestic resource availability and production capabilities, and local
economic conditions.

4.2.1. Uranium

Several sources of uranium might be called upon for meeting the projected
requirements over the period up to 2050. These include: existing inventories; known and
undiscovered conventional resources; and unconventional resources (see Annex II for a
detailed description of commonly used natural uranium resource categories). In the short term,
uranium supply is likely to be provided only by inventories and known conventional resources
recoverable at the lowest production costs. In the long term, the supply should be enlarged
by known resources recoverable at higher costs, undiscovered conventional resources and
unconventional resources such as uranium recovered as a by-product of phosphates and from
sea water. Also^ within die time frame of more than five decades considered in this paper,
additional low uranium resourees recoverable at low cost are likely to be discovered whenever
the demand and market price will provide an incentive to undertake exploration efforts. The
possibility of applying modern exploration technology in areas that were previously
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inaccessible for political or legal reasons is expected to increase further the probability of
discovering additional uranium resources.

Existing inventories include civilian stockpiles of producers and consumers, and
military inventories consisting of fissile material in a variety of forms, including high enriched
uranium (HEU) and plutonium contained in nuclear weapons that are being or will be
dismantled The civilian stockpiles include strategic stocks, pipeline inventory and excess
stocks available on the market. They have been estimated to be around 125 000 tonnes of
uranium, excluding those of the Russian Federation which are thought to be of the same order
of magnitude [13]. Military inventories held by nuclear weapon States may be several times
greater than civilian inventories (see Key Issue Paper No. 1). Following the agreements
between the Russian Federation and the USA on nuclear weapon dismantling, a significant
share of their military stockpiles is expected to enter the civilian market. Current military
inventories declared as excess to national security needs are estimated to be equivalent to
some 200 000 tonnes of uranium.

Known conventional uranium resources recoverable at less than US$ 130/kg U are
estimated to be around 4.5 million tonnes [14]. They include some 2.1 million tonnes of
reasonably assured resources (RAR) recoverable at less than $ 80/kg U. As shown in Fig. 8,
without taking into account the supply provided by civilian and military inventories, the RAR
recoverable at less than $ 80/kg U would be exhausted sometime between 2020 and 2040
depending on the variant and strategy considered. Known conventional resources recoverable
at less than $ 130/kg U would be sufficient to meet cumulative demand up to 2050 in the low
variant and in the medium variant with low tails assay but would be exhausted between 2035
and 2045 in the high variant and medium variant with high tails assay.

Additional conventional resources which could be at least partly discovered and
economically exploited within the time frame considered, i.e. in the first half of the next
century, could complement uranium supply. The total undiscovered conventional resources
are estimated to represent at least some 11 million tonnes of uranium. Those resources could
be delineated and exploited in the medium and long term provided that there would be
economic incentives to undertake the necessary exploration and development activities.
However, taking into account the lead times for exploration and implementation of mining
and milling facilities, the exploration and development efforts should be planned in a timely
way. Also, there are large uncertainties on recovery costs of unknown resources.

Beyond conventional resources, unconventional resources could complement uranium
supply in the long term. The uranium resource in phosphates is estimated at some 22 million
tonnes of uranium. Sea water contains some 4000 million tonnes of uranium at a
concentration of about 3.3 parts per billion. The recovery of uranium from sea water has been
investigated by several scientific teams and some processes have been identified for the
selective extraction of uranium. Those processes could become economically competitive in
the long term with technological progress leading to enhanced efficiency and reduced
recovery costs.
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Taking into account all the conventional and unconventional resources, the uranium
resource base is large enough to support nuclear power development to 2050 and beyond in
the three nuclear variants for all strategies. However, taking into account the fuel requirements
of reactors in operation by 2050 during their entire lifetime, i.e. 50 years or more, known
uranium resources recoverable at less than $ 130/kg U will be committed during the period
considered. With the progressive exhaustion of known resources recoverable at low cost,
uranium prices are likely to increase and fuel cycle strategies aiming at reducing uranium
requirement will become increasingly attractive from sustainability as well as economic
competitiveness view points.

The choice of supply sources is expected to be determined by the economics of
alternative options and will vary over time. At any point in time, the lowest cost supply is
likely to be called upon for meeting the requirements. In some cases, however, other factors
such as independence and security of supply could lead a country to choose domestic supply,
even at a higher cost than imported uranium.

Alternative fuel cycle strategies that reduce uranium consumption will be chosen as
soon at they are economically competitive. Those strategies include lowering enrichment plant
tails assays and recycling plutonium and uranium in thermal and/or fast reactors. The
development and implementation of reactors using thorium might also be considered in the
medium and long term in order to increase the fissile material resource base.

Lowering enrichment plant tails assay, which is technically feasible today, might be
the first option called upon. Advanced enrichment processes will further expand the energy
recoverable from uranium resources. Reprocessing and recycling uranium and plutonium in
thermal reactors will make it possible to reduce significantly uranium demand in the short and
medium term. Introducing fast reactors will have a limited impact on uranium requirements
in the medium term and even up to 2050 owing to lead times for their industrial deployment.
In the long term, however, fast reactors would make nuclear power a practically renewable
energy source.

4.2.2. Fuel cycle services

In the fuel cycle field, the adaptation of supply to demand would not raise technical
issues since the strategies considered rely on technologies that are available already or that
are expected to be available early in the next century. Taking into account reactor construction
times, the expansion, whenever needed, of production capabilities at various steps of the fuel
cycle could be achieved in a timely way, provided that choices between alternative strategies
are consistently planned and implemented.

In the recycling strategies SI and S2, reprocessing and MOX fuel fabrication
requirements will exceed the production capacities in operation, under construction and
planned. The investments that will be needed in order to increase industrial capabilities,
although they are rather large in absolute value, are small relative to total capital costs of the
nuclear power plants supported by the fuel cycle facilities.
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4.2.3. Plutonium management

Beyond the adaptation of supply capabilities to demand, fuel cycle strategies can be
chosen for other objectives such as lowering plutonium inventories. The recycling strategies
reduce plutonium arisings by partly substituting MOX fuel for enriched uranium fuel. By
2050, the recycling strategy S2 would reduce plutonium accumulation in spent fuel by some
50% in the low variant and by some 60% in the medium and high variants. In the two
recycling strategies, there would be no buildup of separated plutonium stockpile besides
working inventories, i.e. hold-up of reactors and fuel cycle facilities.

The fast reactor strategy would reduce even further the plutonium stockpile in spent
fuel. Fast reactors could use up by 2050 all the plutonium contained in spent MOX fuel of
second generation. In the long term, it is possible to implement a FR strategy that would
eliminate existing plutonium inventories and eventually eliminate plutonium production and
thereby avoid its accumulation.

4.2.4. High level waste management

All reactor and fuel cycle strategies generate high level radioactive waste. Safety
assessment studies and laboratory testing provide the basis to assess the feasibility of high
level waste disposal in a way that ensure a high level of safety for present and future
generation. However, reducing the amount of waste arising is a relevant objective from the
viewpoints of long term sustainability as well as economic competitiveness. In the once-
through strategy, spent fuel arisings are considered as a waste that has to be disposed of in
repositories after interim storage, hi the recycling strategies, plutonium and uranium are
extracted from spent fuel and the volumes of high level waste arising are reduced by a factor
of roughly four.
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5. CONCLUSIONS

Hie objective of this paper was to give a global energy outlook to 2050 with emphasis
on nuclear power and fuel cycle strategies, in the light of new realities that emerged by the
mid-1990s. New realities have been assessed by the Working Group in comparison with the
situation that prevailed in the late 1970s at the time when the last comprehensive international
study on nuclear power and its fuel cycle, the INFCE study, was completed.

The studies on energy and nuclear power that were used for preparing this paper
indicate that reality has changed regarding major issues of an economic, policy and
technological nature. They highlight economic globalization and sustainable development as
key characteristics of the energy policy making landscape of the turn of the century.

At the time of the INFCE study, national security of energy supply was high on the
agenda of policy makers in the aftermath of the two oil crises. Nuclear energy was viewed
as one of the most promising options to achieve the goal of energy independence shared by
many countries. In this connection, fuel cycle strategies including recycling and breeder
reactor deployment were considered as a guarantee of long term security of energy supply.

Today, national energy independence has become less important for policy makers as
the energy resource base appears to be larger, the availability of fossil fuels seems to be more
secure and their prices are expected to be more stable in the short term. Instead, global
climate change issues have gained importance and genuine concerns about steady growth of
greenhouse gas emissions have increased. In this regard, nuclear power, which is essentially
a carbon free energy source, could play again a major role in sustainable energy supply
worldwide by alleviating the risk of global climate change. However, the extent to which mis
factor and others, that are discussed in Section 3.1, will influence the deployment of nuclear
power is uncertain.

On the economic side, lower economic growth rates than expected two decades ago
have slowed down energy demand growth and thereby the development of nuclear power in
many industrialized countries. Nuclear power programmes have slowed down, especially in
North America and western Europe, and the expected growth of nuclear capacity is much
lower today than in the late 1970s. Nevertheless, nuclear power deployment continues in
Asian countries where economic growth rates are among the highest in the world. In some
developing countries, high economic growth rates have ignited the market for state-of-the-art
electricity generation technology, including nuclear power which is a well established
technology for electricity generation that has reached industrial and commercial maturity.

At the same time, the competitivemargin ofnuclear power has shrunk owing mainly
to lower fossil fuel prices. Also, technological progress has been made regarding efficiency
and cost reduction of fossil fuel burning power plants such as "clean coal" and combined
cycles employing gas turbine. More energy efficient processes and devices have been
developed and implemented, especially in industrialized countries where they compete
favourably with power supply sources.
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On the policy side, there is a trend worldwide to a broader involvement of the public
(interested and affected parties) in the energy policy making process. Therefore, public
concerns about nuclear power, which have been amplified by the Three Miles Island and
Chernobyl accidents, have a higher influence on energy mix choices than earlier.

While the well established non-proliferation and safeguards regime has proven to be
effective in preventing the spread of nuclear weapons, proliferation risks continue to be an
issue. The accumulation of plutonium, separated or not, is raising concerns for policy makers
and the public. Also, the decisions to dismantle nuclear warheads has led to new realities in
the civil nuclear industry related to the management and use of fissile materials from current
military inventories declared as excess to national security needs.

On the technical side, nuclear industries have reached maturity and the performance
of reactors and fuel cycle facilities has improved worldwide. The establishment of an
international safety culture and regime has gained momentum, thereby facilitating the
achievement of higher safety standards everywhere in the world. More efficient processes
have been implemented or are being developed at different steps of the fuel cycle such as
enrichment and fuel fabrication, including the design and use of mixed uranium and
plutonium fuel (MOX).

The development of reactor types such as fast reactors and high temperature reactors
has been far less dramatic than expected two or three decades ago. At the back end of the fuel
cycle, although reprocessing and recycling have become an industrial reality in some
countries, the accumulation of spent fuel in interim storage has continued worldwide. While
extensive studies and large scale laboratory testing have been carried out on radioactive waste
management and disposal, final repositories for high level waste including spent fuel and
reprocessing waste have not yet been implemented.

Within the overall trends in the economic, general policy and technical context, fuel
cycle strategies have evolved differently in various countries according to their specific
situations. Each strategy has its own merit from the perspective of the country where it was
developed. In some cases, such as final disposal of spent fuel and high level waste, the delays
in taking decisions have led to new realities and issues, as compared with INFCE, that will
have to be addressed in the future.

The nuclear power outlook presented in this paper reflects insofar as possible these
new realities. The Working Group has chosen to base its analysis of energy demand and
supply upon authoritative studies published recently covering the world energy outlook in the
next half century. For the near term, the 1996 Energy Outlook of the IEA, covering the period
1995 - 2010, has been selected and the long term perspective relies on the 1995IIASA/WEC
study. Both studies are well documented, internally consistent and offer a wide range of
alternative views on possible energy demand and supply scenarios for the world. Those
studies and others indicate, as expected, that the evolution of energy demand and supply can
be fairly well assessed in the near future whereas in the long term uncertainties are rather
large on both demand growth rates and supply mixes.

58



KEY ISSUE PAPER No. 1

The Working Group has made no attempt to "forecast any most likely development"
of nuclear power to 2050. The three nuclear variants provided in this paper intend to cover
a broad range of possible futures that would lead to different uranium and fuel cycle service
requirements and, thereby, impact choices on alternative fuel cycle strategies.

Uranium and fuel cycle service requirements corresponding to each nuclear variant
have been estimated by the Working Group for alternative fuel cycle strategies. The
comparison between the estimated requirements and information available on supply,
including uranium resources and supply data provided by the "Red Book" as well as data on
fuel cycle service production capabilities from published literature, permit the following
conclusions and findings to be drawn:

• The uranium resource base and the technical and industrial capabilities of
today give a reasonable degree of assurance that all demands estimated within
the variants and strategies considered can be met to 2050;

• As nuclear power plants will not be shut down in 2050 and as, in the high and
medium variants, nuclear capacity will continue to increase, uranium and fuel
cycle service demand will have to be met after 2050;

• In a long term worldwide perspective, therefore, strategies and technologies
aiming at more efficient uses of resources will probably need to be considered
before the end of the period considered;

• Besides increasing fuel burnup, lowering enrichment plant tails assays and
recycling plutonium and uranium are the most promising options in the light
of the present scientific and technical know-how. Both strategies are achievable
from a technical and industrial viewpoint; their economic competitiveness
varies from country to country and will improve with the progressive
exhaustion of low cost uranium resources. The estimated requirements show
that, during the period considered, low tails assays would be a means to reduce
natural uranium demand. Recycling strategies, on the other hand, would not
only lower uranium requirements but also reduce plutonium arisings;

• Plutonium arisings would grow continuously if once-through strategies were
adopted. Reprocessing spent fuel and recycling fissile materials in thermal
reactors can alleviate the problem of plutonium arisings but would not
eliminate plutonium inventories;

• Fast reactors which can use plutonium from spent fuel including MOX fuel
can in the long term eliminate plutonium stockpiles besides the hold-up
inventories in reactors and fuel cycle facilities;

• Recycling and fast reactor strategies can reduce significantly the volumes and
activity of radioactive waste to be disposed of in final repositories. Although
safe solutions are technically available for the disposal of all type of
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radioactive waste, those strategies enhance the sustainability of nuclear power
in the long term.

Uncertainties on energy demand growth and supply capabilities in the long term are
calling for the maintenance of nuclear infrastructure and continued research and development
in the field of advanced reactors, fuel cycle technology and radioactive waste management
in order to ensure that nuclear power could contribute significantly to environmentally benign
and sustainable development worldwide.
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ANNEX L ESTIMATION OF URANIUM AND FUEL CYCLE SERVICE REQUIREMENTS

1. INTRODUCTION

The objective of this annex is to describe the methodology and the computer tools
used for estimating uranium and fuel cycle service requirements to 2050. Those requirements
were calculated at the request of Working Group 2 for the nuclear power capacity projections
and the reactor and fuel cycle strategies adopted by the Group, which are presented in the
Key Issue Paper.

The Working Group decided at its first meeting, held on 13-15 May 1996, that
uranium and fuel cycle service requirements should be estimated for three type of strategies:
once-through; recycling in light water reactors (LWRs); and introduction of fast reactors. For
this purpose, the Working Group considered using several computer tools available, including
the IAEA model called CYBA. However, it was assessed that none of the existing tools
would permit the desired calculations to be carried out within the time frame and capacity
allocated for completing the paper, hi particular, it was pointed out that CYBA does not allow
consideration of endogenously plutonium recycling or easy change in the input parameters
such as tails assays during the period considered.

Therefore, a new model better adapted to the needs of the Group was developed and
implemented by the IAEA Secretariat with the assistance of experts from Member States*.
The model was designed for simplifying actinide generation and uranium and fuel cycle
service requirement calculations. Its main objectives were to provide reliable estimations of
long term requirements based upon generic characteristics of different reactor types and to
address reprocessing and recycling fuel cycle strategies. It will serve as a base layer for the
IAEA nuclear fuel cycle simulation system (VISTA).

The models and computer tools available for calculating uranium and fuel cycle
service requirements are generally based upon sophisticated databases that include information
on each reactor that would be in operation in the world during the time frame considered.
Such databases are available, or can be implemented, for the past and short term future. For
the long term, however, their establishment is essentially artificial since the characteristics of
reactors that will be in operation some decades from now are based on generic reactor type
information rather than on specific data reactor by reactor.

The main assumption adopted to design the new model was that it is possible to
estimate uranium and fuel cycle service requirements with a reasonable degree of accuracy
without using a detailed reactor by reactor database. Instead, the calculations are done year

A group of experts was created in order to assist the Secretariat in contributing to Section 4.1 of Key
Issue Paper No. 1 on uranium and fuel cycle service requirements.
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by year taking into account the total installed nuclear capacity and the share of different
reactor types in any given year. For the purpose of the present report, eight reactor types have
been considered: PWR; WWER-400; WWER-1000; BWR; GCR; AGR; and RBMK. This
simplification in modelling nuclear capacity and fuel cycle permitted incorporation into
spreadsheet calculations of an additional layer for estimating the impact on requirements of
LWR spent fuel reprocessing and recycling of fissile materials in LWRs and fast reactors.

The new model input data include three groups of parameters: strategy parameters;
fuel parameters; and control parameters. Those parameters may differ from year to year and
from reactor type to reactor type.

The strategy parameters include for each year: nuclear capacity; reactor mix; load
factors; and assumptions regarding spent fuel reprocessing and fissile material recycling.

The fuel parameters include for each year: average discharge burnup, average initial
enrichment; and average tails assay of enrichment plants.

The control parameters include: share of mixed oxide (MOX) fuel in reactor cores;
lead and lag times at each step of the fuel cycle; and number of reprocessing and recycling
cycles.

The reactor and fuel cycle characteristics used for the calculations were essentially
derived from the IAEA databases used in the CYBA model. Other input parameters such as
nuclear capacity and reactor mixes were provided by Working Group 2. Some of the input
parameters, especially burnup of discharged fuel and fuel enrichment were changed following
the recommendations of Working Group 3 resulting from the discussions of that Group at its
second meeting, held on 28-30 August 1996 in Vienna.

The results include four groups of output data: natural uranium, conversion and
enrichment service requirements; fresh fuel requirements and spent fuel arisings; actinide
contents of spent fuel, including total and fissile plutonium arisings; and reprocessing and
MOX fuel fabrication service requirements.

2. INPUT DATA

The input data used for the calculations are summarized in the different tables and
figures given below.

The nuclear capacity and electricity generation data (see Fig. 1-1) correspond to the
three nuclear variants developed by Working Group 2 that are presented in the main body of
the paper. However, in the fast reactor strategy the calculations were carried out assuming that
fast reactors would be added to the nuclear capacity corresponding to the medium and high
variants. Therefore, the results illustrate only the impact of fast reactors on back-end of the
fuel cycle management, i.e. spent fuel arisings and plutonium inventories, and do not permit
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estimation of the uranium savings which are in any case marginal owing to the late
introduction of fast reactors within the time period considered

The load factors used for calculating requirements to 1995 are the actual values
reported by Member States that are available from the IAEA/PRIS database. For the period
from 1995 to 2050, the average load factors adopted were recommended by the Working
Group drawing from information provided by experts. It was assumed that the average load
factor will increase similarly for all types of reactors worldwide from 70% in 2005 to 75%
in 2010, 80% in 2020 and remain stable at 80% to 2050 (see Fig. 1-2).

The fuel cycle strategies for which requirements were calculated differ by the options
adopted for the back-end of the fuel cycle (see Fig. 1-3). In the once-through strategy, all
spent fuel discharged after 2010 is disposed of directly; before 2010, the amounts of material
reprocessed and recycled correspond to the actual commitments of the countries which have
opted for the closed cycle, hi the recycling strategies SI and S2, it is assumed that spent fuel
from LWRs can be reprocessed twice and that fissile materials from reprocessing would be
recycled in LWRs which use MOX fuel for 30% of their cores. The SI and S2 strategies
differ by the share of LWR spent fuel arisings which is reprocessed, i.e. up to 50% in SI and
up to 100% in S2. hi the fast reactor strategy (FR), fast reactors are implemented as
additional capacity (to the medium and high variant capacity) and loaded with plutonium
arising from the reprocessing of MOX spent fuel of the second generation (M0X2).

The reactor mix adopted for the calculations is shown on Fig. 1-4. It includes eight
reactor types at the beginning of the period considered: PWR, BWR, PHWR, RBMK, AGR,
GCR, WWER-440 and WWER-1000. The share of each reactor type in the 1995 mix is given
by the IAEA/PRIS database. For 2010, the shares were calculated by the NEA Secretariat on
the basis of the IAEA/NEA nuclear projections. In the long term, after 2020, it is assumed
that only three different reactor types will remain in operation (PWR including WWER,
BWR, and PHWR) and that their respective shares will remain constant to 2050.

Figure 1-5 shows the evolution of discharged fuel burnup for each type of reactor
considered in the calculations. The values adopted for average discharged burnup by reactor
type are those contained in the IAEA/CYBA database.

Figure 1-6 shows the average initial enrichment of fuel in 235U that was taken also
from the IAEA/CYBA database.

The assumptions regarding enrichment plant tails assays are shown in Fig. 1-7. An
average value of 0.3% was adopted to 1995. Afterward, two alternatives were retained:
constant average tails assay at 0.3% to 2050; linear lowering to 0.15% in 2010 and constant
at 0.15% to 2050. Those assumptions which were recommended by Working Group 2 are
thought to be consistent with the present situation and the expected technological progress and
economics of enrichment plants.
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The input data necessary for calculating requirements in the recycling strategies
include reprocessing and MOX fuel fabrication lead times and the share of MOX loaded in
the core of reactors using this type of fuel. Table I-I summarizes the lead times adopted for
the calculations related to recycling and fast reactor strategies. As stated above, the SI and
S2 strategies assume that MOX fuel will represent 30% of the core of LWRs using that type
of fuel. Spent fuel and plutonium arisings and MOX fuel fabrication requirements are
calculated assuming that the plutonium separated in reprocessing plants is used immediately
for fabricating MOX fuel and that UO2 spent fuel of the MOX reloads will be automatically
reprocessed.

TABLE I-I LEAD HMES ASSUMPTIONS FOR THE SI, S2 AND FR STRATEGIES (YEARS)

Discharge to reprocessing of UO2 fuel

Discharge to reprocessing of MOX1 fuel

Discharge to reprocessing of M0X2 fuel

Discharge to reprocessing of fast reactor fuel

Reprocessing to fabrication of LWR MOX fuel

Reprocessing to fabrication of fast reactor fuel

2

4

6

6

2

1

In the fast reactor strategy, it is assumed that fast reactors will be loaded with
plutonium coming from spent MOX fuel of the second generation.

The thermal to electrical efficiency conversion factors adopted for each reactor type
are given in Table I-II.

TABLE I-H. THERMAL TO ELECTRICAL EFFICIENCY CONVERSION FACTORS

Reactor type

Coefficient

PWR

0326

BWR

0324

PHWR

0.295

RBMK

0310

AGR

0335

GCR

0.245

WWER-
440

0326

WWER-
1000

0326

The fuel residence time in reactor adopted for the calculations varies according to the
reactor type considered: 1 year for PHWRs and GCRs; and 3 years for other reactor types.

71



KEY ISSUE PAPER No. 1

3. METHODOLOGY

The new computer tool comprised a series of spreadsheets that are described below.
The simplified approach adopted for estimating uranium and fuel cycle service requirements
reduces the number of input parameters as compared to methodologies based on a reactor by
reactor approach which require a comprehensive database covering all reactors that will be
in operation at any time during the period of the study and their specific characteristics.
Recognizing that, for the long term, generic reactor characteristics representative of average
expected performance are generally adopted, the new approach does not affect significantly
the reliability of the results.

The uranium and fuel cycle service requirements are calculated for each year of the
study taking into account the total installed nuclear capacity, the share of different reactor
types and the average load factors and characteristics corresponding to each reactor type.

The data spreadsheets cover all the parameters and information necessary to calculate
uranium and fuel cycle service requirements each year and the result spreadsheets include
arisings and requirements at each step of the fuel cycle. A schematic representation of the set
of spreadsheets constituting the model structure is given in Table I-III.

TABLE I-ffl OVERALL STRUCTURE OF THE MODEL

Data: Total world net nuclear capacity, burnup, enrichment, reactor mix evaluation, load
factors, enrichment tails assay and actinide factors tables

4"
urn

Results: Annual and cumulative spent fuel arisings, annual and cumulative total
plutonium arisings, annual and cumulative natural uranium requirements, annual SWU
requirements, annual reprocessing requirements, annual MOX fuel fabrication
requirements

A detailed outline of the calculation configurations for the once-through (O/T) and
recycling (SI and S2) strategies is given in Table I-IV.
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TABLE I-IV CALCULATION CONFIGURATIONS

Low tails assays

Hightails assays

All tails assays

O/T
• Natural U requirements

• SWU requirements

• Natural U requirements

• SWU requirements

• Spent fuel ansings

• Total Pu arisings

SI
• Natural U requirements

• SWU requirements

• Natural U requirements

• SWU requirements

• Spent fuel arisings

• Total Pu ansings

• Reprocessing requirements

• MOX fabrication requirements

S2
• Natural U requirements

• SWU requirements

• Natural U requirements

• SWU requirements

• Spent fuel ansings

• Total Pu arisings

• Reprocessing requirements

• MOX fabrication requirements

The model is designed for estimating uranium and fuel cycle services year by year and
all calculations are done for each year of the study. The model calculates also, whenever
relevant, cumulative requirements by adding annual requirements. The calculation method and
algorithms are described in Sections 3.1 and 3.2. Step 1 calculations, described in Section 3.1,
apply to reactor types which do not use reprocessed materials, i.e. all reactors types in the
O/T strategy and reactors other than LWRs in all strategies. Step 2 calculations, described in
Section 3.2, apply to reactor types using reprocessed materials, i.e. LWRs using MOX fuel
in the SI, S2 and fast reactor strategies.

3.1. Step 1 calculations: reactor types which do not use reprocessed materials

Net nuclear capacity by reactor type

Net Nuclear Capacity (type, yr.) = Total World Net Nuclear Capacity (yr.) * Reactor-Mix (type, yr.)

Equilibrium core annual load by reactor type

Net Nuclear Capacity (type, yr.) * 365 * Residence (type, yr.) * Load (type, yr.)
Core Load (type, yr.) = —

Thermal to Electrical Efficiency (type, yr.) * Avg. Discharge Bumup (type, yr.)

Fresh fuel requirements

Core Load (type, yr.)
Fresh Fuel Requirements (type, yr.) = —

Fuel Residence Time (type, yr.)
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Spent fuel discharged

Spent Fuel Discharge (type, yr.) = Fresh Fuel Requirements [type, yr. - Fuel Residence Time (type, yr.)]

Natural uranium requirements by reactor type

Natural Uranium Requirements (type, yr.) = Fresh Fuel Requirements (type, yr.) * K (type, yr.)

where:

Avg. Enrichment (type, yr.) - Tails Assay (yr.)
K (type, yr.) =

0.00711 - Tails Assay (yr.)

Total natural uranium requirements

Uranium Requirements (yr.) = Sum {Natural Uranium Requirements (type, yr.)}

Enrichment service (SWU) requirements by reactor type

SWUReq. (type, yr.) = {Ve (type, yr.) + [K (type, yr.) -1] * Vt (type, yr.) - K (type, yr.) *
Vn (type, yr.)} * Fresh Fuel Requirements (type, yr.)

where:
Enrichment (type, yr.)

Ve (type, yr.) = [2 * Enrichment (type, yr.) - 1] * LN [
1 - Enrichment (type, yr.)

Tails Assay (yr.)
Vt (type, yr.) = [2 * Tails Assay (yr.) - 1] * LN [ ]

1 - Tails Assay (yr.)

0.00711
Vn (type, yr.) = [2 * 0.00711 - 1] * LN [ ]

1-0.00711

and:
Enrichment (type, yr.) - Tails Assay (yr.)

K (type, yr.) = —
0.00711 - Tails Assay (yr.)

Total SWU requirements

SWU Requirements (yr.) = Sum {SWU Requirements (type, yr.)}
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Annual total plutonium accumulation in spent fuel

Total Pu Accumulation (type, yr.) = Spent Fuel Discharge (type, yr.) *
Total Pu % in spent fuel (type, yr.)

3.2. Step 2 calculations: reactor types using reprocessed materials

The calculations are made assuming that the plutonium separated by reprocessing
LWR spent fuel is used to fabricate MOX fuel loaded in LWRs. The lead times taken into
account between fuel discharge, reprocessing and MOX fuel fabrication are indicated in Table
I-I. It is assumed that the UO2 fuel assemblies loaded in LWRs using MOX, 70% of each
reactor core according to the hypothesis adopted for the SI and S2 strategies, are reprocessed.

It is assumed that the plutonium extracted from UO2 spent fuel can be recycled twice
in LWRs. The MOX fuel fabricated with plutonium from UO2 spent fuel is called M0X1.
The MOX fuel fabricated with plutonium from spent M0X1 fuel is called MOX2.

Net nuclear capacity by reactor type

Net Nuclear Capacity (type, yr.) = Total World Net Nuclear Capacity (yr.) * Reactor-Mix (type, yr.)

Equilibrium annual core load by reactor type

Net Nuclear Capacity (type, yr.) * 365 * Residence (type, yr.) *
Load (type, yr.)

Equilibrium Core Load (type, yr.)=
Thermal to Electrical Efficiency (type, yr.) * Avg. Discharge
Burnup (type, yr.)

Fresh fuel requirements by reactor type

Equilibrium Core Load (type, yr.)
Fresh Fuel Requirements (type, yr.) =

Fuel Residence Time (type, yr.)

Annual fuel loading

Four categories of fuel have to be considered to calculate annual fuel loading in
reactors: M0X1, M0X2, UO2 fuel for reactors using MOX and U Q fuel for other reactors.

For M0X1 and MOX2 fuels it is assumed that loading occurs during the year of
fabrication:

Loaded MOX1 (yr.) = MOX1 fuel fabrication (yr.)
Loaded MOX2 (yr.) = MOX2 fuel fabrication (yr.)
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For UO2 fuel loading in reactors using MOX, the quantities loaded each year are:

1 - share of MOX fuel loaded in a reactor
Loaded UO2 in MOX reactors (yr.) = [M0X1 (yr.) + MOX2 (yr.)] * —

share of MOX fuel loaded in a reactor

For UO2 fuel loading in reactors using only UO2 fuel, the quantities loaded each year are:

Loaded UO, in UO, reactors (yr.) = Fresh Fuel Requ. (yr.) - Loaded MOX1 (yr.) - Loaded M0X2 (yr.) -
Loaded UO2 in MOX (yr.)

Annual fuel unloading

Annual fuel unloading is calculated for each fuel type taking into account the in reactor
residence time for any type of fuel:

Unloaded M0X1 Fuel (yr.) = Loaded M0X1 [yr. - Fuel Residence Time]
Unloaded MOX2 Fuel (yr.) = Loaded M0X2 [yr. - Fuel Residence Time]
Unloaded UO: Fuel from MOX reactors (yr.) = Loaded UO2 in MOX reactors [yr. - Fuel Residence Time]
Unloaded UO2 Fuel from UO: reactors (yr.) = Loaded UO2 in UO2 reactors [yr. - Fuel Residence Time]

Total Unloaded Spent Fuel (TUSF) (yr.) = Unloaded M0X1 Fuel (yr.) + Unloaded M0X2 Fuel (yr.) +
Unloaded UO2 Fuel from MOX reactors (yr.) +
Unloaded UO2 Fuel from UO2 reactors (yr.)

Spent fuel route

Unloaded spent fuel can be either reprocessed or disposed of directly, depending on the type of
reactor and fuel, and on the strategy considered. Spent fuel of all reactor types except LWRs is never
reprocessed. The shares of LWR fuels that are reprocessed vary depending on the strategy considered. In the
once-through strategy spent fuel is never reprocessed. In the SI strategy, up to 50% of the U Q fuel of LWRs
is reprocessed, M0X1 fuel is reprocessed only if plutonium is needed to fabricate MOX2 to be loaded in
MOX reactors and M0X2 fuel is never reprocessed In the S2 strategy, up to 100% of the UO, fuel of LWRs
is reprocessed, M0X1 fuel is reprocessed only if plutonium is needed to fabricate MOX2 to be loaded in
MOX reactors and M0X2 fuel is never reprocessed

The total quantities of spent fuel to be disposed of are calculated as follows:

Total Spent Fuel to be Disposed of = TUSF - Amount of Spent Fund for Reprocessing

Where:
IF two recycling THEN
{ IF (TUSF - Unloaded M0X2 Fuel) > TUSF * Spent Fuel % to be Rep. (yr.) /100, THEN

Amount of Spent Fuel for Rep. = TUSF * Spent Fuel % to be Rep. (yr.) / 100
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ELSE

Amount of Spent Fudfor Rep, = TUSF - Unloaded M0X2 Fuel }

ELSE (one recycling)

{ IF (TUSF - Unloaded M0X1 Fuel) > TUSF * Spent Fuel % to be Rep. (yr.) /100, THEN

Amount of Spent Fudfor Rep. = TUSF * Spent Fuel % to be Rep. (yr.) / 100
ELSE

Amount of Spent Fudfor Rep. = TUSF - Unloaded M0X1 Fuel }

Annual spent fuel arlsings to be disposed of

MOX fuel

IF two recycling THEN

MOX Fuel for Disposal (yr.) = Unloaded M0X2 Fuel (yr.)

ELSE (one recycling)

MOX Fuel for Disposal (yr.) = Unloaded M0X1 Fuel (yr.)

UO2 fuel from MOX reactors is assumed to be automatically reprocessed, therefore

UO2 Fuel from MOX reactors for Disposal (yr.) = 0

UO2 fuel from UO2 reactors

UO2 Fuel from UO: reactors for Disposal (yr.) = Total Spent Fuel Going to Disposal (yr.) -
UO2 Fuel from MOX reactors for Disposal (yr.) -

MOX Fuel for Disposal (yr.)
Reprocessing

M0X1 fuel

IF two recycling THEN

Reprocessed M0X1 Fuel (yr.) = Unloaded M0X1 Fuel [yr. - MOX Reprocessing Time]

ELSE (one recycling)

Reprocessed MOX] Fuel (yr.) = 0

UO2 fuel from MOX reactors

Reprocessed UO2 Fuel from MOX reactors (yr.) = Unloaded UO2 from MOX reactors [yr. - UO2

Repr. Time]
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UO2 fuel from UO2 reactors

Reprocessed UO, Fuel from UO, reactors (yr.) = Amount of Spent Fuel for Reprocessing [yr. -
UO2 Repr. Time] -
Reprocessed UO, Fuel from MOX reactors (yr.)

Reprocessed M0X1 Fuel (yr.)

Pu availability for MOX fuel

The availability of plutonium is calculated by estimating the plutonium content of spent fuel.
The actinide table used as a basis contains information on UO2 fuel initially enriched at 1%.
Available plutonium is calculated for each discharge burnup by multiplying the value given in the
actinide table by the actual initial UO2 fuel enrichment.

Available Plutonium From Spent UO: Fuel (yr.) = {Reprocessed UO, Fuel from MOX reactors (yr.) +
Reprocessed UO2 Fuel from UO2 reactors (yr.)} *
% Total Pu Content in spent UO2 Fuel (yr.)

where:

% Total Pu Content in spent UO2 Fuel (yr.) = Total Pu % in spent fuel [Bumup (yr. - Process Lag Time)] *

Enrichment (yr. - Process Lag Time)

and:

Process Lag Time = Fuel Residence Time (yr.) - UO2 Reprocessing Time

Available Plutonium From spent MOX1 Fuel (yr.) = Reprocessed M0X1 Fuel (yr.) *
% Total Pu Content in Spent MOX Fuel (yr.)

where:

% Total Pu Content in Spent MOX1 Fuel (yr.) =
% Total Pu Content in Fresh M0X1 Fuel (yr. - Process Lag Time) *
{0.76 - 0.03 * [Bumup (yr. - Process Lag Time) - 33] / 10}

% Total Pu Content in Fresh M0X1 Fuel (yr.) = " 'U Enrichment in Fresh Fuel (yr. - Process Lag Time) *

{1.6 + 0.23 * [Bumup (yr. - Process Lag Time) - 33 ] / 10}

and:

Process Lag Time = Fuel Residence Time (yr.) - MOX Reprocessing Time - MOX Fabrication Time

MOX fuel fabrication requirements

MOX fuel fabrication (yr.) = MOX fuel fab. from UO2 fuel (yr.) + MOX fuel fab. from MOX fuel (yr.)
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where:
Available Plutonium from spent UOj fuel (yr.)

MOX fuel fab. from UO2 fuel (yr.) =

MOX fuel fab. from MOX fuel (yr.) =

Pu enrichment in MOXjuel made from reprocessed UO2juel (yr.)

Available Plutonium From Spent MOX1 fuel (yr.)

Pu enrichment in MOXjuel made from reprocessed MOXjuel (yr.)

and:

Pu enrichment in MOX fuel made from reprocessed UO2 fuel (yr.) = SSU Enrichment in fresh fuel (yr.) *
{1.6 + 0.23 * [Burnup (yr.) - 33 ] /10}

Pu enrichment in MOX fuel made from reprocessed MOX fuel (yr.) = 1.1*
Pu enrichment in MOXjuel made from reprocessed UO.juel (yr.)

Natural uranium savings due to reprocessing

Natural Uranium Savings (yr.) = Reprocessed UO2 fuel (yr.) *
{[JJJt/Enrichment (yr. - Process Lag Time) - Tails Assay (yr.)] / [0.00711 -Tails Assay (yr.)]}

where:

Reprocessed UO2 Fuel (yr.) = Reprocessed UO2 fuel from UO2 reactors (yr.) +
Reprocessed UO2 fuel from MOX reactors (yr.)

and:

Process Lag Time = Fuel Residence Time (yr.) - UO2 Reprocessing Time

Total UOz fuel requirements

Total Required UO: Fuel (yr.) = Loaded UO2 Fuel in MOX reactors (yr.) + Loaded UO2 Fuel in UO2

reactors (yr.)

Natural uranium requirements

Natural Uranium Requirements (yr.) = Total Required UO2 Fuel (yr.) *

{[mV Enrichment (yr.) - Tails Assay (yr.)] / [0.00711 -Tails Assay (yr.)]} - Natural Uranium Savings (yr.)

FR Strategy implementation

The fast reactor strategies investigate fast reactor implementation rates achievable assuming
that only the plutonium from MOX2 and fast reactor fuel reprocessing would be used for fast
reactor fuel fabrication. The model estimates plutonium availability within this framework and
calculates the feasible installed fast reactor capacity accordingly. The actual fast reactor capacity is
then determined taking into account the technically achievable implementation rates provided by
Working Group 3.

79



KEY ISSUE PAPER No. 1

It should be pointed out that fast reactors do not substitute to other reactor types. Therefore,
the feasible fast reactor capacity comes in addition of the projected nuclear capacity corresponding
to the medium and high nuclear variants (FR strategies are not considered in the low nuclear
variant).

Pu Requirements (TAFRC, yr.) = TAFRC (yr. - FR Fabrication Time) * Initial Load +

TAFRC (yr. - FR Fabrication Time - 1) * Initial Load * % of FR Annual Load

where:

TAFRC = Technically Achievable Fast Reactor Capacity

Pu Available from Fast Reactors (yr.) = Cumulative TAFRC (yr. - FR Fuel Recycling Time - 1) *
Initial Load * % of FR Annual Load * Breeding Ratio

Pu Available for FR Core and Reloads (yr.) = Pu Available from FR (yr. - FR Fuel Fabrication Time.) +

Pu available from MQX2 (yr. - FR Fuel Fabrication Time)

Pu Required for FR Reload (yr.) = Cumulative FFRC (yr. - 1) * Initial Load * % of FR Annual Load

where:

FFRC = Feasible Fast Reactor Capacity

Pu Available for FR Core and Reloads (yr.) - Pu Required for FR Reload (yr.)
Feasible Installed FRC (yr.) = Initial Load

Achievable Installed FRC (yr.) = Minimum {FFRC (yr.), TAFRC (yr.)}

4. RESULTS

The calculations made cover estimates of uranium and fuel cycle service requirements over
the period 1995 to 2000 for the three nuclear variants and alternative strategies considered in the
paper. Those results are presented in a series of figures illustrating: annual and cumulative spent fuel
arisings to be disposed of (Figs. I-8a and I-8b); annual and cumulative total plutonium arisings
(Figs. I-9a and I-9b); annual and cumulative uranium requirements with high and low enrichment
tails assays (Figs. I-10a to I-10d); annual enrichment service (SWU) requirements with high and low
tails assays (Figs. I-lla and I-lib); annual reprocessing requirements (Fig. 14); and annual MOX
fuel fabrication requirements (Fig. 15). Figures 16a and 16b show the achievable fast reactor
capacity in the medium and high nuclear variants. Figures 17a to 17d illustrate plutonium
requirements corresponding to fast reactor strategies as compared to plutonium arisings.
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ANNEX IL URANIUM RESOURCE CATEGORIES

Uranium resources may be classified in different categories according to: the degree of
certainty in estimated amounts of resources; the cost of production; and the established experience
in production processes Three main categories, further separated according to production costs, are
generally adopted to report uranium resources: known conventional resources, undiscovered
conventional resources and unconventional resources. The uranium resource terminology and
definitions commonly used are those established by the international Uranium Group and adopted
in the NEA/IAEA report on uranium resources, production and demand called the "Red Book". The
definitions and resource figures given below refer to the last edition of the Red Book published by
the OECD in 1996.

Conventional resources include ores produced using conventional mining technology where
uranium is the principal product or a co-product of another commodity. Resources exploited by in
situ leaching are classified also as conventional. Unconventional resources may refer to very low
grade resources from which uranium is not economically recoverable at present such as sea water
or from with uranium is only recoverable as a minor by-product such as uranium contained in
phosphate, monazite, coal, lignite and black shales.

Each resource type is further subdivided into cost categories referring to costs of production,
excluding sunk costs. Four cost categories are defined in the "Red Book": less than $ 40/kg U; less
than $ 80/kg U; less than $ 130/kg U; and less than $ 26O/kg U. However, most countries report
only resource estimates in the categories recoverable at less than $ 80/kg U and at less than
$ 130/kg U.

Known conventional resources include Reasonably Assured Resources (RAR) and Estimated
Additional Resources - Category I (EAR-I). RAR refer to uranium occurring in known mineral
deposits of delineated size, grade and configuration such that the quantities which could be
recovered within the given production cost ranges with current proven mining and processing
technology can be specified. RAR have a high assurance of existence. The RAR recoverable at less
than $ 80/kg U that constitute the major part of the presently exploited resources are generally called
reserves. EAR-I refer to uranium in addition to RAR that is inferred to occur, mostly on the basis
of direct geological evidence, in extension of well explored deposits, or in deposits in which
geological continuity has been established but where specific data, including measurements and
characteristics of the deposits, are considered to be inadequate to classify the resource as RAR Less
reliance can be placed on the estimates for EAR-I than on those for RAR Other known resources,
which are in similar categories but not strictly consistent with RAR and EAR-I, are reported to exist
in Chile, China, India, the Russian Federation and Uzbekistan.

Undiscovered conventional resources include Estimated Additional Resources - Category II
(EAR-II) and Speculative Resources (SR). EAR-II refer to uranium that is expected to occur in
deposits for which the evidence is mainly indirect and which are believed to exist in well delineated
geological trends or areas of mineralization with known deposits. Estimates of tonnage, grade and
cost of discovery, delineation and recovery are less reliable for EAR-II than for EAR-I. Less
reliance can be placed on the estimates for EAR II than on those for EAR I. SR refer to uranium
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that is thought to exist mostly on the basis of indirect evidence and geological extrapolation in
deposits discoverable with existing exploration techniques. Many countries do not undertake
systematic estimations of undiscovered uranium resources or do not report their estimations. As the
term implies, the existence and size of such resources are speculative.

The uranium reserves (RAR recoverable at less than $ 80/kg U) amount to some 2.12 million
tonnes of uranium and the RAR recoverable at a cost between $ 80/kg U and $ 130/kg U amount
to some 0.83 million tonnes of uranium. The EAR-I recoverable at less than $ 130/kg U amount to
some 0.9 H 10*4 U. Taking into account other known resources, total known uranium resources
recoverable at less than $ 130/kg U are estimated at some 4.51 million tonnes of uranium.

Only a limited number of countries report estimates of undiscovered conventional resources.
Based upon the figures provided by those countries, undiscovered conventional resources recoverable
at less than $ 130/kg U can be estimated at 2.45 million tonnes in the EAR-II category and 8.5
million tonnes in the speculative category.

Unconventional resources include some 22 million tonnes of uranium contained in
phosphates and some 4000 million tonnes of uranium contained in sea water. Although those
resources are large, a number of important factors are limiting their exploitation and use as nuclear
fuel.

Based on recent test work, the cost of recovering uranium from sea water is estimated to be
around $ 340/kg U. Therefore, the production of uranium from sea water would be economically
possible only if either technological progress would reduce significantly recovery costs or if the
uranium prices would increase dramatically.

The recovery of uranium contained in phosphate rock is limited at present by the existing
phosphate production capacity as the costs of extracting uranium otherwise than as a by-product of
phosphate processing are too high as compared to market prices. Typically, the costs of recovering
uranium as by-product in association with the processing of phosphate to make fertiliser range
between $ 35/kg U and $ 90/kg U while the costs of uranium production would be much higher if
phosphate processing would not be done already. The average uranium concentration in phosphate
rock ranges from 50 to 200 parts per million. In Florida, the average uranium concentration of
phosphate rock from which uranium is currently recovered is around 150 parts per million. If all
existing phosphate processing plants were recovering uranium as by-product, their total uranium
production would be about 12 000 t U per annum.
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1. INTRODUCTION

Energy production using nuclear fission generates fission products and actinides,
including plutonium. Plutonium poses both a promise and a risk for the international
community. Plutonium offers the opportunity to gain useful energy from U-238, which
represents more than 99% of natural uranium, thereby potentially extending the available
resources of nuclear fuel manyfold. At the same time, separated plutonium poses proliferation
risks requiring stringent safeguards and physical protection, as only a few kilograms of
plutonium is potentially enough for a nuclear weapon. (There are tens of tonnes of separated
plutonium in civil stockpiles.) Getting access to such material is the most difficult step in
producing a nuclear weapon, making controls on access to plutonium and high enriched
uranium the most important technical barriers to nuclear proliferation in the world today.

Hence, for decades plutonium has been a key focus of international discussions of both
non-proliferation and the future of the nuclear fuel cycle. This paper is intended to address
the management of separated plutonium in the civil fuel cycle in the near term - until 2015
- describing both the technologies employed and the policies of key countries. This paper also
addresses technology and policy for the management of weapons plutonium being declared
excess to defence needs.

The last intensive international review and comparison of options for the nuclear fuel
cycle took place nearly two decades ago, in the International Nuclear Fuel Cycle Evaluation
(INFCE). At that time, the USA concluded that a once-through fuel cycle with no separation
of plutonium posed the least proliferation risk and the lowest cost. Several other major
countries decided that the best approach to the fuel cycle was to pursue programmes to
reprocess plutonium from spent fuel and recycle it to recover its energy value, while imposing
safeguards to prevent proliferation. Since then, a number of new realities have developed
which fuel cycle programmes must address - as the name of this IAEA symposium indicates
("Symposium on Nuclear Fuel Cycle and Reactor Strategy: Adjusting to New Realities").

1.1. New realities

First, growth in nuclear power generation worldwide has been much less than was
anticipated two decades ago, and additional uranium supplies have been discovered. Thus,
while two decades ago uranium was expected to be scarce and expensive, today it is plentiful
and cheap. This is not expected to change until well beyond the period covered in this paper.
The availability of large and secure supplies of low cost uranium has significantly changed
the arguments concerning the economics of different approaches to the nuclear fuel cycle [1].

Second, commercialization of fast reactors has been substantially delayed or cancelled
compared to earlier expectations. As a result, these reactors have not been available to utilize
the separated plutonium arising from reprocessing, creating an imbalance between plutonium
supply and demand. Hence a number of countries have initiated large scale programmes to
recycle plutonium in thermal reactors. Despite the success of these thermal recycling
programmes to date, a substantial stockpile of separated civilian plutonium (138 t at the end
of 1995) has accumulated. The MOX fabrication plants that have recently come on line and
the new plants now being built, along with the licensing of additional reactors to handle MOX
fuel, are expected to correct this imbalance and eventually reduce the current civilian
plutonium stockpile.
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Third, plutonium reveling has been transformed from a fledgling enterprise into a
large and established industry. While this development was expected, it is nonetheless an
important new reality. Thousands of tonnes of civilian spent fuel have been successfully
reprocessed, and much of the resulting separated plutonium has been successfully fabricated
into hundreds of tonnes of plutonium-uranium mixed oxide (MOX) fuel. Some 21 reactors
in several countries are operating with MOX fuel today, and this figure is increasing.

Fourth, perceptions of the uncertainties of the cost of the back-end of the nuclear fuel
cycle have significantly increased (cost of fuel cycle facility dismantlings, cost of future
reprocessing plants, cost of geological disposal, cost of spent feel conditioning prior to
disposal, etc.). As a result of such economic factors and policy changes in some countries,
some utilities which had previously planned on a reprocessing and recycling feel cycle are
now postponing or cancelling some of their reprocessing plans. These changes have led to the
accumulation of additional unreprocessed spent feel (requiring additional storage capacity),
and contributed to an international debate over the current market value (positive or negative)
of plutonium

Fifth, the end of the Cold War has led to the ongoing dismantlement of tens of
thousands of nuclear weapons in the USA and the Russian Federation. As a result of this
large scale arms reduction, hundreds of tonnes of high enriched uranium (HEU) and many
tens of tonnes of plutonium are expected to be declared excess to defence needs. Secure
storage and eventual peaceful use or disposal of this material under international verification
is an important priority. The availability of these large stockpiles of material, particularly
HEU, may affect the global uranium market.

1.2. Adjustments to the new realities

In the period under review in this paper (from the present to 2015), efforts to adjust
to these new realities will include:

• major international co-operative programmes to blend down HEU from dismantled
warheads for peaceful use, and to use or dispose of excess weapons plutonium;

• addition of new capacity to fabricate and utilize MOX feel, to correct plutonium
imbalances;

• increased transparency in the management of plutonium and openly published
inventory information on plutonium, to build public and international confidence;

• efforts to increase available storage capacity for spent feel, including renewed
consideration of international co-operation in this area;
continued development, but not commercialization, of fast reactors;

• continued research on advanced feel cycle approaches, and pursuit of increased feel
bumups for both uranium and MOX feels, to reduce spent feel arisings and feel cycle
costs; and

• continued development of improved environmental management and safeguards
technologies, to ensure safety and security in whatever feel cycles are implemented.
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2. PRESENT AND PROJECTED TECHNOLOGIES

This chapter provides a description of the technologies relating to both civil and
former military separated plutonium (separated plutonium is a term which is used to describe
all plutonium that is not intimately mixed with high level radioactive waste - HLW) and
unseparated plutonium in spent nuclear fuel.

2.1. Generation of plutonium

Plutonium is generated through the irradiation of uranium in nuclear reactors.
However, plutonium is burned in reactors at the same time. In fact, up to 40% of the total
energy derived from a typical pressurized water reactor (PWR) uranium oxide (UO2) fuel
assembly comes from the fission of plutonium that has been generated The amount of
plutonium in the fuel depends largely on the burnup, power rating and geometry of the fuel.
Figures 1 and la show typical values of the amount of plutonium and its isotopic composition
in uranium fuel irradiated in a number of different thermal reactor types to different bumups.
As can be seen, the total amount of plutonium in spent fuel increases with bumup, but at the
same time the composition moves toward the higher isotopes, and the proportion of the
isotopes which are fissionable in thermal reactors (Pu-239 and Pu-241) decreases.

The plutonium in the irradiated uranium fuel can be extracted and recycled as mixed
uranium-plutonium oxide (MOX) fuel. Table I shows the quantity and isotopic composition
of plutonium in spent MOX fuel manufactured using plutonium from spent PWR uranium
fuel, irradiated in a PWR for a range of bumups. This shows that there is less plutonium in
spent MOX than in fresh MOX The amount of plutonium used up increases with burnup.
Because of the decrease in the fraction of fissile isotopes of plutonium with increasing
burnup, using higher burnup reprocessed fuel as the source of plutonium requires an increase
in the quantity of plutonium.

Another possibility is to recycle plutonium as MOX fuel in fast reactors. Fast reactors
have the capability to produce more fissile material than they consume and hence extend the
amount of energy extracted from uranium. They can also be designed to be net consumers
of fissile material and, in particular, of plutonium.

2.2. Spent fuel management

Some countries have made a decision to pursue direct disposal of spent fuel without
reprocessing. Other countries are pursuing reprocessing of spent fuel and recycle of the
plutonium. Still other countries are simply storing their spent fuel for a later decision on
which of these paths to pursue. Utilities within countries may also have differing policies.
Most of the spent fuel discharged each year is neither reprocessed nor disposed; this fuel is
currently in storage. Figure 2 shows, in broad outline, the flow of plutonium in each of the
spent fuel management routes.

101



TABLE I: Total generation and isotopic composition of Pu produced in MOX-fuelled reactors

o

MOX fuel
Pu specification

Produced from
33 GW d/t HM
UO2 PWR fuel*
Produced from
43 GW d/t HM
UO2 PWR fuel*
Produced from
weapons Pu*
EFR indicative
(core fuel)
Fast reactor
(burner)

MOX fuel burnup
(GW d/t HM)
33
43
53

43
53
40

130

150

Total Pu in fresh
MOX (kg/t HM)
51.55
59.17
71.24

67.37
81.62
32

207.9**

439.2**

Total Pu in spent
MOX (kg/t HM)
39.18
42.23
48.65

48.88
56.95
20

183.8

333.5

Percentage of Pu isotopes at discharge
238pu

2.2
2.5
2.8

3.0
3.3
1.0

2.1

4.8

239Pu
39.9
37.7
32.0

37.0
36.1
60.0

53.6

35.8

24OPu
31.4
32.0
32.4

31.8
32.3
24.0

29.9

33.8

24.pu |

17.1
17.6
17.8

17.3
17.3
13.0

5.8

9.4

242Pu i
8.2
8.7
8.7

9.4
9.3
2.0

8.5

16.2

* For recycle in PWR loaded with 30% MOX.
** Fabricated using plutonium separated from spent UO2 PWR fuel.
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2.2.1. Storage of spent fuel

Storage of spent fuel is an interim step in the management of nuclear fuel. Trie interim
storage may also be used to delay a final decision on the fuel cycle policy. Spent fuel storage
facilities could be at the reactor or away from the reactor. At-reactor spent fuel storage
facilities are integral and associated with a reactor. They are a central part of the refueling
operation. Away-from-reactor storage may be independent of the reactor but still on the
licensed site of the reactor, or the fuel may be moved from the licensed reactor site to a
central site. Spent fuel storage facilities may be wet or dry.

In wet facilities, the spent fuel may be supported within a water pool by racks or
contained in canisters. In dry facilities spent fuel is stored in a gas environment, such as an
inert gas or air, and include casks and vaults. A cask is a massive container which may or
may not be transportable. Vaults consist of above or below ground reinforced concrete
buildings containing arrays of storage cavities suitable for containment of one or more fuel
units.

Various types of wet and dry storage facilities are in operation or are under
consideration in different countries. Spent fuel can be safely stored for long periods of time;
some spent fuel has now been stored for over 30 years. The major limitation for dry storage
is removal of decay heat; this limitation decreases over time. Nearly all countries operating
nuclear power plants are increasing their existing at-reactor storage capacity. In many
countries these additions do not provide sufficient storage, so away-from-reactor storage
facilities (both within the licensed reactor sites and at central sites) are also being developed.
Many countries with large quantities of spent fuel are choosing away-from-reactor dry storage.
This type of storage has some benefits, including the possibility of passive cooling and a
reduced need for service (e.g. monitoring of water chemistry). In all spent fuel storage
activities appropriate attention must be paid to physical protection and accountancy issues.

2.2.2. Direct disposal

The basic concept of direct disposal is that irradiated nuclear fuel is permanently
disposed of without any chemical separation of the re-usable uranium and plutonium. It is
usually assumed that prior to the disposal of the fuel in a deep underground repository it
would be stored for several decades until its heat content has decreased to a level acceptable
for disposal. Between discharge from the reactor and final disposal, several stages of
pre-conditioning of the fuel, such as disassembly and encapsulation, may be chosen. The
nature and volume of associated waste packages depends primarily on whether or not the
spent fuel is to be consolidated.

The IAEA and the international safeguards community are developing procedures for
safeguarding permanent repositories. These activities are covered in Key Issue Paper No. 5.
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A number of countries have a declared policy of direct disposal of all or some of their
spent fuel. However, no spent fuel repository has yet been constructed, nor has encapsulation
of significant quantities of spent fuel taken place. As a result, the exact costs of the processes
involved are still uncertain and the status of the technology varies from country to country.

2.2.3. Reprocessing and recycle

Reprocessing and recycle is the other spent fuel management option. Reprocessing
involves the use of a chemical process primarily to recover plutonium and uranium from the
spent fuel, with the conditioning of associated wastes in forms which are designed for
eventual disposal. Reprocessing is today offered as a back-end management service coupled
with recycling. The efficiency of the separation process in modem plants is such that 99.9%
of the plutonium in the spent fuel is recovered as a separate product.

The main features of reprocessing technology are similar in all industrial scale plants.
When spent fuel assemblies enter the reprocessing plant, they are unloaded remotely from the
transport casks. The assemblies are then stored in large ponds (typically for several years) to
allow the spent fuel to cool.

Chemical separation process used almost exclusively in modern commercial plants is
the PUREX process, which has been developed and optimized over several decades.
Reprocessing starts with the shearing of the spent fuel rods into 2-3 cm pieces in the
"head-end" of the plant. The nuclear material is extracted by dissolution in hot nitric acid
followed by extraction from the resulting solution. The remaining structural material is
compacted to a very low volume waste.

The fission products, along with the minor actinides created in the fuel, are extracted
from the liquor resulting from the dissolution of spent fuel. The fission products and the
minor actinides are then vitrified. This technique allows the containment of 99% of the
activity in a highly stable matrix. The volume of vitrified high level waste (HLW) is about
ten times less than the volume of the original spent fuel, with potential benefits for transport
and storage. The necessary volume of a repository for geological disposal, however, is
determined not by the physical volume of the waste but by the heat from the waste, nearly
all of which remains in the vitrified blocks after reprocessing.

Following extraction of waste products, plutonium and uranium are separated
chemically. Plutonium is usually converted to the oxide powder form, which is the primary
feedstock for MOX fuel fabrication plants; the other feedstock is uranium dioxide derived
either from natural uranium, enrichment tails, or from the uranium product recovered by
reprocessing. Some reprocessing plants are able to accept aged plutonium and re-purify it to
remove americium and to recycle plutonium bearing waste and scraps. The reprocessing of
irradiated thermal MOX fuels has been demonstrated in an industrial scale reprocessing plant
(La Hague, 1992), and it is planned to reprocess thermal MOX in other industrial scale plants.
In addition, many tonnes of fast reactor MOX have been reprocessed at various demonstration
plants around the world.
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The IAEA's Large Scale Reprocessing Plant Safeguards (LASCAR) forum [2], set up
to review safeguards techniques for large scale reprocessing plants, concluded that there are
techniques available to enable the successful implementation of effective safeguards in such
plants. However, because of uncertainties in accounting during bulk processing, material
accountancy must be supplemented with containment and surveillance measures.

Reprocessing is now a mature technology and about 60 0001 of all kinds of civil fuels
have been reprocessed to date, three quarters being Magnox/Natural Uranium Gas Graphite
Reactors (NUGG) and the rest primarily LWR and AGR fuels. In the western world, the latest
generation of reprocessing plants that are now in operation each have a capacity in the range
of 800-1000 t/a.

The major plants in operation today are listed in Table II. Their total capacity for
LWR and AGR fuels is about 3000 t of heavy metal (t HM) per year, corresponding to a
production of about 30 t of plutonium per year. The reprocessing of Magnox fiiels involves
much lower plutonium assay, and will be gradually phased out in the coming years. In Japan,
construction of a new facility of about 800 tonnes/year capacity is in progress. This plant
should begin operation in 2003. In the Russian Federation, the new RT-2 plant at
Krasnoyarsk, with a planned capacity of 1500 t HM/a, could be in operation after 2005, if
financing becomes available.

It should be noted that the HLW resulting from the reprocessing of spent fuel and
containing only trace quantities of plutonium will require eventual disposal, but that no
disposal facility for this waste is yet in operation and hence there are associated cost
uncertainties.

2.3. Plutonium recycling

Recovered plutonium can be recycled in either thermal reactors or fast reactors in the
form of MOX fuels. By reusing uranium and plutonium for an additional cycle in thermal
reactors the energy extracted from the original fuel can be increased by some 30%. Fast
reactors have the potential to increase energy extraction from uranium, through the
exploitation of recycle, by a factor of 60 to 100 compared with thermal reactors.

Recycling is currently under way commercially only in thermal reactors, and in these
systems only a limited number of cycles (2 to 3) are considered practical, owing to the
buildup of higher isotopes. Fast reactors can be deployed subsequently, however, to manage
this plutonium by burning the low quality plutonium and producing fresh plutonium of high
fissile quality.

2.3.1. MOX fuel fabrication

The MOX fuel industry is now mature, with a fabrication capacity of about
250 t HM/a. MOX fuel fabrication plants have been constructed and operated successfully in

107



KEY ISSUE PAPER No. 2

TABLE II: Current and planned industrial scale reprocessing capacity (t HM/a)

Current facilities
Cogema DPI (Marcoule, France)*
Cogema UP2 (La Hague, France)
Cogema UP3 (La Hague, France)
BNFL Magnox (United Kingdom)
BNFL Thorp (United Kingdom)
PNC Tokai (Japan)**
RT1 Chelyabinsk (Russian
Federation)
PREFRE (India)
Kalpakkam (India)
Total

Oxide fuel
-

800
800

-
900
90

400

100
100

3190

Magnox
400
-
-
1500
-
-
-

-

1900
* To be closed in 1997.

To be converted to MOX reprocessing only, after Rokkasho reprocessing plant
starts.

**

Planned facilities (2000 onwards)
JNFL-Rokkasho (Japan)
RT2 Krasnoiarsk (Russian
Federation)
PREFRE 3 (India)
Incremental total
Total after 2000

Oxide fuel
800
1500

350
2650
5840

Magnox

-

-
1500

TABLE III: Current and planned MOX fabrication facilities

Current facilities
Belgonucleaire Dessel (Belgium)
COGEMA CFCa Cadarache (France)
COGEMA MELOX Marcoule (France)
BNFL MDF Sellafield (UK)
PNC Tokai (Japan)
Total

Design capacity (t HM/a)
35
35
120
8
15

213

Planned facilities (2000 onwards)
MELOX (France) (in addition to 1201)
COGEMA new plant (France)*
BNFL SMP Sellafield (UK)
Commercial plant (Japan)
Complex 300 Chelyabinsk (Russian
Federation)
Incremental total
Total after 2000

Design capacity (t HM/a)
40
50
120
100

35 (FBR)

345
558

* New plant or further extension of MELOX
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Belgium (BN), France (COGEMA), Germany (Alkem/Siemens), Japan (PNC), UK (BNFL),
and, many years ago, the USA. Current and planned future fabrication capacities are listed
in Table El.

Mainly for ease of licensing and market entry, all commercial MOX fuel fabrications
routes are similar to those employed for uranium pelleted fuel. The mechanical design of
LWR MOX fuel (skeleton, grids, rods) is the same as that for uranium fuel, although for
PHWR (CANDU) fuel, consideration is being given to modifying the configuration to
optimize plutonium utilization. Fuel specifications are only adapted to take into account issues
specific to the incorporation of plutonium. The main difference in specification is concerned
with ensuring that the plutonium is homogeneously distributed within the fuel so that burnup
during irradiation and dissolution when reprocessed is also homogeneous. However the
fabrication of MOX fuel has to address the specific issues associated with the handling of
plutonium, such as containment, shielding and non-proliferation. The main consequence is that
MOX plants incorporate a high degree of remote handling, safeguards and physical protection.
Up to now, none of the MOX facilities and reactors have recycled plutonium arising from
weapons dismantlement. However, the industrial experience gained in civil MOX fabrication
can also be applied to excess weapons plutonium, as discussed below.

Other differences exist in design and engineering of the flowsheet, mainly due to the
need to contain plutonium and the associated alpha activity of some of its isotopes and
daughters. All stages, including pin fabrication, need to be contained in gloveboxes and this
puts additional design and engineering constraints on the process. Equipment is designed to
afford primary containment where possible to minimize the spread of dust and associated
dose. Manual operations and maintenance are designed out where practical. Shielding is
necessary for high burnup derived material, especially when this has aged to produce
significant quantities of americium.

2.3.2. Recycling plutonium in thermal reactors

The use of MOX in LWRs is now practised on an industrial scale in Belgium, France,
Germany and Switzerland. A prerequisite for plutonium recycling is the granting of a licence
for the use of MOX fuel assemblies in the reactor. The MOX fuel used in thermal reactors
contains from 5 to 10% plutonium. The control and safety characteristics of the core depend
on the proportion of MOX in the core. Most of the existing PWRs can be licensed to operate
with a MOX loading of up to 35% without modifications to installed control and safety
systems, and BWRs in some countries are operating with MOX loadings of up to 50%.
Licensing issues include decreased shutdown margin (sometimes requiring additional control
rods), larger fission gas release, and problems achieving equivalent bumup. hi several
countries, the possibility of increasing the core fraction loaded with MOX, perhaps all the
way to 100% of the core, is being examined.

The first partial reactor load of MOX fuel was loaded into the Plutonium Recycle Test
Reactor at Hanford in the USA in 1960. The first MOX LWR fuel was loaded in the Belgian
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TABLE IV: Thermal reactors currently loaded with MOX fuel

Country
Belgium

France

Germany

Japan
Switzerland

Reactor
Doel3
Tihange 2
Blayais 2
Dampierre 1
Dampierre 2
Gravelines 3
Gravelines 4
Saint-Laurent 1
Saint-Laurent 2
Tricastin 2
Tricastin 3

Brokdorf
Grafenrheinfeld
Grohnde
Gundremmingen B
Gundremmingen C
Philippsburg 2
Unterweser

Fugen (ATR)
Beznau 1
Beznau 2

BR3 in 1963. Since 1963, the satisfactory performance of MOX fuel has been demonstrated.
About 6301 HM have been manufactured in Belgium, France, Germany, Japan and the UK
and have been loaded into reactors. Currently, 21 thermal reactors around the world are
loaded with MOX fuel (Table IV), and it is expected that this total will rise to between 36
and 48 by around 2000.

2.3.3. Recycling plutonium in fast reactors

Fast reactors have an enhanced capability to convert fertile uranium (U-238) to fissile
nuclides (Pu-239) and hence extract considerably greater quantities of energy from limited
quantities of uranium. The MOX fuel used in fast reactors typically contains up to 30%
plutonium and is irradiated to very high burnups (>200 GWd/t). If fast reactors are operated
in a mode so as to breed plutonium in blankets, the plutonium produced in these blankets is
typically of very high Pu-239 content because of the absorption characteristics of plutonium
in a fast neutron spectrum. Fast reactors can also be designed to consume plutonium.

Research and development into fast reactors has been conducted and reactors
constructed in a number of countries around the world, principally the Russian Federation,
the UK, the USA, France and Japan. In total, more than 1800 MOX fuel assemblies have
been irradiated in fast reactors around the world.
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Recently, however, nearly all countries pursuing nuclear power have delayed or
cancelled commercialization of fast reactors, owing mainly to the current low price of
uranium ore and the relatively high capital cost of fast reactors. The Russian Federation is the
only country currently planning on near-term commercialization of gigawatt-scale fast reactor
systems, though sufficient financing to complete construction of these systems is not currently
available. Japan has also maintained a major fast reactor programme, though
commercialization is not envisaged until around 2030. France is planning to convert the
Super Phenix fast reactor into a plutonium burner and a test facility for transmutation of other
actinides.

2.4. Storage of separated pluionium

Of the civil plutonium recovered through reprocessing, over 1381 are currently in store
(as of 31 December 1995) and only a modest portion of this amount is the necessary working
inventory of the recycling industry. However, it should be kept in mind that about 80% of the
plutonium that has been generated in reactors has not been separated, and is still contained
in spent fuel for which there are currently no plans to reprocess.

2.4.1. Practical aspects of plutonium handling and storage

Given the radiotoxicity of plutonium, fuel facilities concerned with its storage operate
in an automated and remotely controlled environment. Plutonium dioxide for storage is
generally packaged into triple skinned containers. The containers are arranged in isolated and
ventilated cells to maintain segregation and so avoid the risk of criticality, and to assist in
removal of decay heat, hi addition, plutonium containers are stored within massive concrete
cells to afford protection against external hazards such as seismic events, aircraft crashes and
diversion. Containment is ensured by the design of the package. The integrity of the packages
can be demonstrated in a number of ways, including monitoring of the cooling air and remote
inspection devices.

2.4.2. Physical protection at industrial plutonium storage sites

In areas of industrial facilities where plutonium is stored and handled, the physical
protection system includes the use of seals into rooms where operators have access, control
of the plutonium in the storage facilities, and control of all the ways in and out. The facilities
are also watched by armed guards in most countries.

A control system ensures that plutonium transfer into or out of the facility, the
ventilation channels, the doors used during maintenance operation and the concrete cells are
strictly regulated. The monitoring and surveillance equipment includes video cameras and a
movement detection system. In addition there are gamma and neutron measurement systems.

2.4.3. Safeguards in industrial plutonium storage sites

Safeguards have been implemented taking into account both the experience gained
throughout the years by operators and safeguards authorities and the technical progress
provided by safeguards research, particularly in the areas of measurement techniques,
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containment and surveillance, and data treatment. Existing safeguards in plutonium storage
facilities combine a number of tools (non-destructive neutron and gamma measurement,
optical systems) which provide the optimal solution for each facility [3].

2.5. Transport of piutonium

Plutonium, mainly in the form of plutonium powder and MOX fuel, has been safely
transported for more than 35 years internally within Europe, the Russian Federation and
Japan, and from the UK and France to Japan. Transport by road, rail, air and sea have all
been used, under international regulations using approved transport containers. With the
development of the recycling industry, the major proportion of plutonium transportation in
the future will likely be as MOX fuel.

Because of its radiotoxieity, the primary concern when transporting plutonium is to
maintain the integrity of the containment. Additionally, because of its potential for use in
nuclear weapons, plutonium must be physically guarded against diversion from civil to
military or terrorist purposes as stipulated under regulatory controls.

2.5.1. Transport modes

Transport by road

In Europe, all plutonium materials from powder to fuel assemblies in Category I
quantities (2 kg or more) are transported in more or less the same way. BNFL and Cogema
have transported plutonium between nuclear installations by road using vehicles approved by
the relevant security authorities. The vehicles are accompanied by armed escorts whose
purpose is to further enhance the security of the shipment, in addition to providing an extra
communications channel. Additional security measures, which are classified, are applied.

Transport by rail

Rail transport of Category I materials outside nuclear sites is technically feasible under
the guidelines provided in INFCIRC/225, and is covered by legislation in European nations.
Such transport has actually been carried out in the Russian Federation.

Transport by air

For particularly long shipments around the world, and for current shipments to and
from the United Kingdom (including some UK domestic shipments), air transport can be
efficiently employed. By this means, the time to accomplish an international transport is
reduced to a few hours, with consequent security benefits. However, such transport is not
expected to be routine and a number of countries specifically prohibit transport of plutonium
by air over their territory.
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Several tonnes of mixed oxide fiiel assemblies and residues for the Dounreay Prototype
Fast Reactor have been transported by air since 1978. A total of over 4 t of plutonium,
representing over 80 deliveries, have been made to overseas destinations from BNFL in the
last 16 years. The material has been in the form of plutonium dioxide powder for at least 90%
of these transports, with the remainder mainly MOX fuel.

Transport by sea

The transport of plutonium (and, indeed, irradiated nuclear fuel) by sea is undertaken
in purpose-built ships constructed to meet the INF (Irradiated Nuclear Fuel) code specified
by the International Maritime Organization (MO). The vessels operated by the UK meet level
3 (the highest level) of this code and the UK regularly arranges movements of plutonium
nitrate from Dounreay to Sellafield in such a vessel.

About 1.1 t of fissile plutonium was transported from France to Japan to be used to
fabricate reload fuel for the MONJU prototype fast reactor. The transfer took place in a single
non-stop shipment, from November 1992 to January 1993. The plutonium was transported in
a purpose-built ship. In addition to the IAEA guidelines, the shipment complied with the
Japan-US agreement concerning peaceful uses of nuclear energy. Subsequent to the shipment,
the US DOE conducted a study of the safety of shipments of plutonium by sea and concluded
that such shipments could be undertaken safely.

Although it is an extremely low probability event, a vessel sinking in deep waters is
the most severe accident which might befall sea shipments. The radiological consequences of
this type of accident were assessed in a US report [4], which concluded that the risks to
people and the biosphere are extremely small. There are established recovery arrangements
for accidents that might occur in all but the deepest ocean areas.

2.5.2. Additional considerations for MOX fuel

As noted above, the major proportion of plutonium transportation in the future will
likely be as MOX fuel. MOX fuel assemblies used so far generally contain between 5 and
10% plutonium. This amount of fissile plutonium requires a Category I transportation system.
The systems used to transport MOX fuel from the MOX plants to the reactors are in strict
accordance with international agreements and IAEA recommendations. In particular, each
transport system is aimed at ensuring the total integrity of the assemblies during
transportation, and at keeping to internationally agreed acceptable levels of exposure to
workers and the general public at all times.

Although regulations recently approved by the IAEA [5] specify a new package (type
Q for the air transport of plutonium, the continued use of type B packages is permitted for
Low Dispersible Material (LDM). MOX will have to qualify as LDM if type B packages are
to continue to be used, and R&D activity to qualify MOX is being pursued.
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2.6. Technologies of weapons plufonium disposition

With the end of the Cold War and the ongoing dismantlement of tens of thousands of
nuclear weapons, the USA and the Russian Federation are each expected to have tens of
tonnes of plutonium that are excess to their defence needs. There is general agreement,
reflected in the statement of the April 1996 Moscow Nuclear Safety and Security Summit,
that this material should be safely and securely stored and then transformed into forms no
more usable in nuclear weapons than plutonium in spent fuel as quickly as practicable, under
effective non-proliferation controls. Technologies for managing this material fall into several
stages, including storage, conversion, and longterm disposition. The assembled leaders at the
Moscow Summit agreed that use as MOX fuel and immobilization with highlevel wastes were
both viable technologies to be considered for longterm disposition.

2.6.1. Storage

The technologies required for safe and secure storage of excess weapons plutonium
are largely identical to those described above for storage of civilian separated plutonium.
New technologies and procedures, however, are being developed to provide the possibility of
bilateral or international verification of materials in classified forms (such as components of
dismantled weapons) without compromising sensitive weapons design information.

2.6.2. Converting pits and other forms to oxide

Most excess plutonium will require some processing to prepare it for disposition.
Plutonium that has been declared excess includes:

plutonium in weapons components (known as "pits");
other relatively pure metal and oxides, and
a variety of other impure forms of material.

In most cases, each of these forms must be converted to oxide to prepare them for disposition;
MOX fabrication requires relatively pure oxides, while immobilization approaches can tolerate
a wider variation in input materials.

After mechanical disassembly, plutonium in pits can be converted to oxide by
traditional aqueous dissolution as currently pursued in the Russian Federation or by dry
processes such as hydride-dehydride as currently being developed in the USA There is a
broad base of experience and infrastructure for aqueous processes, which can easily remove
the gallium with which weapons plutonium is typically alloyed. Dry processes offer the
opportunity to reduce wastes and costs, but require further development to ensure that the
gallium can be appropriately removed and oxides suitable for MOX fabrication produced (if
MOX is the planned disposition method). A fullscale integrated test including all the
components of a dry conversion system is planned in the USA in 1997. The USA, the Russian
Federation, and France are co-operating in analysing and testing the technical options.
Whatever option is chosen, large facilities will have to be built or modified to accomplish the
conversion of tens of thousands of pits to oxide.
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Plutonium that already exists in relatively pure metal or oxides outside of pits requires
relatively little processing in preparation for disposition. Plutonium also exists in a variety of
impure forms, however, which could be expensive to purify sufficiently for use in MOX fuel,
and may be more suitable for the immobilization approach.

2.6.3. Disposition approaches

As noted above, the assembled leaders at the Moscow nuclear summit identified two
technologies - MOX and immobilization - as the most promising for disposition of excess
weapons plutonium. The USA is pursuing both of these approaches, while the Russian
Federation is primarily focusing on the use of plutonium as reactor fuel.

The reactor approach would make use of the same MOX recycling technologies
described above, with only modest changes resulting from the different isotopic composition
of weapons plutonium. This approach can therefore be considered mature and demonstrated.
Neither the USA nor the Russian Federation, however, has operational commercial scale
facilities for fabricating plutonium into MOX fuel, or operational reactors licensed to use
MOX fuel. New facilities will have to be built or existing facilities modified for this purpose,
and reactors will have to be licensed. The USA is considering possibilities involving the use
of MOX in both LWRs and CANDUs; the Russian Federation is considering these systems
as well as its existing fast reactor, along with fast reactors and high temperature gas reactors
which might be built in the future.

Immobilization approaches are also based on existing technologies, in this case
technologies for immobilization of high level wastes from reprocessing. More extensive
modification of these processes is needed than is the case with MOX, in order to safely
incorporate substantial quantities of plutonium in these wastes. Some variants of
immobilization, in which plutonium would be immobilized in a glass or ceramic material of
its own which would then be incorporated within a larger canister of high level waste glass,
could make use primarily of existing glove box lines and high level waste immobilization
facilities, rather than requiring major new construction. Full scale immobilization tests are
expected in the USA over the next few years.

USA studies did not indicate [6] that the overall costs of the MOX and vitrification
options are demonstrably different (given the large uncertainties), even after the energy that
would be recovered from the plutonium in the MOX case is taken into account. Those studies
also indicate that the schedules, environmental impacts, and non-proliferation and arms control
impacts are also broadly similar.
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3. PLUTOMUM MANAGEMENT POLICIES

Plutonium exists in the civil fuel cycle in both separated form (arising from
reprocessing of spent fuel) and unseparated form (in irradiated nuclear fuel). Additional
stockpiles of separated plutonium are arising from the dismantlement of nuclear weapons.
Spent fuel is generally considered to be self-protecting over periods of many decades because
of the highly radioactive fission products intimately mixed with the plutonium. This is not the
case for separated plutonium.

hi recent years, a consensus has been growing on the need for public transparency in
the management of plutonium to build public and international confidence. A set of
transparency guidelines is being developed which will, if adopted, increase openness in
plutonium management. However, no single, internationally agreed approach exists for the
management of plutonium. Most countries with nuclear programmes have taken their own
decisions regarding plutonium management and the nuclear fuel cycle, consistent with
internationally accepted options. Others have deferred making decisions. The principal options
available, described in the previous section, are reprocessing and recycling, direct disposal,
or longterm storage pending decisions to pursue one of the first two routes. The approaches
to spent fuel management in countries with nuclear power programmes are presented in Table
V. The policies of selected countries are summarized below.

3.1. Management of spent fuel from civil power programmes

3.1.1. Countries committed to recycling

The countries committed to reprocessing spent fuel and recycling plutonium include
France, Japan and the Russian Federation.

France

The French nuclear power programme was launched at the time of the first oil crisis
with the objectives of increasing the French energy independence and providing a competitive
energy source. French strategy is based upon meeting a number of objectives, namely,

achieving good long term management of natural resources, which has long been a
keynote of French policy,
reducing as much as possible the quantity of radioactive products that must be stored,
in order to avoid leaving large quantities of plutonium and long lived radioactive
waste to future generations, and

• achieving favorable economics of electricity production.

hi the French view, reprocessing and recycling of fissionable materials contribute to
these objectives: the plutonium separated by reprocessing of the spent fuel (roughly 800 t of
spent fuel is reprocessed each year) can be recycled in the form of MOX fuel either in PWRs,
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TABLE V: Spent fuel management approaches selected in different countries

Argentina
Belgium
Brazil
Bulgaria
Canada
China
Czech Republic
Finland
France
Germany
Hungary
India
Italy
Japan
Korea, Rep. of
Lithuania
Mexico
Netherlands
Pakistan
Romania
Russian Federation
Slovakia
Slovenia
South Africa
Spain
Sweden
Switzerland
UK
Ukraine
USA

Deferred decision
X
X

X
X

X

X
X
X

X
X
X

X
X

X
X

X
X
X

Direct disposal

X
X

X

X

X
X

X
X

Reprocessing
X
X
X
X

X

X
X
X
X
X
X
X

X

X
X

X

X
X
X

NOTE: Some countries have different spent fuel management approaches for different fuel
types. In some countries one spent fuel management approach is being followed but future
options, involving application of different approaches, are being evaluated.

117



KEY ISSUE PAPER No. 2

or in fast reactors used as breeders or burners. In addition, reprocessing operations allow
optimum packaging of the waste products (minor actinides and fission products) which no
longer have energy potential.

The present uranium market conditions, characterized by an abundant availability of
uranium, could modify the French strategy. However, focusing on the future, French policy
is aimed at maintaining the competencies and the knowledge base necessary to address the
eventuality that uranium supply will become limited

To avoid stockpiling of separated plutonium for which there is no immediate need, the
French utility, Electririte de France (EdF), has its spent fuel reprocessed only as and when
openings arise to fabricate the extracted plutonium into fuel and use it in reactors, hi the short
term, therefore, the quantity of fuel reprocessed depends not only on the capacity of the
reprocessing plants, but on the capacity of the MOX manufacturing plants and the
authorizations issued to French reactors for the use of MOX fuel. Currently, 16 reactors are
licensed for operation with MOX fuel and licence applications for a further 12 reactors are
in process. It is expected that MOX recycling will match reprocessing plant capacity in the
future. To achieve this goal, Cogema has recently started the MELOX plant with a capacity
of 120 t HM/a, which is to be extended to 210 t HM/a by the addition of a fourth line.
Additionally, considering the CFCa (a capacity of between 30-35 t/a) the current MOX
fabrication capacity is about 150 t/a.

France expects to adjust future reprocessing activities to the future utilization of MOX
fuel in order to maintain the separated stocks at levels necessary to support nuclear electricity
generation. To this end, research is being conducted to further decrease, or even make
negative if necessary, the net plutonium production from pressurized water reactors, either by
increasing the proportion of MOX elements in the reactors, or by increasing the plutonium
content in these elements.

Initially, fast reactors were designed to operate in the breeder mode, in which more
plutonium is produced than is consumed. Present uranium market conditions and the need to
regulate the quantities of plutonium produced justify a high priority study of the possibility
of burning rather than breeding plutonium in fast neutron reactors. The CAPRA [7]
programme conducted by the Commissariat d'Energie Atomique (CEA), with which many
other countries are associated, is studying these possibilities.

Ultimately, after 2015, France anticipates the construction of a mixed system
composed of pressurized water reactors, operating either with conventional or MOX fuel, and
fast reactors, which will allow the management of the total quantity of plutonium, whether
separated or contained in the irradiated fuel.
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Japan

Japan's limited supply of energy resources necessitates long range planning to assure
energy security and to support its economic and social activities in the future. Japan intends
to guarantee its future energy security by continued research and development aimed at the
commercialization of nuclear fuel recycling, involving the reprocessing of spent fuel and the
recovery of plutonium and uranium to allow the reuse of these materials as nuclear fuel.
Furthermore, recycling of nuclear fuel contributes to preserving resources and the environment
and improved management of radioactive waste.

Japan's nuclear fuel recycling programme is implemented on the principles of not
storing more plutonium than required to support the programme, and having very strict
management of nuclear materials, coupled with transparency, in order to provide assurances
regarding adherence to non-proliferation provisions of the Nuclear Non-Proliferation Treaty.

Japan's basic concept utilizes fast breeder reactors (FBRs) as the base for nuclear
power generation in the long term, together with light water eaetors (LWRs). Research and
development is to be undertaken in stages, with co-operation between the government and the
private sector, to establish a commercial system of nuclear fuel recycling based on FBRs by
about 2030. In order to establish this system it is considered important to undertake nuclear
fuel recycling at a suitable scale. Therefore, Japan intends to build a commercial reprocessing
plant in order to gain experience with its operation and to implement nuclear fuel recycling
based on existing LWRs. It is planned to load the first 3 or 4 reactors with MOX using
plutonium recovered overseas by 2000 and to extend the number of reactors using MOX to
16 to 18 by the year 2010, keeping pace with the progress in domestic and overseas
plutonium recovery and utility preparations.

With regard to the economics of the nuclear fuel cycle in Japan, although it is
presently more expensive to reprocess and use the plutonium as MOX fuel in LWRs than to
directly dispose of spent fuel, it is also estimated that this cost difference is not significant
from the point of view of total power generation costs. Japan will work on improving the fuel
cycle economies from a long term perspective, through such means as standardization of fuel
specifications. The FBR nuclear fuel cycle is expected to achieve a high efficiency, similar
to the LWR fuel cycle, through the introduction of innovative technology.

Russian Federation

The Russian Federation currently reprocesses domestic WWER-440 spent fuel,
recycling the enriched uranium and storing the extracted plutonium. Spent fuel from WWER-
1000 reactors is currently stored pending a decision regarding reprocessing. Spent fuel from
RBMK reactors is in storage and no reprocessing of this fuel is planned, since the low
uranium and plutonium fissile isotope content makes reprocessing uneconomical.

Recycling plutonium is a central element in Russian nuclear power development plans.
Management measures are in place for storage of civil separated plutonium and, in the near
term, measures are being taken to establish reliable storage for plutonium released from the
dismantlement of nuclear weapons. However, storage is not considered as a long term option,
for economic, environmental and non-proliferation reasons.
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Separated plutonium management options are being evaluated by the Ministry for
Atomic Energy of the Russian Federation. Management of plutonium is based on the
principles that: Russian experience in plutonium management should be maximized;
plutonium diversion resistance is an important factor; plutonium management should be
economically and environmentally acceptable; and separated plutonium management options
should serve as a good base for me development of the optimal fuel cycle in the long term.
In the Russian view, the concept of Nuclear Power Centres (NPCs) comprising reprocessing
plants, MOX fuel production plants and plutonium fueled reactors could satisfy these
principles. The first such NPC was proposed at the MAYAK center at Chelyabinsk, which
includes the RT-1 reprocessing plant, currently in operation, and where the construction of
the MOX fabrication facility COMPLEX-300 and the three fast reactors BN-800 was
envisaged.

Once-through MOX fuel burning in BN-800 fast neutron reactors is considered as the
first stage of plutonium management, and is aimed at rapidly converting separated plutonium
into spent fuel. The next step envisages the recycling and the burning of the plutonium from
spent fuel, including MOX fuel. New fast reactor core designs which have increased
plutonium content in MOX fuel without breeding zones are being considered. The Russian
Federation is presently also evaluating plutonium utilization in WWER-1000 reactors.

3.1.2. Countries committed to direct disposal

The countries in this group include the USA and Sweden. Utilization of once-through
fuel cycles with direct disposal of irradiated fuel is planned.

USA

The USA believes that, despite the outstanding developments in safeguards technology
over the last several decades, fuel cycles that involve the separation, storage, transport and
processing of tens of tonnes of plutonium in the civil sector create significantly higher
proliferation risks than fuel cycles that do not. Therefore, the US non-proliferation policy
states that the USA does not encourage the civil use of plutonium and, accordingly, does not
itself engage in plutonium reprocessing for either nuclear power or nuclear explosive
purposes. The USA, however, will maintain its existing commitments regarding the use of
plutonium in civil nuclear power programmes in western Europe and Japan. In addition, the
policy commits the USA to explore the means to limit the stockpiling of plutonium from civil
nuclear programmes and to seek to minimize the civil use of high enriched uranium.

The USA also believes that, in the current market, a direct disposal fuel cycle is
significantly cheaper than a fuel cycle based on reprocessing and recycle. Given the projected
availability of uranium worldwide, the USA expects this will continue to be the case for
decades to come. In the current market, concerns about energy security can be addressed
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reliably and at less expense through pursuing diverse sources of supply and through purchase
of security stockpiles of low cost uranium.

In addition, US studies do not indicate that there are substantial environmental or
waste management benefits from recycling. While plutonium has a long half-life, other
radionuclides present in spent fuel (not separated by reprocessing) have even longer half-lives
and are far more mobile in a geological repository environment. Removing the plutonium
from spent fuel would reduce expected long term radioactive doses to the environment and
the public from a geological repository in a "leach and migrate" scenario by less than 1%,
and would require substantial above-ground handling and processing of the radioactive
materials, which itself results in near term radiation doses and accident risks. An extensive
recent study of these waste management issues by a committee of the US National Aeademy
of Sciences concluded that there was no reason to change the current once-through
approach [8].

For these reasons, in the US low enriched uranium will continue to be used in
commercial reactors in a once-through fuel cycle, with spent fuel planned for geological
disposal once a repository is approved. The Yucca Mountain site in Nevada is being examined
as a potential location for an underground repository, and a determination as to whether the
site is suitable is currently expected in 1998. In the meantime, US spent fuel is being stored
at reactor sites, though a centralized away-from-reactor storage site is under discussion.

Sweden

Sweden's reprocessing and recycling programmes were halted in 1980 when a
moratorium on building new nuclear plants was declared and shutdown of existing plants,
beginning in 1995, was ordered. Subsequently, the plan to decommission the first two plants
in 1995 was set aside and ultimate phase-out of nuclear plants was made conditional on the
availability of cost effective alternatives.

Plans are well advanced for direct disposal of spent fuel in a deep repository located
in the Swedish bedrock. To facilitate the siting and public acceptance of a deep repository,
the disposal is to be undertaken in a stepwise fashion. The first step will involve building a
demonstration deep repository that can accommodate a limited amount of spent fuel. Once
completed, results from this demonstration depository will be evaluated before making a
decision as to whether or not the facility will be expanded to accommodate the total amount
of spent fuel. Direct disposal of spent fuel is anticipated to start by the year 2008.

3.1.3. Other countries

A number of other countries, including Belgium, Germany, the Netherlands,
Switzerland and the United Kingdom have adopted varying approaches involving the
reprocessing of spent fuel and storage and direct disposal of spent fuel.
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Belgium

Belgium has not developed its own reprocessing capacity, although both the
technology and the infrastructure (EUROCHEMIC) are available. Instead, standing
reprocessing contracts were placed with Cogema for a fraction of its spent fuel arisings.

In December 1993 a parliamentary debate on reprocessing and on the use of plutonium
in MOX fuel in two of Belgium's nuclear power plants (Doel-3 and Tihange-2) was
concluded. The Belgian Parliament endorsed the use of MOX fuel and approved continuing
the current reprocessing contracts signed in the late 1970s with France. At the same time,
however, following the decisions taken by the Government on the recommendation of
parliament, the once-through option is to be placed on the same level as reprocessing. The
next debate in Parliament will occur in 1998 and should allow the Government to decide on
the future options for the back-end of the fuel cycle.

Canada

Current Canadian practice is to store spent fuel in water filled storage pools at power
reactor sites. Utility on-site storage capacity for spent fuel allows time to develop an
integrated disposal strategy and permits the deferral of decisions on the ultimate disposition
of the fuel and of the plutonium it contains. Further deferral can be achieved by means of dry
storage in relatively inexpensive concrete canisters after a suitable cooling time in the storage
pools. The use of these concrete canisters is currently being demonstrated, and it is anticipated
that the fuel can be stored in them for periods greater than 50 years.

In summary, it is presently being demonstrated that safe methods exist to store and
eventually dispose of spent fuel produced in Canada without the use of reprocessing. At the
present time it appears that the most economic route would be to use this method of disposal.
However, the decision to dispose of the fuel in this way has not yet been taken, nor need it
to be in the near future.

Germany

The amendment of the German Atomic Law in 1994 established long term
intermediate storage with subsequent direct disposal of spent fuel as an equal option together
with the reprocessing/recycling route. Utilization of plutonium by recycling in LWRs has been
practised in Germany since 1968. Twelve nuclear power plants are licensed to use MOX and
an application for MOX use has been filed for another five nuclear power plants. Both the
closed and open fuel cycle alternatives will be exercised by German utilities and the most
economical long term option will be adopted.

Construction of a new MOX fuel fabrication plant in Hanau, with a capacity of
120 t HM/a, started in 1987, and the operation licence was granted in March 1991. The plant
was 95% complete in 1992, but final completion and startup operation was blocked politically
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by the State Government of Hesse. Although the Fedei^ Government, Siemens and the
German utilities continued to support this project, final completion and the startup of the plant
was not realized as a result of the anti-nuclear policy of the State Government of Hesse.
Therefore, Siemens and the German utilities were forced to abandon the plant in mid-1995.
In the future, the German utilities will have their plutonium fabricated into MOX assemblies
at the plants of Cogema, BNFL and Belgonucleaire, under fuel supply contracts concluded
with Siemens and Fragema. The plant operators are making every effort to reduce the
plutonium surplus stocks and the bottleneck for the supply of MOX resulting from the
abandonment of the Hanau MOX plant.

Two away-from reactor storage facilities have been licensed for interim storage of
spent nuclear fuel. These facilities provide dry storage of fuel assemblies in cast iron casks
and represent a mature industrial technology. A technical concept for direct disposal of spent
fuel in a salt repository has also been defined.

Netherlands

In the Netherlands spent fuel arisings from the two nuclear power plants are
reprocessed in France and the United Kingdom. The owners of the Dodewaard nuclear power
plant and the Borssele nuclear power plant have concluded reprocessing contracts with BNFL
(Sellafield) and with COGEMA (La Hague). In the past, a small demonstration loading of
MOX assemblies took place at the Dodewaard nuclear power plant. Further use of MOX fuel,
however, is not foreseen.

Switzerland

About one third of the spent fuel from the five nuclear power plants currently in
operation in Switzerland is sent to France and to the UK for reprocessing and part is stored
on site for later disposition. No decision has yet been taken on the remaining two thirds of
spent fuel arisings, but it is expected that the existing commitments to reprocessing will be
honoured in full. Reprocessed uranium is converted into uranium oxide and put into
intermediate storage, as its use is presently not considered economical. This practice will be
reviewed as economic conditions for uranium and enrichment services evolve in the future.
Additionally, separated plutonium has been successfully recycled in the Beznau PWR reactor
station.

United Kingdom

Reprocessing of irradiated fuel in the UK has been carried out since 1952 at BNFL's
Sellafield site. The Magnox reprocessing plant has been operating since 1964 and, with some
refurbishment, is expected to continue operation through to the end of the Magnox programme
sometime within the next 10-15 years. (The MAGNOX fuel must be reprocessed owing
difficulty in storing magnesium clad fuel.) The THORP plant for the reprocessing of AGR
and LWR oxide fuels commenced operation in 1994 and is programmed to reprocess some
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7 000 t HM in the first 10 years of operation. Plutonium is recovered from both of these
reprocessing operations in the form of PuO2. BNFL's Sellafield MOX Plant (SMP) is under
construction and is due to operate in 1997 with a capacity of 120 t HM/a for LWR MOX
fuel. This plant is situated adjacent to the THORP reprocessing facility and is designed to
utilize plutonium from THORP that may have been stored for several years; it will also be
capable of receiving and using plutonium from other sources.

Historically, UK policy on plutonium utilization was based on an assumption of early
commercial exploitation of fast reactors, hi 1988, the UK Government gave notice of
withdrawal of financial support for operation of the Prototype Fast Reactor at Dounreay after
1994, and terminated its support for the European Fast Reactor Project in March 1993. This
has effectively postponed any deployment of fast reactors commercially in the UK for the
foreseeable future. The prospects for recycle of plutonium in thermal reactors, including the
Sizewell B reactor and existing AGRs, remain under review.

3.2. Excess weapons plutonium management

With the end of the Cold War and the ongoing dismantlement of tens of thousands of
nuclear weapons, the world is faced with the unprecedented problem of managing hundreds
of tonnes of fissile material which is no longer required for defence purposes. The USA has
made a specific declaration of the amount of plutonium and HEU excess to its defence needs,
and the Russian Federation, while not yet having made a similarly detailed announcement,
has indicated that it also expects to have large stockpiles of excess material. Other nuclear
weapon States have not as yet indicated that any of their fissile material is excess to their
defence needs.

The April 1996 Moscow Nuclear Safety and Security Summit focused additional
international attention on the pressing problems of international security posed by this excess
material. The assembled leaders agreed that these excess stockpiles should be reduced as
quickly as practicable, and should be transformed into spent fuel or other forms equally
unusable in nuclear weapons. They agreed that this should be done under international
safeguards (applied as early in the process as practicable) and with stringent security and
accounting measures providing effective non-proliferation controls. They agreed that both
converting plutonium to MOX fuel with subsequent irradiation in reactors, and vitrifying it
with high level wastes were reasonable options for achieving these objectives. They endorsed
plans for small scale demonstrations and pilot projects related to these technologies and called
for an international experts meeting to lay out next steps in international co-operation in this
area; such a meeting was held in Paris in October 1996.

The following sections describe the US and Russian approaches to managing issues
related to excess plutonium, and ongoing and proposed international co-operation in this area.
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3.2.1. USA

US policy on management of excess fissile materials is intended to ensure that these
materials are never returned to weapons use, by:

• providing safe and secure storage, with stringent standards of material protection,
control and accounting (MPC&A);

• building international confidence through declarations and international inspection of
excess materials;

• stopping additional production of materials which are already excess; and
• transforming excess fissile materials into forms no more usable in nuclear weapons

than plutonium in commercial spent fuel.

Major initiatives, including extensive cooperation with the Russian Federation, are
under way in each of these areas (see Annex B for details).

On January 14, 1997, the USA announced that it had decided to pursue both the
alternatives of using excess weapons plutonium as fuel in existing civilian reactors and
immobilizing it with high level wastes for eventual disposal. Demonstrations of both
technologies, along with technologies for converting weapons plutonium "pits" to oxide, are
planned over the next several years. The extent to which either or both technologies will be
implemented will be determined in the future.

The USA has made clear that by leaving open the option of using excess weapons
plutonium in reactors, it is not changing its basic approach to non-proliferation and the
nuclear fuel cycle. Because of the proliferation risks posed by separated plutonium, the USA
does not encourage the civilian use of plutonium, and does not itself engage in plutonium
reprocessing for either nuclear power or nuclear explosive purposes. It is precisely because
the USA feels so strongly about the dangers posed by separated plutonium that its preferred
alternative is to continue to pursue both of the best technologies available to eliminate its
excess stockpile of this material as rapidly and reliably as possible. Consistent with these long
standing policies, if plutonium fuel fabrication facilities are built for this unique disarmament
mission, they will be licensed and used only for this mission and will be shut down once the
mission is complete. The resulting spent fuel will not be reprocessed.

The USA strongly supports international co-operation in achieving the vital
international security objective of plutonium disposition, and is working actively with the
Russian Federation and other countries to further this objective. The USA believes that US
and Russian plutonium disposition programmes should proceed in parallel, with the goal of
reductions to equal remaining levels of plutonium in military stockpiles. Securing the
necessary financing will be a key issue for implementing disposition of plutonium in the
Russian Federation, and may require international co-operation.
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Hie USA believes that to ensure that plutonium disposition genuinely contributes to
non-proliferation and disarmament, facilities built for this disarmament mission should have
the most stringent practicable security and accounting measures ensuring effective non-
proliferation controls; should operate with international verification; should be used only for
disposition of already separated plutonium and not for continued plutonium recycling; and that
once the excess weapons plutonium has been placed into the more secure form of spent fuel,
it should not be reseparated, at least until all stockpiles of separated excess weapons
plutonium have been eliminated

3.2.2. Russian Federation

The Russian Federation considers excess weapons plutonium as a valuable energy
resource, and sees its disposition as one part of its broader plutonium recycling programme.
It has indicated that it has a process under way to determine how much fissile material is now
excess to its military needs, but no announcement has yet been made. The Russian Federation
expects that Russian and US programmes for disposition of excess weapons plutonium should
proceed in parallel, and supports international co-operation in this area. It is co-operating with
the USA, European countries, Canada and Japan in a wide range of programmes to address
these issues.

The key elements of the Russian approach are:

• to provide safe, secure storage of weapons and separated civil plutonium in the short
term; and

• to utilize the fissile material for electricity generation in nuclear power reactors in the
longer term.

The Russian Federation is working to establish industrial scale MOX fuel fabrication
capacity, building from its base of operating experience with existing experimental scale
facilities, and has declared that it will use its excess weapons plutonium as fuel in commercial
power reactors. Adequate financing is not yet available to build the necessary MOX
fabrication and pit conversion facilities, and therefore the Russian Federation, with France and
Germany, has proposed a cooperative international approach to the problem, beginning with
the construction of pilot scale MOX and pit conversion facilities (see discussion below).

The plutonium utilization options under consideration include use of the surplus
weapons material as MOX fuel in existing WWER-1000 thermal reactors and the BN-600 fast
reactor, as well as reactors that might be built in the future, including the planned BN-800
fast reactors and WWER-640 thermal reactors, and the high temperature gas reactors whose
conceptual design is being worked out in co-operation with US and French firms.
Additionally, the feasibility of fabricating MOX fuel in the Russian Federation for irradiation
in Canadian CANDU reactors is being jointly studied with Canada.
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3.2.3. International co-operation in excess plutonium disposition

International co-operation on the problem of eliminating excess stockpiles of weapons
plutonium is already significant, and appears likely to grow in the future. Currently,
collaborative international analyses and demonstrations of relevant technologies are under way
involving the Russian Federation, the USA, France, Germany, Canada, the European Union
and other countries, and Japan has decided to co-operate with the Russian Federation and the
USA on solving the problem of storage of excess materials. The USA and the Russian
Federation, for example, have recently published an extensive joint analysis [9] of the options
for disposition of weapons plutonium, called for by their two Presidents, and have also
established a joint commission of US and Russian independent scientists, which has
recommended that both the USA and the Russian Federation pursue both the MOX and
immobilization options (with each country free to decide for itself the balance between the
two).

Based on the mandate of the Moscow Nuclear Safety and Security Summit, an
international experts meeting on plutonium disposition was held in Paris in late October 1996,
to identify promising next steps in international co-operation in this field. The meeting
strongly supported co-operation in this area, concluding that use of plutonium as MOX
(beginning in existing reactors) was a suitable approach, and that immobilization could
provide an effective complementary option.

France, Germany and the Russian Federation jointly proposed the construction of a
pilot scale MOX plant in the Russian Federation capable of processing 1.3 t of excess
weapons plutonium per year, providing enough MOX for a hybrid core of the BN-600 reactor
and one third cores for the four WWER-1000 reactors at the Balakovo site. The project would
also include capacity for conversion of pits to oxide, but as a non-nuclear-weapon State,
Germany is not involved in this aspect of the effort. These countries invited other countries
to participate in the project, estimating that the plant could potentially be operational by 2002.
Financing of the project remains an open question, with the cost of the MOX fabrication
portion alone estimated at approximately $300 million. The potential for expanding such an
approach to handle several tonnes of plutonium per year was also discussed. This proposal
and related issues were referred to the Nonproliferation Experts Group of the Group of Seven
nations and the Russian Federation (known collectively as the P-8), which has responsibility
for preparing non-proliferation decisions for P-8 summits. The next such summit is scheduled
for June 1997 in Denver, Colorado.

Whatever specific disposition options are chosen, both the USA and the Russian
Federation will need to obtain the necessary operational, industrial scale facilities for
converting plutonium weapons components to oxide and fabricating plutonium fuel or
immobilizing plutonium with wastes. The total costs of the programme are not known.
International participation in the financing of fissile material management, particularly in the
Russian Federation given its difficult economic situation, may be essential to achieving near
term success. Support for such international co-operation is growing.
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4. PLUTONIUM INVENTORIES

4.1. Current and projected stocks of plutonium in spent fuel

4.1.1. Generation of plutonium

A model has been developed at the IAEA which calculates the amount of plutonium
generated in nuclear reactors using a methodology which takes the present and projected
electricity production, the reactor type and the fuel burnup as input data. Using these data,
the model estimated that the cumulative amounts of total plutonium that have been and will
be formed in civilian nuclear power reactors worldwide are: about 1.5 t by 1965, about 125
t by 1980, about 9901 at the end of 1995, about 12001 by 2000 and about 21001 by 2010
(see Fig. 3).

4.1.2. Plutonium balance in spent fuel

By the end of 1995, the total amount of spent fuel which had been discharged was
about 180 000 t. Of this, 180 000 t of spent fuel, about 60 000 t, or 33%, has been
reprocessed. The majority of the reprocessed spent fuel is Magnox fuel, which has a low
content of plutonium (3 kg/t or 0.3%).

The plutonium balance in spent fuel at the end of 1995 was as follows:
about 9901 of plutonium had been generated in the 180 0001 of spent fuel produced,
about 120 0001 of spent fuel, which contained about 8001 of plutonium, remained in
storage around the world,
about 190 t of plutonium had been separated, and
about 50 t of separated plutonium had been recycled into reactors (30 t as MOX in
thermal reactors and 20 t in fast reactors),
about 140 t of plutonium are in storage around the world.

These figures are all included in Fig. 3.

4.2. Current and projected stocks of separated civil plutonium

The IAEA has developed a series of regional submodels to project future inventories
of separated civil plutonium. A block diagram of a typical submodel is shown in Fig. 4. The
worldwide figure is developed by aggregating the submodels.

4.2.1. Present civil separated plutonium inventories

The separation of civil plutonium and related comrnitments to reprocessing are
historically based on a perceived requirement to fuel fast reactors, whose early introduction
was expected in many countries in response to increasing forecast energy demand. However,
because of the delay or abandonment of fast reactor programmes, there is currently an
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accumulation of separated plutonium. Hie fabrication capacity for MOX to be used in thermal
reactors has not yet caught up with reprocessing rates and the current world stockpile of
separated civil plutonium is continuing to increase. However, MOX fabrication capacities are
being expanded to correct this imbalance. Many countries are now openly publishing their
current separated civil plutonium inventory data. The latest figures available were from the
end of 1995 and indicated to total worldwide separated civil plutonium inventory of about
138 t

4.2.2. Separating plutonium through reprocessing

Current and planned industrial scale reprocessing capacities are summarized in Table
n. However, the future total reprocessing throughput, which will depend on the future demand
for reprocessing services, is not certain.

In the IAEA model, the projected separation rates for civil plutonium in France and
in the UK are estimated from the reprocessing contracts in place through the "baseload
period" (the baseload contract period ends in 2000 at UP3 in France and in 2004 at Thorp in
the UK). Beyond the baseload period the separation rates are based on the declared and
anticipated contracts; reprocessing is assumed to continue at this level until the end of the
period under consideration (until 2015). The reprocessing of Magnox fuel in the UK is
assumed to continue at current levels until the end of the Magnox programme in 2007. The
total annual reprocessing of Japanese spent fuel is projected to increase significantly as the
Rokkasho Mura facility becomes available. However, some of those policies now appear
subject to change, so careful attention must be paid to each country's official policy
statements and to the plans of individual utilities. For the Russian Federation, estimates for
throughput at RT-1 were provided by government representatives. Since financing is not yet
arranged for the RT-2 facility, it is not included in the model. For India, since it is India's
stated policy to maintain its inventories of separated plutonium near zero, neither reprocessing
throughput nor plutonium separated is estimated. Figures for reprocessing throughput are
assumed constant after 2010.

The plutonium content in spent fuel is estimated from fuel burnup. It is assumed that
all plutonium is extracted from the spent fuel with negligible plutonium remaining in the
waste stream (modern reprocessing plants extract 99.9% of the plutonium). The total and
fissile plutonium content of the spent fuel is assumed to gradually increase as the trend
toward higher discharge burnup continues around the world (see Key Issue Paper No. 1).

4.2.3. Utilization and disposition of separated plutonium

Plutonium can be burned in thermal reactors (as MOX) or in fast reactors or it may
be disposed of as waste. These options are considered separately below.
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Plutonium in MOXfor thermal reactors

Estimates of the future thermal MOX fuel fabrication capacities are shown in Table
DI. MOX fuel fabrication plants have been constmcted and operated successfully in Belgium,
France and Germany and on a pilot scale in Japan, the Russian Federation, the United
Kingdom, and, many years ago, in the USA.

In mid-1995, 21 reactors were burning MOX fuel, including 2 units in Belgium, 9
units in France, 7 units in Germany, 1 unit in Japan, and 2 units in Switzerland. Sixteen
French PWRs have already been licensed to bum MOX fuel and an effort to obtain licenses
for 12 more French PWRs has begun. Currently, seven German PWRs bum MOX fuel. In
1994, two German BWRs were given licences to burn MOX. In India, the Tarapur-2 BWR
was loaded with some MOX fuel assemblies, hi Switzerland the Beznau plants each have a
licence to load up to 40% of the core with MOX fuel. Japan, which has not yet established
a domestic commercial scale MOX fabrication capability, has decided to have the MOX fuel
fabricated in Europe using Japanese owned plutonium recovered from reprocessing in Europe.
Shortly after the Rokkasho reprocessing plant starts, plutonium from domestic reprocessing
will be used at a MOX facility to be built in Japan, in the Russian Federation, a new plant
to manufacture MOX fuel for both WWER-1000 thermal reactors and BN-800 fast reactors,
located at the Chelyabinsk complex in the southern Urals, has long been planned, but
construction was stopped some years ago for lack of financing; it is assumed to start
operations in 2000. An additional MOX plant associated with the planned RT-2 reprocessing
plant at the facility (once known as Krasnoyarsk-26 but now named Zeleznogorsk), is
planned. If financing for the project can be secured it might become operational after 2005.
The second plant is not included in the model.

Because of the efforts to reduce the current separated civil plutonium inventories, the
MOX fabrication plants are assumed to operate at 100% capacity until constraints preclude
operating at that level (see Section 4.2.4. below). Even utilizing the entire MOX fuel
fabrication capacity, that capacity remains the binding constraint for near term efforts to
reduce separated plutonium inventories. Licensing of reactors to bum MOX may become a
constraint in some countries; however because of lack of data, this constraint is not included
in the model.

Plutonium in fast reactors

For fast reactor plutonium use, the model uses official country estimates from France,
Japan and the Russian Federation. These are the only countries now actively developing fast
reactors which have reached the point where significant quantities of plutonium may be
consumed. After some initial very optimistic projections of plutonium use in fast reactor
programs, these three countries are presently providing estimates which do not change
significantly from year to year.
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Direct disposal as waste

No irretrievable emplacement of immobilized plutonium is expected until a time
beyond the time frame of this paper, which is up to 2015.

4.2.4. Factors influencing separated civil plutonium inventories

At present there is no international market for plutonium as reactor fuel. That is, all
the separated plutonium used by one country must come from reprocessing of spent nuclear
fuel owned by that country. Therefore, each country's separated civil plutonium inventory is
effectively independent of those in other countries. The UK, for example, has been
reprocessing spent nuclear fuel for more than 40 years without recycling it. The UK owned
inventory of 48 t at the end of 1996 will continue to increase until the end of AGR
reprocessing (the Magnox fuel reprocessing programme is expected to be completed in 2007
and the AGR reprocessing is expected to continue beyond 2015). By the end of 2015 the UK
owned separated civil plutonium inventory is projected to be 113 t. Although the UK has
successfully demonstrated the use of reprocessed material both in fast reactor cores and as
fuel for AGR reactors, at present it has no programme that would use any of its large
inventory of civil plutonium, though as noted earlier, consideration is being given to a thermal
recycling programme. Similarly, the Russian Federation has an inventory of some 30 t of
civilian plutonium, but does not yet have commercial-scale facilities to fabricate this material
into fuel, and provision of such facilities may be constrained by lack of financing.

In the future, an international market for plutonium for use in MOX fuel could
emerge. The likelihood of such a market developing will depend on the competitiveness of
this fuel and the availability of new MOX fabrication capacities.

If it is assumed that fuel fabricators operate with about a one year's supply of
plutonium as their working inventory, the minimum working level inventories would increase
to about 38 t Pu toward the end of the forecast period as plutonium use rate approximated its
separation rate. (At present with excess separated plutonium available, fabricators typically
have a two year's supply of plutonium as their working inventory.)

4.2.5. Projected civil separated plutonium inventories

As indicated above, the latest separated plutonium inventory figures available were
from the end of 1995 when there was a total worldwide separated plutonium inventory of
about 138 t. From the IAEA model, in 1996 about 25 t (total) of plutonium were separated
by reprocessing and about 101 (total) of separated plutonium were used in LWRs and breeder
reactor development programmes. The imbalance between separation and use of plutonium
resulted in an estimated inventory of separated civil plutonium of about 153 t at the end of
1996.
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Using the assumptions described above, the rate of separation of civil plutonium
continues to exceed its rate of use up to 1999. By the end of the year 1999, the estimated
worldwide inventory of separated plutonium reaches about 1741. Beyond 1999 the inventory
is expected to decrease modestly for several years and then level out as shown in Fig. 5 by
the "End year Pu inventory - No Pu Market" curve. This curve assumes that Japan will adjust
its plutonium assay in MOX or reprocessing throughput to maintain its plutonium inventories
no higher than the required working level. A second curve labeled "Minimum Pu inventory
- No Pu Market" is also shown in Fig. 5; a 1 year working inventory is assumed in all
calculations. This curve combines the working inventory with the UK owned plutonium
described above. A second scenario which assumes an international market for plutonium as
fuel develops so that transfers of ownership of plutonium from one country to another are
possible. In this case (the "End year Pu inventory - with Pu Market" also shown in Fig. 5),
the UK could dispose of its plutonium inventories, if a country willing to purchase them could
be found A fourth curve (labelled "Minimum Pu inventory - with Pu market") is also shown.
It should be noted that these inventory forecasts are sensitive to the startup dates and
throughputs of the MOX facilities, as well as to rates of plutonium use in fast reactors.
Licensing of reactors to burn MOX may also limit plutonium use rates. It should also be
noted that under existing contracts, the utilization of full capacity of reprocessing plants is not
assured beyond the baseload period; and in the event that MOX facilities are not ready on
time, utilities may delay reprocessing to avoid additional buildup of separated plutonium
inventories.

4 3 . Stockpiles of excess weapon plutonium

The USA has declared that approximately 52 t of its military plutonium is excess to
its defence needs. It has indicated that this declaration of the amount of material which is
excess to its defence needs will be reviewed in the future as arms reductions proceed. The
Russian Federation has not yet declared the total size of its plutonium stockpiles, or the
proportion of that material which is excess, but it also expects to have substantial quantities
of material excess to its defence needs. When these military materials are transferred to civil
status, the worldwide inventories of separated civil plutonium will be further increased.
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5. CONCLUSIONS

For the near term - until 2015 - the following conclusions can be drawn concerning
the new realities in managing plutonium in the fuel cycle:

• Key technologies are available for the effective management of both the closed and
open nuclear fuel cycles, and many of these technologies have been widely
implemented.

• Different countries have selected different options for the back-end of the fuel cycle.
• There are growing stocks of separated civil plutonium resulting from delays in fast

reactor and MOX fabrication facility development.
• Recycling of plutonium reduces the total inventory of plutonium.
• MOX fabrication plants have been or are being built and reactors have been or are

being licensed to burn MOX These facilities are expected to reduce the separated
plutonium inventory.

• New reactor designs (with larger MOX core fractions) are expected to be capable of
burning MOX at faster rates.

• All plutonium, especially separated plutonium, poses proliferation risks and must be
subject to stringent safeguards and security. International standards for safeguards and
security have been developed and are being implemented.

• The extent to which recycling of plutonium and uranium from spent fuel is
implemented will be affected by considerations of politics, public acceptance (public
perceptions), economics and utility plans.
International transparency measures in the management of plutonium are important to
provide accurate information to the public and build public and international
confidence.
With the end of the cold war, the USA and the Russian Federation have tens of tonnes
of military plutonium which are in excess to their needs.
Technologies exist or are being developed for effective use or disposal of the excess
military plutonium.
International co-operation is necessary in technical, financial and transparency matters
related to the disposal of the excess military plutonium.
Medium and long term spent fuel storage can be carried out both at reactor sites and
at away-from-reactor sites.

• Management measures are in place for storage of civil separated plutonium and, in the
near term, measures are being undertaken to establish reliable storage for excess
military plutonium.

• Final repositories may not be available in the near term although technical solutions
exist. However, credible demonstration of such capabilities is needed to develop
political acceptance and public confidence.
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ANNEX A: PLUTONIUM DATA

A.1. INTRODUCTION

It was more than fifty years ago in Berkeley, in December 1940, that the first isotope
of plutonium, Pu-238, was generated by Seaborg, McMillan,. Kennedy and Wahl by
bombarding uranium with deuterons (U-238 -»d,2n -»Np-238 ->.p ->Pu-238). The natural
occurrence of plutonium was discovered later. In 1942, Seaborg, Peppard, Garner and Bonner
isolated Pu-239 from Canadian pitchblende in which traces of plutonium are formed
continuously by neutron capture.

Working with plutonium is not an easy matter because of its radiological toxicity.
Nevertheless, its radioactivity makes it readily measurable in chemistry research, and safe
methods of handling have been devised. Plutonium-239 is a material of economic interest
because of its potential for use as fuel in nuclear reactors to produce electricity.

The technical requirements that will be placed on plutonium as a nuclear fuel will
become more stringent as the operating temperatures of power reactors are increased to obtain
greater thermodynamic efficiency. Thus, there will be a general trend toward increased usage
of ceramics and cermets in which plutonium or a mixture of uranium and plutonium will be
metallic constituents.

Plutonium from spent nuclear fuel is recovered by the PUREX process (liquid-liquid
extraction of Pu with tri-n-butyl phosphate). Non-aqueous recovery by electrorefining from
molten alkali metal and alkaline earth metal chlorides is an alternative for metallic fuels.
Plutonium metal is prepared from its oxide by reduction with calcium in molten CaCl2, or
CaCl2-CaF2.

Even more exacting chemistry is needed for the preparation of plutonium compounds
employed to fuel radioisotope powered electrical generators and other types of energy sources
with plutonium-238. Some of these devices convert the decay heat of plutonium-238 to
electricity, and the heat sources operate at very high temperatures for protracted lengths of
time.

A.2. PLUTONIUM PROPERTIES

A.2.1. Nuclear properties

Plutonium is produced in reactors by neutron capture in U-238 which produces U-239,
which then beta decays to Np-239, which then beta decays to Pu-239. The Pu-240, Pu-241,
Pu-242 and Pu-243 isotopes are formed by successive neutron capture (Fig. A.1).

Most of the Pu-238 is also formed by neutron capture (by an n,2n reaction), but this
process is different from the simple neutron capture. The Pu-238 concentration is important
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Table A.I: Nuclear Properties of Plutonium and Related Isotopes

Isotope

"Tu

*"Pu

wlPu

M'Pu

"'Am

Half-Life

(y)

87.7

2.4x104

6.6x10'

14.4

3.8x10'

4.3x10'

Decay
Mode'

a

a

a

Ph

a

a

Specific
Activity

(10* Bq/g)

6x10'

2

8

3.7xlOJ

0.1

1.2x10'

Spontaneous
Neutron

Rate
(n/gs)

2.6x10'

0.03

1.0x10'

-

1.7x10'

1.1

Heat
Generation

(W/kg)

560

1.9

6.8

4.2

0.1

114

He Gas
Production

Rate
(mmol/kg y)

32.6

0.12

0.44

-

0.01

Product
Isotope

»U

««u
"'Am

" U

O7Np

a. All decay processes are accompanied by emission of some X-rays and gamma rays.
b. Approximately 0.002% of a iPu decays by alpha-particle emission to aTU.

since this isotope is highly radiotoxic because it is a high source of neutrons, gamma rays and
X rays. From a practical perspective, isotopic production terminates at Pu-242 because the
half-life of Pu-243 is only 5 h. There is a large variation in the isotopic composition of
plutonium depending on the burnup of the fuel at discharge. Examples of plutonium isotopic
composition for different burnup levels and reactor types are given in Fig. 1 and la in the
main paper.

The nuclear properties of the various plutonium isotopes are different (Table A.I).
Note particularly that Pu-241 (half-life of 14.5 a) beta decays to Am-241, which decays with
emission of a 60 keV gamma to the Np-237 daughter. Consequently, the gamma radioactivity
resulting from Am-241 is larger for high bumup fuel than from low burnup fuel and increases
over time to a maximum that is reached after approximately 70 years. The Pu-238 content
also increases with bumup.

Criticality is an important nuclear consideration in handling plutonium [2], especially
solutions. The isotopes Pu-239 and Pu-241 have relatively high fission cross-sections in
comparison to Pu-240 and Pu-242. The critical mass of an unmoderated and unreflected
sphere of alpha-phase Pu-239(19.8 g/cm3) is about 10 kg, whereas the water reflected value
is 5.6 kg. For a given mass of plutonium, the reactivity decreases as the percentages of Pu-
240 and Pu-242 increase, and the critical mass for plutonium from civil reactors (high burnup)
is about twice that of Pu-239.

External radiation hazards exist because the most commonly encountered plutonium
isotopes emit gamma radiation, X rays and spontaneous fission neutrons.
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A final nuclear concern is heat generation from radioactive decay during storage and
handling. Whereas Pu-239 generates about 1.9 mW/g, the thermal output of Pu-238 is
approximately 0.56 W/g. Owing to the high abondances of Pu-239 and to the high thermal
output of Pu-238, these isotopes are of primary interest when self-heating is considered. The
thermal outputs of plutonium at 30 and 60 GWd/t bumup are approximately 10 and
30 mW/g, respectively.

A.2.2. Physical and chemical properties

A.2.2.1. Plutonium metal

Plutonium metal, is a complex metal having six allotropic forms (o,P,y,5,8',e) [1].
In some cases these phases exhibit unusual thermal expansion and electrical properties.
Plutonium expands upon solidification of the liquid at 640°C. At room temperature unalloyed
(a-phase) plutonium has a high density (19.84 g/cm3), is brittle like cast iron, and expands
sharply with temperature. When heated from room temperature through the a-P transition
point at about 120°C, the volume increases by 11%, a change that will rupture containment
vessels having insufficient free volume to accommodate the expansion. However, if plutonium
is alloyed with elements such as aluminum or gallium, the resulting delta-phase metal is
malleable and has a more typical expansion coefficient.

Freshly cleaned plutonium is a reactive metal with a luster similar to nickel [4]. hi air,
the metal tarnishes rapidly and various interference colours appear as the adherent oxide layer
become thicker. If exposed long enough to oxidizing conditions an olive-green colour dioxide
appears, which then begins to spall.

The reaction of plutonium metal in compact form with the oxygen in air at room
temperature is slow [5-7]. The rate of oxidation is dependent on temperature, surface area of
the reacting metal, oxygen concentration, concentration of moisture and other vapours in the
air, the type and extent of alloying and presence of a protective oxide layer on the metal
surface [8].

Water vapour accelerates the oxidation of plutonium metal by oxygen and reacts
directly with the metal [5]. The net result is that the oxidation rate is about ten times higher
in humid air than in dry air at room temperature. For this reason, plutonium metal has
routinely been handled in a very dry atmosphere such as one with a -40°C dew point. Water
vapour free nitrogen or argon can be effective in reducing oxidation of plutonium in glove
boxes and enclosures [8].

Several plutonium oxide compositions can be formed from oxidation of metal. Oxide
phases corresponding to sesquioxide (PUJOJ) and dioxide (PuC^) compositions have been
identified and are well characterized [4]. Oxides with stoichiometric compositions between
the sesquioxide and dioxide form under certain condition [9]; the formation of oxide from
metal is accompanied by 2.5-3.0-fold volume expansion.

Ignition of self-sustained reaction of plutonium with air depends on metal thickness
and temperature. Massive (greater than 0.2 mm thick) metal ignites and burns at a constant

141



KEY ISSUE PAPER No. 2

rate when heated to 500°C [10]. Chips and finely divided powders (less than 0.05 mm thick)
burn when heated to 15O-25O°C because ignition of a pyrophoric Pu2O3 layer heats the metal
above 500°C. After ignition, plutonium reacts at a constant oxidation rate that sustains
continued oxidation [11] and liberates 4.2 kJ of heat per gram of plutonium [12].
Temperatures of plutonium fires may exceed the melting temperature of plutonium metal
(640°C). Finely divided metal ignites readily and produces a high initial temperature which
lasts until melting occurs and the surface area is reduced.

Plutonium hydride (PuHx, 2 x 3 ) forms during corrosion of plutonium metal by
hydrogen from water, organic materials and other sources [13]. The quantity of hydride
produced depends on the rate of hydrogen formation [14].

Hydride readily reacts with dry air at room temperature to produce PuQ and H2. PuH*
reacts with nitrogen at 250°C to form plutonium nitride (PuN) and H2 [15].

A.2.2.2. Plutonium oxide

Plutonium dioxide derives from two distinctly different sources. The major fraction
of the oxide is prepared by thermal decomposition of oxalate precipitate or the nitrate. Oxides
may be derived from oxidation of the metal.

Properties of the dioxide may vary with the method and conditions of preparation
[8,11,16]. The particle size distribution and specific surface area of process oxide prepared
by pyrolysis or calcination of a precipitate typically differ substantially from those of dioxide
obtained by oxidation of the metal. High temperature (> 500°Q oxidation of metal yields an
oxide with a relatively low specific surface area (<0.1 nrVg), a value which is too low for fuel
fabrication.

The product obtained by thermal decomposition of oxalate has a high specific area
(10-50 rrrVg) that decreases with calcination temperature [4]. The specific areas of oxides
formed by oxidation of metal in air at room temperature are typically in the 1 to 20 rrrVg
range.

Although chemical corrosion is not a concern with PuO2, reactions involving oxides
are known. In addition to the pyrophoric Pu2O3 [4], oxides generated by the corrosion of
metal in oxygen deficient atmospheres containing hydrogen may contain metal fines and small
amounts of hydride. Reactive impurities can pose a fire hazard by acting as an initiation
source for combustible materials. Stabilization of these oxides by firing to dioxide
composition in air is advisable.

Plutonium dioxide is hygroscopic and a high surface area material which can adsorb
1% of its weight in industrial conditions and up to 3% of its weight as water in accident
conditions on the surface [15]. The quantity adsorbed is a direct function of the surface area
of the oxide. Adsorbed moisture can be removed by heating the oxide. Residual moisture
levels less than 0.2 mass per cent are obtained by firing at 700°C. Reduction of the water
content is desirable to minimize neutron moderation and reduce the criticality risk. This is
done by lowering surface area to less than 15 rrrVg and storing in a dry inert atmosphere.
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The dioxide also absorbs other atmospheric molecular species that may be reactive from
a radiolytic perspective [8]. Together, the absorption behaviour and high specific surface areas
of process oxides can result in adsorption of large amounts of water, carbon dioxide, organic
molecules, etc. from the process environment. Radiolytic decomposition of adsorbed species
by alpha particles from radioactive decay of plutonium generates gases (e.g. H2, CD and O2)
that are not strongly adsorbed by the oxide. The resulting pressurization of a sealed container
can lead to bulging or rupture. Since adsorbed species are removed by heating oxide to an
elevated temperature in air, thermal processing nay be used to remove adsorbates from the
oxide prior to storage.

Alpha decay of plutonium provides another potentiel source for pressurizing a sealed
container. For example, decay of Pu-239 produces helium at a rate of 1.2 x 10"4 mol He/kg
Pu. Whereas the helium produced in oxide diffuses out of the solid particles, helium generated
in bulk metal is retained. As shown by the half-lives for the isotopes in Table A.I, He
production from Pu-238 occurs at a 280-fold faster rate than for Pu-239. The contribution of
helium to pressurization of an oxide storage container is negligible for near term storage.

Quantitative measures of the potentiel environmental hazard posed by plutonium oxide
are provided by source terms for dispersal and respiration. As determined by the distribution
of mass fraction with particle size, source term data define the mass fraction of oxide that is
in the dispersible range less that approximately 10 um geometric particle diameter and the
respirable range less than about 3 urn.

A.3. PLUTONIUM COMPOUNDS

A.3.1. Alloys [2, 3]

The formation of different phases with varying thermal expansion limits the use of
plutonium metal. Therefore, alloys have been extensively studied for military applications and
for use as nuclear fuels.

The occurrence of intermetallic compounds can be summarized as follows:

Group 3 : lanthanides, actinides.
Group 4 : either no mtermetallic compounds are observed, or plutonium-rich phases
with a broad range of existence are found.
Groups 5 and 6 : do not form intermetallics.
Group 7 : only a Laves-phase-type compound PuM2 exists; PuM2 compounds are
observed with most metallic elements.
Groups 8 - 12 : with increasing valence, the occurrence of intermetallic compounds
in the binary phase diagrams shifts from the plutonium-rich side toward lower
plutonium concentrations.
Groups 13 and 14 : although the system Pu-B can be fitted into the systematics of the
previous category, intermetallics in groups 13 and 14 spread across the whole
concentration range.
Group 15 : these compounds form the borderline of mtermetallic compounds; beyond
this, toward groups 16 and 17; salt like compounds are observed.
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Hie plutonium-aluminum system and the plutonium-gallium system are typical
examples of 5-retainer systems. Thus, these systems are useful for practical applications of
self-heating bulk quantities as in nuclear warheads, for example, where pure plutonium metal
would change its geometry as a result of the differing expansion coefficients of the various

The plutonium-nickel system is a typical example of a system with an element of
groups 8-10. Such systems are characterized by a large number of mtermetallic compounds.
The systems Pu-Fe, Pu-Co, Pu-Ru, Pu-Rh, PuPd, Pu-Os and Pu-Pt are similar.

The Pu-U system is an example of high solubility in plutonium. Even though complete
miscibility is observed in this case, the system is unsuitable for practical applications because
the phase transformations leading from one allotrope to the next occur throughout the whole
concentration range, preventing the use of such alloys over a wide temperature range at high
plutonium concentrations (> 70 atom % Pu).

The Pu-U phase diagram exhibits many phases, and the low melting point of the alloy
limits its use as a nuclear fuel. The addition of zirconium raises the melting point and
stabilizes the swelling behaviour of the fuel under irradiation.

A.3.2. Compounds [2, 3]

Like the other actinides, plutonium forms hard, black, metallic hydrides of the type
PuH2 and PuH3. Four carbides of Pu exist: PU3Q PuC, Pu2C3 and PuQ. They decompose at
high temperature with peritectic reactions, are oxidized when heated, and dissolve in oxidizing
acids with the formation of CO2 and carboxylic acids. Several silicides have been observed.

Pnictides exists for the elements N, P, As, Sb and Bi.

Plutonium carbides and nitride, which are considered for use in fast breeder reactors,
are reactive, especially in the form of the fine powders. These potentially pyrophoric materials
pose handling problems if exposed to air or oxygen-containing atmospheres [4] and react
readily with moisture to form gaseous products such as methane, acetylene and ammonia.
Since plutonium compounds of this type may have been prepared and may have been
temporarily stored under special conditions (hermetically sealed and handled under an inert
atmosphere) without first oxidizing them, caution should be exercised in opening cans that
might contain such materials.

The plutonium-oxygen phase diagram exhibits the existence of several oxides with
different crystal structures. The stoichiometric, metallically lustrous Pu2O3 melts at 2085°C
and PuO2 at 2390°C. Of technical relevance is the substoichiometric dioxide PuO2.x (x = 1.61
-1.98), which acts as an oxygen sink in nuclear fuels, absorbing oxygen liberated during the
fission process (and not bound by fission products). It is an olive-green compound like the
stoichiometric PuOj which ranges in colour from dull yellow to green and finally to black
depending on the starting material that is converted to the oxide. PuO^ has a melting point
ranging from 2430 to 2510°C.
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Plutonium hydroxides and hydrated oxides are obtained by precipitation from aqueous
solution. Several plutonium sulphides exist. Halides and oxyhalides of plutonium are known.

The trifluoride and tetrafluoride hydrates are obtained by precipitation from aqueous
solution. They undergo dehydration when heated in an HF atmosphere to give PuF3 and PuF4.

A.4. PLUTONIUM IN THE ENVIRONMENT

A.4.1. Environmental sources of plutonium

Plutonium in the environment results primarily from atmospheric testing of nuclear
weapons and thermoelectric generators on satellites destroyed during re-entry to the
atmosphere [22]. The estimated quantities and corresponding alpha and beta activities of
plutonium isotopes from various sources are listed in Table A.EL

Maximum yearly release due to reprocessing was about 70 TBq in the mid-1970s, but
it stands presently at about 0.1 TBq.

The quantity of plutonium activity released from fuel reprocessing facilities and
nuclear accident are comparatively small. For example, the total activity of Pu released by the
Sellafield facility in the UK during 40 years of operation is 600-700 TBq, a minor fraction
of the total environmental plutonium activity of 14600 TBq. The estimated contribution from
military accidents is also relatively small. For example, the estimated release by the aircraft
accident involving nuclear weapons near Thule, Greenland, in 1968, is of the order of 0.9
TBq. Naturally occurring Pu-239 formed by the fission of uranium pitch-blend ores is
approximately 5 x 10"12 g Pu/g U and makes a minor contribution to the total quantity of
environmental plutonium.

Deposition of plutonium in the environment has not occurred at a constant rate. The
largest increase was experienced during the 1950s and early 1960s as a legacy of atmospheric
testing. The estimated contribution from reprocessing facilities reached a maximum of about
70 TBq/year during the mid-1970s. Thereafter the annual release from those facilities steadily
decreased to approximatel 0.1 TBq/a with progressive improvement of facilities and
procedures. Releases from reprocessing are almost entirely into the sea, releases to the
atmosphere are negligible.

Plutonium apparently exists in the environment as oxide, a stable material in most
natural media.

A.4.2. Distribution of plutonium in the environment

The distribution of plutonium is not homogenous over the surface of the earth. Data
show that Pu-239 concentrations are 70-80 Bq/m2 at north latitudes of 35-45° [22]. The
maximum activity in the southern hemisphere is about 15 Bq/m2 at 25-45°. Activities of Pu
are less than 10 Bq/m2 at the equator and poles. The higher levels observed in the northern
hemisphere correlate with the levels of atmospheric weapons tests conducted at those
latitudes.
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Tab. Al l : Sources and quantities of atmospheric plutonium*

Source

Weapon
Testing

Satellite
Accidents

Total Civil6

Reprocessing

Chernobyl
Accident

Natural
Sources

TOTAL

Quantity

Activity (TBq)

Mass (kg)

Activity (TBq)

Mass (kg)

Activity (TBq)

Mass (kg)

Activity (TBq)

Mass (kg)

Activity (TBq)

Mass (kg)

Activity (TBq)

Mass (kg)

Alpha Emitters

23 8 p u

330

0.5

560

0.9

-300

-0.5

- 30

<0.1

-

-

-1200

2

"'Pu

7400

3260

-

-

-700

-300

-30

- 12

10

- 4

-8100

-3600

M>PU

5200

590

-

-

-

-

-30

- 3

-

-

-5200

-600

2 4 2Pu

16

100

-

-

-

-

-

-

-

-

16

100

Total

13000

3950

560

0.9

1000

- 3 0 0

-90

- 15

10

- 4

-14600

-4300

Beta
Emitter

170000

41

-

-

-

-

-5000

-

-

-

175000

-

a. All data are from Reference [1].
b. The maximum release due to civil reprocessing was about 70

TBq per year during the mid-70s, but is

[1] DEPRES, A., "Les sources de plutonium dans 1'environment, "
Rev. Gen. Nucl., Jan.-Fev. (1995) 24-29.

Areas around nuclear test sites and reprocessing facilities have plutonium activities
higher than the values cited above.

The plutonium activity at any specific site is difficult to predict because of
redistribution processes. Redistribution of land-deposited material occurs by re-suspension of
particles to the atmosphere, translocation to water and incorporation in the plant-animal food
chain. Plutonium deposited in the ocean may dissolve or enter marine life after deposition in
sediment on the seabed.
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A.43. Behaviour of piutonium in the environment

Behaviour in air

A diversity of behaviour is possible depending on particle size and dispersal
mechanism. Aerosols released in the stratosphere by nuclear weapon tests and satellite re-
entry are deposited globally over a period of years. Plutonium released into the atmosphere
by reprocessing operations and accidents is typically deposited in a relatively short time close
to the source. Re-suspension of particulate plutonium is not a major concern; fine particles
that-might again become airborne strongly adhere to the surfaces of large soil particles and
aggregates and are not readily entrained; competition from other translocation processes
further reduces the possibility of re-suspension. The likelihood is remote that plutonium-
containing particles deposited in oceans and other permanent bodies of water will become
resuspended.

Behaviour in soil

Regardless of the source, plutonium in soil is very insoluble and resistant to migration
and translocation. Mean migration coefficients for movement of plutonium in soil are
approximately 10"7 crrrVs [23]. The vertical transport rate depends on this coefficient and on
the concentration of soluble plutonium species. Since estimates suggest that less than 0.1%
of plutonium in soil is soluble, the concentration gradient driving migration is extremely low,
especially since the soluble fraction of plutonium is expected to dissolve over a period of
years.

The plutonium concentration is increased by the formation of complex species and by
conditions such as low pH that hinder the formation of insoluble hydroxide polymer. The
presence of wet organic matter tends to increase solubility owing to high humid acid levels.
However, clay soils tend to reduce the mobility because their chemically active surfaces
adsorb dissolved plutonium-containing species.

Translocation of plutonium in the soil is primarily lateral. Vertical movement is
promoted by certain mechanical processes such as cultivation. Wind and water erosion are the
primary mechanisms for lateral movement of plutonium in soil. Fine silt-clay particles contain
the highest concentrations of plutonium and are readily transported by wind and water when
dry.

Biological systems provide additional pathways for translocation of plutonium from
soil [23]. The plutonium fraction transferred to plants after deposition on the leaves is
approximately 10"5. For expected concentrations of Pu in soil, the fraction taken up via roots
ranges from 10'3 to 10"5. Root uptake of soluble plutonium species in the soil is thought to
involve complexes of Pu.

Ingestion and inhalation are the principal mechanisms for translocation of plutonium
from soil to animals [23]. Inhalation is of lesser concern because airborne concentrations of
plutonium are low except in the vicinity of an accident. Estimates for a severe incident
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involving high altitude dispersal of a kilogram of oxide suggest that the resulting maximum
concentration of respirable particles in the air is on the order of 10'7 grams per cubic metre
[24]. The greatest concern is for gastro-intestinal and pelt uptake by grazing animals over a
long period of time. The fraction of ingested plutonium absorbed by animals is approximately
104. Combination of the selectivities of plants and animal systems shows that the fraction of
deposited plutonium translocated to herbivores is in the 10'7-10"9 range.

Behaviour in water

Plutonium deposited in fresh water system establishes a distribution relationship
between the concentrations of dissolved species and solid sediments. Distribution constants,
which are the 10'5 range, show that the plutonium resides primarily as insoluble solids. The
process seems to involve an equilibrium between Pu in the solid and Pu in solution. The
highest concentrations in solution are observed in systems with low pH and high sulphate
concentration. As noted in the recent assessment of the hazard posed by plutonium in the
environment [24], plutonium oxide is less soluble in water than ordinary sand (SiO2) and
becomes immobile after setting and entrapment in sediments.

The distribution behaviour of plutonium in marine systems is very similar to that in
freshwater systems [23]. Translocation of plutonium in lakes and oceans occurs by chemical
and mechanical processes. Both vertical and lateral transport processes are possible, depending
on conditions. Studies of plutonium uptake by marine organisms show that concentration
factors relative to the plutonium concentration in the water are 40, 300 and 3000 for edible
portions of fish, Crustacea and mollusks respectively.

A.4.4. Human effects (see also Key Issue Paper No. 4)

As with animals, incorporation of plutonium by humans occurs by inhalation and
ingestion. Deposition in lung is not of general concern because atmospheric concentrations
of plutonium are negligible. Inhalation is of concern only in the instance of accidental releases
where local concentrations may be high for a short period of time. Data obtained from studies
of human populations are consistent with translocation models and with absorption fractions
of 104 to 10^ [23].

Although the consequences of plutonium uptake by humans is not precisely defined,
the health and longevity effects associated with inhalation and ingestion are small. For
example, the risk of cancer death is estimated to increase by 0.24% for a person who breathes
highly contaminated air (2 x 10"7 g respirable oxide particles per cubic metre) for one hour
[24].

The anticipated consequence of plutonium oxide ingestion by the human is also small
[24]. If one kilogram of oxide were homogeneously dispersed in a typical municipal reservoir
containing 10*9 cubic metres of water, the resulting plutonium concentration would be
approximately 10"9 g of plutonium per litre. The additional risk of cancer death for a person
who ingested two litres of this water per day for seventy years is estimated to be 0.01%.
Since the distribution coefficient for plutonium in water is on the order of 10~5, the actual
plutonium concentration and associated cancer risk is much less than this estimate.
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Unfortunately, the greatest risk to human life following an environmental release of
plutonium near a highly populated area probably arises from the fear engendered by reports
describing the dire health consequences of such an occurrence. This situation is created by
reports in the popular press stating that plutonium is the most toxic substance known to man,
that a tiny speck of powder can cause lung cancer if inhaled and that dispersal of a small
amount of plutonium in the water supply of a large city could kill hundreds of thousands of
people [24]. Such claims are misleading and scientifically inaccurate. They are likely to result
in a panic situation involving extensive injury and death. Plutonium is hazardous, but workers,
the public and the environment are best protected by treating the material in a responsible
manner.

AA5. Summary

Although a substantial amount (> 4 t) of plutonium has been discharged to the
environment, most of that was released prior to 1975. The current rate of plutonium release
is very small. The average worldwide activity is low (<70 Bq/m2) and the plutonium exists
in physical and chemical forms that are immobile and not readily incorporated by biological
systems. The effects of environmental plutonium on the general population appear to be
negligible.
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ANNEX B: PROGRAMMES FOR MANAGING EXCESS WEAPONS PLUTONIUM

B.I. INTRODUCnON

With the end of the Cold War and the ongoing dismantlement of tens of thousands of
nuclear weapons, the world is presented with an unprecedented challenge: managing hundreds
of tonnes of fissile material no longer needed for defence purposes. This material exists
primarily in the USA and the Russian Federation. Secure and effective management of this
material proceeds in several stages.

First, as with all other fissile material, these excess stockpiles must be safely and
securely stored, with stringent standards of material protection, control and accounting
(MPC&A) that assure effective non-proliferation controls. Second, it was agreed at the
Moscow Nuclear Safety and Security Summit in April 1996 that excess fissile materials
should never again be used in nuclear weapons (a commitment that both the USA and the
Russian Federation have made), and should be placed under international inspection as soon
as it is practicable to do so. Third, the USA and the Russian Federation have agreed to stop
production of additional material for weapons, and are working together to convert the
remaining plutonium production reactors in the Russian Federation to a new fuel cycle which
will no longer produce weapons plutonium. Fourth, the USA and the Russian Federation are
working together and with other countries to achieve the Moscow Summit objective of
reducing these excess stockpiles as quickly as practicable, while transforming them into spent
fuel or other forms equally unusable in nuclear weapons. The USA and the Russian
Federation have already reached agreement that the USA will purchase low enriched uranium
(LEU) fuel blended from 500 t of HEU from dismantled Russian weapons over the course
of 20 years, and that US excess HEU will be blended down for peaceful use in a similar way.
Disposition of excess plutonium, however, poses more difficult challenges.

B.2. SAFE AND SECURE STORAGE

Both the Russian Federation and the USA require secure and accountable storage for
both excess and non-excess plutonium and HEU. As the Russian Federation must meet this
challenge in the midst of severe economic dislocations and consequent budget constraints,
international co-operation is likely to be required.

The Russian Federation is currently storing plutonium and HEU from dismantled
weapons at existing facilities, but has indicated that these existing facilities are not sufficient.
As a result, it is co-operating with the USA to build a new facility at Mayak for storage of
excess fissile material from dismantled nuclear weapons. Japan has decided to contribute to
this facility as well. The first module of this facility is expected to open in 1998-1999, if no
further delays are encountered. At the same time, the Russian Federation is co-operating with
the USA and other countries to modernize systems for security and accounting for weapons-
usable fissile materials generally. This co-operative effort has grown to considerable size,
receiving $125 million from the US budget alone in the current budget year.
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Like the Russian Federation, the USA is currently storing its excess plutonium and
HEXJ at several existing sites. On January 14, 1997, the USA announced its decision to
consolidate these materials, storing both excess and reserve HEU at Oak Ridge, and
eventually reducing the number of sites where plutonium is stored from seven to three as
disposition proceeds. These materials are being stored and processed in a manner designed
to meet the "stored weapons standard" - that is, a level of security comparable to that applied
to intact nuclear weapons.

B.3. BILATERAL AND INTERNATIONAL TRANSPARENCY

In their January 1994, September 1994 and May 1995 summit statements, the
Presidents of the USA and the Russian Federation committed themselves to the goal of
ensuring the "transparency and irreversibility" of nuclear arms reductions, and agreed in
principle on a range of steps towards this end. The Moscow Nuclear Safety and Security
Summit in April 1996 also emphasized the importance of transparency, and in particular
international verification of the non-explosive use or disposal of excess fissile materials.

The USA has taken a number of concrete unilateral steps toward increased openness
and transparency, including: (a) providing detailed data on how much plutonium it produced
for its nuclear arsenal, along with how much of that material remains, in what forms, at what
locations, and how much of it (over 52 t) is currently excess to its defence needs; and (b)
committing to place its excess material under international safeguards and beginning that
process. Currently, 101 of HEU and 2 t of plutonium is under safeguards, and the USA has
publicly announced that another 261 of material will be submitted for IAEA verification over
the next three years. Additional quantities of material will be made available for IAEA
verification as cost, classification and safety issues are resolved. The USA has provided the
necessary financing to the IAEA to cover the cost of these inspections, to ensure that this
initiative does not detract from other safeguards activities.

The Russian Federation has also begun to take significant steps toward increased
openness. On the occasion of the Moscow Nuclear Safety and Security Summit, for example,
President Yeltsin indicated that the storage facility being constructed at Mayak would be
made available for international verification. Doing so, however, will require the development
of measures that will ensure that sensitive information will not be revealed. To further
progress toward the Moscow Summit goal of placing excess materials under international
verification as quickly as practicable, in September 1996 the USA, the Russian Federation,
and the IAEA established a trilateral process to discuss and resolve procedural, financial, legal
and security issues related to IAEA verification of excess materials.

The USA and the Russian Federation have been considering a range of bilateral
transparency measures. In their May 1995 summit statement, President Clinton and President
Yeltsin reiterated their commitment to a range of measures to ensure the transparency and
irreversibility of nuclear arms reductions, including regular reciprocal exchanges of data on
their aggregate stockpiles of nuclear weapons and of plutonium and HEU, reciprocal
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inspections of excess plutonium and HEU removed from warheads, and other measures to
build confidence in the data exchanged and help confirm the dismantlement of nuclear
weapons. The two Presidents also agreed that fissile material declared excess to defence
needs, newly produced fissile material, and fissile material from civilian programmes would
never be used in weapons. These transparency initiatives have not been implemented,
however, as implementation requires an agreement providing the legal basis for exchanging
sensitive nuclear information. While such an agreement was nearly completed in 1995, there
was a hiatus in formal negotiations during 1996 pending the completion of an internal policy
review by the Russian Federation.

The greatest successes in increasing bilateral transparency have resulted from direct
co-operative work on specific projects. For example, for the HEU purchase agreement, a
broad range of transparency arrangements have been agreed, to give the USA confidence that
the LEU it is purchasing in fact comes from HEU from dismantled warheads, and to give the
Russian Federation confidence that the LEU it is selling is used only for peaceful purposes.

B.4. HALTING ACCUMULATION OF EXCESS STOCKPILES

Both the USA and the Russian Federation have publicly declared that they are no
longer producing fissile materials for nuclear weapons. Britain and France have made similar
public declarations, but China and the other countries with unsafeguarded nuclear facilities
have not.

The USA is no longer producing either weapons plutonium or HEU. All of the US
plutonium production reactors have permanently ceased operation, hi the Russian Federation,
however, three of the military plutonium production reactors are still operating, because they
provide needed heat and power to nearby communities. The Russian Federation has
announced that while the weapon grade plutonium produced in these reactors is still being
reprocessed (because the fuel is not designed for long term storage), since October 1994 the
resulting plutonium oxide is not being converted to metal or made into new weapons. To
address this continued accumulation of excess plutonium, the USA and the Russian Federation
are co-operating to convert these three reactors to a new fuel that will not produce substantial
quantities of plutonium, and that will not require immediate reprocessing. Conversion will be
accomplished by the year 2000, if there are no further delays in the programme. The USA
and the Russian Federation are sharing the costs of this effort.

B.5. REDUCING EXCESS PLUTONIUM STOCKPILES

As noted, disposition of excess plutonium poses more complex issues than disposition
of HEU. This section provides somewhat more detail on the relevant technologies.
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B.5.1. Converting pits and other forms to oxide

As noted above, most excess plutonium will require some processing to prepare it for
the various disposition technologies, and a variety of technologies are being considered For
the specific mission of converting weapons plutonium "pits" to oxide, the USA is pursuing
a dry hydride-dehydride process which generates much less waste than previous aqueous
processes. The specific version of this process being developed in the USA is known as the
Advanced Recovery and Integrated Extraction System, or ARIES. In this system, a plutonium
pit, which is typically a hollow shell with an exterior of some other metal, is cut into two
halves. Each hemishell is then placed in a fixture, and a small amount of hydrogen is bled
into the system. The hydrogen forms a plutonium hydride on the inner surface of the pit,
which flakes off into a crucible below. In one version of the process, the crucible is heated,
which drives the hydrogen back off, leading it to cycle upward and hydride more plutonium
from the pit, in a continuous cycle until all the plutonium has been cleaned from the shell and
transferred to a metal ingot in the crucible. In another version, a similar process converts the
plutonium hydride in the crucible to plutonium oxide rather than plutonium metal. Once
removed from the pit, the plutonium is recast or remixed to remove any residual classified
information, carefully assayed and placed in a welded container suitable for decades of
storage. The entire process is carried out in glove boxes and is fully automated. Technologies
for stringent material protection, control and accounting during this process, including the
potential for some form of verification designed to protect sensitive information, are also
being developed. The USA has demonstrated all of the components of this system, and is
building a full scale pilot system at the Los Alamos National Laboratory which will be
operational in 1997.

However, as noted above, weapons plutonium is typically alloyed with gallium, and
this dry process does not in itself remove the gallium, which is likely to be necessary if the
plutonium is to be used for fabrication of MOX fuel. Work at Los Alamos indicates that a
simple heating process should be sufficient to adequately remove the gallium; tests are still
under way. In addition, further development is needed to ensure that the process can produce
oxide powder with the appropriate particle sizes and other characteristics for production of
MOX fuel.

The Russian Federation

In co-operation with France, has examined a variety of options and is currently
focusing on more traditional chemical processes for aqueous dissolution of the plutonium in
pits, which can easily remove gallium and produce oxides essentially identical to those
resulting from reprocessing. Discussions of these issues between US, Russian and French
experts are ongoing.

B.5.2. Disposition approaches

After extensive studies, the USA announced on 14 January 1997 that it had decided
to pursue a dual-track approach allowing for both the use of excess plutonium as MOX fuel
and immobilization of excess plutonium with high level wastes. The Russian Federation has
indicated it plans to use its excess plutonium as MOX fuel.
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B.5.2.1. Using weapons plutonium as MOX fuel

The number of available reactors is not considered a major barrier to disposition in
the USA, as a large number of operational reactors exist; most are considered capable of
handling at least one-third cores of MOX fuel, though none are licensed to do so (indeed, US
studies indicate that many could handle 100% MOX cores); and a substantial number of
utilities have expressed interest in participating in the programme (in the expectation of
receiving irradiation fees from the government).

MOX fuel fabrication capacity is a limiting factor, however. The USA does not have
an operational commercial scale MOX fabrication plant, so this option would require building
a new plant or modifying an existing facility for this purpose. The US Department of Energy
has estimated that such a facility could be built and begin fabricating fuel by 2007. (An
earlier start could potentially be made by contracting with existing European facilities to
fabricate the lead assemblies and possibly the initial cores, if licences and approvals could be
acquired.) The total net discounted present cost of a programme for disposition of 50 t of
excess weapons plutonium as MOX in existing LWRs in the USA is estimated at just over
$1 billion1. This approach faces considerable political opposition in the USA. Gaining the
necessary licenses and political approvals, is believed to be the biggest barrier to
accomplishing plutonium disposition by this route in the USA

The Russian Federation has a smaller infrastructure of operational reactors. Currently,
only the seven operational WWER-1000 reactors and the BN-600 fast reactor are believed to
be capable of playing a major role in the plutonium disposition mission. No Russian thermal
reactors are currently licensed for the use of MOX fuel. Using partial cores, these reactors
alone would take many decades (longer than their expected operational lives) to complete the
plutonium disposition mission. To complete the mission using this option will therefore
require construction of new reactors, consideration of reactors in other countries (such as the
11 WWER-1000s in Ukraine or CANDU reactors in Canada), or expansion of the fraction of
the core using MOX fuel. The Russian Ministry of Atomic Energy (MINATOM) plans to
build at least two large new fast reactors, the BN-800s, which could utilize both weapons
plutonium and civilian plutonium, but available funding is extremely limited. Russian experts
are also working with the US firm General Atomics and the French firm Framatome to
complete a conceptual design for a high temperature gas reactor that could burn plutonium,
but funding for actual construction of such a system is not available.

As in the USA, MOX fuel fabrication facilities are lacking in the Russian Federation
and will have to be built. Financing is currently not available, however, to build such
facilities. As noted earlier, therefore, the Russian, French and German governments have
proposed an international co-operative programme to build and operate a pilot scale MOX

Technical Summary Report for Surplus Weapons-Usable Plutonium Disposition. Office of Fissile Materials Disposition, US Department of
Energy, Rev. I, October 31, 1996. Note that this is the net additional cost of using MOX from weapons plutonium rather than LEU fuel in
US reactors: utilities are assumed to pay the same cost for a kilogram of MOX fuel as they would for a kilogram of LEU fuei of equivalent
energy value, with the government covering the higher cost of MOX fuel. US utilities will be paid a fee for irradiation services for their role
in disposition, but the cost of this fee was not included in this estimate because its size will depend on negotiations with utilities that have not
yet occurred. Discounting assumed a 5% real cost of money.
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plant. International discussions of the financing of such a facility, the institutional
arrangements, appropriate non-proliferation conditions, and the potential for expansion to a
larger scale are continuing.

B.5.2.2. Immobilizing weapons plutoniim as waste

As noted earlier, immobilization approaches are also based on existing technologies,
in this case technologies for immobilization of high level wastes from reprocessing. More
extensive modification of these processes is needed than is the case with MOX, in order to
safely incorporate substantial quantities of plutonium in these wastes.

Two classes of approaches are being considered: homogeneous immobilization, in
which the plutonium and the fission products would be mixed together in the same material,
and can-in-canister immobilization, in which the plutonium would be immobilized in glass
or ceramic without fission products, and small cans of mis material would be arrayed inside
a large canister which would then be filled with high level waste glass. The advantages of the
can-in-canister approach are: 1) that the material to contain the plutonium and the material
to contain the fission products can each be optimized for their particular purpose (rather than
requiring a single material to do both jobs); and 2) that existing facilities can be used,
reducing cost and delay. The immobilization of the plutonium can be done in small systems
installed in existing glove box lines, and the high level waste glass would come from current
production of such glass at existing facilities. In the most recent version of the can-in-canister
approach, the plutonium would be immobilized in tiny pellets contained in aluminum cans;
these cans would melt when the high level waste glass is poured over them, leaving the
plutonium and fission products intimately mixed. A full scale cold test of the can-in-canister
approach with simulated plutonium and HLW has been successfully conducted at Savannah
River, and a bench scale test of the new small pellet approach has been successfully
conducted at the Lawrence Livermore Laboratory.

The US Department of Energy has estimated that plutonium immobilization using the
can-in-canister approach could begin in 2003, and could complete disposition of 50 t of
excess plutonium in less than 10 years from startup, at a net discounted cost of just over $1
billion. US studies also indicate that the environmental and non-proliferation and arms
reduction impacts of the MOX and immobilization approaches are broadly similar2. In
particular, while the immobilization approach would not change the isotopic
characteristics of the weapons plutonium, it can offer a comparable degree of overall
irreversibility, as the time and cost required to recover the material would be roughly
comparable, and either reactor grade or weapon grade plutonium could be used in
nuclear explosives.

2) Storage and Disposition of Weapons-Usable Fissile Materials Final Programmatic Environmental Impact Statemenj, Offir* nf Fi«i i f M*,^U
Disposition, US Department of Energy. December 1996; and PjaJjJ^omEQjyferaUffliamLAnDS^Eintrol Assessment of Weapons-Usable Fissile
Material Storage and Plutonium Disposition Alternatives. Office of Arms Control and Nonproliferation, US Department of Energy, 1 October
1996.
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1. INTRODUCTION

World energy demand is expected to increase significantly during the period from
2015 to 2050, the period considered in this paper. To meet this energy demand, a large
contribution from nuclear power may be required depending on the actual development of a
number of determining factors discussed in Chapter 2. Fuel cycle and reactor technologies
available for use during this period are expected to evolve from, and yet to remain closely
related to, those in use at present. Some of these technologies have already been fully
commercialized, while others will require further development before they can be deployed
on a large scale.

A very large amount of new generating capacity will be required by 2050 to meet
growing electricity demand, especially in developing countries. In addition, nearly all existing
generating plants will need to be replaced well before 2050. The need to construct such a
large amount of new capacity might lead to a significantly increased role for nuclear power
by 2050. On the other hand, lack of public support might constrain the introduction of new
nuclear plants. Key Issue Paper No. 1 in this Symposium illustrates the consequences of such
variable factors by the use of three widely differing demand scenarios.

Direct government support for nuclear technology development has been significantly
reduced in several countries in recent years while basic and underlying nuclear research
enjoys stronger support. For water cooled reactor systems employing mature technology,
continued evolutionary development now is being led by commercial organizations although
government support plays a significant role in some countries. For fast reactor systems,
which could play a larger role toward the end of the period, continued government support
will be necessary for a number of years to bring them to the stage of commercial deployment.
Development of gas cooled reactors as well as other types also will be dependent on strong
government support for completion of their development.

Several factors will influence the fuel supply and fuel cycle industries in the period
considered. Uranium resources for thermal reactors are expected to be adequate to 2050 and
beyond, but the cost of production may increase significantly as the lowest cost resources
are depleted. Even today, the depletion of stock inventories is resulting in uranium price
increases in spite of the availability of adequate resources. A portion of spent fuel arisings
from operation of existing plants is currently being reprocessed and some of the separated
plutonium and uranium is being recycled in thermal reactors. Despite recycling, the stockpile
of spent fuel is large and will continue to increase. The uranium and plutonium contained
in spent fuel will grow into a large fuel resource. There is also a large and increasing
stockpile of depleted uranium from the enrichment process, which has enormous energy
potential if used in fast reactors.

Even before introduction of fast reactors it is likely that nuclear plant owners will
attempt to decrease their uranium purchase requirements via reduction in uranium tails assay
and fuel cycle modifications, and by choosing thermal reactor types which reduce uranium
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requirements per unit of electricity produced. In some countries, thorium utilization might
be expected to increase under these circumstances.

The scope of this paper includes those issues that are expected to remain or become
important in the time period from 2015 to 2050. Events in this time frame are difficult to
predict with any certainty, so the framework of this paper is necessarily somewhat
speculative. The paper includes consideration of all facets of nuclear energy utilization, from
ore extraction to final disposal of waste products. The paper first addresses the factors
influencing the choice of reactor and fuel cycle. It then goes on to address the quantitatively
largest category of reactor types expected to be important during the period; that is, thermal
reactors burning uranium and plutonium fuel in various forms. The fast reactor type is men
discussed both as a stand-alone technology and as a technology used in combination with
thermal reactors. Thorium fuel use is discussed briefly.

This paper is concentrated on the "medium variant" energy growth scenario identified
in Key Issue Paper No. 1. The effects of either higher or lower growth could, of course,
profoundly change the future development of the nuclear power industry.
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2. FACTORS INFLUENCING FUTURE REACTOR AND
FUEL CYCLE CONCEPTS

Nuclear power plants and their supporting fuel cycle facilities represent a mature
technology that currently provides a significant proportion of the world's electricity needs.
Studies of world energy supply [1] indicate that there may be an increasing role for nuclear
power well into the 21st century, both as replacement for aging existing capacity in the
developed nations and also as additional new capacity necessary to support economic growth
in the developing nations. The United Nations International Panel on Climate Change
recognizes [2] that nuclear energy could play a role in mitigating emissions of carbon dioxide.
The uses of electricity may evolve during the period of concern to include, for example, the
widespread use as motive power for transportation in addition to its traditional role. It is also
possible that advanced technologies will increase the use of nuclear energy in non-electricity
applications (e.g. district heating, desalination, process heat). These potentially major
influences on nuclear energy capacity in the future are not included in this paper except
indirectly in that the "scenarios" do not specify the end use of the nuclear energy.

The scope and role for nuclear energy (in a global and national context) will be very
dependent upon its ability to compete with alternative energy sources (e.g. fossil fuels and
renewable energy sources). In an increasingly competitive global energy market the success
of any energy source, be it nuclear or non-nuclear, will be dependent upon its ability to:

• properly utilize natural resources and national capabilities,
• maximize the economic benefits,
• minimize the overall environmental impact,
• effectively demonstrate the safety of fuel cycle facilities, gain government and

public approval of the enterprise,
• satisfy national and international policies and goals,
• contribute to sustainable energy supply.

Decisions on the balance of new generating capacity will be influenced by the
significance that individual utilities and national decision making bodies place on each of
these attributes. For example, nations with limited natural resources are more likely to have
aspirations toward energy self-sufficiency and may, as a consequence, opt for developing an
indigenous nuclear power programme. Alternatively, energy self-sufficiency may be seen to
be of lower importance in the increasingly global energy market. Economic benefits also may
be profoundly affected by associated government policies such as taxation.

The evolution and predicted increase in nuclear generating capacity suggests that the
current generation of nuclear power plants and their supporting fuel cycles are, taking all
factors into account, competitive relative to the alternatives. On the other hand, the current
lack of new orders in many developed nations indicates that the economic advantages of
nuclear generation have been eroded and are now marginal. Taking each of these factors in
turn it is possible to identify those key factors that will influence the development of nuclear
reactors and fuel cycle concepts during the first half of the 21st century. Although these
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factors are considered in isolation from other (non-nuclear) energy sources in this paper, the
performance of the non-nuclear options is likely to have a major influence on the size and
scope of future nuclear programmes. For example, as the consequences of greenhouse gas
emissions and global warming become better quantified and apparent, continued expansion
of the use of fossil fuels nay become commercially unattractive owing to the imposition of
environmental taxes or to the direct costs of emissions management. Conversely, the general
public response to a major nuclear accident would have a detrimental effect on orders for
nuclear power plants, particularly in the developed nations where environmental pressure
groups may continue to have significant influence.

2.1. MAXIMIZE THE UTILIZATION OF NATURAL RESOURCES

While the commodity price of uranium is presently low, the price will inevitably rise
if the demand increases and resources are depleted. Consequently, in addition to
considerations of natural resource utilization and environmental impact, there also will be
economic pressure to maximize the energy yield from mined uranium. It is likely that as the
century progresses the desire to extract more energy from uranium will provide motivation
for:

• specifying lower tails assay in enrichment plants
• introducing higher burnup once-through cycles
• considering interim storage as a precursor to recycle instead of disposal
• recycling increased amounts of uranium and plutonium in thermal reactors
• recycling uranium and plutonium in fast reactors or fast-thermal tandem

systems
• introducing concepts with higher thermal efficiency to increase electrical

output per unit of fuel burned.

Uranium is very likely to remain the main natural resource supporting the development
of nuclear power programmes, recognizing the major worldwide investment in the uranium
and uranium-plutonium fuel cycle infrastructure, hi the longer term, however, as uranium
resources are depleted cost and considerations of natural resource utilization also may lead
to more widespread use of thorium as a fertile feed material in some countries.

2.2. MAXIMIZE THE ECONOMIC BENEFITS

A major influence on the development of nuclear power plant and fuel cycle facilities
will continue to be the drive to reduce development, construction, operating, maintenance,
decommissioning and financing costs.

The high cost of developing and licensing new 'first-of-kind' power plant and fuel
cycle designs will continue the present trend toward increasing international collaboration and
standardization. This, and the cost and uncertainty of licensing more advanced concepts, is
also likely to give rise to facilities based on the evolutionary development of today's
technology rather than to innovative new technologies unless they show significant
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demonstrable benefits. In addition, as the established parts of the nuclear fuel cycle are
increasingly recognized as mature technologies, the source of funding will move from
government to the private sector.

The requirement to reduce capital costs implies that future systems will move further
towards:

• standardization of facilities and components to minimize unit costs,
• co-location of power plants to make maximum use of infrastructure investment

and available sites,
• choice of unit size to maximize economies of scale,
• elimination of over-design as knowledge of true margins is refined.

In order to maximize the return on capital investment and control unit operating costs,
future systems will be required to achieve high load factors. This will, for batch refuelled
reactors, tend towards the development of systems with long cycle times, short intermediate
shut-downs, and rapid return to power. On-line refueling will be employed where appropriate
(e.g. CANDU) with an increasing trend toward higher fuel burnup and the possible use of
tandem cycles. The cost objective will drive the continued evolution of organizations
providing fuel cycle services. Efficiency may be improved by a combination of:

• enhancement and upgrading of existing facilities to extend capability and life,
• use of high quality components and systems in new facilities,
• rationalization of vendor base to ensure that economics of scale and new

technologies are fully realized,
• further evolution of fuel cycle centres in technically advanced nations to

provide regional fuel cycle services.

The high capital cost and long construction time of nuclear facilities coupled with
uncertainties in licensing, decommissioning and waste management costs have in some nations
caused difficulties in raising funds for new facilities. These considerations may lead the
nuclear industry towards, for example:

• encouraging incremental investment through modular systems design, where
possible,

• reducing construction and commissioning times,
• rationalization of the licensing process including development of regional and

global licensing standards and practices,
• taking due account of industry experience to properly quantify and manage

decommissioning and waste management liabilities.
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FUEL CYCLE ACirVTITES

It is generally understood by the public that the industry must manage and reduce
environmental impacts associated with fuel cycle facilities. Increasingly, this awareness will
lead to the development of the next generation of nuclear fuel cycle facilities using:

• technologies to prevent waste generation whenever possible, concentrating on
waste control (at source) rather than waste treatment and disposal,

• reduced waste streams by including high waste control standards in original
systems design requirements,

• volume reduction techniques to minimize the final volume of wastes generated,
• process intensification to reduce the size of operating plants and therefore the

volume of associated operational and decommissioning waste,
• novel waste forms and new immobilization matrices and technologies,
• economically optimum repositories situated deep underground in stable

geological formations for wastes requiring secure final disposal.

Also recognizing that an important contributor to the total radioactive materials
released to the environment within the existing nuclear fuel cycles is uranium mining, efforts
to minimize the environmental impact of mining and maximize the utilization of uranium by
increasing burnup and recycle will have a significant effect on the overall environmental
impact of nuclear power.

Programmes are in place [3] to ensure that the technical issues associated with
geological disposal of high level waste (HLW) will be fully demonstrated so that facilities can
be operational in the 21st century, provided that the necessary approvals are forthcoming.
Achievement of these goals and gaining public approval for installation of disposal facilities
are tasks vital to successful continuation of the nuclear enterprise. Furthermore, should it be
shown to be beneficial to reduce the waste source term by the transmutation of long lived
isotopes, development of actinide burning reactors (and their associated chemical partitioning
plants) or appropriate accelerator technology may be enhanced. The drive for reduction of
long lived isotopes also may lead to wider use of the thorium fuel cycle with its different
spectrum of activation products and fission products.

2.4. EFFECTIVELY DEMONSTRATE SAFETY OF FUEL CYCLE FACILITIES

Although nuclear power in general has an excellent safety record, the Chernobyl
accident demonstrated the potential for severe and widespread (national and even regional)
radioactive materials contamination. As a consequence it is perceived by many people that
nuclear power is unsafe. This public concern, coupled with the cost and project risk
associated with the licensing of any new nuclear facility, indicates that safety issues will
continue to exert a major influence on the future of nuclear power well into the 21st century.
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In order to reduce the magnitude of potential hazards new facilities will be designed,
where practical, such that:

• processes and plants are intrinsically safe, achieved by designing out hazards
rather than by adding active protective devices (e.g. the application of passive
safety systems, use of simple, reliable and effective engineered systems),

• significant off-site consequences of potential accidents will be deemed
incredible (e.g. by the use of ultra-high-efficiency barriers, by enhancing the
integrity of the core, or by reducing the potential for reactor systems to
damage the containment system following any severe accident).

hi order to gain maximum benefit from international experience and to control the
costs associated with safety, especially those associated with the introduction of new facilities,
it is likely that trends will be towards:

• development and application of internationally accepted safety and engineering
principles [4, 5],

• international collaboration (both government and industry) to provide a
standard range of internationally accepted designs,

• acceptance that safety review and licensing of a given facility in one country
can provide useful input to licensing processes for similar facilities in other
nations,

• transfer of operational knowledge and experience through extension of
operator-led organizations such as WANO.

Even with these potential improvements, safety costs and potential project delays will
continue to have a major influence on the implementation of nuclear programmes unless and
until it is perceived by safety professionals and the general public that nuclear power is safe
relative to the alternatives. Clearly, this perception will be very dependent upon the safety
performance of existing capacity and the industry's ability to prevent any major accident
during the next decades.

2.5. GAIN GOVERNMENT AND PUBLIC APPROVAL

Public and government approval will be the dominant factor influencing the scale of
nuclear power use throughout the world. An important activity for all those associated with
nuclear power is to communicate clearly the true costs, benefits and risks of nuclear power
in an open and credible manner to the public in general and to their opinion leaders in
particular.

Approval of any particular activity by a national government constitutes recognition
that the activity is acceptably safe and, in many jurisdictions, also recognizes that the benefits
of the activity outweigh its risks. This "licensing" process includes detailed technical
evaluation to assess the full scope of actual risk. In addition, the issuance of a licence to
operate by the representatives of the people (the government) includes an implicit evaluation
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that the activity will benefit the nation. This second evaluation is fundamentally a political
one and will depend in some manner on the wishes of the people. It is essential, therefore,
that the public and their opinion leaders possess full and accurate knowledge of the benefits
and risks of the activity.

2.6. SATISFY NATIONAL AND INTERNATIONAL POLICIES AND GOALS

National and international policies and goals cover a wide range of attributes that may
be considered beneficial by the international community, national governments or individual
utilities and against which the performance of different nuclear plant options will be
measured. The factors include:

non-proliferation performance and safeguards,
security of energy supply,
energy independence, national and regional,
balanced energy policy,
access to technologies and potential for capacity expansion,
use of existing fissile and fertile fuel stockpiles (possibly including surplus
military material and enrichment tailings).

Maximize resource
utilization

Uranium mining
Maximize economic

benefit

Fuel manufacture

Reprocessing
Electricity

generation

Minimize environmental
impact

Waste disposal &

decommissioning Maximize public
safety

FIG. 1. An integrated view of the nuclear fuel cycle
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2.7. SUSTAINABLE ENERGY SUPPLY - AN INTEGRATION OF FACTORS

In practice, of course, although the various attributes and the factors influencing future
reactor and fuel cycle concepts have been reviewed individually they do interact in practice.

Decisions will be made on the basis of a balance of potentially competing factors. It
is, therefore, apparent that the individual components of the nuclear fuel cycle and the factors
that influence their development cannot be viewed in isolation and that the traditional
approach of optimizing the individual components of the fuel cycle is unlikely to result in the
optimum solution.

For the future it will be necessary to optimize fuel cycles as a whole, looking at the
way in which the various components of the fuel cycles interact with one another. This
should allow for the integration of the various options for uranium supply, enrichment, fuel
fabrication, electricity generation, fuel storage, reprocessing, fuel recycle, waste management,
disposal and decommissioning in order to simplify and optimize the total fuel cycle while
minimizing total generation costs, maximizing resource utilization, maximizing safety,
minimizing environmental impact and satisfying the key political policies. A potential long
term integrated system of nuclear energy applications is shown schematically in Fig. 1. This
figure is intended to illustrate an ideal integration in the long term, assuming that the elements
of the overall system have been developed within the world's economic, social and political
framework. Research and development will provide a key input to the establishment and
optimization of the next generation of nuclear power plants and fuel cycle facilities. The
adoption of an integrated approach, including collaboration between suppliers will be
necessary to ensure that R&D retains focus and that effort is applied in the most cost effective
manner.
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3. THERMAL REACTORS (U/Pu)

The present generation of power reactors is composed predominantly of PWRs (64%),
BWRs (22%) and HWRs (5%). Other reactor types currently in operation include RBMKs,
MAGNOX reactors, and AGRs. The first three reactor types have become dominant for a
variety of reasons, the most important being that they work well and are economical. This
does not discount the good performance characteristics of the many different alternate reactor
types; the best measure of success up to the present time is that the market has chosen these
types over the alternatives. This balance nay, of course, change with time.

The economic lifetime of nuclear reactors has been chosen by plant owners to be
between 25 and 40 years. Investors, economic regulators (e.g. public utility commissions)
and, in some cases, licensing authorities may influence the choice of amortization periods.
The real limits to a nuclear power plant life are purely economic, since any component can
be replaced. For the newer reactors that became operational in the 1980s and later, it is
expected that refurbishment programmes will allow economic operation for up to 50 years on
the average. Most plants now being ordered include an owner-specified operational lifetime
requirement from 40 to 60 years. Some older designs may be retired earlier as a result of
design obsolescence, safety concerns and political pressures. As a consequence, it is
anticipated that by the year 2015, over 85% of the current reactor population will still be
operating as shown in Fig. 2 [6, 7, 8].

Figure 3 shows the world nuclear energy capacity from 1970-2050, taken from
Ref.[12], using the "medium variant". A more detailed description of this model's
assumptions is available in another paper in this conference.

Figure 3 also shows the amount of additional nuclear capacity required for the medium
variant of Ref. [12]. Note that this figure assumes a 50-year reactor life whereas a 40-year
life was assumed in Fig. 2.

Assuming the world nuclear capacity growth of Fig. 3, reactors of advanced design
will be built to replace retiring reactors as they are decommissioned and new capacity will
be added as required. These new reactors will be based on the designs currently being
developed and licensed by reactor vendors (e.g. the GE-Toshiba-Hitachi ABWR, ABB-CE
System 80+, ABB Atom BWR 90, Westinghouse AP 600, Siemens/Framatome EPR, AECL
CANDU 9, advanced WWERs, etc.). These new reactors will be primarily LWRs and HWRs,
and will incorporate improvements derived from the ever increasing experience base gained
in construction, licensing and operation of water cooled reactors.

In order to meet the growing demand for electrical and thermal power [4] within the
framework of this scenario, advanced reactors are expected to be introduced in large numbers
sometime after 2010. These reactors will start operation just as some of the previous
generation of nuclear power plants reach the end of their economic life. With continued
development these new, more advanced water cooled reactor types will probably dominate
the nuclear power generation market between 2015 and 2050.
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Evolutionary development of reactors is an ongoing process and improvements can be
expected in many areas including:

• increased use of passive safety systems, (leading to the optimum use of passive
and active systems to maximize safety),

• core and fuel designs (to improve fuel integrity under accident conditions and
to maximize the energy obtained from the fissile material),

• advanced containment systems (to provide better protection against potential
releases of radioactivity to the environment),

• higher availability and better load factors,
• lower capital, operating and maintenance costs,
• increased thermal efficiency,
• improved load following capability, and
• shorter construction times supported by an improved licensing programme.

Current reactor vendor and utility programmes are focused on improved reactor safety
and economics [10]. Many of these efforts — advanced outage management, improved
maintenance techniques, load following, reduced O&M costs - are already in progress and
have achieved impressive results; others will be in effect by 2015 with the advent of more
advanced reactors.
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Additionally, market forces will encourage reactor suppliers to consolidate, focusing
R&D funds, improving technology transfer, and decreasing the "real" cost of reactor
development. This consolidation of companies has already started with the joint programme
of Siemens/Framatome, Westinghouse & Mitsubishi, G.E. & Hitachi and the merger of
Combustion Engineering and ABB. Collaboration also will be undertaken between nationally-
owned companies such as Atomic Energy of Canada Limited and Korea Electric Power
Company. Countries such as China, Russia, Japan (and others that develop a large indigenous
reactor programme), also may become exporters of reactors and reactor technology.

Several of the enhancements that will allow these needed economic improvements to
be introduced will come from the use of new and advanced fuel designs, capable of extended
burnup and longer cycle times, hi order to achieve these improvements, it will be necessary
to overcome those factors that currently limit the bumup achieved by existing fuel designs,
including:

• cladding corrosion,
• fission gas release,
• fuel-cladding interactions, and
• fuel assembly deformation.

Although engineering solutions are available to raise the bumup limit in many cases,
others will require development of new materials to achieve the significant improvements that
are possible.

The worldwide fuel supply business, already very competitive, will experience changes
that will affect both the price and supply of services. In 1995, the world's uranium
requirements were on the order of 61 000 t uranium per year while the uranium production
level was approximately 34 0001 [11, 12]. By the year 2050, the demand for fresh uranium
may be as high as 115 000-180 0001 per year [13] depending upon the amount of spent fuel
recycle. The globalization of fuel cycle services will continue to make the supply of services
much more competitive throughout the entire fuel cycle. Fuel cycle costs also will continue
to decrease in real terms because of improved reactor and fuel performance and expected
reductions in the projected price of certain fuel cycle components [14]. As a consequence,
although uranium is likely to increase in price, the total cost of fuel may decrease.

In the field of enrichment, improved or entirely new technologies will be introduced,
contributing to the reduction in fuel cycle costs. The gas diffusion plants will be phased out
as they reach the end of their commercial lives because they will not be competitive in future.
Improved centrifuge technology will continue to reduce the cost of enrichment. Laser
enrichment technologies may be introduced on a commercial basis if and when their costs are
comparable or better than centrifuge technology. Centrifuge and laser technologies will be
used to re-enrich recycled uranium. Laser separation, if implemented, has the potential to re-
enrich tails which have not been depleted to a very low level and to reduce the ^ U content
of recycled uranium to enable multiple recycling.
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Independent of whether a once-through or recycle fuel strategy is utilized, increased
capacity for spent fuel storage will be a continuing requirement. In order to control costs,
spent fuel storage capacity will be added in modular form either locally at the reactor sites,
or in central spent fuel storage facilities.

In summary, the re-engineering of the entire nuclear power plant system including
design, construction, operation and maintenance, fuel services and waste storage will result
in significant savings over present day expenditures. As a result, independent of the fuel
cycle chosen, power generation unit costs (cost/kW.h) are expected to be reduced by over
25% in real terms, thus improving the cost-competitive position of nuclear power relative to
other energy sources.

3.1. ONCE-THROUGH FUEL CYCLE

To enhance economic viability of LWR plants and reduce the overall volume of spent
fuel that goes to storage or disposal, reactors beyond 2015 may continue the current trend
towards higher fuel bumup. Efforts will continue to be made to increase average fuel bumup,
up to 60 000 MW.d/t in the first step and possibly reaching 80 000 MW.d/t in a second step.
In order to achieve these burnup levels, it will be necessary to increase the enrichment beyond
the levels that are currently licensed in fuel fabrication facilities and to develop advanced
cladding materials capable of withstanding the long reactor residence times required without
failure. Fuel/clad interaction and fission gas retention issues will also need to be addressed.

The economics of HWR, as it uses on-power fueling, are not strongly impacted by
bumup changes or by the volume of spent fuel produced [15]. The motivation for increasing
enrichment is mainly to improve uranium utilization. By 2015, slightly enriched fuel will be
in common usage in HWRs, with bumup on the order of 20 000 MW.d/t being common
without major modification to the existing fuel designs. More advanced fuel designs will
enable even higher bumup to be achieved in HWRs by 2050.

During the time period under consideration, HLW and spent fuel repositories are
expected to become operational in a few countries. These repositories (both for disposal and
interim storage) will in general be national facilities, accepting only domestically produced
waste products and spent fuel, although there is a possibility that some spent fuel
storage/disposal facilities may become commercial ventures providing services to other
countries. Even with these permanent disposal facilities in operation, through the year 2050
most spent fuel will be held in interim storage. This practice will allow utilities to change
from a once-through fuel cycle to a recycle operation at some time in the future if it is
economically attractive and if national policy supports this alternative. In this context, it
should be recognized that the older spent fuel with low burnup will have the largest economic
value to a utility owing to the potential recovery of unused 235U and 239Pu.

Technological innovations may allow the use of the HTGR in specific markets where
high temperatures are required, such as process heat and industrial uses. Broader applications
might be found for the HTGR in recognition of the concept's favourable features (high
bumup, high thermal efficiency). Owing to the characteristics of HTGR fuel, spent fuel from
these reactors is not expected to be recycled, but would be sent directly to a permanent
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repository. This paper makes no attempt to exclude this or any other reactor concept from
consideration, but concentrates by necessity on those concepts most likely to find broad
application in the time period under consideration.

3.2. THERMAL REACTORS WITH CLOSED FUEL CYCLE (RECYCLE)

As was discussed in Chapter 2, it may be economical to close the fuel cycle by
recycling spent fuel to recover the available 235U and 239Pu. Originally, reprocessing spent
fuel was envisioned as necessary only to supply enriched fuel for the initial inventory of fast
reactors. As a stop-gap action to provide for the use of spent fuel until fast reactors were
developed and built, the use of mixed oxide (MOX) and reprocessed UO2 fuel was developed
and implemented in thermal reactors. Because fast reactors have not been built on the scale
originally planned, reprocessing plants now serve mainly the thermal reactor market. As
more thermal reactor plants are built and as fast reactors come on line in the 2020-2050 time
frame, added reprocessing capacity may be required. The major new spent fuel reprocessing
and MOX fuel fabrication facilities in France and the UK will continue to operate into the
period beyond 2015 and will be joined by the PUREX based facilities currently planned or
under construction in Japan and the Russian Federation.

Decisions to build additional new facilities will depend upon the scope and economics
of nuclear power programmes implemented early in the 21st century. New facilities will most
probably be located at regional fuel centres in those nations which have major nuclear
programmes, a proven non-proliferation record, limited energy resources and a firm
commitment to a recycle strategy.

Noting the long lead times necessary for the establishment of recycle facilities, it is
probable that the ability to fully implement a closed fuel cycle policy will continue to be
constrained by the availability of reprocessing capacity. MOX fuel fabrication capacity will
be built to match and integrate with the existing reprocessing capacity.

Factors influencing the choice of fueling strategy (recycle or once-through cycle)
include:

• economics of recycle versus those achieved through the use of fresh uranium
fuel,

• importance of high uranium resource utilization for energy supply
sustainability,

• environmental impact of spent fuel from either once-through or recycle fueling
strategies, as well as uranium mining tails,

• total inventories of high level waste and spent fuel requiring permanent
disposal,

• perceived need to maintain the recycle technology base for future generations,
• level of actual and perceived proliferation risk arising from the total inventory

of unseparated and separated plutonium in the civilian fuel cycle.
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Other factors that would favour the recycle option include an upward trend in uranium
prices (which would serve to make recycle more economically attractive), implementation of
ongoing development work to reduce the overall cost of the fuel cycle, and improvement in
worldwide non-proliferation programmes to ensure that all relevant materials and processes
are safe and secure.

3.3. FUEL CYCLE PROCESSES

Fuel cycle suppliers, both individually and in collaboration, are investigating the
technologies that will enable the cost of the next generation of PUREX based reprocessing
facilities to be reduced by at least 25% [8]. These technologies will be employed in
reprocessing plants built in the earlier part of the 2015-2050 period. The application of
advanced fuel designs intended to facilitate reprocessing may also reduce the cost of recycle
[16].

More radical processes based, for example, on molten salts (pyro-metallurgical
processing) or fluoride volatility are also being developed for possible implementation in the
medium to longer term to reduce fiiel recycling costs by an even greater margin. These
economic benefits will be further enhanced if the fuel cycle facilities are closely linked to the
next generation of reactors, such as designing the fuel handling routes at the reactor sites to
be compatible with handling fresh fuel with a higher residual fission product content.

In the area of MOX fabrication, technologies and designs are being developed to
significantly reduce the cost of fuel fabrication and improve the performance of MOX fuel.
The achievement of high burnup MOX fuel is an important factor in the economics of fuel
recycle in thermal reactors because, unlike UO2 fuel, where high bumup implies higher
enrichment cost, the cost of MOX fuel will be largely independent of burnup. It may be
anticipated that MOX fuel designs capable of achieving bumup at least as high as UO2 fuels
will be in use for both LWRs and HWRs during the period 2015-2050. The use of MOX
fuel will also be enhanced by the development of reactors and fuel designs capable of
achieving 100% MOX loading.

With the current focus in several countries on recycling plutonium in LWRs, there is
an opportunity for resource extension through the use of uranium recovered from reprocessing
plants. Recovered uranium typically has a 235U content of between 0.8 and 1.0 wt%. It also
has a significant 236U content which is a non-fissile absorber in a thermal neutron spectrum.
One option for the use of the recovered uranium is re-enrichment and use in LWRs. The
HWR also offers potential benefits as a recovered uranium burner since it does not require
re-enrichment of the recovered uranium; exit fuel bumup of between 15 000 and 17 000
MW.d/t will be achievable in HWRs for recovered uranium without re-enrichment. Both of
these options for the recycle of reprocessed uranium should be fully established early in the
first decade of the 21st century.

hi addition to considerations of cost reduction, development and implementation of
recycle technologies will require careful reconsideration of non-proliferation and safeguards
issues. One proposed approach is to avoid generating separated plutonium at any point in
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the process; another approach favours maintenance of separated plutonium stocks with the
argument that inventory monitoring and control is easier for such material. This paper is not
intended to enter into ongoing discussion of the relative merits of these two approaches.

An alternative to full recycle is the concept of the double burn cycle [16] in which the
greater neutron efficiency of the HWR allows spent LWR fuel to be reused with a minimum
of processing. Thus, fuel cycle synergy can be achieved by burning spent LWR fuel in the
HWR. It can be anticipated that if the development work is successful, LWR/HWR synergy
may be implemented on a commercial scale in some countries during the period 2015-2050.

3.4. WASTE MATERIALS

Although thermal recycle greatly enhances the utilization of uranium it is not possible
to continue the recycle of plutonium or uranium in LWR reactors using today's fuel cycle
concept (plutonium with either depleted or natural uranium). In the case of plutonium, the
buildup of non-fissile (even numbered) isotopes eventually limits the potential for recycle.
Although still the subject of some debate, it is probable that thermal recycle of plutonium will
be limited to two or possibly three recycles in LWRs. Similarly with uranium thermal
recycle, the buildup of 236U (which increases during re-enrichment of 235U) will limit the
potential of recycle in LWRs [17]. Studies are under way to examine the possibility of
stabilizing the quantity and isotopic distribution of plutonium on multiple recycle, using fresh
enriched uranium topping. Unless all of the recycle fuel can be consumed through multiple
recycling, LWRs will inevitably generate spent fuel requiring interim storage pending direct
disposal or subsequent use in a fast reactor (or HWR) cycle.

3.5. THERMAL REACTORS (U/Pu) PERFORMANCE RANKING

Table I shows the ratings of these reactors against the factors identified in Chapter 2.

TABLE I - PERFORMANCE FACTORS OF THERMAL REACTORS

FACTOR

Resource utilization

Economic benefit

Environmental impact

Demonstrated safety

National and international
policies

THERMAL REACTOR CHARACTERISTICS

Maximum effective utilization is 2-3% of potential
energy

Good at present, but strong competition from fossil
fuels, potential for fuel price rises in future

Positive - very low environmental impact

Among safest of existing large industrial enterprises

Best in a climate of open nuclear fuels markets
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4. SYSTEMS WITH FAST REACTORS

Fast reactors were among the very first type of power reactors developed; in fact, the
first civilian nuclear electricity was generated by the experimental EBR-1, which had a fast
neutron spectrum. The prime reason for this early interest was a perceived shortage of natural
uranium and the consequent need to extract a large amount of energy from each unit mass.
As time went on and the known recoverable resources of uranium increased, however, the
urgency of fast reactor development programmes was reduced in several countries. The
present dominant influence in the choice of one reactor type is economic; fast reactors must
be competitive.

The utilization of fast reactors is considered for two purposes. First, the time period
being considered in this paper ends in the middle of the next century. Although it is
impossible to predict with any certainty, many factors [12] point to a uranium price increase
resulting from a shortage of easily accessible ores, around that point in time. A significant
expansion in the usable energy content of uranium resources can be achieved by converting
238U in mined uranium and enrichment tails, as well as 232Th into fissile isotopes. This can
be done most efficiently by using fast breeder reactors.

Secondly, in addition to this central goal of resource expansion, fast reactor
programmes are being studied for destruction of long lived actinides, and to balance the rate
of plutonium usage with plutonium separated from thermal fuel reprocessing plants and
military disarmament programmes.

4.1. STATUS OF FAST REACTOR DEVELOPMENT

LMFRs have been under development for more than 45 years [18]. Twenty LMFRs
have been constructed and operated. Five prototype and near-commercial-scale LMFRs (BN-
350/Kazakstan, Phenix/France, Prototype Fast Reactor (PFR)/United Kingdom, BN600/Russian
Federation, Superphenix/France), with an electrical output of between 250 and 1200 MW(e),
have accumulated more than 85 reactor-years of operating experience. Altogether, LMFRs
have accumulated more than 280 reactor-years of operating experience. In many cases the
overall experience with these reactors has been extremely good; the reactors themselves and,
more frequently, particular components, showing remarkable performance well in excess of
design expectations. They also have been shown to have very attractive safety characteristics,
resulting to a large extent from being a low pressure system with large thermal inertia and
negative power and temperature coefficients.

Significant technology development programmes for LMFRs are proceeding in several
countries, notably France, Japan and the Russian Federation. Activities continue in a number
of other countries at lower levels. Introduction of additional fast breeder reactors in France
has been postponed; however, an additional role for LMFR is being developed - to transmute
long lived nuclear waste and plutonium burning. Continued operation of Superphenix at a
nominal power of 1200 MW(e) and Phenix at 350 MW(th) reflect these requirements. One
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of the objectives of extending the lifetime of the Phenix reactor by ten years is to perfomi the
necessary inadiation experiments in support of the project identified as "Concept to Amplify
Plutonium Reduction in Advanced LMFRs" (CAPRA). TMs knowledge acquisition
programme, initiated in 1994, has three major complementary objectives: (1) to demonstrate
the capacity of a fast reactor to produce electricity on an industrial scale while contributing
to plutonium management and the reduction of long lived radioactive waste; (2) to study the
flexibility of a fast reactor using plutonium as fuel and to qualify the technical solutions
developed within the framework of a research programme, with the main focus on operating
this type of reactor as plutonium consumer; and (3) to study fuel performance and the
possibilities for destroying long lived radioactive waste, in particular the minor actinides,
americium and neptunium.

In Japan, the fast reactor development programme symbolizes the national nuclear fuel
recycling programme, as stated in the national long term plan [19]. The experimental fast
reactor "Joyo" reached initial criticality in April 1977 and since then has shown excellent
performance for more than 20 years. The prototype reactor "Monju" with a capacity of 280
MW(e) reached initial criticality in April 1994 and delivered electricity for the first time in
August 1995. Reactor operation was stopped temporarily in December 1995 owing to a leak
in the non-radioactive secondary cooling system The design of a demonstration fast breeder
reactor (DFBR), 660 MWe is in progress; construction is expected to start at the beginning
of the next century. In addition to this main stream of development work, studies are under
way regarding technology development capable of meeting the diverse needs of future society.
This includes reduction of impact on the environment and assurance of non-proliferation,
thereby widening the technological options [20].

Experience in the Russian Federation in the operation of experimental and prototype
fast reactors BR-10, BOR-60, BN-350, and BN-600 has been very good and, even though
these reactors are operating with highly enriched uranium and not with plutonium, has
vindicated the original faith in LMFRs as the ultimate goal for efficient utilization of uranium.
Current efforts with regard to LMFRs in the Russian Federation are directed towards
improving safety, reliability and economics. While these efforts will take some time, an
immediate use is foreseen for fast reactors as Pu and minor actinide burners [21].

Elsewhere, work continues on the design of the 500 MW(e) prototype LMFR at the
Indira Gandhi Center for Atomic Research in India. The Republic of Korea's LMFR
programme consists of development, design and construction of a prototype reactor by 2011
with a power of 150-350 MW(e). The first fully-proven reactor is planned to be in operation
by 2025. The Chinese Experimental Fast Reactor, CEFR-25, is planned to become critical
in the year 2000. The USA has stopped its development of the LMFR and the associated fuel
recycling system, after substantial development progress had been made [22].

4.2. CONCEPTS OF FUEL RESOURCE MANAGEMENT

Thermal reactors operating on a once-through cycle extract only a small fraction of
the potential energy of natural uranium; about 0.5 % for LWR reactors and about 1% for
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HWR reactors. Advanced thermal reactor cycles can increase this extracted energy to 2-3%
of the total potential energy in uranium. Owing to the large amount of ore which must be
mined per unit of electricity sent out using thermal reactors, existing and projected uranium
resources could not sustain a large and long term nuclear energy programme such as the one
envisaged in Fig. 3. A programme based solely on thermal reactors therefore must be
considered only as an initial step toward a sustainable nuclear energy supply system.

Long term sustainable energy production from uranium and thorium can be achieved
most effectively with fast reactors. (Accelerator driven systems have been discussed to some
degree for the same purpose). By using available stockpiles of plutonium contained in spent
fuel and high enriched uranium for the initial reactor fuel loading, fast reactors can be used
to convert the large amount of depleted uranium in enrichment tails and spent fuel pools into
useful nuclear fuel. The potential energy extracted from mined uranium can be increased up
to 60-100% of the total (depending on reprocessing losses), and thorium deposits also can be
considered as ore because of the LMFR fissile material breeding capability. As a direct
result, the quantity of nuclear fuels definable as ore (economically viable deposits) increases
enormously by inclusion of phosphate uranium deposits, dissolved uranium in sea water, and
thorium. Under these conditions, the nuclear fuel resource is effectively limitless.

Depending on their core geometry and composition, fast reactors at a given power
rating and core size can either increase, maintain or decrease the inventory of transuranic
isotopes. Using this flexibility the loading of fast reactors can be variously configured to
produce plutonium conversion ratios (CR) of less than 1.0 or more than 1.3 for a large scale
integral fast reactor unit using metal fuel [23]. If CR > 1 the reactor system becomes a
breeder and generates fissile materials in response to increased nuclear fuel demand. If CR
< 1 the fast reactor becomes a fissile material burner and decreases the inventory of fissile
materials (and actinides) [24].

4.3. THE APPROACH TO COMPETITIVE FAST REACTORS

Fast reactors (LMFRs) cooled by sodium must be viewed in the context of the world
as it will appear in the time period up to 2050 and beyond. Hundreds of thermal reactors
probably will be operating, in a climate of slowly increasing fuel cost. The LMFR will be
introduced initially to control this fuel cost, and will be installed as a logical replacement for
existing thermal reactors as these are decommissioned. LMFRs may enter the competitive
electricity generation market after about 2030 in a stepwise approach (see Fig. 4), depending
on how energy economics develop. Countries lacking major uranium resources may introduce
LMFRs at an accelerated pace in order to gain earlier energy independence). Improved
LMFR designs drawing upon the lessons learned from existing plants, which are costly and
take longer to construct than thermal reactors, must result in plants that are simpler and
cheaper to construct while maintaining high safety levels.

Considerable efforts have been made in recent years in France, the Russian Federation,
Japan, the USA and India to lower the capital costs of advanced LMFRs. The latest designs
of the LMFR, such as the one developed in the European Fast Reactor (EFR) project, appear
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FIG. 5. Generating cost comparison from EFR study [5]
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close to achieving economic competitiveness with other reactor types. Demonstration of the
economic potential was an important objective of recent EFR design studies, leading to
thorough investigation of all components of the generating costs, i.e. plant investment, fuel
cycle and operation costs. The economic investigation was conducted as a joint enterprise
between EFR Associates and the European Fast Reactor Utilities Group (EFRUG), each being
responsible for clearly identified areas of work. Fig. 5 summarizes the results of that study
[21] as a function of capacity factor. (The wider band of generating cost for PWRs is not
significant to the comparison, but results only from differences in treatment of nuclear island
costs for PWR and LMFRs.) It is apparent that the expected capital cost of EFR is higher
than that of PWRs while the reverse is true for operations and maintenance cost; as a result,
the EFR would be more competitive at higher achieved capacity factors. These results are
generally consistent with other studies, and indicate that the goal of competitive fast reactors
may be within reach. However, it must be emphasized that these costs are appropriate to the
particular set of assumptions used in the study and should not be generalized

4.4. FAST REACTOR FUEL CYCLE TECHNOLOGY

By the year 2010, it is estimated that there will be available more than 300 000 t of
spent fuel, including 2100 t of plutonium and of the order of 100 t of neptunium and
americium [25]. Given the expected reprocessing capacity of the world industry, it is clear
that there will be a sufficient inventory of fissile material available for introduction of fast
reactors in the time frame indicated in Fig. 4.

The principal tasks of experimental and prototype LMFRs and related fuel cycles are
to demonstrate a reliable, safe and robust fuel capable of routinely achieving high burnup and
to demonstrate the technical, economical and environmental feasibility of fuel reprocessing.
During the last decade a very high level of understanding regarding these topics has been
reached. The first fuel assemblies containing plutonium recycled into new MOX fuel were
loaded in the Phenix reactor core in January 1980 and in the PFR reactor core in June 1982,
thereby closing the reactor fuel cycle. The cumulative amounts of FR fuel reprocessed are
about 30 t in France and about 25 t in the United Kingdom. In March 1994, the Dounreay
reprocessing plant had treated a total of over 23 t of MOX spent fuel with the highest burnup
in the fuel about 18%, proving the technical feasibility of MOX fuel reprocessing via a
PUREX cycle, with recovery of over 99.5 % of the plutonium. This high recovery was also
reflected in the low amounts of plutonium in the liquid and solid waste streams from the
plant. The amount of radioactivity discharged to the environment was always about an order
of magnitude less than the licensed limits. The plant is subject to IAEA and Euratom
safeguards. Based on the approach adopted for the PFR plant, and taking experience of its
operation into account, a design study, was completed for an EDRP plant (60 t per annum).
Cost evaluations indicated the capital cost for such a plant (and its associated fuel fabrication
and waste treatment plants) to be less than 10% of the capital cost of the three 1500 MW(e)
fast reactors it would service [26].

In Japan a new R&D framework has been laid down for development of advanced fuel
recycle systems (AFRS) with fast reactors, targeted for the early decades for the 21st century.
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One of the APRS concepts which PNC is developing is based on the well established MOX-
aqueous reprocessing techniques, but is greatly improved and optimized with regard to
economy, proliferation resistance and waste management. In the Pu/U 'co-processing without
purification' processes, plutonium is always recovered as a mixture with uranium In the fuel
fabrication process, the gelation and vibro-paeking method has been proposed as one of the
methods suitable for carrying out the process remotely in a shielded environment. The
integration of reprocessing and fabrication processes into one fuel cycle plant will contribute
to reduction of the fuel cost and will reduce the proliferation risk by eliminating the necessity
for transportation between related facilities.

The Russian Federation, on the basis of successful experience with existing fast
reactors BN-350 and BN600 with UO2 fuel, is planning to construct two new BN-800 reactors
with MOX fuel. It is proposed to suppress the production of plutonium in the radial blanket
of BN-800 by replacing the uranium with neutral material. (It may be noted that such radial
blanket plutonium would be very "clean" and therefore of high quality for beginning recycle
in thermal reactors.) A Nuclear Centre comprised of a former defence production unit (PA
"MAYAK") with fast reactors and fuel cycle facilities, called A300, would provide very
efficient protection of fuel cycle and reactors from any potential hazards of plutonium
diversion.

High fissile materials bumup (the target is more than 20% peak bumup) is an aim of
all current designs because it reduces reprocessing costs and the losses of radioactive
materials in reprocessing.

4.4.1. Fast burner reactors plus thermal reactors

It is considered highly unlikely that LMFRs will be built for operation solely as
plutonium burners; however, one possible role during their early life may be to serve as
burners to decrease the plutonium stockpile as well as the overall radiotoxicity of long lived
wastes. This possible role led to initiation of the CAPRA project for enhanced plutonium
consumption in fast reactors with CR < 1.

Two different scenarios for this programme are being considered: Scenario 1 aims
at using the potential of existing PWRs for single plutonium recycling. The plutonium
extracted from MOX PWR fuel reprocessing is sent to fast reactors, which can act initially
as plutonium burners as well as incinerating minor actinides from both MOX loaded PWRs
and UO2 loaded PWRs. Repeated recycling in fast reactors is feasible because any given
cycle does not greatly alter the plutonium isotopic composition. The ratio of the number of
fast burner reactors to the number of PWRs is variable by changing the burner reactor
configuration, but could be around one fast reactor for every four to five PWRs.

Scenario 2 uses the same basis as Scenario 1, but optimizes the number of plutonium
recycles in PWRs in order to take full advantage of existing reactor facilities and build a
minimum number of fast reactor burners - perhaps as few as one per 10 PWRs. In both
scenarios, one can expect significant reduction in the radiotoxicity of the waste. For example,
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if plutonium losses during reprocessing are assumed to be about 0.1%, the potential radio-
toxicity of the waste in a deep underground disposal facility is reduced by up to a factor of
40 compared to an open cycle strategy. For the long term and at the equilibrium of the
recycling, a fast reactor with a conversion ratio of 1.0 would burn the long lived waste it is
producing and would breed sufficient plutonium from fertile 238U to meet its own fueling
requirements.

However, more studies are needed in order to better evaluate the consequences on the
entire fuel cycle. If CAPRA is successful it will provide decision makers with the option of
including replacement of some LWR plants by fast burner reactors with the goal of
maintaining plutonium stockpiles constant while continuing to reprocess most LWR fuel.

Another concept of combined fuel cycle using a fast reactor burner of plutonium and
minor actmides from thermal reactors was developed in the USA. The Advanced Liquid
Metal Reactor design is based on GE's PRISM. Using the metal fuel cycle and the pyro-
process developed by ANL, plutonium is always mixed with other radionuclides, even outside
the processing facility, thereby providing a higher degree of proliferation protection.

4.4.2. Breeder reactors plus thermal reactors

The main objective of development and introduction of fast breeder reactors into the
nuclear energy system is to decrease strongly the natural uranium needs. Should the 'High'
nuclear power scenario described in Ref. [1] actually be realized, all currently identified,
reasonably assured uranium resources would be expended by the year 2050.

New uranium deposits will almost certainly be discovered, but the cost of exploration
and recovery of these resources will increase natural uranium prices. It can also be assumed
that uranium recovery processes will be significantly improved, such that uranium recovery
from existing tails will increase by over 30% using new enrichment processes. These added
resources will serve to delay for some time the need for recycling spent fuel and the
introduction of fast reactors, under the Medium Variant scenario discussed in this paper.

A mixed system of fast and thermal reactors is more versatile than a system with
LMFRs only, because of the additional flexibility of fuel cycles, scheduling of reactor
introduction and overall economics. The optimum ratio of the number of fast reactors to
thermal reactors becomes smaller as the breeding ratio of the fast reactors increases and as
the conversion ratio of the thermal reactors increases. One high gain fast reactor could
provide enough fissile materials to fuel up to about eight HWR reactors of equal power output
[27]. (Assuming thorium/plutonium checkerboard fuelling in the HWRs and a fast reactor
breeding ratio of 1.3, this ratio could be even higher.) Synergistic fuel cycles of this type
could be used to simplify the transition between a large installed thermal reactor system and
the eventual fast-reactor-dominated system which is expected to exist in the very long term.

Today, the world has an extremely valuable asset: nuclear technology experience
gained jointly by several countries in the research, development, construction and operation
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of LMFRs of various designs. At present, it is difficult to predict when LMFRs will be
introduced on a large scale. An analysis [26] based on the exhaustion of economic uranium
resources indicates that this will not happen before about 2050. The principal difficulty with
a decision to introduce fast reactors at the time when the latter are perceived to be needed
may be the limited amount of long term performance experience. For this reason a co-
operative programme for development of prototype designs and construction of a limited
number of demonstration LMFRs in a step-by-step manner would be prudent over the period
between now and 2030.

It is expected that the transition period from a purely thermal reactor sector to one
using only LMFRs would be long, if in fact ever completed. Thus, it is reasonable to assume
that the nuclear power sector may always be composed of thermal and fast reactors, with the
role of fast reactors differing at specific stages in the transition period.

4.5. FAST REACTOR PERFORMANCE RANKING

Table II shows the likely performance capabilities in the middle of the 21st century,
compared with the performance factors discussed in Chapter 2. Clearly, the fast reactor has
an important role to play in the latter part of the century, provided that costs can be reduced
to compete with those of thermal reactors.

TABLE H - SUMMARY OF FAST REACTOR PERFORMANCE FACTORS

Factor

Resource utilization

Economic benefit

Environmental impact

Demonstrated safety

National and international
policies

Fast reactor characteristics

Effectively infinite resource availability at highest
achievable specific energy extraction

High capital cost at present - reduction is needed

Positive - excellent waste management characteristics

Needs large scale demonstration — good basic features

Best for countries with limited nuclear fuel resources
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5. SYSTEMS BASED ON THORIUM FUEL

The main reasons proposed for the introduction of the thorium based fuel cycles in
the past [28,29] have been (a) the enhancement of fuel resources by breeding of 233U, (b) the
existence of indigenous thorium in some countries coupled with shortage of uranium in those
countries, (c) reduction in M5U requirements, (d) good in-core neutronic and physical
behaviour of thorium containing fuel, and (e) its lower excess reactivity requirements (higher
thermal conversion ratio), hi the context of protection against proliferation, thorium has an
added advantage in that production of the fissile isotope ^ U unavoidably results in
production of other uranium isotopes which ensure that the mixture will not be used in
nuclear weapons. Set against these advantages, the predominant reason that thorium has not
been used more widely to date is the fact that the ore contains no fissile isotope, as does
uranium ore. It follows that thorium must be 'enriched' with either ^ U or plutonium to start
this fuel cycle.

Thorium based fuel cycles have been developed through the basic R&D phase in
several countries, particularly Germany, India, the UK, Japan, the USA and Canada. Once-
through thorium fuel strategies have been demonstrated successfully in several power reactors,
primarily in the USA, Germany and India. India has the most direct recent experience with
power reactor thorium dioxide fuel use: about 1000 kg of thorium dioxide in 70 fuel bundles
were used in the startup sequence of the two reactors at the Kakrapar station [30]. This
programme will be continued in future reactors. (These irradiations were somewhat atypical
because of their low power and consequent low discharge burnup.)

Tests performed to date and the experience gained on thorium based fuel in both test
reactors and power reactors are very encouraging. The most noteworthy result of worldwide
investigation of thorium based fuels is that they can be used in all proven reactor types
(HWR, LWR, LMFR, HTR) without requiring changes in the reactor design, plant design or
safety concept. Other reactor concepts such as molten salt also can utilize this fuel, hi the
case of HTRs, some adaptations must be made regarding the passive decay heat removal.

In the medium time frame, the most probable choice for a thorium based fuel cycle
is one which uses natural thorium boosted by either uranium or plutonium, in a once-through
mode. This fuel will be burned in high-conversion-ratio thermal reactors in order to extract
the maximum energy output from the thorium based fuel.

New realities which necessitate further review of thorium based fuels are their
potential role in assisting the reduction of current plutonium stockpiles and their attractive
characteristics with regard to proliferation protection, hi addition, the high conversion ratio
of thorium fuel in thermal reactors offers added flexibility in fuel cycles during the startup
and introduction phase of the LMFR. This flexibility arises from the reduced need for fissile
fuel addition to maintain operation in existing thermal reactors, as the conversion ratio
increases.
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5.1. FUEL CYCLE TECHNOLOGIES

Present knowledge of the extent of thorium resources in the world is limited, even
though extensive deposits with very high grade ore have been found in several countries.
Extraction of thorium from ores is a somewhat difficult process, and the large scale
economics of the process are not well known. Fabrication of fresh thorium fuels is an
established process at the pilot plant scale but no industrial scale facilities have been built.
The major difficulties of separation of a 3 U from spent fuel, and the high gamma activity of
the product, suggest that the most likely application of this fuel should be in a once-through
cycle, and further that its burnup (energy yield) can best be maximized by taking advantage
of the high thermal conversion ratio in a well therrnalized reactor spectrum.

5.2. BURNING OF PLUTONIUM USING THORIUM

The two fuel concepts proposed for plutonium annihilation are (a) mixture of
plutonium with a neutral matrix material such as silicon carbide, or (b) mixture of plutonium
with pure thorium. The choice of thorium is attractive for several reasons:

• no additional plutonium is generated in the cycle,
• better reactivity characteristics as a function of burnup,
• spent fuel is relatively easy to safeguard,
• destruction of plutonium can be achieved while a large amount of electricity

is produced,
• the small quantity of higher actinides may be an advantage for fuel disposal

[31].

Plutonium is an excellent fuel as a driver for a thermal reactor with high conversion
ratio. The plutonium bearing fuel can be placed in bundles containing neutral-matrix pellets
separate from the pure thorium bundles, thus providing rapid denaturing or elimination of
plutonium while requiring only slow fuelling of the thorium bearing fuel channels as well as
high energy production (up to 50 000 MW.d/t) from the thorium.

Thorium also can be utilized as fast reactor fuel, provided that a suitable reprocessing
method is available for extraction of 233U. However, the achievable breeding ratio of the
thorium-233U cycle is lower than that of the uranium-plutonium cycle.

5.3. THORIUM/URANIUM CYCLE

This cycle can be considered as a transition cycle whose long term goal is the fully
integrated thorium-uranium-plutonium cycle. Plutonium might provide the makeup fissile
material for a high-conversion-ratio 232Th-233U cycle.
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5.4. THORIUM FUELED REACTORS PERFORMANCE RANKING

Table El gives the thorium fuel characteristics placed against factors identified in
Chapter 2. It is seen that the economic factor dominates; the existing infrastructure of the
uranium cycle, plus the difficulty of managing thorium recycle, place this fuel, for now, well
down in the development priority list.

TABLE HI. PERFORMANCE FACTORS OF THORIUM BASED REACTORS

Factor

Resource utilization

Economic benefit

Environmental impact

Demonstrated safety

National and international
policies

Thorium fuel characteristics

Large energy resource

Poor for recycle application

Positive - good disposal characteristics

Slightly lower peak fuel temperature

Positive for national/regional goals
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6. TRENDS IN THE NUCLEAR FUEL CYCLE

Table IV summarizes expected world trends in fuel cycles and reactors in the period 2015 to 2050. Each of the six major topics addresses one
of the determining influence factors found in Chapter 2 of this paper.

IV. DEVELOPMENT POTENTIAL AND LIKELY ADVANCES TO 2050 IN

oo

Technology area

Front end technologies

Uranium mining and
milling

Uranium conversion

Trends likely up to 2050

Large resources of uranium exist which can fuel the nuclear energy enterprise for many decades.
Possibilities for extracting additional energy from each unit of mined uranium promise to increase this
reserve enormously.

More environmentally friendly and lower exposure mining methods will be employed. Mining will become
progressively more costly as easily accessible ore bodies are depleted. New technologies will be introduced
in order to extract ores from the more inaccessible deposits. By-product recovery (e.g. from phosphate ores)
may provide an additional source of uranium.

At some time (probably beyond 2050) it may become cheaper to use existing reactors to produce fissile
material from stocks of fertile materials uranium or thorium than to mine further uranium. It should be
noted that, as the world's only natural supply of fissile material (235U) becomes scarce there will still exist a
very large supply of fertile materials in the form of uranium enrichment plant tails and thorium. The fast
reactor is the only technology that can make use of this huge energy resource by converting the fertile
materials into fissile materials.

This is a mature technology with some improvement in conversion cost foreseen by application of newer
technologies. In the case of re-conversion, dry processes will be employed where practicable to minimize
effluent streams and facilitate recovery of reagents.



Technology area

Enrichment

Heavy water production

UO2 fuel fabrication

MOX fabrication

Fuel performance

Trends likely up to 205®

Gas diffusion plants will be phased out as they reach the end of their commercial lives or because they have |
become non-competitive with other enrichment processes. Improvements in centrifuge technology will
continue to reduce the cost of SWUs. Laser enrichment technologies are likely to be implemented on a
commercial basis if the overall fuel cycle costs are comparable or better than centrifuge technology.
Centrifuge and laser technologies will be used to re-enrich recycled uranium with laser separation offering
the potential to reduce the 236U content to facilitate multiple recycle.

Production by means of the Girdler-Sulphide process will be phased out before 2050. New processes based
on the use of catalytic exchange will be introduced mostly as side-streams to industrial hydrogen production
plants. Many small output units are envisaged; this will allow the product to enter the market as a
conventional commodity.

This is a mature technology with only limited scope for enhancement. Future plants are likely to be more
flexible and provide a range of fuels tailored to utilities' specific needs. As burnup increases, newer plants
will be licensed to handle higher enrichments. The application of higher containment standards will increase
the capability for using recycled uranium. Even though uranium cost may rise steadily it is expected that
other components of fuel cost (at constant enrichment) will decrease. This trend likely will defer, for some
time, the fliel cost impact of rising uranium prices near the end of the period.

MOX fuel plants will become fully automated (including maintenance) to enable high burnup plutonium and
minor actinides to be handled without significant dose penalties. In the longer term MOX fuel fabrication is
likely to be integral with reprocessing to minimize costs and maximize proliferation resistance.

Because of the significant costs involved in reloading fuel (especially for off-line fueling designs) and the
importance of low in-core fuel failure rates, it will continue to be important to enhance fuel performance.



Technology area

LWR

HWR

LMFR

Reactor technologies

HTGR

Trends likely up to 205©

LWR fuel burnup may be expected to continue gradual increase to up to 80 GW.d/t for once-through cycles.
The increased bumup will contribute to savings of uranium resources and reduction in spent fuel arisings.
Enhancements in burnup will be achieved by the revolutionary development of new cladding materials, and
advanced pellet and fuel element designs. Where recycle is employed cycles may be optimized with lower
burnup. Commercial considerations will lead to MOX designs capable of high burnup at least comparable
with UO2 fuels.

Most HWRs will be fuelled using slightly enriched uranium leading to fuel bumup in the order of 25
GW.d/t. This will be facilitated by the adoption of advanced fuel designs. Some thorium fuel has already
been utilized, particularly in special circumstances such as first-charge loading.

MOX fuel will be capable of reliable performance up to a burnup of at least 300 000 MW.d/t Metal fuel
will be available later in the period that will be capable of approximately double this burnup value.

The most probable reactor development path is the one of successive evolutionary development of existing
concepts. There are strong disincentives towards the creation of largely new reactor types.

Development of high temperature reactors (HTGRs) with helium as coolant, and graphite as moderator, has
been going on for a long period of time. A number of prototype or demonstration plants have been built.
The He coolant gas and a special fuel design enable it to operate at temperatures that are considerably above
those in water cooled reactors; hence it can supply steam for conventional steam turbine generators at much
higher temperature (and pressure), or high temperature process heat for special applications. Further HTGR
development concentrates on improved plant performance and life extension studies and, in particular, much
effort is devoted to the direct gas turbine cycle which may yield very high thermal efficiency and low
energy cost. A demonstration plant for testing of high temperature process heat applications is under
construction in Japan and construction of a test reactor has begun in China.
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Teclinology area

LWR

Trends likely up to 2050

Advanced LWRs (ALWRs) are developed along two lines: large units of 1300-1500 MW(e), and medium
size units of about 600-1000 MW(e). Hie large units are generally building closely on predecessors,
whereas the medium size units introduce new features, such as passive safety systems and plant
simplifications, aimed at defeating the economic disadvantage of their smaller size (the economy of scale).

Some examples of large, evolutionary ALWRs are: the ABWR of General Electric (GE), USA and Toshiba,
Hitachi, Japan; the APWR of Westinghouse (W), USA and Mitsubishi, Japan; the BWR 90 of ABB Atom,
Sweden; the EPR of Nuclear Power International (NPI) - a joint company of Framatome, France and
Siemens, Germany; the SWR (or BWR) 1000 of Siemens; the System 80+ of ABB Combustion Engineering,
USA; the WWER-1000 (V-392) of Atomenergoproject and Gidropress, Russian Federation and the KNGR of
KEPCO and KAERI, the Republic of Korea. Among the medium size ALWRs, five typical designs are: the
AP-600 of W, USA; the AC-600 of China National Nuclear Corporation, China; the MS-600 of Mitsubishi,
Japan; the ESBWR of GE, USA; and the WWER-640 (V-407) of Atomenergoproject and Gidropress,
Russian Federation. Many of the large and medium size designs above are already available for commercial
deployment, or will be by 2010.

It is expected that specific capital costs and unit energy costs will decrease significantly in real terms.

The situation for development designs, such as: ISIS of Ansaldo, Italy, PIUS of ABB Atom, Sweden; SPWR
of JAERI and IHI, Japan; and VPBER-600 of OKBM, Russia, is more uncertain due to the need of
experimental verifications and associated financing burdens.



Technology area

HWR

Trends likely up to 2050

The CANDU HWR reactor produced by AECL now contributes about 5% of the world's nuclear electricity
supply. This reactor type has increased market penetration, based on current orders. The existing market-
ready products are CANDU 6, in the 700 MW(e) output range, and CANDU 9, in the 1000 MW(e) range.
Further increases in output are planned depending on customer requirements, up to about 1400 MW(e) for
enhanced versions of the CANDU 9 design. Strong technology transfer to customer countries, especially in
Asia, will lead to diversification of design concepts. It is expected that specific capital cost and unit energy
cost will decrease in real terms by at least 25%. Some of the technologies required to accomplish such a
cost reduction will be advanced, but the product itself will be evolutionary for the foreseeable future.

The Indian HWR programme includes continuation of its programme for construction of 220 MWe units,
and their extension to 500 MW(e). Several different fuel cycles are considered, including slightly enriched j
uranium and thorium. An advanced natural circulation unit intended especially to burn thorium is in the
conceptual design stage.



Technology area

LMFR

Fuel cycle technologies

Reprocessing

PUREX

Trends likely up to 2050

Liquid metal cooled fast reactors (LMFRs) have been under development for many years in a number of
countries. The successful design, construction and operation of several plants, such as the BN-600 in the
Russian Federation, the 1200 MW(e) Superphenix in France and the BN-350 reactor in Kazakstan (for sea
water desalination and energy production), has provided an extensive experience basis of more than 280
reactor-years for further improvements. The fast reactors use "fast" neutrons for sustaining the fission
process, and they actually produce fuel, as well as consuming it; plutonium breeding allows fast reactors to \
extract 60-100 times as much energy from uranium as do thermal reactors. Their capability of producing
fissile material may become indispensable in the longer term if the deployment of nuclear power is increased
substantially at the end of the period 2030-2050. Fast reactors may also contribute to burning of plutonium
and to reduction of the required isolation time for high level radioactive waste by burning of long lived
transuranic radioisotopes. The further development of fast reactors focuses on improving plant safety and
economy, on improvements of fuel burnup and fuel recycling technology to reduce the amounts of
radioactive waste. Examples of development concepts are the BN-800M in the Russian Federation, the
DFBR in Japan, the PFBR in India, the advanced European EFR, and the LMFR developed by GE in the
USA.

Successful and credible demonstration of out-reactor fuel management and radioactive waste management
technologies including final disposal are absolutely vital to public support and approval of proposals for
continuing the nuclear energy enterprise.

PUREX is likely to remain the main chemical process for the reprocessing of LWR fuels. Advanced process
equipment will be employed to reduce costs and there may be process modifications which reduce the
fission product decontamination factors and only provide partial separation of uranium and plutonium to
further enhance non-proliferation performance. Further enhancements to the process may also be
implemented in order to separate minor actinides for subsequent transmutation in HWRs or LMFRs. Cost
savings in the order of 25% and significant reductions in waste arisings can be anticipated for advanced
PUREX systems.
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Technology area

Advanced technologies

Spent fuel storage

Waste disposal

High level waste

Low level waste

Public support and
approval

Trends likely up to 205®

Novel separation technologies (e.g. electrorefining, fluoride volatilization) linked with advanced fuel
fabrication techniques (e.g. vibratory packing) may provide the potential to reduce recycling costs below
those possible for PUREX based systems. Such technologies are likely to be developed in the longer term
for the recycle of LMFR fuel.

It is anticipated that large quantities of spent fuel will be stored, both on-site and in "away from reactor"
(APR) dry storage either pending direct disposal or recycle. On-site dry storage is a well established
technology in many countries of the world even though other countries are still experiencing difficulty with
site approval. Storage technologies are mature; some improvements can be anticipated with the further
introduction of modular design to enable utilities to add capacity as required and to reduce capital cost.

Waste repositories in stable geologic formations will be designed, constructed and licensed for the disposal
(including monitoring and retrieval if shown necessary) of spent fuel, high level vitrified waste and other
waste streams that require long term isolation from humans.

Near surface disposal in engineered repositories is a mature technology for the management of low level and
short lived wastes. Additional engineered barriers may be added to further enhance containment standards.

As the expected environmental impact of other industrial activities becomes more apparent and under the
assumption that the nuclear industry sustains a very favourable position in this regard, it may be anticipated
that public concerns about nuclear energy will naturally reduce in relative importance. At the same time
public opinion will not have a significant impact on the industry in the long term. It is essential that
nuclear operators and suppliers play a responsible role in presenting open and honest descriptions of the
benefits and risks of nuclear energy. Any 'significant' nuclear accident inevitably will have a detrimental
effect on public opinion and a consequential effect on the development of nuclear power.
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7. CONCLUSIONS

Based on the issues presented in this paper, the authors formulate the following conclusions:

Programmes for continuMdevelopment of nuclear energy use in the period 2015-2050
are unknown and unknowable. This paper is, therefore, speculative. Actual expansion
will depend on three basic issues: government and public approval, economic
competitiveness, and the beneficial role which nuclear energy might be called upon
to play in sustaining the world's healthy environment.

Uranium supply probably will be sufficientjo satisfy worldreactor progi^
up to 2050,, This conclusion is repeated from Key Issue Paper No. 1 because it has
an immediate bearing on reactor types and fuel cycles required in the period. Local
conditions may lead to supply shortages which would introduce trends toward fuel
import, recycle, fast reactor development, or thorium use. Very large energy resources
will exist in the form of depleted uranium tailings.

Slow evolution of present reactor types and designsjwilj be the dominant trend in the
commercial power plant market. The background of this conclusion is that high
investment cost, strict regulatory climate, and need for high performance over a long
period dictate a very conservative approach to most nuclear plant buyers. Dominant
reactor types in the period will be the LWR and HWR.

New reactor and fuel cycle development programmes will come to maturity.
Development of the LMFR, HTR and other types will continue in some countries.
The major objectives of these programmes will be improved fuel utilization, energy
independence, and improved waste management. Thermal reactors operated in
conjunction with fast reactors in an integrated fuel recycle system, can achieve the
goal of global sustainable energy supply.

Qut-reactor fuel cycle technology will be refined. The primary drivers for further
development of external fuel cycle facilities (mining, refining, enrichment, heavy water
separation, fuel fabrication, reprocessing, storage, disposal) are likely to be: capacity
expansion to meet the needs of thermal reactor recycle programmes, reduction of cost,
and reduction of environmental impact.

Safety vigilance must be maintained. It is expected that international co-operation
in the maintenance of operational safety, development of international standards, and
improvement of human and equipment safety will be a continuing trend.

Government and public approval will determine the course of nuclear energy
development. This obvious conclusion is formulated in order to remind members of
the nuclear industry of the need for continued open, accurate and comprehensive
communication of the realities of nuclear technology.
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1. INTRODUCTION

During the last few decades, the safety, health and environmental consequences of
technological and industrial development have included a growing social concern and an
incentive for the rapid improvement of risk assessment and management techniques. Nuclear
technology has participated in this evolution and has played a pioneering role in several
domains. Many methods and techniques which are currently in use for evaluating health and
environmental hazards have their roots in the nuclear field and the principles underlying
nuclear safety and radiological protection have found a large spectrum of applications in
relation to many other technological and industrial risks.

In this context, the health and environmental impacts of the nuclear fuel cycle have
been extensively studied. Not only past experience with the various facilities, but also a whole
spectrum of potential consequences related to normal operation and accidental situations have
been analyzed in the framework of studies performed at the design stage of installations. As
a result, the nuclear fuel cycle is probably the industrial system which has been the most
scrutinized as far as risks to humans and the environment are concerned.

Although a vast amount of information based on experience and analysis is available,
it is important to recognize that some elements of the environmental safety issue remain
controversial. There are sometimes opposite views on unresolved questions such as the risk
associated with low level radiation exposure. Other complex issues are difficult to address
with existing concepts and tools but, for the safe of completeness, need to be incorporated
into consequence analysis. Among this last category, the problem of the very long term
potential impacts of radioactive wastes and, to a lesser extent, of long lived radionuclides
released into the environment and affecting large populations is certainly the most challenging
as it involves not only methodological difficulties but also political and even moral
dimensions.

The objective of this paper is to give an overall perspective of the health and
environmental consequences of the nuclear fuel cycle. This is done using surveys of the
performances of nuclear installations worldwide [1] and results of recent studies on the
impacts on health and environment of the nuclear fuel cycle [2].

The first part of this paper presents some of the main issues which characterize the
risk dimensions of the nuclear fiiel cycle. After a brief description of the safety and radiation
protection principles on which the operation of nuclear installations is based, an historical
review is presented of incidents and accidents that have occurred in the nuclear industry, with
emphasis on the on-going improvements of the safety of installations since the 1960s. Then,
the sensitive question of plutonium is addressed as well as the difficult methodological issues
of radioactive wastes and long term and global consequences of the fuel cycle.

The second part is an attempt to compare quantitatively the main impacts of three
different fuel cycles in normal operation. They reflect existing practices or those expected to
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be implemented in a not too distant future. Hie fuel cycles compared are: once-through fuel
cycle, a cycle with reprocessing of spent fuel and one recycling of plutonium, and finally a
cycle with reprocessing and multirecyeling of pkrtonium with fast reactors (see also Key Issue
Paper No.3 [3]). The aim of the comparison is to evaluate whether significant differences can
be identified among these three fuel cycles in terms of occupational and public exposure as
well as in terms of other environmental impacts. The assessment is based on available data
and current methods for forecasting the order of magnitude of the individual and collective
inroads expected in the future. Indications about the risks associated with a thorium fuel cycle
are also presented in qualitative terms.
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2. KEY ISSUES

2.1. PRINCIPLES OF RADIATION PROTECTION AND SAFETY

As it has long been recognized that radiation exposure can cause clinical damage to
the tissues of the human body and has a potential for the delayed induction of malignancies,
nuclear technology has been developed on the basis of sound radiation safety principles
covering radiation protection, nuclear safety and radioactive waste management.

2.1.1. Radiation protection

Historically, radiation protection emerged quite early in the 20th century when those
involved in the medical use of ionizing radiation became aware that high doses of radiation
could cause harmful effects. Since 1928, the International Commission on Radiological
Protection (ICRP) has made recommendations concerning the fundamental principles on which
appropriate radiological protection should be based. These recommendations have evolved in
time with the development of scientific knowledge about the biological effects of radiation.

Initially, and until the 1950s, the emphasis was on the prevention of the occurrence
of clinically significant radiation induced effects, the so called deterministic effects, by
compliance with individual dose limits established below the apparent threshold for these
effects. Since then, it has become evident that below the threshold levels for deterministic
effects there was still a risk of increasing the incidence of cancer, the so-called stochastic
effects, within exposed populations. As a consequence, in an effort to provide protection to
society and to prevent unnecessary radiation loads, the emphasis has been put on keeping all
exposures as low as reasonably achievable, economic and social factors being taken into
account. This last objective, known as the "ALARA principle", together with the social
justification of practices involving radiation and the limitation of individual doses to tolerable
levels of risk, are now the driving force of the system of radiological protection recommended
by the ICRP [4].

These recommendations are based on the scientific information about the health effects
of radiation regularly compiled by the United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) set up in 1955. They are adopted by regulatory agencies at
national, regional and international levels and form the basis of most regulations throughout
the world.

The practical implementation of the above radiation protection principles has resulted
in a substantial reduction of the exposure of both workers and the public over the last few
decades. The following two figures illustrate this general improvement. Figure 1 shows the
evolution of the total occupational collective dose per TW.h of electricity produced associated
with the total number of operating reactors [5]. Since the late 1960s the doses have been
decreased by a factor of about 5. Similarly, there was a continuous reduction of radioactive
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releases as shown in Fig. 2 which displays, as an example, the reduction of radioactive liquid
releases per TW.h from operating power reactors in France and the increase in their number.

2.1.2. Nuclear safety

Nuclear safety became an issue only when large scale industrial processes were
introduced in the 1950s with the potential for major accidents that could affect not only the
workers but also the general public. Several accidents in the early years of the nuclear age
demonstrated the need for developing safety standards for the design and operation of nuclear
facilities. This was done mainly at the national level, and despite an extensive exchange of
knowledge and experience at the international level, safety requirements have not been
implemented consistently in all types of plants and in all countries. In this context, the
International Nuclear Safety Advisory Group (INSAG) was formed in 1985 by the
International Atomic Energy Agency (IAEA) with the task, among other things, to formulate,
where possible, commonly shared safety concepts.

In broad terms, the general objective of nuclear safety for nuclear plants, as defined
by INSAG is: "to prevent with high confidence accidents in nuclear plants; to ensure that, for
all accidents taken into account in the design of the plant, even those of very low probability,
radiological consequences, if any, would be minor; and to ensure that the likelihood of severe
accidents with serious radiological consequences is extremely small" [6].

The ongoing safety evaluation of nuclear facilities is based upon compliance with the
relevant rules and regulations, analysis of potential risks, performed using deterministic or
probabilistic methods, and feedback of experience. These general rules were formulated in
parallel with the development of nuclear power and became the basis of activities in the field.
Safety goals and performance indicators have been introduced as tools for measuring the
progress of the nuclear industry in striving for excellence and as targets which will eventually
be, or in some cases have already been, achieved.

The safety principles formulated by INSAG stress the importance of "safety culture"
within an organization [6, 7]. Safety culture is that set of characteristics and attitudes in
organizations and individuals which ensures that, as an overriding priority, nuclear plant
safety issues receive the attention warranted by their significance [8]. Without safety culture
the benefits of safe design and of safety analysis would be diminished. The concept of safety
culture has been introduced and is widely implemented in all activities related to nuclear
power plant operation so that the performance of tasks related to safety is at a level of
competence and dedication above and beyond simple conformance with good practice.

International co-operation and exchange of information is important to the work on
improving safety and is organized worldwide not only by such international organizations as
the IAEA, NEA or World Association of Nuclear Operators (WANO) but also by national
organizations. The belief that "an accident anywhere is an accident everywhere", which is
shared by the whole nuclear community, is one of the reasons for assisting other countries
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in nuclear safety improvements. In a more formal way this principle of mutual assistance is
codified in the Convention on Nuclear Safety, which entered into force in October 1996.

Provision of peer reviews and advisory services by international experts organized by
IAEA and WANO has proved to be an important mechanism in using all nuclear safety
experience which is presently available on a worldwide basis. These reviews serve to assess
plant management practices and operational programmes, and to identify any shortcomings
which could give rise to safety problems. The recommendations and conclusions resulting
from these safety reviews have been used in several countries for establishing the extent and
sequence of safety improvement work in nuclear power plants.

In recent years, in the light of the conceptual similarities between nuclear safety and
radiation protection principles, there has been an effort internationally to develop a common
and coherent framework. The new International Basic Safety Standards for Protection against
Ionizing Radiation and for the Safety of Radiation Sources which were adopted formally in
1994 reflect this convergence [9].

The next section presents in more detail past experience with accidents in nuclear fuel
cycles and the achievements in terms of safety.

2.13. Radioactive waste disposal

The question of the safe disposal of radioactive waste, particularly as regards the need
to protect humans and the environment in the far future, progressively emerged in the late
1970s and early 1980s in all countries engaged in nuclear power production and/or using
radioactive materials for medical, industrial or research purposes. At present, only limited
practical experience is available worldwide, and because of the relative lack of urgency in
disposing of the existing wastes, most advancements remain still at the research and
development level. Over the years, significant progress has been achieved in developing
radioactive waste disposal systems, safety assessment methods to evaluate their potential long
term radiological impacts and the ethical considerations on which acceptable waste disposal
concepts should be based.

The main objective of radwaste-management as presented in the IAEA Radioactive
Waste Safety Standards (RADWASS) programme [10] is to deal with radwaste in a manner
that protects human health and the environment now and in the future without imposing
undue burden on future generations.

Here again the evolution of concepts and principles results from an effort to build a
common approach at the international level under the auspices of the OECD Nuclear Energy
Agency (OECD/NEA), the IAEA and the European Commission (EC). This will be
formalized by a future safety convention on radioactive waste.
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2.2. IMPACT OF NUCLEAR ACCIDENTS

The nuclear industry, like other industrial and technological activities, is confronted
with the potential occurrence of more or less severe accidents which may affect not only the
workers involved, but also the general public. Accidents can occur in most fuel cycle
facilities, such as plants for conversion, enrichment, fuel fabrication, nuclear power
generation, reprocessing, waste management and storage as well as in the transportation of
radioactive material. Depending on the kind of plant and process involved, event sequences
and the amounts and kinds of radioactive materials affected can vary considerably. Of
predominant concern, of course, are those accidents which result in enhanced radiation
exposure of plant personnel or the public either through external radiation or from
incorporation of released radioactive material, or which lead to significant contamination of
the environment. Preventing accidents in nuclear power reactors is of special concern because
of the possibility of wide dispersion of radioactive materials into the environment with short
and long term impacts on the health of large populations. In comparison with nuclear power
plants, fuel cycle facilities represent a low potential risk.

A review of incidents and accidents involving radioactive substances reveals that all
the accidents which had significant radiological consequences occurred in military type
facilities, except for the Chernobyl reactor accident which will be considered in more detail
below. Other civilian facilities also experienced accidents, but the principles of defence in
depth and other nuclear safety principles implemented in those plants have proven to be
sufficient to prevent any large scale spread of radioactive substances. Accidents in the military
domain will not be considered here but only those which occurred in commercial nuclear
facilities which form part of the nuclear fuel cycle for electricity production.

Although safety in nuclear fuel cycle facilities was a prominent issue from the start
of nuclear electricity production, substantial improvements have been achieved because:

commercial nuclear power plants have been subject to strict regulatory control and the
principles of nuclear safety were recognized as being of the utmost importance,
there was a steady development in safety analysis, design and practices, including
back fitting measures to existing plants and the introduction of advanced safety
features in newly constructed plants,
safety philosophy and safety requirements have developed substantially in the course
of time, in all countries, and especially in the countries of the former USSR following
the Chernobyl accident.

2.2.1. Nuclear fuel facilities other than power plants

A short overview of accidents with radiological significance in nuclear fuel cycle
facilities other than power plants is given in the following paragraphs. The compilation has
been extracted from an IAEA document [11] by selecting only accidents which occurred in
commercial plants and which had at least some relevant radiological consequences to plant
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Table L ACCIDENTS IN THE PAST WITH SIGNIFICANT RADIOLOGICAL CONSEQUENCES
IN NUCLEAR FUEL CYCLE FACILITIES OTHER THAN POWER PLANTS

1

2

3

4

5

6

7

8

9

10

Date

1970.08.24

1973.09.26

1977.09.02

1977.11.26

1978.02.03

1979.03.15

1981.01.06

1983.11.13

1987.01.19

1993.12.27

Location

Windscale

Windscale

La Hague

La Hague

La Hague

Sellafield

La Hague

Sellafield

Sellafield

Tokai

Brief event description

Criticality, 20 mSv for 1 worker, 10 mSv for another

Release of Ru-106, 1.5 Mfiq inhaled by a worker

Overflow of high level waste, contamination of soil, dose
rate of 0.01 Gy/h

Leakage of PuO2, air contamination of 2000 MPC.h
(maximum permissible concentration)

Contamination, low dose exposure to personnel

Leakage of radioactive liquid, 6 Gy/h on the ground

Fire, release of approximately 2.2 x 1010Bq of Cs-137

Release of radioactive liquid (4.5 x 1013 Bq of Ru-106) to
the sea

Leakage of plutonium, 12 workers contaminated

Leakage of plutonium, effective dose of 90 mSv for 1
worker

Conversion plants

1

2

3

Date

1977.07.02

1986.01.04

1990.08.22

Location

Pierrelatte

Sequoyah

Sequoyah

Brief event description

Release of 7106 kg of UF6 to the atmosphere

Release of UF6 related to a 14 t cylinder rupture,
contamination of environment

Seepage of uranium contaminated water into an excavation

Fuel fabrication plants

1

Date

1992.11.23

Location

Dessel

Brief event description

Contamination by malfunction, effective dose for 1 worker
well below 50 mSv
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FIG. 3. Accidents in the past with significant radiological consequences
in commercial nuclear fuel cycle facilities.

personnel, the public or the environment. The time period from about 1960 up to now is
considered. The various accidents are listed in Table I together with information on the type
of plant and the date of the event and a brief description of impacts. It should be noted that
for some events there is inevitably some uncertainty in the assessment of the radiological
significance of the accident but even with this limitation the occurrence of such accidents
when normalized to the worldwide nuclear electricity production very clearly shows
substantial safety improvements over time. This can be seen from Fig. 3, which displays the
development in time of the annual worldwide nuclear electricity production expressed in
TW.h and the ratio between the number of accidents with radiological significance that
occurred in a given year and the nuclear electric energy production of that year.

The accidents normalized in this way are displayed separately for reprocessing,
conversion and fuel fabrication plants. This clearly shows the substantial safety improvements
which have been achieved so far.

hi comparison with the severe accidents which have occurred in military nuclear
facilities or in nuclear power plants, the events in other commercial nuclear facilities which
are presented in Table I had at the most only minor radiological impacts [11].

2.2.2. Nuclear power plants

Concerning nuclear power, plants, there have been a.number of incidents with no or
quite limited radiological significance and two major accidents, one in Qiemobyl, with very
large radiological consequences, and another in Three Mile Island, with limited outside
radiological consequences. Since 1990 the use of the International Nuclear Event Scale
(INES) has made possible a comparison of different events in various nuclear installations and

211



KEY ISSUE PAPER No. 4

has provided information to the public [12]. The INES scale permits classification of
incidents and accidents into 7 severity levels according to their significance to the plant itself
and/or with respect to off-site radiological consequences. In the years from 1990 to 1996
there have been 247 incidents worldwide in nuclear facilities reported to the newly introduced
INES system and ranked according to the defined severity levels. All of these resulted in no
or at most negligible public exposure and fell into the 3 lowest levels of the scale. The total
number of 247 incidents has to be seen in relation to the about 2500 reactor-years of
operation of nuclear installations.

The two major accidents mentioned above have been ranked in the INES scale as
follows:

The 1979 accident at the Three Mile Island nucleat power plant in the USA resulted
in a severely damaged core, but the off-site release of radioactivity was very limited
because of the containment and no health effects on the public were noted. The event
is classified as Level 5, on the basis of the on-site impact.
The 1986 accident at the Chernobyl nuclear power plant in the former USSR had
widespread environmental and human health effects. As a result of a power instability
and the specific features of the RBMK reactors, Unit 4 was completely destroyed and
over a period of about 10 days large quantities of radioactive materials were released
into the environment and significantly contaminated large surrounding areas and to a
lesser extent the whole northern hemisphere. There were, in addition to the three
immediate deaths during the accident, 134 cases of acute radiation syndrome among
the exposed workers and 28 of them died. About 200 000 "liquidators" participated
directly in the cleaning up of the destroyed reactor and the most contaminated
territories around Chernobyl in the 1986-1987 period. They received average doses of
the order of 100 mSv, a few percent receiving doses greater than 500 mSv. By mid-
August 1986, 116 000 members of the public had been evacuated and an "exclusion
zone" covering 4300 km2 around the plant established. To date, the only clear
evidence of later health effects is the increase in the incidence of thyroid cancers,
mostly of a non-life-threatening type, among those individuals who were children at
the time of the accident. By the end of 1995, about 800 new cases of thyroid cancers
had been detected. Beyond the health consequences, the accident had also significant
psychological consequences as well as social, economic, institutional and political
impacts which are still affecting the living conditions of a large fraction of the
population [13]. The accident is accordingly classified at level 7 on the INES scale.

Improvements in the safety record of nuclear power plants have been achieved in the
course of time but it is worth noting that there have been and still are in operation some
power reactors which differ substantially in design and safety performance from the
predominant light and heavy water reactors. For instance, the actual record of operation of
the light and heavy water moderated reactors which provide 88% of the world nuclear power
is close to the target set by INSAG that the likelihood of occurrence of severe core damage
be below once in 10 000 reactor-years of operation [6]. No accidents with significant off-site
consequences have ever occurred in these plants. On the other hand, reactors of the RBMK
type, which suffered the only severe accident with large scale off-site consequences, are no
longer built and the existing plants with reactors of this type are presently undergoing a
process of safety improvement.
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The design of nuclear power plants has undergone a more or less continuous process
of development and refinement over the 35 years or so of <x>mmercial nuclear application.
While in the beginning it was [in some countries] sufficient to provide operational systems
of high reliability and resistance to failure, later on active systems were found to be
necessary, with rigorous requirements for redundancy, diversity, fail-safe characteristics, etc.
The new generation of nuclear power plants includes more and more passive safety systems
and inherent safety features. Worldwide, the process of improving the safety performance of
existing nuclear power plants is continuing as is the development of new generations of plants
with significantly improved safety features. The general goal is to farther reduce the
probability of accidents leading to severe core damage and to limit the consequences of such
accidents to the plant itself.

2.23. Transportation of radioactive materials

Transportation of radioactive materials is vital to the operation of fuel cycle facilities.
The transport of radioactive materials with very high activity contents, such as spent fuel or
high level vitrified waste, are of particular public concern. Since the development of the
IAEA Regulations for the Safe Transport of Radioactive Material [14] more than 30 years
ago, there have been no accidents with releases of radioactive contents which resulted in any
significant radiation exposure of persons. For shipments of high level radioactive material,
the requirements of the Regulations regarding the performance of packages in severe accidents
are so high that the risk associated with such transport is very low. Nevertheless, safety
improvements are continuously implemented in this important domain. The 1996 revision of
the IAEA Transport Regulations is a further step in raising the required safety levels.

2 3 . PLUTONIUM AND OTHER ACITNIDES

Among important current issues related to the health and environmental impacts of the
nuclear fuel cycles, plutonium and other actinides are of special concern. For many reasons,
linked to their physical, chemical, radiological and toxicological characteristics, but also to
the specific role of plutonium in the atomic weapon domain, there has been a great deal of
public concern about these elements. Although the characteristics of each actinide and its
isotopes (half-life, type of radiation, radiotoxicity, specific activity) are different and pose
different requirements for detection, handling and radiation risk management, it is useful to
draw a general picture of the key problems raised by the existence of actinides, and
particularly plutonium, in the various nuclear fuel cycles to clarify the real protection and
safety challenges. (For a more detailed presentation of the inventory of plutonium and other
actinides, see Key Issue Paper No. 1 [15]).

It is worth mentioning first that uranium and thorium, and much smaller amounts of
plutonium, have been present in the environment since the earth's beginning, 5 billion years
ago. Human-made plutonium was first produced in the 1940s, and since then this human-made
plutonium has been widely dispersed in the environment, primarily as a result of nuclear
weapons testing and to a lesser extent, owing to fuel reprocessing. Atmospheric nuclear
weapon testing contributes 95% of the total collective dose from all sources of human-made
environmental exposures [1]. Only a very small fraction (-1%) of the dose commitment from
atmospheric nuclear testing is due to plutonium.
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PRINCIPAL RADIOLOGICAL CHARACTERISTICS OF PLUTONIUM ISOTOPES COMPARED TO

THOSE OF OTHER RADIONUCLIDES [16]

Isotope

H-3
C-14
Sr-90
1-129
Cs-137
Th-232
U-235
U-238
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241

Half-life
(years)

12.3
5700

28
17*106

30
1.4x10'°
7.1xlO8

4.5 *109

87.8
24 100
6540
14.4

376 000
432

Specific activity
(Bq/g)

3.6xlOM

1.7x10"
5.3xl012

6.2xlO6

3.2xl012

4.1xlO3

7.9x10"
1.2x10"

6.3x10"
2.3xlO9

8.4 xlO9

3.8xlO12

1.5xlO8

1.3x10"

Inhalation effective
dose conversion
factor (Sv/Bq)

1.8xl0;"
5.6xlO10

7.7xlO8

5.1X10"8

6.7xlO"9

1.2xlO5

6-lxlO-6

5.7X10"6

LlxlO"5

8.3xlO-6

8.3xl06

8.4xlO-8

7.7x10-*
2.7xlO"5

Dose per
inhaled mass

(Sv/g)

6480
95

4.1xlO5

0.3
2.1x10"

0.05
0.48
0.07

6.9xlO6

1.9x10"
7x10"

3.2xl05

1150
3.5xl06

Actinides which are found in nuclear fuels are primarily alpha emitters. Although
alpha particles represent only a small hazard as an external source of radiation, they are of
major concern if actinides are incorporated into the body by inhalation, ingestion or through
open wounds.

In general, plutonium and other actinides are far more hazardous if inhaled than if
ingested and inhalation of radioactive aerosols is the main pathway for internal exposure of
workers in the nuclear industry. Nevertheless, owing to the precautions taken in handling
plutonium, internal exposure contributes only a small fraction of the total occupational
exposure in nuclear fuel cycle facilities.

In order to illustrate their potential radiotoxicity, the principal radioactive
characteristics of plutonium isotopes are compared to those of other radionuclides in Table
II.

As may be seen in Table II, the radiotoxicity of the plutonium isotopes, expressed in
terms of dose per unit mass inhaled, is comparable to that of strontiurn-90, respectively one
and two orders of magnitude above that of caesium-137 and tritium, and much greater than
the radiotoxicity of nuclides of longer half-life.
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Concerning external exposure, low and medium energy gamma emissions (mainly due
to Pu-241 decay products) are the major contributors to the external exposure of personnel
engaged in mixed oxide (MOX) fuel fabrication, and special attention has to be paid to
emissiens of Am-241 produced by Pu-241. Nevertheless, in addition to An>241, one must not
forget the gamma emissions from some Pu decay products which may represent the major
source of external exposure once lower energy gamma emissions have been attenuated by
shielding.

In normal operation, the radiological impacts of the nuclear fuel cycle are mainly due
to radon emissions during mining and milling operations and to the fission and activation
products resulting from electricity generation and fuel reprocessing. Plutonium is nowhere on
the front line of the impacts as long as the facilities handling large inventories of plutonium
implement the required design provisions to minimize the exposure hazards by confinement
and shielding. Nevertheless, owing to its large radiotoxicity, there is a potential risk in the
event of accidents with plutonium dispersion, in particular in the event of fire. These kinds
of accidents can occur at the electricity production stage (reactor accident), during the
transportation of material containing plutonium or in fuel fabrication and reprocessing
facilities. For direct underground disposal of spent fuel, another type of accident could be
linked to human intrusions.

2.4. LONG TERM AND GLOBAL CONSEQUENCES

The most challenging aspect of the consequences on health and environment of nuclear
fuel facilities is undoubtedly the spread in space and time. For most radionuclides released
from the nuclear facilities, dispersion in the environment is essentially limited to local or
regional areas. However, there are a few radionuclides that may become widely dispersed
throughout the global atmosphere and oceans. Most radionuclides have relatively short half-
lives and consequently do not remain a potential hazard for the population very long. Some
of them, however, remain active for thousands or even millions of years.

Any attempt to evaluate these impacts raises theoretical issues related to the validity
of the quantitative assessment of future risks and also to the ethical position adopted towards
future generations. From a practical point of view, a responsible attitude implies use in the
best way of the information available about the possible consequences of present actions even
if this information reflects limited knowledge.

The difficulty is reinforced by the fact that according to the type of fuel cycle a set
of different radionuclides with different impacts in time and space have to be taken into
account. The range of impacts depends on the way the radionuclides are dispersed into the
environment during operation of the facilities or concentrated and confined in the form of
solid wastes, the type of disposal site for these wastes as well as the design of the disposal
facility, which will play a key role in reducing the quantities to be released indirectly in the
future for the very long lived radionuclides. Taking account of all these parameters is not an
easy task.
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2.4.1. Impacts assessment

In view of the complexnature of the future consequences of waste management
options, evaluation involves expressing the impacts in terms of indicators which take into
account the time during which radionuclides remain in the environment and their local,
regional or worldwide dispersion. One way to evaluate health effects is to use the concept
of collective dose, which assumes that even very small increments of radiation lead to
potential health effects among exposed populations. This makes it possible to express the
impact on populations in space and time whatever the level of individual exposures. Three
types of arguments have been raised against the use of collective dose to assess the impact
of waste management options:

The summation over very large populations of extremely low individual doses leads
inevitably to significant collective doses;
The assumption of a linear, no threshold, dose-effect relationship for extremely low
doses for assessing the corresponding potential health impact is questionable;
The existence of uncertainties which increase with time weakens the significance of
estimates of impacts in the far future.

These criticisms are valid; however, no responsible decision making process on waste
management options can avoid taking into account, for each option, the magnitude of the
release of radionuclides into the environment, the length of the period during which these
radionuclides remain a source of exposure and the extent to which they are dispersed
geographically, i.e.the size of the exposed population.

In view of these difficulties, the evaluation of impacts can be carried out either
qualitatively, by describing in the most detailed way the various aspects presented above, or
quantitatively. If the quantitative approach is adopted it has to rely on the best present
scientific knowledge concerning the various mechanisms involved in the dispersion of
radionuclides in the environment and the resulting exposure of human beings, as well as best
guesses about the behaviour and size of future generations. So far, the use of the individual
dose concept remains the most appropriate performance indicator to assess if any waste
management option is likely to put humans at risk (deterministic effects). The collective dose
concept can be used to determine whether these options have a significant impact on public
health (stochastic effects).

2.4.2. Time and space dimensions

The major difficulty associated with the analysis of long term consequences is to
determine the relevant temporal and spatial scales. The space dimension is generally taken
into account by defining the population potentially affected - either local (reference groups
from a few people to a few hundred around the facilities) or regional or perhaps even
worldwide. As regards the time dimension, the principal parameter is the radioactive decay
time of the radionuclide.
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Figure 4 shows, as illustration, the time scales which can be reasonably envisaged for
direct releases into the environment and those associated with near surface and underground
disposal, according to present knowledge and expert opinion. It does not involve any
consideration of the associated exposures.

The first set of releases is due to nuclear energy production (a period of 60 years is
assumed). After this period, direct releases from nuclear facilities cease but some of them will
continue to cause exposure of the population.

The first delayed releases are due to low and intermediate level waste kept in surface
disposal. The releases start quite early with tritium (H-3). For the other radionuclides, releases
occur only after several hundreds of years and become very low after a few tens of thousands
of years.

hi the case of underground disposal, there are no significant releases before a few
thousand years, but on the other hand releases of transuranium elements still exist after
100 000 years. In view of the time scale considered for these releases, a problem arises in
connection with possible changes in the environment, for example a hypothetical glaciation.
For the purposes of evaluating the potential impacts of large disturbances of waste disposal
sites, a generally accepted approach is to simulate events which have a reasonable probability
of occurrence in the light of past experience.

The concept of generations introduced in Fig. 4 indicates the number of generations
concerned for a time scale (for example: 300 generations for releases lasting 10 000 years).

These general considerations must be kept in mind in the analysis of the results of
studies related to the long term and global consequences of nuclear fuel cycles. It should be
noted that similar considerations should be also taken into account when dealing with the long
term consequences of energy systems other than the nuclear fuel cycle.
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3. IMPACTS OF VARIOUS NUCLEAR FUEL CYCLES

It is beyond the scope of this paper to give a detailed presentation of the health and
environmental impacts of existing and possible nuclear fuel cycles. The following
developments are just an attempt to put into perspective the key health and environmental
impacts related to the normal operation of three fuel cycles considered as representative of
existing practices or reasonably expected to be implemented in a not too distant future.

The results presented below summarize the present state of development of the
assessment studies related to the impact of the nuclear fuel cycles. They rely heavily on the
findings of the " ExternE Study " [2] performed recently for title European Commission with
the objective of evaluating the so-called external costs of different energy systems. This study
is in fact the most recent of a series that started in the mid-1970s aiming at assessing the
health and environmental impacts of energy systems, including nuclear. The first studies were
an attempt to rank in terms of potential health impacts the main energy sources: coal, oil,
nuclear and alternatives. As the assessment techniques at that time were still in an early
development phase and the methodology for comparing large technological systems was not
well established, the results of these studies were sharply criticized. A second series of studies
took place in the late 1980s in connection with the emergence of the climate change issue and
the role of CO2 and the attempt to re-evaluate the impacts of the nuclear fuel cycle in the
light of the Chernobyl accident. In view of the controversial nature of their results, relying
largely on previous work, these new studies gave national and international organizations an
incentive to launch new research programmes to reassess the various impacts on the basis of
the most advanced methods and models.

Whatever the degree of sophistication of the assessment studies, it is important to keep
in mind that they are based on the actual state of knowledge. A large portion of the
evaluations still rely on assumptions made in the absence of firm scientific evidence about
the real impacts. The following chapter must also rely on assumptions which sometimes
substitute for hard data about the various fuel cycles that are analyzed.

3.1. PRESENTATION OF THE FUEL CYCLES

Figure 5 presents schematically the three nuclear fuel cycles selected as important in
the near future. These cycles have been designed on the basis of an electricity production of
400 TW.h per year. For instance, this corresponds roughly to the French situation with an
installed capacity of 60 GW(e). The sites chosen to assess the impacts of the different stages
of these fuel cycles correspond to existing sites, except for high level waste (HLW)/spent fuel
disposal where a hypothetical geological deep disposal site is considered. Moreover, the
transportation of radioactive materials between the sites has also been taken into account.

The first, and most simple, fuel cycle is the once-through cycle (OTFC). In this cycle,
all the fissile material is extracted from the mine, then the uranium is enriched after an
intermediate stage of conversion. The enrichment produces a large amount of depleted
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uranium (stored) and the quantity of enriched uranium necessary for the fabrication of the fuel
in the form of uranium oxide (UOX) to be burnt in pressurized water reactors (PWRs). In
this cycle, the spent fuel is assumed to be sent to geological disposal (no reprocessing).

In the second fuel cycle, the UOX spent fuel is reprocessed and the plutonium
extracted is recycled together with depleted uranium in mixed oxide fuel (MOX). The MOX
fuel is assumed in this scenario to be used in 47% of PWRs, in which MOX assemblies
represent 1/3 of the core, the rest being UOX assemblies. The MOX irradiated assemblies are
not reprocessed but assumed to be sent to geological underground disposal. The high level
waste from reprocessing is sent to geological underground disposal. The use of MOX fuel
leads to a decrease in the amount of uranium mined and enriched.

The third fuel cycle is a combination of PWRs using UOX, PWRs using MOX and
fast breeder reactors (FRs) using recycled plutonium as fissile material. In this hypothetical
cycle, all the different spent fuels are reprocessed. Plutonium recovered from discharged UOX
fuel is assumed to be recycled as MOX fuel for one irradiation cycle in PWRs. Plutonium
recovered from irradiated PWR-MOX fuel is used as start-up and make-up plutonium for a
FR. The quantities shown in Fig. 5 for the FR were calculated assuming an equilibrium FR
fuel cycle [23].

3.2. OCCUPATIONAL EXPOSURE

The total occupational exposures for the three fuel cycles have been calculated using
the most recent data for each stage of the cycles and are, in most cases, the average values
based on two to five years of dosimetric records [2]. It is worth noting that, owing to the lack
of complete information on the occupational exposures in different kinds of reactors (PWRs
with UOX, PWRs with MOX and FRs), it is assumed that the collective occupational dose
per unit of electricity produced is the same for the three types of nuclear power plants. The
estimated total occupational collective doses for an electricity production of 400 TW.h are
presented in Table III.

Table III. RADIOLOGICAL OCCUPATIONAL COLLECTIVE DOSES OF THE THREE FUEL CYCLES (PER

4 0 0 TW.h) EXCLUDING RADIOACTIVE WASTE DISPOSAL

OTFC

MOX

MOX-FR

Occupational
exposure

153 tnan.Sv

147man.Sv

139 man.Sv

Main contributors

Reactors 69%; mining/milling 29%

Reactors 72%; mining/milling 26%

Reactors 76%; mining/milling 22%
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All these values, which are not significantly different, are dominated by the reactor
occupational exposure, from 69% in the case of the OTFC to 76% for MOX-FR. The second
significant stage is mining and milling, with a collective dose of from 29% (OTFQ to 22%
(MOX-FR) of the total exposure. The other operational doses are negligible compared to these
two stages. The only stage with a contribution larger than 1% is fuel fabrication (around
1.5%). The slight reduction in collective exposure with MOX and MOX-FR is due to the
reduction in the contribution of the mining and milling stage as a result of the increase of fuel
recycling. As far as individual doses are concerned, average annual values range from 0.1 to
6 mSv according to the type of facility [1]. The variation of individual doses within a given
installation can be significant, with individual doses reaching a few tens of millisieverts.
However, a limited number of workers (at the most a few per cent of the total workforce) are
involved.

Apart from radiological exposure, there are other occupational risks resulting mainly
from work accidents. These risks can be evaluated on the basis of the workforce at each stage
of a fuel cycle and national statistics in the industrial activity sector considered. These kinds
of risks are not expected to be significantly different from one cycle to another.

3.3. PUBLIC EXPOSURE RESULTING FROM DIRECT RELEASES

The main radiological impacts resulting from direct operational releases from fuel
cycle facilities into the environment are presented in Tables TV and V in terms of collective
doses for local (0-100 km), regional (100-1000 km) and global populations, as well as for
medium (0-100 years) and long term (above 100 years) periods. The values shown have been
calculated with classical environmental dispersion models based mainly on real recent average
release data from existing facilities [2]. Some specific assumptions must be noted:

Mning and milling: it is assumed that mill tailings are disposed of in old mines, that
the tailings are covered to prevent gaseous releases and that, after the closure of the
mine, no emissions from the mill tailings occur (the radon source term used is taken
from UNSCEAR [1].
Electricity generation: owing to the lack of detailed information on the radioactive
releases from different kinds of reactors (PWRs with UOX, PWRs with MOX and
FRs), it is assumed that the releases per unit of electricity produced are the same for
the three reactors. This assumption is conservative for FRs because their releases are
lower than those from PWRs (a factor 10 for certain radionuclides). Nevertheless, in
the third cycle, as the FR represents only 20% of the electricity production, this
conservative assumption has no major influence on the final results. Moreover, for the
three cycles, the location of the reactor is assumed to be the same.
Reprocessing: it is assumed that the normalized releases from reprocessing are the
same for the three kinds of fuel.

33.1 . Impacts on present generations

The present generations have been defined as the population living within the next 100
years. The collective exposures, expressed in man-sievert (man.Sv), for this time period
corresponding to one year of electricity production (400 TW.h) are presented in Table IV
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together with the main contributing releases. For the three cycles analyzed, the total medium
term collective dose to the public varies from about 130 man.Sv for the OTFC to around
300 man.Sv for the two other cycles. The difference is due mainly to releases associated with
reprocessing. The main differences between the cycles are in the global dose: from 57 man.Sv
for the OTFC to 220 man.Sv for the other cycles. These global doses are induced by the
dispersion at the global scale of radionuclides such as C-14, Kr-85 and 1-129, released mainly
by reprocessing plaits but also by reactors (except 1-129) [2]. The introduction of
reprocessing in the last two cycles increases the emissions of these radionuclides and
therefore the associated global collective exposures in the short and medium run for the
three fuel cycles. The order of magnitude of the global impact is in the range of 60 to 220
man.Sv, i.e. 10 millions lower than the collective exposure due to natural radioactive
background.

For the local population, the collective exposure varies from 34 to 23 man.Sv and
is mainly (>97%) due to radon emissions from mining/milling operations. On a regional
scale, the main contributor remains radon. The releases from reprocessing can reach 1/3
of the total regional exposure (MOX and MOX-FR) and those from the reactor stage
approximately 12% of the total regional collective dose for the MOX and MOX-FR
cycles. The impacts of the releases from the others stages of the fuel cycles are negligible.

Finally, it is important to note that maximum individual doses to the public living
near nuclear facilities (reference groups) range from 1 to 20 jiSv per year. Doses up to a
few millisieverts per year can be reached for the public living close to mining and milling
sites [2]. These values have to be compared with the natural background average dose of
about 2.4 mSv/a. Thus, the introduction of reprocessing causes a transfer of risk by
reducing the radiation loads on the most exposed members of the public living next to
uranium mines and increasing slightly exposures all over the world.

3.3.2. Impacts on future generations

In this section, the analysis is based on the impact of the production of 400 TW.h
using the three fuel cycles. The impacts are expressed as the global collective doses
integrated over the 100-100 000 year time period. The local and regional collective
exposures are negligible. The global impact includes all exposures from effluents released
by reactors and other fuel cycle installations. The impact of waste disposal is presented
in §3.4. It is important to note that the selected integration time of 100 000 years is longer
than the 10 000 years usually adopted but has been selected so as to take into account
most of the impacts.
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Table IV. MEDIUM TERM RADIOLOGICAL PUBLIC COLLECTIVE DOSES DUE TO THE RADIOACTIVE

DIRECT RELEASES OF THE THREE FUEL CYCLES (400 T W . h ) EXCLUDING RADIOACTIVE

WASTE DISPOSAL

OTFC

MOX

MOX-FR

Present generations
(0-100 a)

Local: 34 man.Sv

Regional: 43 man.Sv

Local: 29 man.Sv

Regional: 66 man.Sv

Local: 23 man.Sv

Regional: 60 man.Sv

Main contributors

- Rn-222 from mining/milling

- Rn-222 from mining/milling

- Rn-222 from mining/milling

- Rn-222 from mining /milling;
- radioactive releases from reprocessing
and reactors

- Rn-222 from mining/milling

- Rn-222 from mining /milling;
- radioactive releases from reprocessing
and reactors

Local: 0-100 km, population: according to the site; regional: 100-1000 km, population:
Western Europe ~ 350.106 people;

The global collective dose is induced mainly by the dispersion of two long lived
radionuclides, C-14 (period 5700 years) and 1-129 (period 17 million years), released by
reprocessing facilities and reactors (except I-129) [2]. For the OTFC, which is the only
cycle without reprocessing, the global collective dose is associated with C-14 releases
from reactors and is around 650 man.Sv. For the two other cycles, the collective doses
reach approximately 4000 man.Sv, and are also due mainly to C-14 (97%). It has to be
remembered that the corresponding maximum average individual dose is extremely low,
i.e. less than 10'6 mSv/y, which is negligible in terms of individual risk. This value can
be compared with the average individual dose of 1.2 xlO2 mSv/y due to naturally
occurring C-14 [1].
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exposure from about 4000 man.Sv to 800 man.Sv (MOX cycle). It is nevertheless important
to add that this land of practice increases the volume and the activity of solid waste to be
disposed of (see section on waste disposal). Note also that this technology leads to a reduction
by a factor of 3 of the global medium term collective exposure (from 220 man.Sv to around
70 man.Sv).

In the three reference fuel cycles there are potential environmental releases from mill
tailings and from depleted uranium not stored at enrichment plants. The present analysis
considers collective doses resulting from environmental releases of radon-222 (3,8 days half-
life) from mill tailings during the operational period. It is assumed that after the operational
period a close-out strategy prevents further gaseous releases from mill tailings. Abandoning
mill tailings piles without reliable cover could lead to radon emissions during very long time
periods. According to the 1993 UNSCEAR data, the estimated collective dose from
abandoned tailings could, in the absence of effective cover and depending on the fuel cycle
considered, reach 5000 to 7000 man.Sv for an integration time of 10 000 years (local and
regional population). Moreover, there would remain in the mill tailings many radionuclides,
existing in natural uranium ore, that could contribute to long term releases to the environment
if the cover cannot be relied on to prevent water intrusion into the tailings piles.

Depleted uranium, if left stored on the surface and if not used as reactor fuel, is
another potential source of long term collective dose. Initially, the depleted uranium, which
contains about 0.23% U-235, has no Th-230 or Ra-226. These species build up slowly, with
an effective time constant of about 105 years, from the decay of U-234 and U-238. Pa-231
from U-235 decay can also build up slowly with a time constant of about 5x 104 years. During
the first few hundred years the potential collective doses from depleted uranium are less than
those from mill tailings. At later time, the depleted uranium collective doses could become
greater than those of mill tailings because of the greater amounts of uranium in depleted
uranium. These results suggest that greater attention be given to the long term problems of
remediating the surface storage of mill tailings and depleted uranium. Without such
remediation, collective doses from mill tailings and depleted uranium can dominate the fuel
cycle collective doses. Nevertheless, neither the individual or collective doses will become
a health concern for the population.

3.4. IMPACT OF WASTE DISPOSAL

Each of the nuclear fuel cycle stages produces radioactive waste, in liquid, gaseous
or solid form. The methods of managing this radioactive waste can vary considerably from
one installation to another, with the choice of a waste management option depending mainly
on the characteristics of the waste being considered. The waste produced is made up of a
group of radionuclides each having its own particular characteristics, both in terms of
chemical and physical properties: radioactive half-life, mode of disintegration, environmental
behaviour, chemical form, radiological impact. Most of the waste undergoes an initial
processing phase. This processing can differ considerably depending on the radionuclide
concerned: it may be partially eliminated through radioactive decay or various physical and
chemical processes.
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FIG. 6. Time distribution by radionuclide of the individual dose associated to
the HLW disposal in underground granite site
(from 25000 to 75000 a, a glaciation period is assumed).

Table V ROLE OF DECAY, DELAY AND DISPERSION FOR GEOLOGICAL DISPOSAL IN GRANITE

I-129(17xl06a)
Tc-99(212 000a)
Cs-135 (3xlO6 a)
C-14 (5730 a)
Acfinides
Pu-239 (24 400 a)
Pu-242 (379 000 a)
Pa-231 (32 500 a)

Delay (a)
1 000 a

100 000 a
10 000 a
1 000 a

100 000 a
100 000 a
200 000 a

Decay
Negligible

Intermediate
Negligible

Yes

Intermediate
Intermediate

Irrelevant

Dispersion
Strong
Strong
Strong
Strong

Weak
Weak
Weak

The waste which is not released into the environment is immobilized before disposal
(concentration/confining principle). This disposal can be envisaged either as near-surface for
low or medium level waste, or deep underground for higher level waste. The radioactivity
contained in the confined waste is held for a period which can stretch from hundreds to
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thousands of years, during which time a large part of the activity is eliminated through
radioactive decay. Then, following this retention phase, there is a gradual release into the
biosphere of the remaining radionuclides (delayed dilution/dispersion), usually through
underground water.

For underground high level waste disposal, the retention phase depends on the type
of geological site (granite, clay, salt, tuff) and on the radionuclide. Table V illustrates, for
some of the radionuclides most important in terms of radiological impact, the influence of
radioactive decay, delay between storage and beginning of the dispersion and rate of transport
into the environment, based on the assumptions adopted in the Everest study for granite [17].

Since at present no complete and detailed assessment of the impacts of radioactive
waste related to the different fuel cycles is available, it is not possible to give a clear picture
of the differential impact of the three selected fuel cycles.

The order of magnitude of the radiological impacts associated with waste disposal is
illustrated in Fig. 6 for underground disposal of waste from the reprocessing of UOX spent
fuel. The findings presented are taken from the Everest study concerning underground
disposal in granite formations [17]. This study assesses in terms of individual doses the
radiological impacts of releases in a reference biosphere, for a hypothetical granite site. The
stored waste stems from the reprocessing of 100 000 tons of fuel and is made up of high level
vitrified waste and medium level waste (hulls and caps). The scenarios considered are on the
one hand the normal evolution of disposal and on the other hand human intrusion scenarios.
No collective dose assessment has been made in the framework of the Everest project.
Nevertheless the global dose can be estimated for C-14 and 1-129 by taking into account the
percentage of the activity which was initially contained and subsequently released after the
retention period: 3% of the C-14 and 100% of 1-129 [17]. The associated global collective
exposure is around 6300 man.Sv. It is important to note that C-14 is not necessarily retained
if the rock is unsaturated.

It is important to point out that the Everest study also relates to the disposal of waste
in clay formations. The assessments made in this case leads to findings in terms of
radiological impacts for normal evolution scenarios which are lower by about two orders of
magnitude on the average than the impacts related to the granite site. These doses are
moreover deferred over time by one order of magnitude.

The time distribution of the individual exposure for the normal evolution scenario is
presented in Fig. 6. It is interesting to note that the maximum exposure is due to 1-129
contained in medium activity waste. The peak of 2><10*7 Sv/a is reached 20 000 years after
the beginning of the disposal. Geological disposal does not fully prevent the risk of human
intrusion within the disposal site with the potential for the individuals concerned to receive
higher individual doses. The probabilities of human intrusion are not considered here. The
maximum individual dose linked to human intrusion scenarios on an underground disposal
site is around 2 mSv/a and is also due to 1-129. The human intrusion scenarios considered
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here are the drilling of a well near the disposal site (one at 610 m from high level vitrified
waste and the other at 1230 m from medium level waste). For this type of human intrusion
scenario, the nature of the waste (spent fuel or reprocessing waste) does not significantly
change the final results. The waste radiotoxicity plays a role only in the case of a scenario
based on direct drilling into the waste packages. It should be pointed out that owing to the
delay presented in Table V intrusion doses linked to drilling, near the disposal site are
deferred over a considerable length of time, from several thousand to several millions of
years.

For the direct disposal of spent fuel, the order of magnitude of the individual doses
to the public are not expected to be significantly different from the impacts from disposing
of high level reprocessing waste. Therefore, the impacts on individuals of the three fuel cycles
can be considered to be about the same.

Apart from high level waste disposal, there is significant production of low and
intermediate level wastes which can be disposed of near to the surface. The maximum
individual impacts to the public associated with a surface disposal centre (in normal situation)
are expected to be around 4><10"3 mSv/y during the institutional control period of 300 years
and 8*10~3 mSv/y in the post-closure period supposing unrestricted use of the site. The
impacts of the near surface disposal of the three cycles considered in this study are not
expected to be significantly different.

3.5. OTHER ENVIRONMENTAL IMPACTS

The impacts that result from the nuclear fuel cycle are related mostly to human health.
Some potential environmental impacts can be identified but are not considered to contribute
an important proportion to the total impacts of the cycle. In theory, the methodology on which
the evaluation of the radiological impacts relies may also be used for the assessment of
chemical impacts. The process of identifying chemical source terms and the assessment of the
corresponding public exposures have not reached the same degree of development as is the
case for radiological impacts. Therefore, the inclusion of chemical impacts from the nuclear
fuel cycle would be premature and is not considered in this paper.

3.5.1. Impacts of radiation on fauna and flora

The impact from chronic low levels of ionizing radiation (corresponding to the routine
operation of facilities) can be investigated at the cellular, organism and population levels. The
radiosensitivity of individuals and populations varies between terrestrial and aquatic species
as well as among the various kinds of species. Environmental surveillance is carried out
around nuclear facilities to measure the incremental increase of radionuclides. Under normal
conditions, no environmental impacts have been reported. From the information available and
the lack of observed evidence, it can be concluded that no impacts on species can be detected
from routine releases of radionuclides. In the event of a major accident, where large amount
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of radioactive materials may be released into the environment, there would, of course, be
greater impacts [2].

3.5.2. Release of heated water

The releases of heated water into rivers and the sea have effects on the physical and
chemical characteristics of the water, which in turn affect life-forms dependent on water. The
indicators of damage to aquatic populations and other ecosystems are defined in terms of
species diversity, ecosystem stability, eutrophication, disease and host-parasite relationships
and additive effects on the toxicity of different pollutants. Impacts from the release of heated
water are expected to be quite localized as a result of a relatively rapid dilution in the sea,
estuary or river. It is unlikely that an impact on the health of the total population would be
seen, unless either a large populated territory is impacted or the release occurs in an extremely
sensitive area. Under special conditions, where certain other pollutants already exist, there is
the possibility that the increase in temperature may cause an increase in the toxic effect. This
synergistic situation would be very specific to the site, type of pollutant and the species under
consideration [2].

3.5.3. Land and fresh water use

Very important factors relevant to the environment are the use of land and fresh water
by the nuclear industry. For a correct comparison, one should define a more or less typical
fuel cycle, although in practice the technologies applied in the same sections of the fuel cycles
in France, the UK, Japan, the Russian Federation and other countries differ to a great extent.
Table VI gives an estimation of the provisional and long term land alienation and the total
fresh water use for a typical once-through (open) fuel cycle. Fuel recycling in thermal reactors
reduces the land and fresh water use insignificantly (by about 10-20%) provided that the share
of MOX fuel in the fuel cycle is small compared with the UOX fuel share. The introduction
of a small number of fast reactors into the fuel cycle leads to further economy of land and
water use but the effect is moderate (up to 30%). In the case of multireeycling in a system
with a fast reactor component, the role of the front end of the fuel cycle (mining and milling,
conversion, enrichment) becomes unimportant. Then considerable land and water resources
can be saved. In the near perspective it is doubtful that the choice of the fuel cycle type will
be affected by arguments relating to land and water use.

Table VI LAND AND FRESH WATER USE AT THE DIFFERENT STAGES OF NUCLEAR FUEL CYCLE

Mining and milling
Conversion
Enrichment
Fuel fabrication
Electricity production
Reprocessing
Waste disposal

Land use,
(104m2/TW.h)

Provisional alienation

2 - 7
0.015
0.017
0.002
5-10
0.02

Long-term or final
alienation

0.2

0.01

Fresh water use,
(10*m3/TW.h)

Total

0.2
0.01
6.3

0.003
1.32

?0.002-0.01
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3.6. SOME CONSIDERATIONS ABOUT THE THORIUM FUEL CYCLE

The comparatively high thorium reserves available and the absence in irradiated
thorium fuel of long lived actinides of environmental concern suggest advantages in the
utilization of thorium in nuclear reactors. While the use of uranium is likely to continue, an
eventual change to thorium is a distinct possibility in some countries (such as, for example,
India with its rich deposits of thorium [20]). Options for thorium utilization have been studied
since the earliest stage of nuclear industrial development.

As experience with thorium fuelled reactors and associated facilities has been very
limited, it is not possible to arrive at a quantitative assessment of the health and
environmental impact of the thorium fuel cycle. However, the factors that have to be taken
into account in calculating the radiological impacts and the significant differences between
thorium and uranium fuel cycles at various stages of operation are discussed here.

Mining and Milling: Mining and milling operations contribute to around 30% of the
total occupational dose in the uranium based LWR fuel cycle. While some uranium
ore has to be extracted from deep mines, thorium ores are generally available as
surface deposits. As a result, radiation exposures in mining and milling of thorium are
lower than for uranium. On the other hand, the toxicity of thorium mill tailings due
to the presence of Th-230 and its daughter products will contribute significantly to the
long term global dose [21].
Fuel fabrication: One of the main drawbacks of the thorium U-233 fuel cycle is the
presence of hard gamma emitters (2.5 MeV) among the daughter products of U-232
which is always present with U-233. This necessitates shielded facilities for
manufacturing of U-233 based fuels.
Reactor operation: Radioactivity releases from thorium fuelled reactors are likely to
be lower than those from uranium fuelled reactors. Thorium and its compounds are
very stable because they belong to the highest known refractories. This permits high
operating temperatures and high burnups of thorium fuel.

TableVII PRODUCTION OF MINOR ACTINIDES IN URANIUM AND THORIUM FUEL CYCLES IN g/t OF

HEAVY METAL AT 60 GW.d/t [22]

Fuel compositions

Minor actinides

237Np

Am
Cm

MSU+238U

9.0E+02
4.7E+02
2.2E+02

MSU+MJTII

9.6E+02
1.3E+00
3.0E-01

1.2E+02
5.5E+O2
2.9E+02

usU+"2Th

2.7E+01
8.5E-03
1.4E-03
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Fuel reprocessing. As far as reprocessing of irradiated thorium is concerned, the use
of solvent extraction techniques has been well established for efficient recovery of U-
233. Also, Th-Ufuel is amenable for dry reprocessing. Conceptual designs of molten
salt reactors using Th-U systems have been reported
Radioactive waste disposal: The greatest advantage of the thorium fuel cycle lies in
the fact that it produces significantly smaller quantities of long lived minor actinides
than the uranium fuel cycle (Table VII). The two nuclides which are of environmental
concern and which are present in significant quantities in the waste streams are Pa-
231 and Np-237. The behaviour of these radionuclides in the process streams and their
transport characteristics in the environment need further investigation.
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4 CONCLUSIONS

The comparative analysis presented above shows that in normal operation there are
no significant differences between the three nuclear fuel cycles for which quantitative
estimates of impacts have been made. The introduction of reprocessing is slightly
reducing the occupational exposure and increasing the long term global impacts for
future generations without changing the average level of individual exposure.

For the three fuel cycles, the main impacts are on workers operating nuclear
installations: the average individual dose is in the range of a few millisieverts. With
some doses for the most exposed groups that can be a concern in terms of health
protection. As far as the public is concerned, the level of exposure for the present
generation (0-100 years) due to direct radioactive releases from facilities into the
environment is extremely low: a very small fraction is added to the natural
background exposure and the corresponding risk can be considered as negligible, even
using the assumption of a linear dose-response relationship for low doses.

Concerning the long term and global consequences, there are difficulties in finding a
good indicator. The collective dose concept is, like the individual dose indicator, a
surrogate to take into account at the same time the length during which the
radionuclides will remain into the environment and the importance of the population
exposed. The impact of direct releases of long lived radionuclides on future
generations remains negligible in terms of individual risk and the total collective
exposure that can be estimated by integration over a large time period and the global
population will never be a public health problem as the worldwide collective exposure
for a given generation (about 30 years) is at the most a few man-sieverts.

Long term storage and disposal of radioactive wastes do not raise any particular
problems in terms of health. Individual exposure remains at extremely low levels
whatever the technical solutions envisaged as long as no intrusion into the disposal
site occurs. A remaining issue common to all three fuel cycles is the potential for
major accidents which may have significant health and environmental consequences.
This concerns potential major dispersions of radioactivity in the event of an accident
at nuclear power plants or at other fuel cycle facilities, potential cases of human
intrusion into waste disposal sites and the risk of accidents during transportation of
radioactive materials. The prevention of such accidents calls for a high level of
vigilance and an on-going improvement of safety.

Beyond this general picture, it is interesting to note that plutonium toxicity is nowhere
a major factor in the context of normal operational impacts. There is certainly much
misconception about this issue, which has been often used as a strong argument
against fuel cycles which include reprocessing. The problem with plutonium is in fact
its possible dispersion into the environment in the event of an accident. It is also
worth noting that the possible disposition of surplus weapons plutonium will not
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change this overall picture, nor affect the health and environmental features of fuel
cycles discussed in this paper.

Nuclear energy is probably the first industry to explicitly explore all the potential
health and environmental impacts involved and to try to assess them with the best
available information. It is obvious that more or less large uncertainties remain
attached to any quantitative estimates based on modelling techniques and assumptions
and these uncertainties are particularly important in estimates of far future impacts.
However, this situation cannot be used as a reason for not trying to quantify the order
of magnitude of the potential impacts using prudent assumptions. Applied coherently,
this approach makes it possible to identify the respective contribution of the various
sources of risk to health and the environment as well as to put into perspective the
impacts of the nuclear fuel cycle compared with those of other energy sources. The
most recent studies show that the health and environmental impacts of the nuclear fuel
cycle are of the same order as those of energy production by gas or renewables such
as wind and hydro. They remain far below the impacts of coal and oil [2].

Finally, although the comparison made between the three fuel cycles shows no
significant differences in terms of safety, health and environmental impacts it should
be noted that the closed fuel cycle is advantageous in assuring a sustainable energy
source for the future.
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1. INTRODUCTION

Consideration of the non-proliferation of nuclear weapons and the effective application of
nuclear safeguards are essential elements for international security and for maintaining peaceful uses
of nuclear energy. The global non-proliferation regime is a network of various elements. If the
regime is considered in a very wide sense, all efforts of the international community to deter the
development of nuclear weapons by a State can be included, - political, diplomatic, economic,
institutional and technical measures (e.g. international treaties, nuclear-weapon-free zones, economic
assistance, military assistance including transfer of conventional arms, sanctions, positive and
negative security assurances, and the use of technology that adds barriers to the misuse of nuclear
material employed ("proliferation resistant technology")). However, in this paper consideration is
limited primarily to three measures: safeguards, export control and physical protection. It is these
three measures that can have significant influence on the nuclear fuel cycle and reactor options.

The famous "Atoms for Peace" declaration of 1953 by President Eisenhower contained a call
for the promotion of the peaceful uses of nuclear energy as well as a proposal for the establishment
of an international control system for nuclear material. In 1957, the International Atomic Energy
Agency (IAEA) was established. One of the main functions of the IAEA is to administer
international nuclear safeguards.

Before 1970, IAEA safeguards were implemented by project agreements between the IAEA
and the Member State, or by trilateral safeguards transfer agreements (a supplier State, a recipient
State, and the IAEA). Safeguards were not extended to all nuclear material in a State - it was
restricted to specified material, equipment, etc., designated by the parties to the agreement. The
entry into force of the Treaty on the Non-proliferation of Nuclear Weapons (NPT) changed the
scope of IAEA safeguards. Under the NPT, a comprehensive safeguards regime covering all nuclear
material in all peaceful activities is applied in the non-nuclear-weapon States (NNWS) party to the
NPT. In addition, to help mitigate concerns by the NNWS that application of safeguards would
place their peaceful nuclear activities at an unfair commercial disadvantage relative to the nuclear
weapon States (NWS), the NWS have all entered into "voluntary offer" safeguards agreements to
place specified peaceful nuclear activities under IAEA safeguards.

In 1974, the "Zangger Committee" produced a "trigger list" pursuant to Article III.2 of the
NPT for the control of nuclear transfers or exports. Subsequently, the "Nuclear Suppliers Group"
(NSG) issued a set of guidelines together with an expanded trigger list to be used by a State for
exports of nuclear material and/or sensitive material/equipment.

International agreements concerning the physical protection of nuclear materials and facilities
also became an important issue in this period. Following the IAEA's recommendations on the
subject in 1972, the Convention on the Physical Protection of Nuclear Material came into effect in
1987.

By the late 1980s these various international measures, together with other multinational or
bilateral measures (e.g. bilateral nuclear co-operation agreements), appeared to be the foundation
for an effective world-wide non-proliferation regime. However, the Iraqi experience resulted in
questions about the regime and ultimately led to broad international consensus to strengthen IAEA
safeguards, especially to improve the IAEA's ability to detect undeclared nuclear activities. In
addition, the NSG expanded its guidelines to include "dual-use items", which can be used either for
conventional purposes or for sensitive nuclear activities.
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The end of the Cold War and the advancement of nuclear disarmament between the USA
and the Russian Federation have required new considerations for the global non-proliferation and
safeguards regime. The dismantling of nuclear weapons in the USA and the Russian Federation is
resulting in significant amounts of nuclear material (plutonium and highly enriched uranium) no
longer needed for defence purposes. Dismantlement of nuclear weapons is a major achievement for
nuclear disarmament; however, there are challenges associated with protecting and managing the
excess fissile materials arising from these activities. Noted among other issues at the Nuclear Safety
and Security Summit in Moscow in April 1996 were the emerging threat of illicit trafficking of
nuclear materials, the requirement for materials protection, control and accounting, and potential
means to safely dispose of the excess inventories of weapon-grade plutonium and highly enriched
uranium.

This paper examines the current nuclear non-proliferation regime (Section 2) and the issues
most likely to arise as the civil nuclear fuel cycle develops over the next 50 years (Section 3).
Section 4 deals with fuel cycles and nuclear material inventories

Existing fuel cycles and future technologies and fuel cycles are examined and evaluated in
Section 5 from three different points of view, safeguards, export control and physical protection.
The evaluation takes into account the growth of nuclear material inventories in the civil cycle, and
the effect of the expansion of nuclear power in a global market and with global sources of fuel cycle
services (globalization). Safeguards and non-proliferation aspects for nuclear material excess to
defence needs are addressed in Section 6.

The following challenges and questions are discussed:

° What kinds of improvements to safeguards implementation are taking place in the
international community (e.g. detection of undeclared activities, refocusing the objectives)?

o Are various nuclear fuel cycle facilities and reactors of the present and of the foreseeable
future difficult to safeguard?

o What kinds of conditions are required to achieve effective and efficient implementation of
safeguards?

Challenges relating to the protection and disposition of excess weapon materials are also discussed.

Changes to and strengthening of export control and physical protection measures resulting
from examination and evaluation of the present status and future trends, such as globalization and
increasing inventories, are also mentioned.
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2. THE EXISTING NON-PROLIFERATION REGIME

The conviction that a further spread of nuclear weapons would be detrimental to international
stability and undermines the security of individual States has led to the creation of a nuclear non-
proliferation regime supported by a network of treaties, policies and institutions. Although each
element in this regime plays an indispensable role in its own right, these elements also reinforce one
another in inhibiting the spread of nuclear weapons.

2.1. TREATIES

The body of legal instruments, including bilateral and especially multilateral treaties, is of
particular importance. Accordingly, the Treaty on the Non-proliferation of Nuclear Weapons (NPT)
and the nuclear-weapon-free zone (NWFZ) treaties are discussed below.

The NPT, often considered the most important element, was opened for signature in 1968,
entered into force in 1970 and extended indefinitely in 1995. Each non-nuclear weapon State
(NNWS) that becomes party to the NPT agrees not to manufacture or otherwise acquire nuclear
weapons or other nuclear explosive devices (Article II). The Treaty also obliges NNWS to conclude
an agreement with the IAEA for the application of safeguards on source or special fissionable
material in all peaceful nuclear activities within the territory of the State, under its jurisdiction, or
carried out under its control anywhere for the purpose of verifying the fulfillment of its obligations
under the Treaty (Article III). The NPT also recognizes the inalienable right of each signatory to
develop research, and to produce and use nuclear energy without discrimination, and encourages the
parties to co-operate in these regards (Article IV). Each of the parties undertakes to pursue
negotiations in good faith on effective measures relating to the cessation of the nuclear arms race
at an early date and to nuclear disarmament (Article VI). The NPT was the first international treaty
to provide for technical verification by an independent international body. This set an example for
more recent treaties such as the Chemical Weapons Convention and the Comprehensive Test Ban
Treaty.

In addition to the NPT, four nuclear-weapon-free zone treaties have been concluded: the
Treaty for the Prohibition of Nuclear Weapons in Latin America and the Caribbean (Treaty of
Tlatelolco); the South Pacific Nuclear Free Zone (Treaty of Rarotonga); the Southeast Asian Nuclear
Weapon-Free Zone (Treaty of Bangkok); and the African Nuclear Weapon-Free Zone (Pelindaba
Treaty).

Each NWFZ emerged from a unique historical context, and each seeks to address specific
regional concerns and needs. However, there are several important common denominators between
the NWFZ treaties, e.g. a State party is forbidden to possess, develop, or acquire a nuclear explosive
device; a State party must conclude a comprehensive safeguards agreement with the IAEA and
thereby becomes subject to the verification of its peaceful nuclear activities; the deployment or
presence of nuclear weapons in the relevant region is prohibited and nuclear weapon States are
called upon to respect the nuclear-weapon-free status of the zone and to refrain from the use or
threat of use of nuclear weapons against States in the zone.

The contribution of NWFZ treaties to the nuclear non-proliferation regime and enhancement
of global and regional peace and security was reaffirmed by the 1995 Review and Extension
Conference of the Parties to the NPT. hi the Principles and Objectives for Nuclear Non-
proliferation and Disarmament adopted by the Conference, the development of NWFZ, especially
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in regions of tension, is encouraged as a matter of priority, and the hope expressed that additional
NWFZs will be established by the year 2000.

2.2. SAFEGUARDS AGREEMENTS

International nuclear safeguards are applied pursuant to bilateral and/or multilateral
arrangements between a State or States and the IAEA. The IAEA derives its primary authority to
perform safeguards from its Statute, Article ni(5), which establishes that the IAEA is authorized "to
establish and administer safeguards designed to ensure that special fissionable and other materials,
services, equipment, facilities, and information made available by the IAEA or at its request or
under its supervision or control are not used in such a way as further any military purpose; and to
apply safeguards, at the request of the parties, to any bilateral or multilateral arrangement, or at the
request of a State, to any of that State's activities in the field of atomic energy."

The IAEA took the first major step to systematically develop its safeguards system in 1965
by adopting a system to replace INFCIRC/26, the initial model agreement covering safeguards only
on nuclear reactors. This so-called "item specific" safeguards system was extended in 1966 and
1968 (IAEA document INFCIRC/66/Rev.2.) and is still applied by the IAEA under safeguards
agreements with those States with nuclear activities but which have not undertaken a comprehensive
non-proliferation commitment such as the one enshrined in the NPT. Such INFCIRC/66/Rev.2
agreements cover a specified part of the nuclear facilities in a State, and the State may legally build
and operate unsafeguarded nuclear facilities.

The NPT assigns to the IAEA the responsibility for verifying that NNWS do not use their
peaceful nuclear materials to develop any nuclear weapons or other nuclear explosive devices.
Hence, the entry into force of the NPT necessitated the development of a new type of safeguards
agreement - one that would allow safeguards to be applied to all source or special fissionable
material in all peaceful nuclear activities within the territory of the State. Each individual
safeguards agreement between a State (or group of States) and the IAEA is based on a "model
agreement" [INFCIRC/153(corrected)], approved by the IAEA Board of Governors in 1971, that
spells out the modalities under which safeguards will be implemented on all nuclear material in the
State. Under these "full-scope" or comprehensive safeguards agreements, the focus of IAEA
safeguards has until recently been on nuclear material accountancy covering the nuclear material
declared by the State, on the basis that the largest hurdle to nuclear weapon development was the
acquisition of the requisite weapon-grade nuclear material.

In response to recent developments - including in particular the discovery of a clandestine
nuclear weapon programme in one NPT State - the IAEA has undertaken, with support from parties
to the NPT and from other IAEA Member States, to strengthen the effectiveness and improve the
efficiency of its safeguards system and to increase its capability to detect undeclared nuclear
activities in a State.

The five declared nuclear weapon States (NWS) have acceded to the NPT. Although this
does not oblige them to conclude a safeguards agreement with the IAEA, each of them has accepted
the application of IAEA safeguards to all or part of their peaceful nuclear activities. These
"voluntary offer agreements" have served to broaden the IAEA's experience in safeguarding
advanced nuclear facilities and have demonstrated a willingness of the NWS to accept the
application of safeguards on some of their civil nuclear activities. The application of IAEA
safeguards under the voluntary offer agreements, including on-site verification in the NWS, has
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established an important precedent that may serve the purposes of controlling the material released
from nuclear weapon programmes or the implementation of a cut-off treaty.

Mention should also be made of the regional safeguards arrangements within the European
Union and within Brazil and Argentina. For over 35 years, the States in the European Union (EU)
have had their nuclear programmes subject to safeguards administered by the European Atomic
Energy Community (EURATOM), which is charged with verifying that "ores, source material, and
special fissile material are not diverted from their intended uses as declared by the users" (Article
77(a) of the Treaty of Rome). Being signatories of the NPT, the NNWS of the EU have also entered
into a comprehensive safeguards agreement with the IAEA and EURATOM based on INFCERC/153
(corrected). The IAEA and EURATOM co-operate in the EU in a way which allows each
inspectorate to meet its safeguards obligations, while ensuring that each is able to arrive at
independent conclusions and seeking to avoid a wasteful duplication of effort; Over the past several
years, emphasis on improving this co-operation (through the New Partnership Approach) has resulted
in a significant reduction of IAEA inspection effort.

Specific safeguards arrangements have also been established for Argentina and Brazil,
involving also the IAEA and the Brazilian-Argentine Agency for Accounting and Control of Nuclear
Materials (ABACQ. ABACC was established under the 1991 bi-lateral "Agreement between Brazil
and Argentina for the Exclusively Peaceful Use of Nuclear Energy" to administer the two countries'
common system for the accounting and control of nuclear material. In this context, in 1994,
Argentina, Brazil, ABACC and the IAEA signed a "Quadripartite Agreement" for the application
of comprehensive IAEA safeguards in Argentina and Brazil. The Quadripartite Agreement is based
on INFCIRC/153 and meets also the condition for the two countries to accept the application of
IAEA safeguards pursuant to the Tlatelolco Treaty (to which each is Party) and pursuant to the NPT
(to which Argentina is Party).

2.3. PHYSICAL PROTECTION

Physical protection refers to the means by which a State protects its nuclear materials and
equipment from theft, unauthorized diversion or terrorist attack. While the creation and
implementation of a system for physical protection is ultimately the responsibility of individual
States, the international community has a vested interest in seeing this obligationmet. To this end,
the international community has utilized the IAEA to assist States in developing and implementing
adequate programmes for physical protection.

Under IAEA auspices, a list of "Recommendations for the Physical Protection of Nuclear
Materials" was produced in 1972. These recommendations were published in revised form as an
official IAEA document, which has itself been revised on three occasions, most recently in 1993
(INFQRC/225/Rev.3). The widely accepted recommendations in this document divide nuclear
material into three categories, based on the threat its diversion would bring, and establish minimum
levels of physical protection that should be met for each category of nuclear material while it is
being stored or transported.

The Convention on the Physical Protection of Nuclear Material is another manifestation of
international concern on the issue of physical protection, especially during international transport.
The Convention was produced and published under the auspices of the IAEA as INFCIRC/274, and
contains, inter alia, the same categorization of nuclear material as in INiCIRC/225/Rev.3. However,
whereas INFQRC/225/Rev.3 provides a set of recommendations on requirements for the physical
protection of nuclear material in use, transit and storage and of nuclear facilities, the Convention

245



KEY ISSUE PAPER No. 5

on Physical Protection obligates Parties, inter alia, to make specific arrangements and meet defined
standards of physical protection for international shipments of nuclear material, and to introduce
certain legal provisions for cases involving stolen nuclear material or specified acts to misuse or
threats to misuse nuclear material to harm the public. Additionally, the Convention represents an
important framework for co-operation and consultation between concerned States.

2.4. EXPORT CONTROL

Article IV of the NPT provides for facilitating exchanges of equipment, materials and
scientific and technological information for the peaceful use of nuclear energy. However, Article
in.2 of the Treaty also obliges Parties "not to provide: (a) source or special fissionable material,
or (b) equipment or material especially designed or prepared for the processing, use or production
of special fissionable material, to any non-nuclear-weapon State for peaceful purposes," unless the
material transferred or the fissile material derived from transferred equipment is placed under IAEA
safeguards. Although from the outset the IAEA Statute provided a clear definition of "source or
special fissionable material", there was no common understanding of which "especially designed or
prepared material or equipment" should trigger the application of IAEA safeguards.

To address this issue, in 1971, a group of nuclear supplier States parties to the NPT
developed a list of items whose export should activate the application of safeguards. Known as the
Zangger Committee (so named for its first Chairman, Claude Zangger of Switzerland) the group
produced the first trigger list in 1974 (published by the IAEA as INFCIRC/209), and continues to
serve as a manifestation of the supplier commitments under Article III.2 of the Treaty.

However, India's nuclear explosion in 1974 gave rise to doubts about the export control
measures put forward by the Zangger Committee; the Zangger Committee trigger list was limited
by the NPT to covering equipment "especially designed or prepared" for the production of
fissionable material. Technology and "dual-use" items (some of which are extremely sensitive from
a nuclear weapon standpoint) were not included.

Also, one major nuclear supplier, France, was not then Party to the NPT and was thus not
subject to Zangger Committee guidelines. France has since acceded to the NPT and become a
member of the Zangger Committee.

In 1975, the major nuclear suppliers met in London to discuss how the export control regime
might be strengthened. This group of States, known as the Nuclear Suppliers Group (NSG), adapted
the Zangger Committee trigger list and incorporated also some additional items, heavy water and
heavy water production plants. (The NSG trigger list was published by the IAEA as INFCIRC/254.)
Additionally, the NSG agreed: to "exercise restraint" in the export of reprocessing, enrichment and
heavy water production equipment; to ensure that importing States provide physical protection for
supplied nuclear materials and equipment; and to require recipient States to pledge not to use
imports to produce nuclear weapons or other nuclear explosive devices.

The NSG guidelines underwent significant revision in the wake of the revelations about Iraq's
clandestine nuclear programme. New "dual-use" export controls were agreed. Most of the dual-use
items covered those needed for weaponization and/or for the production, use and utilization of
special nuclear material (SNM). Moreover, members of the NSG have made the application of
comprehensive IAEA safeguards in the recipient country a condition for supply of trigger list items.
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3. NEWINIHA11VES

3.1. INTRODUCTION

The global non-proliferation regime has continuously evolved in accordance with changes
in the international political situation, the development of nuclear energy technology, the
globalization of peaceful uses of nuclear energy, and advances in nuclear non-proliferation, arms
control and disarmament and related monitoring and inspection technologies.

Today, further evolution and strengthening of the non-proliferation and international
safeguards regime are required The end of the Cold War has not resulted in a completely secure
or stable world. Local or regional conflicts continue or are increasing, and thus the risk of
proliferation by new States remains a concern. On the other hand, substantial progress in nuclear
arms control and disarmament by the USA and the Russian Federation have required close
interconnection between traditional measures for non-proliferation (e.g. IAEA safeguards) and
disarmament measures (verification of peaceful use of nuclear material formerly used in military
programmes, cut-off convention, etc.). Therefore, various new safeguards and non-proliferation
initiatives are being considered.

As described in the Introduction, the total efforts of the international community to improve
and strengthen the non-proliferation regime encompass wide areas. In this section the following
four initiatives are described: (a) the efforts to strengthen and streamline IAEA safeguards
(Programme 93+2), (b) the NPT extension and review conference and the future NPT enhanced
review process, (c) the outcome of the Moscow Nuclear Safety and Security Summit, and (d) the
proposed fissile material cut-off treaty.

These initiatives demonstrate a broad international commitment to strengthen the nuclear
non-proliferation regime across many fronts, and to respond to changing proliferation challenges.

3.2. STRENGTHENING AND STREAMLINING IAEA SAFEGUARDS [1]

The IAEA safeguards system has had as its cornerstone nuclear material accountancy, with
containment and surveillance as important complementary measures. Since its inception over 30
years ago, the system has evolved and been strengthened through the continuing introduction of new
methods and techniques. As a result, there have been improvements in both its effectiveness and
its efficiency for detecting diversion of nuclear material placed under safeguards. The discoveries
of undeclared nuclear material and facilities in Iraq and the problems associated with the IAEA's
efforts to verify the nuclear inventory in the Democratic People's Republic of Korea highlighted the
need to update the safeguards system by integrating into it measures that will give the IAEA an
improved capability to provide assurance regarding the absence of undeclared nuclear material and
activities.

The measures envisaged in this respect, which are outlined below, are not only of vital
importance to the strengthening of the effectiveness of safeguards, they also relate directly to the
public's perception of safeguards. The relevance of a strengthened and more efficient safeguards
system to universal disarmament and arms control measures should not be overlooked.

Beginning in 1992, a number of decisions (relating to "special inspections," to the provision
of "design information" and to a "reporting scheme for nuclear material and specified equipment
and non-nuclear material") were adopted by the Board of Governors of the IAEA. In 1993 the
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Board of Governors requested the Director General to submit to it concrete proposals for the
assessment, development and testing of measures for strengthening IAEA safeguards and improving
their cost effectiveness. In response to this request the IAEA Secretariat presented in December
1993 the so-called Programme 93+2, under which in the next two years it evaluated the technical,
financial and legal aspects of a comprehensive set of measures for a strengthened and more efficient
safeguards system.

The IAEA Director General presented to the Board of Governors in March 1995 an overview
of the proposed measures for strengthening the effectiveness and improving the efficiency of the
present safeguards system. After extensive discussion the Board endorsed the general direction of
Programme 93+2. Li June 1995 the Board considered a document containing a comprehensive set
of strengthening and efficiency measures. The measures were in two parts. Part 1 consisted of those
which could be implemented under existing legal authority and which would be practical and useful
to implement at an early date. Part 1 of Programme 93+2 was approved by the Board in June
1995, and those measures contained in Part 1 are now implemented or under discussion between the
IAEA and the Member States.

The Part 1 measures include the following:

Broader access to information, including information regarding activities in the State, such
as, (a) the status of the State's system of accounting and control of nuclear material (SSAC), (b)
information on certain closed-down or decommissioned nuclear facilities and locations outside
facilities (LOFs), and (c) information which is obtained by performing environmental sampling
(within the declared nuclear facilities);

Increased physical access, including the IAEA's right to perform unannounced routine
inspections at declared facilities and other locations, which is already incorporated in the present
safeguards agreement (INFQRC/153 (Corrected)). The IAEA has already and is currently
implementing this approach in several different places;

Optimal use of the present system including employing a wide variety of advanced
technologies for remote monitoring and unattended measurements with remote data transmission,
which are currently being examined and demonstrated. These include digital surveillance, electronic
seals, and motion and radiation detectors, with remote transmission by satellite and phone lines; and

Increased co-operation with the SSAC, including both single States and regional systems
such as EURATOM and ABACC. The IAEA has in recent years expanded the co-operation with
EURATOM in the form of the New Partnership Approach (NPA). Similar co-operation could be
implemented in a modified way with single-State SSACs.

Part 2 measures consist of those which the Secretariat proposed for implementation on the
basis of complementary legal authority. Following further definition and refinement of these Part
2 measures by the Secretariat, in June 1996 the Board of Governors established a Committee on
Strengthening the Effectiveness and Improving the Efficiency of the Safeguards System to deliberate
and to conclude a model protocol additional to comprehensive safeguards agreements which would
provide the legal basis for implementation of the Part 2 measures. The major measures currently
under discussion by the Committee and proposed for the protocol are the following:

Broader access to information needed by the IAEA that is not supplied under the
safeguards agreement, including information on:
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° nuclear fuel cycle related research and development activities not involving nuclear material
(in particular related to enrichment, reprocessing or nuclear waste treatment);

o additional operational activities of nuclear facilities;

o each of the buildings on the sites of nuclear facilities;

o uranium mines and concentration plants and thorium concentration plants; and

o imports and exports of specific equipment and non-nuclear material;

Increased physical access, including:

° access to any place on a site containing a nuclear facility or LOF;

o access to locations identified as containing nuclear fuel cycle related R&D; and

o access to additional locations for environmental sampling; and

Optimal use of the present system, including the use of a simplified procedure for
designation of inspectors and use by the IAEA of internationally established systems for direct
communication between the field and Headquarters.

The additional cost of Programme 93+2 has been estimated to be between five and ten
million dollars a year, a relatively small sum compared to the costs already invested by the nuclear
industry and the safeguards community. As of February 1997 the Committee had, in three sessions,
made substantial progress toward reaching agreement on a draft model protocol, and there was a
good prospect of approval by the Board by June 1997.

3.3. THE NPT EXTENSION AND REVIEW CONFERENCE AND THE FUTURE NPT
ENHANCED REVIEW PROCESS [2]

The 1995 Review and Extension Conference of the Parties to the NPT was held from 17
April to 12 May 1995 at the United Nations Headquarters in New York. The conference decided
that, as a majority existed among States party to the Treaty for its indefinite extension, the Treaty
shall continue in force indefinitely. The Conference also adopted two documents, which are very
important for future non-proliferation consideration: "Principles and Objectives for Nuclear Non-
proliferation and Disarmament" and "Strengthening the Review Process for the Treaty".

The "Principles and Objectives" document describes measures related to the full realization
and effective implementation of the provisions of the Treaty in the following areas: universality of
the NPT, non-proliferation, nuclear disarmament, nuclear-weapon-free zones, security assurances,
safeguards and peaceful uses of nuclear energy. The section on "nuclear disarmament," noted the
importance of concluding a comprehensive nuclear test ban treaty (CTBT) in 1996. The convention
banning the production of fissile material for nuclear weapons or other nuclear explosive devices
(cut-off convention) was also endorsed by the document. In the section on "safeguards," wider
adherence to the comprehensive safeguards system is recommended Also, it is agreed that nuclear
material transferred from military use should, as soon as practicable, be placed under IAEA
safeguards in the NWSs.
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In the "Strengthening the Review Process for the Treaty1' document, the Extension
Conference decided that, in addition to the Review Conference every five years, a Preparatory
Committee meeting should be held in each of the three years priors to the Review Conference. The
first Preparatory Committee meeting for the 2000 Review Conference will be held in April 1997.
The purpose of the Preparatory Committee meetings is to consider principles, objectives and ways
to promote the full implementation of the Treaty, as well as its universality, and to make
recommendations thereon to the Review Conference. The Extension Conference also decided that
the Review Conferences (of the future) should look forward as well as back. They should evaluate
the results of the period they are reviewing, and identify the areas in which, and the means through
which, further progress should be sought in the future.

3.4. OUTCOME OF MOSCOW NUCLEAR SAFETY AND SECURITY SUMMIT [3]

The Moscow Nuclear Safety and Security Summit, held in April 1996, issued the following
three documents: (a) Moscow Nuclear Safety and Security Summit Declaration, (b) Program for
Preventing and Combating Illicit Trafficking in Nuclear Material, and (c) Statement on the
Comprehensive Nuclear Test Ban Treaty. In the first document, the Summit declared that "the
security of all nuclear material is an essential part of the responsibility and peaceful use of nuclear
energy," and that the participants of the Summit "express their support for the IAEA safeguards
regime, which plays a critical role in providing assurance against the diversion of nuclear material
going undetected." The Summit "underlined the need for urgent strengthening of IAEA capabilities
to detect undeclared nuclear activities." It also "recognized the importance of continually improving
systems and technologies for controlling and protecting nuclear materials", and therefore, it urged
the States to "co-operate bilaterally, multilaterally, and through the IAEA to ensure that the national
systems for controlling nuclear materials remain effective". The Summit also addressed the
management of fissile material designated as no longer required for defence purposes, and decided
to "convene an international meeting of experts in order to examine available options and identify
possible development of international co-operation in the implementation of these national strategies,
bearing in mind technical, economic, non-proliferation, environmental, and other relevant
considerations." This meeting was held in Paris on October 1996. In addition to the States
participating in the Summit, Belgium, Switzerland and the IAEA participated in the meeting.

A separate announcement was made on the issue of illicit trafficking in nuclear material at
the Summit. The Summit decided on a three-part programme for preventing and combating illicit
trafficking: (a) safe and secure storage of nuclear material and effective material protection, control
and accounting, (b) co-operative intelligence, customs and law enforcement efforts, and (c) joint
efforts to identify and suppress illicit supply of, and demand for, nuclear material and to deter
potential traffickers. The document identified the participating States' collective response to illicit
trafficking in nuclear material in fifteen areas, including: information exchange; enhancing co-
operation and co-ordination among national intelligence, customs and law enforcement agencies;
maintenance of effective national systems of nuclear material protection, control, and accounting and
of export control; adequate funding to the IAEA safeguards; and promotion of universal adherence
to the NPT.

3.5. CUT-OFF TREATY

On September 1993, President Clinton called for "a multinational convention prohibiting the
production of plutonium and highly enriched uranium for nuclear explosive devices or outside of
international safeguards." The Conference on Disarmament (CD) in Geneva, Switzerland, will be
the place to negotiate such a cut-off treaty. Throughout most of 1996, the CD was busy finalizing
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the CTBT and only preliminary discussions on a cut-off treaty were undertaken. However, the
"Principles and Objectives" document of the NPT Extension Conference urges the immediate
commencement and early conclusion of negotiations on a cut-off treaty.

Although the provisions of such a treaty have yet to be negotiated, there is an expectation
that the IAEA would play an important role in the verification provisions. If agreed, this would
make use of these well developed verification capabilities, but with the likely need for additional
inspectorate resources.

252



KEY ISSUE PAPER No. 5

4. FUEL CYCLES AND INVENTORIES

The different types of feel cycles and the policies concerning the feel cycle in different
countries as well as present and future inventories are dealt with extensively in the Key Issue Papers
No. 1 and No. 3. A brief summary is given here as introduction to the non-proliferation
considerations discussed in Chapter 5.

From now until approximately 2050, light water reactors (LWRs) and pressurized heavy
water reactors (PHWRs) will dominate nuclear generating capacity. After about 2030 fast breeder
reactors (FBRs) may begin to be constructed in significant numbers. It will, therefore, suffice to
consider these reactor types. All of these reactors will produce plutonium in their operation
irrespective of fuel cycle choices, since plutonium is produced in all feel that contains uranium-238.
In LWRs and PHWRs, the in situ burning of the plutonium produces about one third of the total
energy. In 1970, at a time when few reactors were operating, about 3 t of plutonium had been
generated, but by 1990 the annual plutonium generation rate had increased to about 50 t/a, and it
will remain at or slightly above 50 t/a until 2010 and beyond.

Early in the development of nuclear power, uranium supply was thought to be limited
relative to the projected demand growth. This combination of limited supply and increasing demand
seemed to require efficient use of uranium resources, resulting in FBR development programmes
in several countries. As a result of developments in the 1970s and 1980s, the USA, the UK and
Germany stopped their programmes to develop FBRs, while France, Japan and the Russian
Federation continued their programmes but at a slower pace than originally foreseen.

Commitments were made to construct reprocessing facilities and to have spent feel
reprocessed, especially in those countries which had reprocessing technology available from weapons
programmes, i.e., the UK, France and the Russian Federation. Apart from these three countries,
Japan is currently operating a small scale reprocessing plant and is starting to construct a
commercial reprocessing plant to be operational by 2006. Today, the total reprocessing capacity
in the world is about 5500 t HM/a. This figure will only slightly increase to about 5750 t HM/a
by 2010. Whether after this year additional capacity will be added will heavily depend on the
growth rate of nuclear capacity and the availability of relatively cheap uranium (see Key Issue Paper
No. 2).

Some countries have taken the political decision not to reprocess (e.g. the USA and Sweden)
and to store the spent feel until a final repository is available. Other countries like France, Japan
and India have decided to reprocess the spent feel and recycle the separated plutonium in thermal
reactors. A third group of countries, i.e. Belgium, Germany, the Netherlands and Switzerland, are
doing both: one part of the spent feel is reprocessed, another part is stored in intermediate storage
facilities until final disposal in geological repositories becomes possible. The Russian Federation
is reprocessing feel from WWER 440 reactors (pressurized water reactors) and special feels from
nuclear ice breakers, submarines and research reactors. The resulting uranium stream with an
enrichment of 2.2 to 2.6% is used to feel RBMK reactors. The plutonium is being stored for
eventual use in fast reactors, hi the UK separated plutonium is accumulating from the MAGNOX
feel reprocessing programme (which must be carried out because the spent feel cannot be stored for
long periods) and the AGR reprocessing programme. The UK currently has no thermal reactors
licensed to burn plutonium, and the inventory will therefore continue to increase.

hi 1995, 22 t of plutonium were separated and 8 t of plutonium were used worldwide in
LWRs and breeder reactors. This imbalance between the separation and the use of plutonium has
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been occurring for many years and has resulted in an inventory of separated civil plutonium of about
138 t at the end of 1995. Only in the last few years have major capacities for the fabrication of
MOX fuels been built. Today, fabrication plants with a capacity of about 200 t of MOX are in
operation. By the year 2000 the capacity is expected to reach 415 t MOX (corresponding to 19 t
plutonium per year). MOX fabrication plants require a working inventory of plutonium
corresponding to 1-2 times the annual throughput. For these reasons the rate of separation of
plutonium will continue to exceed its rate of use up to 2001. By the end of the year 2000, the
estimated inventory of plutonium will reach about 175 t. Beyond 2001 the inventory is projected
to decrease slowly (see Key Issue Paper No. 1). The rate of decrease of the inventory of separated
plutomum will decline towards the end of the next decade, as a result of both the increases in
working inventories of plutonium as MOX and fast reactor fuel production rates rise and the
quantities of plutonium being transferred from military to civil programmes in both the USA and
the Russian Federation.
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5. NON-PROLIFERATION CONSIDERATIONS FOR DIFFERENT FUEL
CYCLE OPTIONS

5.1. EXISTING FUEL CYCLES

National nuclear power programmes have selected differing fuel cycle approaches based on
a variety of considerations. Some are pursuing a once through fuel strategy with long term storage
and ultimate disposition of spent fuel in repositories. Others are reprocessing spent fuel and
recycling plutonium and uranium within the fuel cycle. Each fuel cycle strategy requires
consideration of measures to manage proliferation risk. In this section, existing nuclear fuel cycles
are examined and assessed in relationship to: safeguards, physical protection and export controls.
This assessment considers the growth of the civil nuclear fuel cycle and the effect of the expansion
of nuclear power in a global market with global sources of feel cycle services. Safeguards and non-
proliferation considerations for nuclear materials declared excess to defence needs are discussed in
Chapter 6.

5.1.1. Safeguards

Status

Comprehensive safeguards under INFCIRC/153 (Corrected) are now over 25 years old.
During that time there has been a widespread realization that effective safeguards are best facilitated
by proper provision at the design stage for new facilities. The trend in new plants to larger material
throughput, automation, biological shielding and distributed control systems has led to the
development of new safeguards approaches. Current safeguards for large scale fuel cycle facilities
use a hierarchy of independent controls, combined with a comprehensive knowledge of the plant and
complemented by extensive data sets provided in near real time. Reliance is placed on this powerful
set of safeguards measures to give assurance that material has not been diverted. International
consultations such as the Hexapartite Safeguards Project [4] for centrifuge enrichment plants and
the LASCAR [5] forum for large reprocessing plants have concluded that appropriate combinations
of the many possible techniques identified for safeguards measures, coupled with timely efforts in
the examination and the verification of design information, make possible the implementation of
effective and efficient safeguards approaches. This approach is currently applied in all types of
operating commercial plants.

Modem safeguards are developed in a spirit of close co-operation with national authorities
and plant operators (fully recognizing the need for safeguards authorities to draw independent
conclusions and to take every precaution to protect confidential information coming to its
knowledge), which are becoming increasingly integrated into a global approach based on
transparency and access to information. In these modem systems sophisticated information
processing provides a continuous follow-up of process activities, and safeguards instruments are
increasingly deployed in an integrated, unattended and in-process fashion. These capital
expenditures provide the basis for efficiencies from reduced on-site inspector activities. Such
approaches are finding their way into a wide range of new facilities and are increasingly useful for
older plants where quantitative techniques can be combined with qualitative assurances.

There is no reason to suspect that any significant quantity of nuclear material has been
successfully diverted from the large number and variety of declared, safeguarded facilities. However,
the cases of Iraq and the Democratic People's Republic of Korea have shown that consideration of
possible undeclared activities is a necessary adjunct to the classical safeguards approach. As noted
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in Chapter 3, the IAEA programme for improving effectiveness and efficiency is extending the
scope of controls to facilitate detecting undeclared nuclear material, facilities and activities, and is
also trying to reduce the costs of safeguarding declared nuclear material whilst maintaining
effectiveness.

Transparency, achieved through additional information and access, as well as making an
important contribution to the IAEA's capability to detect undeclared nuclear activities, can lead to
important savings in more traditional and routine verification procedures by allowing better
allocation of inspection resources. Where systems are well established, have proven capabilities and
are open to a high degree of transparency there is scope for even greater co-operation in performing
safeguards between the IAEA and State or regional systems of accounting and control. This is
already providing the IAEA the opportunity to more effectively deploy its resources without losing
its ability to form an independent judgement. The challenge for the IAEA is to strike the right
balance between reacting to the expansion pressure of new initiatives whilst at the same time
meeting its normal commitments in the face of more safeguards agreements and expanding nuclear
programmes (e.g. the extension of effective IAEA safeguards to the newly independent States of the
former USSR and South Africa and implementation of the Quadripartite Safeguards Agreement with
Argentina, Brazil and ABACQ.

Increasing inventories

Separate considerations are given in the following paragraphs to the inventories of spent
nuclear fuel and separated reactor grade plutonium. Nuclear materials declared excess to defence
needs are discussed in Chapter 6. Inventories in all three categories are at present increasing.

Spent fuel

The plutonium inventory in spent fuel from power and research reactors is increasing on a
global basis and will reach approximately 2000 t by 2010. The material is generally "difficult to
access", with barriers to diversion or theft provided by size, weight and high radiation fields.
Effective techniques for applying safeguards on storage facilities have been established. For the
conditioning phase and the final disposal of spent fuel, safeguards considerations must be taken into
account at an early stage with foil cognizance that, as the fuel ages, the radioactive barrier decreases
and the fissile material loses a major layer of inaccessibility. The safeguarding of conditioning plants
and repositories is being currently examined by a number of States, through groups such as SAGOR
(the safeguards on repositories international working group held under the auspices of the IAEA)
to determine the practical methods of safeguards implementation and provide non-proliferation
assurances to the international community. For repositories, with their eventual large inventories
of fissile material, such assurances will have to pass the test of time through the open repository
phase (50 years or more duration) and after closure when it may be necessary to continue safeguards
oversight indefinitely. Potential sites for repositories are currently being studied but such
repositories are not expected to receive conditioned spent fuel much before 2015, or to be closed
before 2050.

Separated reactor grade plutonium

Separated plutonium occurs as a result of some countries' decision to reprocess spent fuel for waste
management reasons and to further utilize the energy potential of the fissile material by recycling
it as MOX fuel in LWRs or for consumption in liquid metal reactors (LMRs). A key issue is the
extent to which large stores of separated plutonium constitute a proliferation risk. Some seek to
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minimize accumulated stockpiles of fissile materials. However, the nuclear industry is typified by
large capital projects with long lead times that are subject to considerable public and political
consultation processes. Accordingly, even though balancing supply and demand is the objective of
all modern manufacturers, in the context of the uncertainties of a global nuclear market it may be
difficult, in some countries, to achieve. It is unlikely that stqsply and demand in the nuclear fuel
cycle will always be in balance. Similar constraints and uncertainties are resulting in the
accumulation of large stocks of spent fuel held in interim storage pending a final decision on
disposition.

Stores have therefore been constructed for separated plutonium with massive, secure
containment, robust packages and high densities to economically control heat generation and
radiation conditions. Such stores are typically submitted to full flow verification and multiple
systems of containment and surveillance with redundancy to form an effective safeguards system.
Within this context, statistical assertions of increased risk from increased quantities are too
simplistic. Similarly, the perceived risk of diversion from reprocessing or other large bulk
plutonium/high enriched uranium (HELJ) plants is not a simple statistic that increases with
throughput. The hierarchical system of safeguards control described earlier gives defence in depth
and can provide a high level of assurance at a reasonable cost. The necessary safeguards techniques
have been effectively developed and implemented progressively over thirty years for the plants in
Europe and Japan.

When separated plutonium is fabricated into mixed oxide (MOX) fuel and burned in a
reactor, a radiation barrier is added which effectively contributes to non-proliferation. The British,
French, Japanese and Russian Governments, in actively supporting the recycling of plutonium into
MOX fuel, place emphasis on the non-proliferation benefits. The deployment of MOX fuel has
capability to significantly reduce the levels of separated plutonium in the period leading up to 2015
(see Key Issue Paper No. 1). The effect of burning MOX on plutonium inventory is proven and
predictable, and available reactors for this undertaking are not a constraint. The isotopic quality of
the plutonium is degraded by MOX recycle. While safeguards on plutonium are not "graded"
according to isotopics, in the arms control context of disposition of weapons plutonium, it has been
noted that MOX burning renders the plutonium less attractive for explosive purposes.

Globalization

It is important to achieve and maintain universal adherence to the NPT and the universal
application of safeguards and for parties to control their exports in line with the NSG guidelines.
Internationally, some States also wish to display greater transparency of their future nuclear
programmes and have been working towards a uniform publication of plutonium information.

As a consequence of globalization there will be an increase in international trade and
transfers. A possible response is the concept of multilateral/regional fuel cycle centres. If
multilateral/regional centres develop, they should be safeguarded in the same way as the case for
purely domestic facilities of the same design, under the general responsibility of the host country.
In particular, the type of international co-operation which is contemplated for these centres has
practically no impact on the technical measures which would be implemented in the frame of the
safeguards agreement between the IAEA and the country hosting the centre. The establishment of
regional fuel cycle facilities, in which a number of countries participate may raise the question of
whether specific standards for nuclear material accounting and control should be defined and
achieved, as has recently been proposed in the context of an International Monitored Retrievable
Surface Store (IMRSS), in addition to the safeguards assurance of "no evidence of diversion".
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5.1.2. Physical protection

The current international consensus, as reiterated at the Moscow Summit in April 1996, is
that it is the fundamental respDnsibility of individual States to ensure fee physical protection of all
nuclear materials in their custody. Only 53 NPT States have acceded to INFCIRC/225 which sets
out detailed recommendations on physical protection. INFCIRC/225 is supported by the 1980
Convention on the Physical Protection of Nuclear Material which aims to achieve international
collaboration to protect nuclear materials in transit.

The effects of issues such as illicit trafficking which do not respect national boundaries have
brought into question the fundamental responsibility for nuclear material protection. States have a
legitimate interest in the adequacy of the national measures of other countries for protection of
sensitive nuclear material and show an increasing awareness of their neighbours' statements on the
adequacy of their physical protection arrangements. States who wish to evaluate the level and
demonstrate the adequacy of their physical protection system can utilize an informal IAEA advisory
service which, on request, can conduct a review of a State's physical protection systems and indicate
ways to strengthen and enhance effectiveness. There has also been a suggestion (for example by
the American Nuclear Society report "Protection and Management of Plutonium") for the creation
of a new international convention under which participating States would agree to submit to periodic
reviews by the IAEA.

It is quite clear, however, that physical protection of nuclear material also includes the
management of such issues as anti-terrorist activities and associated intelligence gathering with
which to assess the threat to nuclear materials or facilities. Physical protection of nuclear material
is obviously therefore a national, sovereign matter, although international co-operation may be
beneficial under particular circumstances such as international transit at which the convention is
particularly aimed.

Increasing inventories

Increasing inventories, especially spent fuel inventories, can lead to more sites where nuclear
materials are stored. The number of sites and the quantities of nuclear material are not good metrics
of risk, but many consider that consolidation of sites and minimization of inventories is good
practice. Co-locating facilities on the same site and the physical integration of related processes
(such as reprocessing and MOX manufacture) inevitably avoids the need for increased inter-site
transport of nuclear materials. However, given that the recommended physical protection measures
are implemented for nuclear transport with due consideration given to the effects of increased
numbers of trips on operations security and human factors, there is no reason to conclude that the
security of the material is reduced as a consequence of increased transportation.

The radiation levels present in spent fuel decrease with time and so consequently spent fuel
inventories have a lower inherent barrier to theft as they age. This is recognized in INFCIRC/225,
which recommends that the standards of physical protection for spent fuel are increased when the
radiation barrier falls below a defined level.
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Increased trade in nuclear materials may give greater opportunity for terrorist or other sub
national groups to interfere with the transport of such materials. However the physical protection
arrangements are designed to remain effective against the threat to any shipment irrespective of the
number of shipments. Clearly, it is important that increased trade does not result in a complacent
attitude to physical protection because of the routine nature of shipments. The existing global system
of accountability and control and physical protection has not failed, even if there are concerns about
the implementation of physical security arrangements in some countries. Increased co-operation
among governments which aims to prevent illicit trafficking through improved security response,
training and exchange of information is important and should be encouraged.

5.1.3. Export Control

Status

Export control of nuclear material, technology and equipment is the responsibility of the
State making the export. Non-proliferation conditions on nuclear exports first arose internationally
within the framework of the early bilateral nuclear co-operation agreements of the major supplier
States and were supplemented by a more collective regime under the NPT (as subsequently
interpreted by the Zangger committee). The Nuclear Suppliers Group have taken the process further.
Under the NSG guidelines suppliers have implemented export controls on significant nuclear related
materials, equipment and technology which require a number of commitments from recipient States,
including a non-explosive use undertaking, full scope safeguards, physical protection measures and
re-transfer (to third parties) assurances. In addition the NSG has developed a separate set of
guidelines on nuclear related dual use items which require an end user statement together with non-
explosive-use and re-transfer assurances.

Control of exports such as dual use goods often requires a judgement to be made of the
declared end use. Members therefore inform each other when they deny a licence (on NSG listed
dual use goods) for non-proliferation reasons and consult as a group on a semi-annual basis.
Collective knowledge among suppliers makes the controls more effective against possible
proliferated. Although the NSG guidelines are not a legally binding commitment, they do represent
a formal policy commitment by participating Governments to abide by the principles and conditions
of supply contained therein.

Globalization

The transfer of sensitive technologies such as reprocessing and enrichment is decided in the
frame of the NSG guidelines, according to the judgement of the exporting nation. Such transfers
have been few, one in the 1980s was from France to Japan, for the Rokkasho Mura reprocessing
plant. Nevertheless, for these nuclear activities and others there have been ideas suggested for the
setting up of fuel cycle centres which may have the added advantage of preventing the spread of
such technologies. Examples, such as Eurochemic in the 1970s and Thorp and UP3 today for
reprocessing and the success of Urenco for enrichment, show that this concept can have practical
application but the problem lies in the conflict between national sovereign control of nuclear
facilities and international control and operation of nuclear facilities. Whilst fuel cycle centres can
been seen to tackle non-proliferation risk on a global fuel cycle level, the host custodian States are
unlikely to empower any international "police force" but may accept a series of institutional and
other requirements. Commercial fuel cycle cost considerations may be the driving force for such
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centres but their establishment is likely to be limited. The growing inventories of spent fuel and the
difficulties in siting deep repositories are likely to re-open the debate on fuel cycle centres and the
role that the IAEA might play.

The establishment of trading blocks or regional trading groups is increasing and these
frameworks can, as is the case for the European Union, lead to a harmonization of export procedures
to facilitate free trade within the group. As regional systems invoke more influence they may bring
more assurance. The overriding conditions of acceptability are that such bureaucracies must not
compromise national sovereignty and should not adversely effect normal peaceful nuclear trade.

Post-Iraq strengthening measures have introduced an export monitoring role for the IAEA
at the global level with the voluntary reporting of exports/imports and nuclear programmes by a
number of States. Such reporting is being formalized in the additional protocol to safeguards
agreements, whose negotiation is nearing completion. Such trading information can be matched
with declared nuclear activities and any anomalies arising followed up.

Export controls will continue to play an important role in supporting the nuclear non-
proliferation regime and States must exercise such control in order to meet their commitment under
Article IV of the NPT and the need to feel confident that their exports will not be misused.
However, given the indigenous capabilities of nuclear engineering and technology in a considerable
number of countries, it is important to recognize that export controls can only be one component
in the overall non-proliferation regime.

5.2. FUTURE TECHNOLOGIES AND FUEL CYCLES

The non-proliferation regime created by the NPT was extended indefinitely in 1995, and will
thus continue to provide a major basis for nuclear developments in the foreseeable future.
Safeguards and physical protection techniques are likely to continue evolving in order to keep pace
with developing technologies and political evolution, on the basis provided by existing agreements.

5.2.1. Safeguards

Safeguards will evolve in parallel with new technologies, and it is reasonable to expect that
the new technical processes will be safeguardable, as earlier technical processes have been. This
evolution will be assisted significantly by the early involvement of both safeguards and process
designers so that reliable, independent verification means can be developed and incorporated. It is
important that this early collaboration be accepted and implemented so that the safeguards
requirements can be identified and implemented efficiently. Current safeguards approaches
developed by the IAEA, and in several cases already being implemented, will provide the foundation
for development and refinement of processes and installation designs which are mostly
extrapolations of current operations.

The following developments would have to be addressed from a safeguards viewpoint.

Alternative fuel cycles in existing reactor types (LWR and HWR)

Plutonium in MOX cycles in existing reactor types: MOX fuel is now being used in power
reactors, and such use is expected to become widespread. The implementation of safeguards
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at the facilities (reactor/reprocessing/ftiel fabrication) involved with MOX cycles has been
developed and successfully implemented.

Thorium fuel cycles: Thorium has an attraction for use as an alternative fuel. The absence
of a fissile isotope in the naturally occurring material necessitates the initial use of a driver
fuel. Thorium options that have been studied include cycles using a driver fuel, viz. natural
uranium, plutonium from other fuel cycles and weapons material, and a self-sustaining
thorium cycle initially sustained by driver fuel.

Direct use of plutonium in CANDU (DUPIQ fuel cycle: The proposed fuel cycle makes
use of the ability of the HWR to use low grade fuels, and therefore may have an economic
advantage for PWR operators. It enables the energy production of the fuel to be increased
by burning dry reprocessed PWR spent fuel in a HWR. Several additional options have been
studied including the DUPIC/thorium cycle, in which DUPIC fuel would replace natural
uranium as the driver in a thorium cycle.

Disposal concepts for plutonium in spent fuel (once-through and recycle options)

The direct underground disposal of spent fuel from nuclear power reactors is an option that
is currently being explored by a number of countries. A significant plutonium inventory
could reside in such facilities by the end of the period under consideration.

Several IAEA Member States and the IAEA have for several years been working to develop
generic safeguards approaches for the conditioning facilities, for the preparation and
packaging of the spent fuel in disposal containers, and for the geological repositories for the
final emplacement of the filled containers. This initiative is an illustration of early
consideration of safeguards requirements in a facility design process.

Laser enrichment

Safeguards measures would be applied at a laser enrichment facility with effectiveness
comparable to that achievable for conventional enrichment technologies (diffusion and
centrifuge). These would include the same basic nuclear material accountancy requirements,
to verify the inputs and outputs for the facility, and measures to confirm that undeclared
operations are not carried out.

Sodium cooled fast reactors

The liquid metal fast breeder reactor has been operated commercially, i.e. the Russian BN -
600 and Superphenix in France. The concept permits three basic modes of operation, viz.

once-through, recycle and breeder, and may utilize plutonium, or uranium-235 as the fissile
component, and uranium-238 or thorium-232 as the fertile material. The development stages
in several countries have provided the opportunity to study the safeguards requirements.
These are related to those of an LWR cycle which includes reprocessing and recycle. Thus,
safeguards for this technology could be satisfactorily handled by extending current
techniques.
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Cut-off treaty

The impact on IAEA safeguards of a verification regime for a fissile material cut-off treaty,
which could result in an end to the production of fissile material for nuclear weapons, will
be significant and will need to be carefully considered. Since this verification regime is not
yet formulated, it is difficult to access the impact of the regime on IAEA safeguards in
detail.

In summary, it is believed that the international safeguards system, which is currently the
subject of strengthening initiatives by the IAEA and Member States, provides the means to
adequately safeguard the components of future nuclear fuel cycles. It would therefore be
unreasonable to attempt to suppress those activities that are economically and technically viable
because of concern that violations by irresponsible countries may possibly occur. Increasing
inventories and the expected globalization trend, as well as a new verification regime for a cut-off
treaty, pose the problems to be addressed during the period to 2050, rather than the safeguardability
of existing, new and re-considered technologies themselves.
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& SAFEGUARDS AND NON-PROLIFERATION CONSIDERATIONS FOR NUCLEAR
MATERIALS DECLARED EXCESS TO DEFENCE NEEDS

6.1. INTRODUCTION

The completion of significant strategic arms control treaties between the USA and the
Russian Federation and the end of the Cold War have resulted in a number of agreements and
unilateral commitments to reduce the number of deployed nuclear arms, to dismantle nuclear
warheads, and to remove fissile materials no longer required for defence purposes from weapon
programmes. On 27 September 1993, President Clinton declared the USA will "submit US fissile
material no longer needed for our deterrent to inspection by the International Atomic Energy
Agency" [6]. In the text of a March 1995 address he stated:

"Both our countries [the USA and the Russian Federation] are dismantling weapons as fast
as we can." ... "To further demonstrate our commitment to the goals of the [non-
proliferation] Treaty, today I have ordered that 200 tons of fissile material — enough for
thousands of nuclear weapons - be permanently withdrawn from the US nuclear stockpile.
It will never again be used to build a nuclear weapon." [7]

The international community affirmed the importance of dealing with excess fissile materials
in the statements of the NPT Review and Extension Conference Principles and Objectives:

" Nuclear fissile material transferred from military use to peaceful nuclear activities should,
as soon as practicable, be placed under IAEA safeguards in the framework of the voluntary
safeguards agreements in place with the nuclear-weapon States." [8]

The Moscow Nuclear Safety and Security Summit Declaration (April 1996) [9] contains a
number of references to excess materials and related safeguards and non-proliferation issues. Noted
in particular were requirements for the "safe management of fissile material, including material
resulting from the dismantling of nuclear weapons, not least as a safeguard against any risk of illicit
trafficking in nuclear materials." The Declaration also stated: "We pledge our support for efforts
that all sensitive nuclear materials (separated plutonium and highly enriched uranium) designated
as not intended for meeting defence requirements is safely stored, protected and placed under IAEA
safeguards (in Nuclear Weapons States, under the relevant voluntary offer IAEA safeguards
agreements) as soon as it is practicable to do so." It goes on to say: "It is vital...that these
stockpiles are safely managed and eventually transformed into spent fuel or other forms equally
unusable for nuclear weapons and disposed of safely and permanently." The Summit statement
identified three possible approaches to manage excess fissile materials (Pu): "safe and secure long
term storage, vitrification or other means of permanent disposal, and conversion into mixed oxide
fuel (MOX) for use in nuclear reactors."

In September 1996, at the 40th General Conference of the IAEA, a press release [10] issued
on the meeting held between Director General Hans Blix, Russian Federation Minister of Atomic
Energy Victor Mikhailov, and US Energy Secretary Hazel R O'Leary- announced a trilateral
initiative "to consider practical measures to fulfill statements by the President of the United States
of September 1993 and the President of the Russian Federation of April 1996 concerning the
application of IAEA verification of weapon origin fissile materials. The participants noted the
importance of these commitments of the USA and the Russian Federation as a significant
contribution to the fulfillment of the Principles and Objectives agreed upon at the 1995 Nuclear
Non-Proliferation Treaty (NPT) Review and Extension Conference. Further, the Ministers noted that
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this endeavor is parallel to, and complementary to, the commitments made by Presidents Qinton
and Yeltsin in September 1994 and May 1995 regarding the transparency and irreversibility of
nuclear arms reductions."

"Specifically, in this meeting the Ministers of the United States and the Russian Federation
agreed to discuss technical methods designed to protect sensitive nuclear weapons information and
to prevent its disclosure, and to hold appropriate consultations with the IAEA on this matter. It was
agreed that it was essential to ensure that IAEA verification of relevant fissile materials would not
undermine the obligations of the United States and the Russian Federation under Article I of the
NPT."

Programmes to remove fissile materials from nuclear weapons and reserve stocks of fissile
materials declared excess to defence needs and safely and securely manage them until disposition
must take into consideration two sometimes conflicting overarching objectives: transparent
irreversible arms reductions on the one hand, and non-proliferation on the other, hi particular, when
the transparency provided by international inspection of excess fissile materials has the potential to
reveal sensitive information that could further the proliferation of nuclear weapons, inspection
regimes must be devised that do not undercut accepted international safeguards standards. It is also
important to reach understanding on the requirements of arms reduction and non-proliferation at
each step of the process. For example, a system consisting of three levels of monitoring is being
considered by the States involved:

° Tier 1: National monitoring-applies at all stages of weapons dismantlement and disposition
with foreign participation limited to collaborations in the development of monitoring
methods and technology;

° Tier 2: Bilateral rnonitoring--carried out by the USA and the Russian Federation under
carefully agreed conditions; and

° Tier 3: International monitoring—carried out by the IAEA under its international safeguards
function, for example, under agreements such as those being studied pursuant to the trilateral
meeting between Blix, Mikhailov and O'Leary mentioned previously.

As the materials move along a path from deployed weapons to disposition, they become
increasingly like materials in civil fuel cycles, described in Sections 4 and 5 of this paper. From
a safeguards and non-proliferation perspective, international monitoring (Tier 3) could be applied
to excess fissile materials in MOX fuels, which would be similar to that applied to civilian-origin
MOX fuels.

The following sections consider briefly the safeguards and non-proliferation aspects of each
step of the management of fissile materials excess to defence purposes, summarize and highlight
sections from a paper prepared jointly by a USA/Russian Federation (US/RF) working group on
safeguards and non-proliferation for excess materials disposition as well more recent conclusions
of US/RF disposition study groups, the US Department of Energy's "Record of Decision," outline
some special considerations for excess materials, and provide some conclusions.

6.2. NUCLEAR WEAPON DISMANTLEMENT

For arms control, the starting point for dismantlement could be considered to be removal of
warheads from delivery systems followed by transport to a warhead disassembly facility. Storage
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of warheads is a likely component of this phase. From another view, the starting point is the
warhead input to the disassembly facility, hi either case, the strongest controls over and protection
of the warheads are warranted at each step of the process. These measures are the sole
responsibility of the State (e.g. Tier 1-National monitoring). Transparency measures for this phase
have been proposed by many in an arms control confidence building context; however, it is unlikely
that anyquantitative measures relating to nuclear rnaterials would be o>midered at this stage in th^
dismantlement process. The sensitivity of the information relating to quantities of fissile materials
contained in warheads is too great, and not all of the materials in the disassembled warheads may
be declared excess to defence needs. For similar reasons, the transparency measures associated with
the dismantlement process itself will be limited. This is not to say that there are not useful
approaches to transparency and confidence building for dismantlement, only that there are limits
based on balancing arms control objectives and non-proliferation objectives. The USA and the
Russian Federation believe, therefore, that the potential role of intemational monitoring by the IAEA
would be limited.

6.3. NUCLEAR WEAPON COMPONENT STORAGE

Following the disassembly of the nuclear warhead those fissile materials containing
components, declared excess would likely be stored, in some cases, for long times. Thesematerials
have to be provided the best materials protection, control and accounting (MPC&A) by the State.
Considerable discussion and demonstrations of transparency approaches to provide confidence that
components remain in storage and are tracked to the subsequent conversion phase have been
undertaken by the USA and the Russian Federation. Containment and surveillance (C/S) measures
of the kind familiar to international safeguards are likely to play a significant role in any
transparency schemes. Detailed mass-based inventory information, such as used for traditional
IAEA safeguards, is considered to be sensitive information by the USA and the Russian Federation
because of its potential to contribute to proliferation. The scope of a modified international
inspection approach is under discussion to meet the objectives of providing confidence that stored
components remain in storage or are removed for conversion prior to disposition or use. Options
range from bilateral arrangements (Tier 2) to those involving the IAEA as an observer or active
inspectorate (Tier 3).

6.4. NUCLEAR WEAPON COMPONENT CONVERSION

Conversion of components results in high enriched uranium (HEU) or plutonium materials
that are, from a non-proliferation and safeguards perspective, no different from quantities and forms
of these materials found in the civil sector. HEU will be down blended with low enriched (LEU)
or natural uranium to produce LEU of enrichments suitable for use in power reactor fuel fabrication.
Strong State controlled MPC&A systems are required for these processes. At the "front end" where
components move from storage to the conversion process, restrictions to or modifications of
international inspection approaches may be warranted to protect sensitive nuclear weapons design
information. At the product end of the process, however, the materials could be safeguarded by
routine approaches.

6.5. EXCESS MATERIALS NOT IN COMPONENT FORM

Excess materials not in component form (including materials in bulk reserve storage) may
be placed under intemational safeguards, as is being done today in several US facilities. These
materials must also remain under strong State controlled MPC&A Some of these materials may
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need to be processed to more stable forms prior to long term storage or disposition, under special
safeguards provisions.

6.6. DISPOSITION

In July 1996 a joint US/RF study group has reported on the non-proliferation aspects of
disposition [11]. The Joint Study Team identified the following factors as important in analysing
disposition options:

"Timeliness - In order to achieve the security benefits of plutonium disposition as quickly
as practical, it is important to minimize, to the degree practicable, both the time before the
disposition process begins, and the duration of the process once started. Both the schedule
and the proliferation risk for the various disposition activities with respect to time are
important.

Resistance to theft or diversion - For each option, the risk and detectability of theft or
diversion is evaluated for each step, along with the ability to ensure high standards of
material accounting, control, and physical protection to reduce this risk. This includes the
possibility of applying bilateral or international monitoring, in the event of a political
decision to do so.

Resistance to retrieval, extraction, and reuse - For each option, the degree to which that
option results in the material being difficult, time-consuming, and costly to retrieve and re-
use in weapons will be evaluated."

They also referenced the terms "Spent Fuel Standard" and "Stored Weapons Standard", used
by the US National Academy of Sciences in their report "Management and Disposition of Excess
Weapons Plutonium" [12].

From this perspective the team developed performance characteristics and metrics based on
the difficulty of obtaining the fissile material and the difficulty in converting the material into a
nuclear device, and analyzed each step of the various disposition options using the spent fuel
standard as the end state. In the view of the Joint Study Team, the immobilization option, which
involves placing weapon grade plutonium in various vitrified or ceramic matrices also containing
highly radioactive material (e.g. high level waste or caesium-137), reduces the attractiveness of the
plutonium and meets the spent fuel standard. This option requires high throughput bulk processing
capabilities of a kind that have not previously been placed under safeguards, and associated nuclear
measurement systems that would require development.

As for geological disposal, which initially included underground repositories and boreholes,
the team noted that such repositories are intended to receive spent fuel from the reactor options, or
immobilization products derived from the storage or stabilization options. The borehole option,
which was under consideration only by the USA, has since been dropped from further consideration.
The IAEA has been discussing safeguards requirements for geologic repositories (Section 5.2.1.),

although there are no such facilities currently under safeguards.

The Joint Study Team concluded that all the plutonium disposition options - MOX burning
in reactors, immobilization and geological disposal - could meet the spent fuel standard. With
sufficient resources devoted to material protection, control and accounting, all of the options
considered could meet high standards of resistance to theft and diversion. The Joint Study Team
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noted that further analysis is required to determine the retrieval and reuse risks for each disposition
option.

In September 1996, two additional US/RF groups provided conclusions of disposition studies.
Hie "Joint United States/Russian Plutonium Disposition Study" [13] considered disposition options
that included plutonium use as fuel in water reactors and fast reactors, immobilization in glass or
ceramics, and geological disposal. They concluded that each of the options could potentially
accomplish the mission of disposition of 501 of excess weapons plutonium in two to four decades,
while meeting requirements for non-proliferation, safety, and protection of health and the
environment. The most timely and technically mature options were judged to be the reactor and
immobilization options. Deep borehole disposal was considered to require long site selection and
licensing/public approval periods. The Russian side also noted immobilization would require
modifications to the current Russian policy to separate plutonium for civilian use. The report also
stated:

'To facilitate the objective of disposition as rapidly as practical, if the reactor option is
pursued, the resulting material should not be reprocessed and recycled at least until current
excess stockpiles of separated plutonium are eliminated. Once that is complete, final
decisions can be taken as to whether the intensely radioactive plutonium-bearing materials
resulting from the reactor options should go directly to geologic disposal, as the US prefers,
or should eventually be reprocessed to recover separated plutonium, the current preference
for Russia."

Also in September 1996, the US-Russian Independent Scientific Commission on Disposition
of Excess Weapons Plutonium released an "Interim Report" [14] recommending "two approaches
to reducing the weapons-usability of the excess plutonium to the spent-fuel standard—embedding the
plutonium in mixed oxide (MOX) fuel for once-through use in currently operating nuclear power
reactors, and vitrifying the plutonium together with fission products in glass logs of the type planned
for use in immobilizing military high level radioactive wastes..." The report also noted "the United
States and Russia, along with other countries with relevant experience, should expand their technical
co-operation related to analyzing, testing, licensing, and demonstrating the fabrication of MOX fuel
made from weapons plutonium and the use of this fuel in currently operating reactors." A similar
recommendation was made regarding vitrification of plutonium with high level radioactive wastes.

Both of the September 1996 reports emphasized the importance of strong MPC&A,
international transparency and international co-operation at every stage of dealing with excess
weapons plutonium.

In December 1996, the US DOE issued the "Storage and Disposition of Weapons-Usable
Fissile Materials Final Programmatic Environmental Impact Statement", followed in January by a
"Record of Decision" for storage and disposition. This states the intent to pursue a dual track
approach to disposition: the fabrication of MOX fuel in a dedicated US facility, followed by burning
in US domestic commercial LWRs, or possibly Canadian CANDU reactors; and immobilization in
glass or ceramic forms and storage in geological repositories of low grade plutonium bearing
materials that are not suitable for recovery and concentration as MOX fuel feed material.
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6.7. SPECIAL CONSIDERATIONS

A number of special considerations arise in connection with safeguards and non-proliferation
aspects of excess fissile materials. Some of these, such as the importance of State regulated
MPC&A systems, protection of sensitive information, and the relationship to safeguards on civil
fissile materials, have been mentioned. Others will be noted briefly here. The cost of international
verification in weapon States is a consideration for the entire international community. Who should
pay for the arms control transparency and non-proliferation benefits provided by international
inspections? Is a special agreement between the nuclear weapon States and the IAEA required?
What should be the objectives and the terms of such agreements with the IAEA, e.g. regarding
withdrawal rights? And finally, how will the management, control and inspection of excess
materials fit into a global nuclear materials control regime, possibly including a fissile material cut-
off treaty?

6.8. CONCLUSIONS

It seems likely that new technical and institutional approaches to excess weapons fissile
materials can be found to meet both arms control and non-proliferation goals that will provide
confidence that irreversible arms reductions are taking place while protecting the excess materials
from diversion to proliferant nations or terrorist groups, and keeping sensitive nuclear weapon
design information from being transferred to non-nuclear-weapons States or other unauthorized
parties. Such actions by the NWS in concert with the international community can have a beneficial
impact on the international non-proliferation regime.
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7. CONCLUSIONS

This paper has sought to answer the question "To what extent do non-proliferation and
safeguards considerations require us to review existing fuel cycle operations or constrain the choices
for the future?"

It is evident from the review of the existing nuclear non-proliferation regime (NNPR) that
there are a significant number of inter linked treaties, international safeguards agreements, guidelines
and recommendations which comprise the overall regime, and its overall efficacy is largely
dependent on the linkage between and implementation of the various parts. Physical protection
arrangements, which are a sovereign responsibility, form an integral part of the regime and must
maintain confidence that material will not be diverted by sub national groups.

It is also apparent that the regime has evolved significantly over the last 30 years, becoming
increasingly effective as global membership has increased and the scope of the regime has become
more comprehensive in nature.

The NPT is often considered to be the most important instrument of the NNPR and is a key
basis on which the IAEA is assigned responsibility for verifying that NNWSs do not use their
peaceful nuclear activities to develop nuclear weapons or other nuclear explosive devices. As such,
the NPT was the first intemational treaty to provide for technical verification by an independent
intemational body. The NPT, with over 180 signatories, was extended indefinitely in 1995, and it
is now subject to a strengthened review process that will have a significant bearing on the future
development of the NNPR. The review process will examine the progress being made to promote
the full implementation of the Treaty, including universality of implementation, progress in nuclear
disarmament, the creation of nuclear-weapon-free zones, security assurances and the effectiveness
of international safeguards.

IAEA safeguards have undergone important developments in recent years to enhance their
effectiveness even though no significant quantity of nuclear material has ever been diverted from
declared, peaceful uses. A key issue, following the discovery of the clandestine Iraqi nuclear
weapons programme, has been to improve the IAEA's ability to detect undeclared activities and
there is widespread international support for strengthening IAEA safeguards in this important
dimension. The response has been a comprehensive programme to strengthen the effectiveness and
improve the efficiency of IAEA safeguards which aims to use existing and extended legal powers
to better effect, based on greater access to nuclear related information and facilities for verification
purposes. Ways will also be sought to improve the efficiency of IAEA safeguards through the
deployment of advanced technology and greater collaboration with State and regional safeguards
organizations. Continued development and evolution of safeguards methods and technologies should
result in improved safeguards effectiveness and efficiency, including improved cost-effectiveness.

Excellent progress has been made by the IAEA and by the wider safeguards community in
finding effective ways to safeguard large scale civil nuclear facilities which deploy modem
technologies. Examples include the international, IAEA-led reviews to examine the effectiveness of
safeguards for centrifuge enrichment plants and fuel reprocessing facilities (respectively, the
Hexapartite and Lascar Forums). In all cases it has been concluded that, given adequate resources,
safeguards can be effective so long as there is adequate consulMtion and co-operation, and that it
is highly desirable to make provision for safeguards at an early stage in the design and construction
of complex facilities. Modem fuel cycle facilities, by their nature, are information rich and allow
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data to be provided on-site to the safeguards inspection agency in a way which can contribute to
a much more transparent and robust safeguards approach than in the past.

Given that the predictions for the development of nuclear technology over the next half
century are based on the continuous improvement of existing reactor types (particularly LWRs and
PHWRs) and a probable start in the use of fast reactors, there can be high confidence that future
safeguards arrangements for reactors and associated spent fuel arisings will continue to be
satisfactory. Hie same can be expected for other parts of the fuel cycle - enrichment, fuel
manufacture (including plutonium based fuels) and fuel recycling facilities - although the
experience of safeguarding some such facilities is not yet routine. While there is no experience yet
in safeguarding spent fuel conditioning plants and geological repositories, work is proceeding in a
number of States to develop adequate safeguards approaches and technology. Final closure of a
repository is not likely to occur in the time frame considered by this Symposium. It can be
concluded, from a technical perspective, that adequate safeguards methods and instruments can be
made available to cover the full range of nuclear technologies that will be deployed commercially
in the foreseeable future. In the event that a nuclear technology with novel safeguards aspects is
developed, it would be essential for the safeguards approach to be determined and agreed at an early
stage before commercialization of the technology. For that reason, it is highly desirable for nuclear
technologists to work in collaboration with safeguards specialists.

The last quarter of this century has seen a considerable increase in the inventories of nuclear
materials of particular relevance to safeguards and non-proliferation, in particular spent fuel arisings
and stocks of separated civil plutonium. More recently, weapons grade materials have been deemed
to be surplus to current military requirements. In the same period there has been an increase in the
international trade of nuclear materials. It is relevant to ask what impact these developments have
had, and are likely to have in future, on the nuclear non-proliferation regime. From the very
beginning, the NNPR was based on and anticipated the international trade in nuclear materials for
peaceful use and there is no reason to believe that the regime cannot meet, in an effective way, the
demands of increased trade and a globalization in fuel cycle activities.

Current projections suggest that separated stocks of civil plutonium will increase for the next
5 years, after which they will fall slowly. The amounts and potential attractiveness for weapons use
of separated plutonium, in the view of some, should be minimized as a prudent management
practice. Stocks of irradiated fuel are projected to rise continuously over the foreseeable future, with
the rate depending on the proportions which are recycled and disposed of directly. Increased
inventories of safeguarded nuclear material in storage are not a particular concern to the NNPR,
because the safeguards arrangements for stored materials are well understood and applied routinely.
There is likely to be an increase in the transportation of nuclear materials but this appears
manageable with existing arrangements and measures. If for commercial reasons, future nuclear
facilities are collocated, perhaps in regional centres, to avoid the unnecessary transportation of
intermediate products, this could allow more cost-effective safeguards to be applied.

A main issue facing the NNPR over the next decade or so is the extent to which the IAEA
will be involved in the verification of surplus military material and how this, and other demands on
the safeguards system will be resourced. The quantity of surplus weapons fissile material is
significant, comparable to the existing stocks of civil separated material. Such material in forms
close to weapons use has associated with it data of extreme proliferation sensitivity. This will
require new technical and institutional approaches, which meet both arms control and non-
proliferation goals by providing confidence that irreversible arms reductions are taking place while
protecting sensitive design information from being transferred to unauthorized parties. It is likely
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that the IAEA's role in the verification of arms reduction measures will increase as the weapons
material is converted into a less sensitive form, for which techniques can be used that are routinely
applied in the civil sector, such as in MOX fabrication plants. In any case, it will be necessary for
the international community to provide an adequate level of funding for the IAEA and other
safeguards inspection agencies so that they may perform the increasing number of tasks that are
expected of them, TTiis is a key issue facing the NNPR over the foreseeable future. For its part, it
is incumbent on the IAEA to seek and implement whatever efficiency savings are possible.

In conclusion, the nuclear non-proliferation regime is becoming increasingly effective but,
simultaneously, is having demands placed upon it which must be adequately funded by the
international community in future years. In many senses it is a victim of its own success. In the
context of reactor and fuel cycle choices and future technological developments in the civil nuclear
power sector, the non-proliferation regime should be able to provide the necessary assurances,
irrespective of the nuclear technology chosen, and should not constrain future choices.
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"We are committed to measures which will enable nuclear power, already a significant
contributor...to play an important role in meeting future world energy demand... "

P-8 Moscow Summit Declaration on
Nuclear Safety and Security
April 1996

UNTRQDUCTION AND PURPOSE

Since its introduction little more than 40 years ago, the use of nuclear energy for the
generation of electric power has made remarkable progress. Today, more than 18% of the
world's electric power is produced in nuclear plants, with an installed capacity greater than
the total world electric power capacity in 1960 when the first commercial nuclear plants were
beginning operation. In support of their operation, the separation of the uranium isotopes, an
operation once viewed as virtually unattainable outside the laboratory, is conducted on an
industrial scale, with some 10 000 tons of enriched nuclear fuel being produced annually.
Together with some 3000 tons of natural uranium fuel consumed annually, this material has
the energy equivalent of the order of one billion tons of coal per year.

As a by-product of their operation, nuclear power plants have produced more than
1000 tons of a human-made element, plutonium, with an additional 50 tons being created
yearly. If used to fuel liquid metal cooled, fast neutron reactors (LMRs), current plutonium
stocks would provide the initial fuel inventories of some 100 plants of 1000 MW capacity,
while the annual additions of 50 tons of plutonium could provide the initial fuel inventories
of additional LMRs each year. In the course of these activities, radioactive wastes are
generated in large quantities. The management of these wastes has given rise to previously
unencountered technical and, above all, institutional problems in a number of countries. At
the same time, several countries have instituted successful measures to deal with nuclear
wastes.

Although this report focuses on international co-operation in the use of nuclear energy
for power production, progress in the peaceful uses of nuclear energy has by no means been
confined to this application and much of the co-operation has served and continues to serve
the broad field of peaceful uses. International co-operation has been far more than incidental
to or merely facilitative of this impressive progress. It is no exaggeration to say that
international co-operation has been an essential factor and a principal driving force in the
development of nuclear power and other peaceful uses. Unlike other break-through
technologies on which progress has taken place concurrently in many countries, the early
development of nuclear technology, owing to its military origins, was largely confined to a
very small number of highly industrialized countries that pursued their activities in secrecy.
The deliberate decision of these countries in the mid-1950s to share their nuclear technology,
know-how and materials was unprecedented, serving as a model for international scientific
and technological co-operation that has seldom been equalled.
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An essential element of this co-operation from its outset was assurance that the
technology and materials made available would be used for exclusively peaceful purposes.
This requirement led to the development of the most distinctive feature of the co-operation:
the international nuclear non-proliferation regime, a unique collection of international
agreements, arrangements and norms that has successfully limited the spread of nuclear
weapons to levels far below those once generally predicted. The assessment of this regime
is outside the province of Working Group VI, but many of the specific arrangements that
form part of it; for example, those that provide an assured supply of nuclear fuel - are an
integral feature of the international co-operation considered by this working group.

In accordance with the guidance provided by the Steering Group, this report assesses
the adequacy and effectiveness of international co-operation relating to the nuclear fuel cycle,
with a view toward identifying any needed new forms or arrangements for co-operation. In
more specific terms, the Steering Committee's guidance identified the following questions:

Is the existing international framework sufficient for
the safe and secure operation of the fuel cycle
the economic and orderly development of the world's nuclear energy systems
(or their phase-out should this take place)
international co-operation in R&D
international co-operation in industrial activities?

Are there places where these requirements overlap or interact so as to impede
activities which are desirable?
Can new forms of co-operation be foreseen which would make it easier to implement
any of the fuel cycle options in a safe, secure and responsible way?
Are there other new forms of international co-operation which would affect the fuel
cycle, e.g.,

regional institutions
international plutonium management regime and/or storage?

Finally:
What is the appropriate role of IAEA in any of these?

The Working Group's assignment did not extend to an assessment of the relative
merits of the various fuel cycles now in use or of potential future use. Rather, in its
assessment of international co-operation, the Working Group took account of the fuel cycle
options considered by Working Group III. Another key aspect of this Group's assignment was
to consider co-operation in relation to the disposition of fissionable material released from
nuclear weapons stocks. Regardless of whether this material is immediately allocated to civil
use, disposed of, or stored for future use, its availability and disposition once released from
weapons stocks can have important implications for the nuclear fuel cycle.
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2. GENERAL APPROACH

The size, broad scope and complexity of international co-operation in civil nuclear
power make it essential, in order to ensure a complete and systematic analysis, to disaggregate
and categorize the various forms of co-operation and cooperative arrangements. It was
recognized that co-operation can be classified on a number of different bases; however, two
general sets of characteristics were found to be particularly useful:

the institutional character of the co-operation,, that is, whether it is intergovernmental
or non-governmental in character, and, if intergovernmental, whether it is bilateral,
multilateral (including regional) or broadly international; and
the purpose of the co-operation.

Multilateral co-operation, as used in this analysis, means co-operation among entities
of several governments, but fewer, and customarily considerably fewer, than essentially a
universal or global participation. Examples include both institutions of a permanent nature,
such as the European Atomic Energy Community (Euratom) and the Nuclear Energy Agency
of the OECD, and those of an ad hoc nature, such as the Nuclear Safety Summit Conference
of the P-8 governments held in Moscow in April 1996 and the P-8 Conference on the
disposition of surplus weapons plutonium held in Paris in October 1996. Euratom is a special
case since, in addition to providing a framework for many forms of co-operation, it has been
given particular powers in certain areas, such as safeguards, supply, standards for radiation
protection and research and development normally exercised by national authorities.

International co-operation means arrangements that are essentially universal or global
in nature, involving, or at least open to, participation by virtually all States and spanning
many geographic regions. In addition to the IAEA itself, international arrangements would,
by way of example, include treaties or conventions such as the Non-Proliferation Treaty
(NPT), the Conventions on Physical Protection, Nuclear Safety and many others.

Co-operation among non-governmental entities, include both arrangements among
private sector firms and co-operation involving non-governmental bodies engaged in civil
nuclear activities. Many instances of co-operation are hybrids, falling in more than one of the
above forms, hi particular, co-operation may involve arrangerrients between private parties in
one or more countries with governmental entities in another country or countries. The dividing
line between governmental and private or other non-governmental organizations is by no
means clear cut, since many entities or enterprises that function as autonomous commercial
entities are owned wholly or in large part by governments.

In addition to the nature of the participating parties, other features of co-operative
arrangements are of importance. Much co-operatidn is "transitory," that is, of a short term
or even "once-off nature; e.g. conferences such as the Geneva Conferences on the Peaceful
Uses of Nuclear Energy, the International Nuclear Fuel Cycle Evaluation (INFCE), or the
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symposium for which this paper has been prepared. The results of such undertakings are
often of lasting importance. The review conferences mandated by the NPT, as well as
preparatory conferences called for by the recent indefinite extension of the NPT, are short
term but periodic in nature. They can be expected to have a profound and continuing
influence on the development of nuclear energy.

Much other co-operation is of a more permanent or continuing nature, often giving rise
to institutions designed to conduct or guide future co-operation. When governments or
governmental entities are involved, co-operation of this type is frequently evidenced by
treaties, conventions or other international agreements of a more or less formal nature, and
these instruments, as well as the institutions to which they give rise, are in themselves
important examples of international co-operation. Additionally, agreements and institutions
of a permanent character typically sponsor, arrange for, or simply stimulate or encourage
other co-operative activities of both a continuing nature (e.g. the IAEA's International Nuclear
Information Service (IMS)) or a short term nature. The current symposium is one such
example of the latter.

The second characteristic of international co-operative activities and arrangements -
their purpose - is of evident importance and was selected as the principal basis for
categorizing co-operative activities and organizing the Working Group's analysis. The first
step of the assessment was to categorize the purposes served by co-operation in hierarchical
order, ranging from the straightforward, but extremely important, function of exchange of
information to arrangements that involve extremely close co-operation such as joint
enterprises or long term undertakings such as agreements for fuel supply. The categories
employed are identified in Section 4.3, and discussed individually in Section 4.5.

Some exchanges of information involve no continuing commitment on the part of the
information provider beyond agreement to participate in a specific, one-time conference or
other form of exchange, while others involve commitments, usually of a reciprocal nature, of
some permanence. These long term arrangements customarily relate to specific topics and
involve parties with significant, although not necessarily comparably sized activities in the
field. Many comprehensive bilateral and multilateral agreements for co-operation in peaceful
uses include as one of their features undertakings to exchange information. These broad
provisions are typically implemented through subsidiary arrangements on a topic-by-topic
basis.

All exchanges of scientific or technical information have as their basic purpose
enabling one group or entity to benefit from work done by another, either by making it
unnecessary for the recipient to duplicate work already done by the provider or at least to
confirm information already known to the recipient. Additionally, by enlarging the resources
devoted to a specific area, technical exchanges are likely to have a synergistic effect, leading
to more rapid progress than any party is likely to achieve in the absence of the exchange.
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Thus, exchange of information constitutes in a very real sense a pooling of resources even if
no joint research or other activity is formally involved.

Exchanges of information are most often of a predominantly scientific or technical
nature, but many involve exchanges on policy or other non-technical matters. Indeed, one of
the earliest and most important topics of information exchange involved the provision of
information by the advanced nuclear States to many less advanced States on the establishment
of national atomic energy laws and administrative bodies. In addition to the obvious need of
the less developed States for appropriate governmental bodies to formulate and implement
national nuclear policies and programmes, it was essential for the continuing conduct of
international co-operation with these parties to have responsible governmental authorities with
which to deal. As a result of early co-operation of this nature, virtually every State with an
interest in and realistic prospects for the peaceful use of nuclear energy had established an
atomic or nuclear energy commission by the late 1950s. Many of these entities continue to
exist today in their original form, while others have evolved into bodies dealing more broadly
with energy or related topics.

International co-operation of this combined technical and policy nature has also been
conducted by non-governmental organizations, including those specifically dedicated to the
advancement of peaceful uses of nuclear energy, such as the various nuclear societies and
nuclear industrial forums. The establishment of these organizations in an increasing number
of States was an important step in the development of peaceful uses. State institutions also
have major responsibilities for and interest in the promotion of public acceptance and co-
operate with similar institutions in other States toward this end. The Moscow Nuclear Safety
and Security Summit was an important example of such co-operation.

The development of nuclear energy has also given rise to the creation of organizations
that oppose nuclear energy or are critical of various aspects of nuclear policy or programmes.
These organizations, many of which are multinational or maintain close ties with like-minded
groups in other countries, have influenced the pace and direction of nuclear development and
have at times contributed to the development of public understanding and support for
important initiatives; for example, in connection with the adoption of nuclear waste legislation
in the USA and the return of irradiated research reactor fuel.

Another example of co-operation on policy issues going well beyond information
exchange are the multilateral and international conventions relating to civil liability for
damage from nuclear incidents. The conclusion of these conventions was an essential step in
the transfer of commercial nuclear power technology, materials and hardware. As stated in
the Moscow Summit, "an effective nuclear liability regime must assure adequate
compensation to the victims of nuclear accidents", but "to secure the degree of private sector
involvement needed to undertake vital safety improvements - should protect industrial
suppliers from unwarranted legal actions."
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One of the most comprehensive and memorable examples of international co-operation
that encompassed both technical exchange and policy consideration was the INFCE carried
out from 1977 to 1980. This activity went well beyond the exchange of information itself,
both by stimulating an enormous amount of new research and assessment carried out both
nationally and internationally and by providing a forum for the development of international
consensus on many aspects of the nuclear fuel cycle.

Another key building block in the development of nuclear energy, mentioned briefly
above, were the undertakings to supply nuclear materials, especially but by no means
exclusively, nuclear fuel. The original "Atomic Power for Peace" proposals strongly
emphasized this feature of international co-operation, and although international agreements
now generally only provide the political framework for supply by commercial firms, there is
no doubt of the key role of supply, even at present, in enabling many States without the
technological or financial means to produce these vital materials nevertheless to enjoy the
benefits of nuclear power.

A particularly important example of the supply of a specialized nuclear material other
than fuel was heavy water, the international supply of which made possible the development
of an entirely distinct line of power reactors, the CANDU system, of major commercial
importance. Co-operation in supply also extended to reactors and other equipment, including
the early programmes for the transfer of research reactors at greatly reduced costs, which
enabled many States to train personnel and initiate their peaceful nuclear programmes.

For many years, one of the most discussed forms of international co-operation has
been joint enterprises, involving bilateral or multilateral ownership or operation of
undertakings ranging from research, development or demonstration facilities to commercial
plants for the production or processing of nuclear fuel. Many analysts believe that in addition
to its potential economic and supply assurance benefits, undertaking activities involving the
sensitive steps through multinational joint enterprises has important non-proliferation
advantages as well.

These examples, along with many other categories, are discussed later in this report.

The second step of the analysis involved using this category list to compile an
inventory of specific current co-operative arrangements, as well as some past but no longer
active arrangements or activities of particular importance. In developing this inventory, while
once again attempting to be comprehensive, the Working Group recognized from the outset
that it would not be feasible and would be unnecessary to identify each specific instance of
co-operation. While many specific co-operative arrangements of particular significance were
identified, it was found to be more practical and more useful for assessment purposes to group
many arrangements of the same type under common headings. For example, such unique and
large scale co-operative arrangements as Eurodif and Urenco, the two existing joint enterprises
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for enrichment, are separately identified and discussed, while the innumerable enrichment
supply agreements are dealt with as a group, rather than on a contract-by-contract basis.

In a number of cases, particular co-operative arrangements fall under more than one
heading. This occurs, in particular, when a specific arrangement takes place as an
implementing activity under a more general or comprehensive arrangement. For example,
some supply contracts are concluded pursuant to more general bilateral agreements for co-
operation, as legally required in the ease of some suppliers. These agreements typically
include, among other things, mutual peaceful use assurances and safeguards provisions. In
such cases, the bilateral agreement can be viewed both in its more general role as a broad
framework for technical co-operation and mutual nonproliferation undertakings and as a
supply arrangement. In other cases, supply contracts are "stand-alone" arrangements, relying
on the NPT and IAEA safeguards agreements to provide the necessary non-proliferation and
verification framework.

The final step of the analysis involved the assessment of each of the categories,
drawing on the co-operative arrangements as a database for assessment. In its assessment,
the Working Group gave emphasis to the specific questions posed by the Steering Committee,
in particular, whether there is any need for additional co-operative or institutional
arrangements.
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3. BACKGROUND

While reviewing the history of international co-operation in the peaceful uses of
nuclear energy was not an explicit objective of the Working Group's assignment, a brief
historical review to provide background and context for the assessment was deemed desirable.

Most accounts of international nuclear co-operation take as their starting point the
speech of the US President Dwight Eisenhower to the United Nations of December 1953.
While this address was indeed a watershed event, calling for breaching the barrier of secrecy
that had effectively blocked international co-operation until then, the speech was not the
beginning of co-operation. It is well to recall that nuclear fission was discovered in Europe
by Hahn and Strassmann of Germany in 1938. Their discovery was in turn the outcome of
an intensive, international effort to explain several mysterious radioactive decay products from
neutron bombardment of uranium, first observed by Fermi of Italy and studied in depth by
Joliot and Eve Curie in France.

Throughout this period, international co-operation in the classical form of
communications among the scientists concerned was employed and was highly effective. This
process continued after the discovery of fission, resulting in virtually immediate confirmation
of the phenomenon and in theoretical explanations of it.

In fact, even the discovery of fission cannot be identified as the starting point. In the
words of Glenn Seaborg, discoverer of plutonium, "Scientific discoveries and events, even of
[fission's] unprecedented significance, do not occur in isolation. They are part of a steady
stream of scientific accomplishments beginning over two centuries ago and flowing strongly
even today." Seaborg, however, singles out the discovery of the neutron in the United
Kingdom in 1932, as a seminal event, observing that "this discovery virtually ensured the
achievement of the chain reaction."

From the standpoint of international co-operation, the lesson is apparent: there has
never been and cannot be a monopoly on scientific knowledge in this - as in most other -
fields. Though restraints on dissemination of weapons information are clearly essential, the
nation that attempts to erect barriers to the flow of knowledge on peaceful uses in the hope
of short term economic gain will almost certainly be the long term loser.

World War II led to secrecy and the virtual cessation of the deliberate development
of peaceful uses, a condition that prevailed until the mid-1950s. Progress nevertheless
continued in the advanced nuclear States on the development of technology of direct
relevance to peaceful uses. This process led to the concentration of technology and the
capability for large scale production of nuclear materials in a few advanced States and thus,
created the conditions that only intensive, deliberate, "forced-draft" international co-operation
could overcome quickly. The Atoms for Peace proposal of 1953 rose to this challenge, calling
for a sharing of knowledge and materials and the creation of an International Atomic Energy
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Agency to oversee and implement this sharing. The term "Atoms for Peaee" is now used
only infrequently if at all, and, for some opponents of nuclear energy, has become a term of
derision, but it aptly and effectively captured the early enthusiasm that had much to do with
legitimizing and fostering international co-operation in this once forbidden field.

At the same time, the Atoms for Peace programme postulated and sought to deal with
a problem that in a few short years was found not to exist. This was a presumed shortage of
the fissionable materials - especially enriched uranium - needed for research, development,
and eventually, application of nuclear power. The proposed solution to the shortage was to
assign to the IAEA the responsibility for allocating this scarce resource among competing
claimants. The European Atomic Energy Community, Euratom, including its Supply Agency,
was created with a similar purpose in mind.

While the presumption of material scarcity proved to be unfounded, it was, and to a
large degree remains, true that specialized materials were available from only a limited
number of highly industrialized, technologically advanced States. The willingness of these
States to make these unique materials available to others under agreed safeguards and on
reasonable terms identical to those applicable to their own industry was a cornerstone of the
Atoms for Peace programme. Today, most of the essential nuclear materials are available on
a competitive, commercial basis from multiple sources, but, because of their sensitive nature,
governments continue to play an important role in establishing the framework for their supply
and use.

The early years of international co-operation concentrated on information exchange,
including in this term the essential functions of training and education. During this period,
various schools were established by the most advanced nations for the express purpose of
training and educating qualified persons from the less advanced nations in the new science
and technology of nuclear energy. The function of these schools has now been largely
absorbed by established educational institutions, but for many years the graduates of the early
international schools formed the core, and often the leadership, of the newly created national
nuclear commissions and laboratories. The Geneva Conference of 1955 was especially
noteworthy, serving as the first international gathering at which much of the long secret
technology of nuclear energy was disclosed and openly discussed. The intense international
competition among the advanced nuclear States to show-case at this Conference the progress
that they had made, served as an incentive for declassification that would otherwise have
taken place much more slowly. The 1955 Geneva Conference was also an essential step in
institution building, providing a concrete target and incentive for many nations to create their
national nuclear organizations. This, in turn, greatly facilitated the negotiations that led to the
creation of the IAEA and the rapid conclusion of a large number of bilateral agreements.

Following its establishment in 1957, the IAEA quickly took centre stage as the
principal forum for international co-operation. Although the political atmosphere at the time
impeded the IAEA's activities in some areas, including safeguards, its usefulness went beyond
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its formal responsibilities by serving as an important meeting place where many co-operative
activities were discussed and arranged. Its importance as a locus of constructive discourse
between east and west, north and south, even when other channels were unavailable or
unsuitable, should not be underestimated.

At the same time, bilateral arrangements played a key role in the early years of
international co-operation, serving not only as a framework for technology transfer but as the
principal mechanism for the supply of nuclear fuel, initially for research reactors but later for
power reactors as well. Fuel supply, as previously noted, was an especially important and
impressive aspect of international co-operation, with the principal suppliers distributing key
materials at government costs, over the objections at times of would-be private producers.

This period also saw the emergence of two important multilateral institutions, the
European Nuclear Energy Agency, now the NEA, a specialized arm of the OECD, and the
European Atomic Energy Community (Euratom), one of the two supranational communities
created by the Treaty of Rome. Each of these institutions served specialized aims and needs
of their regional members that could not realistically be served by the premier international
nuclear institution, the IAEA. Their development is one of many examples that exclusivity
in international co-operation is neither a realistic nor feasible goal. In the case of the ENEA,
several joint projects of substantial cost were successfully organized, involving common
funding, staffing and management, a development that was clearly infeasible for the much
larger and more diverse membership of an international institution. These projects included:
Eurochemic, a pilot reprocessing plant owned and funded by 13 OECD members; the Dragon
high temperature reactor project; and the Halden heavy water reactor project. Of particular
importance, the first convention on liability for nuclear damages, the Paris Convention, which
remains in effect today, was negotiated under NEA auspices in 1961.

Euratom was established in considerable measure as a manifestation of a compelling
regional political development, European integration, which was dedicated to the avoidance
of future conflict in western Europe. Its strong multilateral safeguards system and Community
ownership of fissionable material reflect this origin, but it also was given important
development, regulatory and economic functions as well, including the ownership and
operation of major joint research establishments. Most of the nuclear power plants built in the
European Community in the 1960s were Euratom joint undertakings, the earliest ones also
benefiting from the US-Euratom Joint Program.

By the time of the Geneva Conference of 1964, nuclear power had emerged from its
exclusively developmental phase, as nuclear plants began to be ordered and built on a
commercial basis for economic reasons alone. This development was accompanied by the
rapid growth of industrial co-operation in the private sector, including the licensing of
technology by firms in the most advanced nuclear States to other firms elsewhere. While the
licensing arrangements were developed on a commercial basis, they were authorized and
encouraged by the respective governments as an appropriate extension of their national
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policies of co-operation in the peaceful uses of nuclear energy The success of this policy is
evident from the widespread use of technology licences, the accompanying transfer of
technology, and the successful undertaking of nuclear power projects in some 30 countries.
The IAEA's safeguards system also developed rapidly during this period, with its coverage
extended step-by-step from the initial base of research and experimental reactors to
commercial power reactors and bulk handling facilities such as fabrication and reprocessing
plants.

Throughout the late 1960s and early 1970s, nuclear power grew and spread rapidly.
While the major growth was in several heavily industrialized States, considerable growth also
occurred in a number of less industrialized but rapidly developing countries in almost every
geographic region. This development was accompanied by a concentration of effort on a
relatively small number of reactor types, dominated by the light water system, and a
corresponding reduction in the development of alternative technologies, although extensive
development effort on the liquid metal breeder continued Although major projects in this
field continued to be undertaken on a national basis, extensive international co-operation
through information exchange arrangements was also taking place.

This period of rapid commercial development had another important effect, once again
strongly supported by international co-operation. This was the diversification of sources of
supply of fuel cycle materials and services, as well as of other specialized materials and
equipment including nuclear power plants themselves. In particular, the supply of uranium
enrichment services was diversified through the formation of two multinational consortia
mentioned earlier, Urenco and Eurodif, while reprocessing services became available on an
international basis through the development of national facilities with important multinational
attributes.

The oil crises of the mid 1970s ushered in a period of retrenchment in the growth of
nuclear power, both in terms of the number of additional States initiating nuclear projects and
the installation of new capacity in States already engaged in nuclear power. Contrary to
conventional wisdom, although there are regional differences, the oil crises did not result in
a sustained overall upsurge of orders for nuclear power plants, but, a decrease that reflected
a major reduction in the global rate of growth of energy use.

Under the combined influence of heavy ordering preceding the oil crises and the
reduced energy growth rate that followed, nuclear power plant ordering was substantially
reduced, a trend which was undoubtedly intensified, especially in the USA, by the first serious
nuclear power plant safety incident at TMI in 1979. TWsineident accelerated the tightening
of regulatory requirements and procedures that was already in evidence, resulting in greatly
lengthened construction schedules, increased costs and regulatory uncertainty for nuclear plant
construction in at least some States and regions. In a few cases, nuclear power projects that
had reached an advanced state of construction or even completed were abandoned, while
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many orders for new plants were cancelled, especially in the USA, resulting in an overall
"negative ordering rate" for several years, even though growth continued in some countries.

Throughout the period of most rapid growth, the development of nuclear power took
place in two significantly separated regions: eastern Europe, which depended almost
exclusively on technology developed in the Soviet Union, and western Europe, North and
South America and Asia, which depended initially on technology developed in North
America. The removal of the basis for this separation, while unable to erase its deleterious
consequences in a short time, is nevertheless a highly positive development.

Two other developments in the mid-1970s also had a profound impact on the
development of nuclear power. These were heightened concern with the risks of proliferation
associated with the nuclear fuel cycle, exemplified by the conduct of a nuclear explosive test
in India in 1974 and increased public concern with nuclear safety and environmental impacts,
especially in relation to disposal of nuclear wastes. The first of these developments led, as has
already been noted, to the convening in 1977 of the International Nuclear Fuel Cycle
Evaluation (INFCE).

The precise influences are difficult to isolate and quantify, under the combined impact
of reduced nuclear ordering, which greatly extended the apparent adequacy of the uranium
resource base, the increased concern with proliferation, and, to some extent, the increased
concern over the problem of nuclear waste. While the influence of these factors varied from
country to country, the earlier almost universal assumption that reprocessing was an
appropriate and economically necessary step in the nuclear fuel cycle was eroded, and the
once-through fuel cycle for light water reactors became in several States, an accepted or even
dominant option. This trend was also intensified by the higher than expected costs of
constructing reprocessing facilities. To a lesser extent, in the view of utilities in several States
the higher cost of fabricating mixed oxide fuel compared to that of low enriched uranium fuel
was a contributing factor, as has been the continued availability of uranium at moderate
prices. These costs, in turn, led to higher than expected unit costs for reprocessing and
plutonium recycle, diminishing or, even, in some countries, eliminating their economic
incentives. As a consequence of these influences, the dispute over the appropriate role of
reprocessing and recycle in the light water reactor fuel cycle became and remains a continuing
issue in nuclear power development, with consequent implications for international co-
operation.

Nuclear safety has also had a major impact on nuclear development. The effect of TMI
has already been noted. The Chernobyl accident of 1986, even though directly involving a
reactor type of limited international application, has undoubtedly played a role in the decline
in nuclear power expansion, especially in Europe. Concerns over nuclear waste disposal have
had a broader reach, but have played a major part in discouraging renewed nuclear power
growth primarily in North America, just as the need for major additions and replacements of
electric generating capacity is beginning to reappear.
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As a consequence of these influences, and as the growth rate of energy demand was
unexpectedly low, short term prospects for nuclear power expansion in its previously strong
markets of North America and western Europe are now generally accepted as discouraging.
At the same time, most assessments agree that there is a good prospect for renewed and
possibly quite strong growth in Asia, including both countries where it is already making an
important contribution and those of rapid economic growth where it has yet to be introduced
or, at most, is playing a limited role. The indefinite extension of the Non-proliferation Treaty,
agreed upon in 1995, is also an important positive development which should help overcome
remaining objections to nuclear power on proliferation grounds in countries where these
objections have played a role in inhibiting growth. While the economic and resource aspects
and implications of these major new trends in nuclear power are primarily the concern of
other working groups, it is clear that they also have important implications for international
co-operation that must be taken into account by the Working Group.
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4. ASSESSMENT

4.1. FUEL CYCLES AND REACTOR TYPES

As noted previously, it is outside the purview of Working Group VI to reach
conclusions or judgments on the advantages or disadvantages of the numerous fuel cycles and
reactor types of current or possible future interest. Accordingly, the Working Group
endeavoured throughout its assessment to take into account all options identified by Working
Group 3. Much international co-operation is independent of the particular fuel cycle or reactor
type under consideration; however, a number of important existing or possible future activities
are closely linked to or entirely dependent on the fuel cycle in question. For example, co-
operation in enrichment through joint enterprises or otherwise is relevant only to reactors that
employ or could employ enriched fuel, while co-operation in reprocessing or plutonium fuel
fabrication is relevant only to fuel cycles in which these steps are employed. Examples of
co-operation which is largely independent of fuel cycle (although specific implementing
actions could be tied to fuel cycles or reactors of specific types) include co-operation in
safety, public liability, transportation, waste management or disposal, and security.

In the assessment that follows, the relationship between individual co-operative
activities or arrangements and fuel cycle or reactor strategy is identified and discussed where
relevant. Where no relationship is identified, it can be assumed that the co-operative activity
in question is insensitive to fuel cycle or reactor option.

4.2. TYPES OF CO-OPERATIVE ACTIVITIES OR ARRANGEMENTS

The term "co-operative activities and arrangements" appears throughout the
assessment. While co-operation always involves an "activity," co-operative activities,
especially when of a temporary or ad hoc nature, do not necessarily take place within an
identifiable framework or arrangement. On the other hand, when co-operative arrangements,
which may take such forms as international agreements, treaties, conventions or institutions,
do exist, they typically give rise to a series of co-operative activities that would in many
cases, be unnecessary and burdensome to be identified and assessed individually. For
example, it would hardly be useful to identify and assess individually each of the many
technical exchange meetings conducted by the IAEA.

On the other hand, activities of major importance, for example, in the area of supply,
may take place either in implementation of specific arrangements, such as bilateral
agreements, or outside of any specific, identifiable arrangement. In cases such as this, the
"activity," i.e. supply, is the appropriate subject of assessment rather than, or in addition to,
the arrangement under which it takes place. Accordingly, the assessment that follows focuses
at time on "activities" and at other times on "arrangements," depending on which approach
best lends itself to meaningful evaluation.
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While co-operative activities and arrangements can be classified in a number of ways,
a useful approach is that of participation. The basic possibilities include:

Governmental Co-operation
Bilateral
Multilateral (including regional)
International

Non-goverflmgntaj Co-operation
Institutional
Commercial

Examples of non-governmental co-operation can be found in each of the preceding
categories, i.e. bilateral, multilateral or international.

An important example of multilateral co-operation with international features as well
is the IAEA Extrabudgetary Programme on the Safety of Nuclear Power Plants in Eastern
Europe and Countries of the Former Soviet Union. Institutional co-operation is the term
applied to co-operation among organizations that are primarily educational or otherwise not
commercially oriented. These include, for example, the various nuclear societies and nuclear
industrial forums, as well as more specialized organizations such as the International
Commission on Radiological Protection (ICRP), the Institute for Nuclear Material
Management (INMM), ESARDA and the World Association of Nuclear Power Operators
(WANO). The term "commercial" has been applied to arrangements involving either
organizations that are primarily commercial in nature, or to activities serving a commercial
purpose. Participation was not used as the primary parameter of the Working Group's
assessment. However, it proved to be a useful parameter to keep in mind both in the
assessment and in the preparation of the inventory of current or past co-operation and
potential future co-operation.

4.3. FUNCTIONS OF CO-OPERATIVE ACTIVITY AND ARRANGEMENTS

The classification of co-operative activities by their function or purpose was found to
be the most useful assessment tool, since it addresses more directly than any other parameter
such key considerations as need, adequacy, benefits and drawbacks that dominate the
assessment of both current and potential additional co-operation. The categories of purpose
identified and employed by the Working Group are listed below.

Information Exchange
Scientific and technical
Policy and programmatic

Irajningand_EdjJcation

Materials
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Equipment
Services

Research and Development
Goal establishment
Sharing of results
Allocation of effort
Joint projects

Facilities and Operationg
Joint enterprises
Joint operations or staffing
Fuel cycle centres

Safeguards
Physical protection, including illicit material trafficking
Export control
Management of surplus weapons fissile material

Health. Safety and Environment

of Defense

BMc Liability

Many co-operative activities or arrangements fall in more than one of the above
categories. For example, information exchange is necessarily involved in virtually every form
of co-operation. Joint enterprises may serve either a supply function or a research and
development function, and, as noted previously, may also contribute to non-proliferation
objectives. In cases where more than one purpose could be identified, the activity or
arrangement has been covered in the category viewed as dominant by the Working Group.

4.4. ASSESSMENT CRITERIA

While it was not found possible to develop a complete and uniformly applicable set
of evaluation criteria, several criteria of general applicability were identified and are addressed
through the assessments that follows. These are:

Need - Does the activity or arrangement meet a clear cut need for international
co-operation?
Effectiveness - Is the activity or arrangement an effective and efficient way of
meeting this need?
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Adgquagy - Does the activity or arrangement completely satisfy the identified
need, or is co-operation of different forms or of greater intensity called for?
When this was found to be the case, the assessment identifies and explains the
further co-operation that the Working Group considers desirable.
Benefits - What are the key benefits of the co-operation?
Obstacles - What obstacles or drawbacks, if any, has the co-operation imposed
on the development of peaceful applications?

e - Where relevant, the current or potential IAEA role is identifiedp
and assessed, and suggestions offered for any enhancement deemed desirable.

While these criteria were found to be useful in the analysis, it was found that
addressing each criterion individually and explicitly in each functional category was
unnecessary and unduly burdened the written report. Instead, the report focuses on the specific
criteria found to be most significant in each category.

4.5. ASSESSMENT

4.5.1. Information exchange

The exchange of scientific, technical and technological information has been essential
to the development and introduction of peaceful uses of nuclear energy, especially outside the
small group of States in which early development was concentrated. Information exchange
was, accordingly, the dominant form of international co-operation in the opening stages of the
"Atoms for Peace" programme and was accomplished largely on a goveiriment-to-governrnent
basis.

In addition to the broadly international forum of the Geneva Conferences, information
exchange at the bilateral and multilateral level was also intensive and was facilitated by
numerous bilateral agreements. These were often between advanced and less-advanced States,
but agreements and accompanying exchanges between States of more nearly equal
advancement were also of great importance in "levelling the playing field" and ensuring rapid
development of technology with reduced duplication of effort.

Since the advent of commercial nuclear power and its accompanying fuel cycle
services, information exchange has become increasingly oriented toward technology and, as
in many other field, increasingly conducted without reliance on government channels, except
in areas, such as non-proliferation, of direct governmental responsibility. In particular,
technology of a highly detailed nature has been transferred under licensing arrangements
between technology developers in the advanced nuclear Suites and highly competent industrial
organizations in States that originally lacked large nuclear programmemes. The US-Euratom
Joint Program initiated in 1958, with the objective of creating an independent nuclear industry
in Europe, was the forerunner and one of the most important examples of these arrangements.
While licensing arrangements are made on commercial terms, involving fees for the
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developer, it is clear from the spread of manufacturing and service capabilities that licence
arrangements have been generally available on reasonable terms. At the same time,
information exchange at the governmental level has continued and, indeed, increased in
volume. While the exchange of scientific and technical information developed in government
programmes continues to be of importance, there has been a continuing trend in such
exchanges toward information of an economic, regulatory and especially a safety nature.

Information exchange of all types except that available only under commercial licences
has been greatly facilitated by the activities of the IAEA, both through its extensive
programme of conferences and workshops on topics of timely interest and through its
International Nuclear Information Service (IMS), which marked its 25th anniversary in 1995.
Since its creation, the IAEA has issued about 3000 original technical publications, generally
reporting the results of IAEA meetings, and has published 1.9 million bibliographical
references.

Other organizations have also played a major role in information exchange. Of
particular importance, the "Red Book" published jointly by the Nuclear Energy Agency and
the IAEA has become the accepted source of data on nuclear resources, supply and demand.
Many other NEA publications have also contributed and continue to contribute importantly
to the worldwide availability of information relating to nuclear power and the nuclear fuel
cycle. The periodic publication of the PINC (Indicative Nuclear Programmeme) for the
European Union is also a major source of information, as have been "Nuclear Science
Abstracts," published by the USA, but covering literature from many countries.

As would be expected, technical societies, including the various nuclear societies and
industrial forums have also been of importance, particularly since their periodic meetings, as
in other fields of science and technology, stimulate the preparation and publication of papers
covering developments that might otherwise go unreported for some time. In addition to the
societies which are regionally based or oriented, several are global and deal with important
aspects of the nuclear industry. As an example, the Uranium Institute has played an important
role in disseminating information and developing industry consensus on fuel cycle issues. The
development of the nuclear power industry has also spawned the emergence of a trade press
which fulfils an important need for prompt and comprehensive reporting of commercial,
regulatory, economic and political developments.

In short, the exchange of information in the nuclear power field has been
extraordinarily effective and all necessary mechanisms for continued effective and efficient
exchange are in place. The existence of these mechanisms, however, does not in itself
guarantee that future exchanges will be as effective as in the past. In particular, it is important
not to lose sight of the value of continued exchange of information on advanced reactor
systems and their fuel cycles. While it is both appropriate and essential that the developers
of commercially valuable information be able to benefit commercially from their efforts, the
time scale of advanced reactor development is extremely long and greater benefit is likely to
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be realized through the accelerated progress that results from sharing of information with
others active in the field than through premature restrictions. The balance between the
preservation of legitimate commercial confidentiality and exchange is a difficult one to strike,
but it is well to resolve doubts in favour of sharing. The benefits of openness, which
predominated throughout the developmental period of nuclear power, have been amply
demonstrated.

The major frontier for advanced reactor development is the liquid metal fast reactor
(LMR), both in its breeder and converter forms. While a number of countries were actively
engaged in LMR development in the past, significant programmes are now limited to Japan,
France and the Russian Federation. Consistent with the principle noted above that openness
and co-operation during the development of new technology provide greater benefits in the
long run than protection of proprietary interests, the Working Group recommends that the
three nations still pursuing LMR development conduct their activities to the fullest extent
practicable in a co-operative manner, and that information on their progress be shared with
other nations able to make technical contributions.

The Working Group also recommends that the IAEA take appropriate steps to ensure
that to the extent consistent with prudent non-proliferation norms major developments and
economic and prograrnrnernatic information on the fuel cycle be exchanged in the future, both
through periodic symposia comparable to that now in progress and the establishment of a
regular mechanism for continuing consultations on the nuclear fuel cycle. Such a group
should, of course, coordinate its work closely with related activities already taking place in
other organizations, including the NEA and Euratom, both to avoid duplication and derive
maximum benefit from synergies.

The Working Group took note of the fact that the exchange of technical information
in certain fields of a sensitive nature continues to be restricted on the basis of non-
proliferation considerations. In particular, the technology of enrichment processes continues
to be classified by its originators and is generally not disseminated internationally. Detailed
technology in the fields of reprocessing, and heavy water production is also subject to
restrictions. While assessment of the non-proliferation rationale and benefits of these
restrictions falls primarily within the competence of Working Group V, Working Group VI
considers that these restrictions are generally appropriate and necessary, and notes that they
primarily affect areas of the nuclear fuel cycle that for economic and technological, as well
as non-proliferation, reasons do not lend themselves to widespread dispersal.

4.5.2. Training and education

Along with information exchanges, training and education was one of the cornerstones
of the early Atoms-for-Peace programme. The early deficiency in training and education
capabilities in traditional educational institutions was quickly overcome by the establishment
of institutes in several of the advanced nuclear States offering both practical training in the
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use of nuclear materials and instrumentation and advanced education in the principal fields
of nuclear science and technology. As has been noted, the graduates of these institutes formed
a significant portion of the cadres, including senior management, of many of the emerging
nuclear commissions and research institutions, especially in the less advanced nuclear nations.

The IAEA plays a key role in this extensive educational and training effort. By 1997,
more than 19 000 scientists, engineers and technicians (representing more than 140 000
person-months and at a cost of more than US$140 million) have been trained through on-the-
job fellowships or short term scientific visits. During the same period of time, 1959-1997, an
estimated 50 000 trainees have been trained through the IAEA's extensive training course
programme in specific, nuclear related, applied technologies. The total estimated Agency's
costs for training activities exceed $250 million. These cost estimates do not include the value
of extrabudgetary contributions and many waived training fees by host countries and
institutes. Financial assistance for training scientists, engineers and technicians from
developing countries outside of their own countries is still important and must be adequately
funded.

The promotion of research under the Euratom Treaty since 1957 has led numerous
research and training programmes, in which the aspects of inter-EC information exchange and
training of qualified scientists and technicians were of major importance. The Communities
joint research centres have a key role in the training of personnel involved in safeguards
activities.

The need for assistance in institution building is by no means ended. As new States,
including those of the former USSR, initiate or assume responsibilities for nuclear energy
programmes, the establishment of national institutions to oversee these programmes, especially
in regard to safety and security, is essential. Both bilateral and international efforts to assist
in meeting this need are required

A particularly important aspect of education and training for which the Working Group
anticipates a continuing and growing need is that of training of safeguards inspectors. This
training has been and must continue to be an integral part of the safeguards personnel
programme. With the strong emphasis now being given to the detection of undeclared
activities, it is evident that safeguards training must be extended to include the observational
techniques and attitudes that are important to such detection. Another area receiving increased
attention is training in the safety regulation of nuclear activities.

In summary, the Working Group concludes that international co-operation in nuclear
training and education has been highly successful and that the mechanisms are in place to
meet current and future needs as they arise. As in any other field, a continuing need to train
and educate new candidates for replacement and expansion exists, for which current
programmes, if sufficiently funded, appear to be adequate. In this regard, financial help to
enable qualified candidates from developing States will be a continuing need, which should
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be met primarily through the IAEA's programme of technical assistance. Additionally, the
needs of new States, or States newly entering the nuclear field, require special attention.

4.5.3. Supply

The supply of the highly specialized materials, equipment and services needed by the
nuclear power industry has been one of the most complex challenges faced in its development
and the success in meeting it has, accordingly, been one of the major achievements of
international co-operation. The field of supply is far too broad and complex to be dealt with
in detail in this paper, but several of the highlights and trends will be brought out, particularly
when relevant to current issues.

Nuclear Materials and Enrichment Services

As noted earlier, the expected scarcity of supply of nuclear materials, and in particular
nuclear fuel, was not, in fact, experienced Nevertheless, the ability to supply several
materials, including enriched uranium (or enrichment services) and heavy water was initially
limited to a very few countries. The policy of these suppliers to offer the materials and
services at government costs of production was a key factor enabling the early development
of nuclear power in many States and regions. The Euratom Supply Agency also played a
significant role in the supply area. Another key issue for the development of nuclear power
was the assurance of long term availability on reasonably stable terms and conditions. It is
self-evident that the large investments required for nuclear power plants would be imprudent
and unacceptable without a lifetime assurance of the necessary fuel supply. This requirement
was met by suppliers through the adoption of long term supply agreements that were novel
in government policy.

The early issue of enabling States that possessed indigenous supplies of natural
uranium to make use of these in nuclear power programmes based on enriched uranium fuel
was successfully met by the adoption in the mid- 1960s of the mechanismof supplying
enrichment services rather than enriched uranium, thus enabling each user to secure natural
uranium feed by individual means. With this becoming the standard supply mechanism for
enriched uranium, the reliance on this approach has tended to obscure the fact that
commodities are generally supplied on a sales basis, with the purchaser having no opportunity
or right to select the supplier of raw or intermediate materials.

Another early issue in the supply of enriched nuclear fuel was that of financing the
considerable cost of the fuel inventory, leading to pressures for assistance. These pressures
were generated in part by the practice of some suppliers to extend assistance to their domestic
nuclear power projects through fuel lease arrangements, as an element in encouraging early
development. One supplier, the former USSR, supplied enriched uranium in the form of
fabricated fuel on a lease basis to most of its foreign customers. The Russian Federation is
continuing to meet cdrnrnitrnents to this approach in pre-existing contracts but is not
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extending it to new arrangements. The Working Group believes that there is little pressure
for extension of the fuel lease concept as an element of international supply. Nevertheless,
suggestions continue to be made that suppliers should lease reactor fuel to their foreign
customers as a mechanism for accepting the return of the plutonium-bearing spent fuel.

The Working Group questions the practicality of widespread or even mandatory
adoption of fuel leasing. Such a policy would entail major economic costs which there is little
evidence that supplier nations are prepared to bear. Moreover, enrichment services are now
largely carried out by private firms that would be even less willing and able to absorb the cost
of financing fuel inventories than would governments. Perhaps most importantly, there is no
reason to believe that the adoption of a fuel leasing policy by supplier governments would
overcome any of the obstacles that already exist to the acceptance by these governments of
spent fuel from other nations. Suppliers that are prepared to accept the return of spent fuel
can do so with or without resorting to lease arrangements, the effect of which would be to
increase their economic burdens. Accordingly, while there should clearly be no objection to
fuel leasing on the part of any supplier willing to enter into such arrangements, or through
the medium of financial institutions interested in the financing of fuel inventories as a lending
activity, the Working Group sees no basis for making this practice mandatory or generally
available.

The supply of nuclear materials has from the outset been strongly impacted by non-
proliferation considerations, with supplier countries generally making peaceful use, safeguards,
no retransfer, and, in some cases, additional requirements a condition of supply. With the
advent of the NPT, the non-explosive use and safeguards requirements became mandatory
conditions for supply by all NPT parties, a status which now extends to all countries engaged
in the supply of enrichment services as well as many uranium suppliers. One consequence
of these additive requirements has been the continuation of special labelling for some
imported material, with the possibility of even double or multiple labelling to allow the
identification of materials that are subject to the additive requirements. Although it is
requested by some suppliers, accepting whatever commercial disadvantages this may entail,
this is not the common international practice in nuclear trade, and is viewed by some States
as inconsistent with Article IV of the NPT when applied to NPT signatories. The Working
Group recognizes that additional constraints, in particular labelling, impose a burden on
international nuclear trade, and urges that means to reduce or eliminate this burden should be
explored.

The performance of enrichment services as well as the production of nuclear materials,
other than enriched uranium, has increasingly been assumed by private enterprises, in some
cases multinational in nature, and commercial conditions, as contrasted with governmentally
mandated non-proliferation requirements, are now generally determined in the marketplace.
One concrete result of the development of a competitive market for the supply of enrichment
services has been the virtual disappearance of reactor lifetime enrichment contracts in favour
of shorter term arrangements that allow the buyer more flexibility to take advantage of market

300



KEY ISSUE PAPER No. 6

conditions. The Working Group believes that the emergence is a positive development that
offers the most realistic and efficient means of providing an assured source of supply for
nuclear fuel. As a corollary, it is of the utmost irnportance that non-proliferation requirements
not be compromised in the interest of securing a commercial advantage for individual
suppliers.

While the IAEA has not assumed the central role initially envisioned for it in the
supply of nuclear materials, it has nevertheless been involved in a significant way. Although
the adequacy of supply made IAEA allocation of nuclear materials unnecessary, the Agency
nevertheless has acted as supplier in several significant cases in which the supplier and user
preferred for political reasons to avoid direct arrangements. The Agency has also served as
the mechanism for the supply of materials made available as contributions-in-kind by
suppliers. It is clearly desirable that the IAEA retain the capabilities for these functions as the
need and opportunity to make use of them arises.

In addition to natural and low enriched uranium, highly enriched uranium and
plutonium have been supplied internationally in much smaller but nevertheless significant
quantities. Highly enriched uranium was at one time the preferred fuel for research and test
reactors, but its use has been largely discontinued as a result of the multinational Reduced
Enrichment for Research and Test Reactor (RERTR) programme. However, high flux research
reactors whose performance would be significantly degraded by the use of lower enrichment
fuel are continuing to be loaded with HEU.

Unlike enriched uranium, the availability of plutonium for peaceful R&D was at one
time severely limited, but adequate quantities were made available during the 1960s for R&D
on breeder and other plutonium fuelled reactor systems. Today, plutonium from spent power
reactor fuel is being separated and recovered in amounts that exceed current capabilities to
fabricate it for recycle or in research and development applications, giving rise to
accumulations which have raised non-proliferation concerns. This issue is discussed and
assessed by Working Group 1, and need not be dealt with further here. The Working Group
strongly endorses the current efforts to improve the transparency of plutonium usage and to
explore the scope for balancing supply and demand. It is hoped that an invited paper on
efforts under way to promote transparency will be presented at the symposium.

As called for by the Steering Group, the Working Group has considered, among other
new forms of international co-operation, the possibility of implementing the IAEA's statutory
authority to accept the deposit of plutonium recovered in the power reactor fuel cycle,
customarily referred to as International Plutonium Storage or IPS. This issue is discussed in
more detail in Section 4.5.5 of this report. The Working Group also considered issues
associated with the management of fissile materials, especially plutonium, designated as no
longer required for defence purposes. These issues are being addressed co-operatively by the
USA, the Russian Federation and other States, and are the subject of an invited paper at this
symposium.
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The designated material includes, as well as plutonium, significant quantities of high
enriched uranium. This material can be readily converted to low enriched reactor fuel through
blending, and co-operative arrangements between the Russian Federation and the USA,
including measures to ensure transparency of the origin and blending of the material, are in
place toward this end. The Working Group views this as a favourable development, and
endorsed the principle adopted by the parties that surplus material should be introduced into
the market at a rate that does not disrupt the market and discourage the maintenance and
development of adequate capacity to meet civil needs. It also must be stressed that, until
blending to low enrichment takes place, HEU is at least as great a proliferation risk as
plutonium, and must be stored and protected under the same secure conditions.
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Nuclear equipment, including reactor systems

The supply of nuclear equipment, including complete reactor systems, has been largely
in the hands of commercial organizations from the outset of the peaceful uses programme,
and the adequacy of supply has never been in doubt. The widespread availability and use of
licensing arrangements has resulted in the development of sources of supply in several States,
thus ensuring a competitive market that has worked to the advantage of users and of the
nuclear power industry as a whole. The Working Group believes that this situation, including
the limitation of government involvement to legitimate trade promotion and non-proliferation
interests, is the most effective way to ensure a continued adequate supply on reasonable terms
and conditions.

Other fuel cycle services

Nuclear services include both those closely related to supply, in particular the
conversion and fabrication steps of the nuclear fuel cycle, and those related to maintenance,
servicing and decommissioning of nuclear power plants. Like equipment supply, these
activities have also been largely the province of the commercial sector, assuring an adequate
supply on competitive terms both for services related to the front-end of the fuel cycle and
those related to facility maintenance. In recent years, a trend toward multinational ownership
of the firms offering these services has taken place, as has been the case in a number of other
industrial fields. This is a welcome development, which should not be obstructed by
government policies.

In the back end of the fuel cycle, supply arrangements have developed in a much
different and much more limited way for a variety of reasons* with a corresponding influence
on the availability and role of international co-operation. For example, the development of
reprocessing has been limited by high capital costs and national fuel cycle policies.
Nevertheless, international co-operation has played a major role in the establishment of all
of the reprocessing enterprises now in operation. The details of this development are treated
in more detail in Section 4.5.5 of this report.

The development of MOX fabrication services has followed a somewhat similar path,
having been largely carried out on a national basis, but to serve international as well as
national markets. For some time, the availability of MOX fabrication services did not keep
pace with the availability of reprocessing services, but steps are now being taken by the firms
engaged in MOX fabrication bring these two services into balance. The report of Working
Group I discusses this issue in more detail.

The availability of MOX fabrication services has a direct bearing on the important
issue of disposition of the plutonium designated as no longer required for defense purposes.
While assessment of the various disposition options that are under consideration for this
material is outside the scope of this Working Group, the Working Group strongly
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recommends that the maximum degree of international co-operation in the use of MOX
fabrication services be extended to facilitate the most rapid possible disposition of any
material for which the reactor irradiation option is to be employed. This co-operation could
take several forms, including the provision of MOX fabrication services by firms in the States
where these services are performed, and the sale or transfer of MOX fabrication technology
and equipment to the States, specifically, the USA and the Russian Federation, possessing
designated plutonium to be disposed of. While the current limitations on MOX fabrication
capacity would not allow the large scale use of existing facilities for the disposition of the
excess weapons plutonium, the Working Group endorses the efforts now under way to explore
where such capacity is present or might be added to assist in the disposition of the surplus.
The benefits of international co-operation in the disposition of surplus weapons plutonium as
well as the benefits of ensuring the earliest possible start on the disposition process clearly
justify this course of action. As examples, the USA is providing financial and technical
assistance to a storage facility for Russian weapons material at Mayak, while the European
Community is providing assistance to a civil plutonium storage project.

Another area in the supply of services that has been the subject of many reviews over
the years but has not come to fruition is that of nuclear waste disposal or management, in
particular the disposal of spent fuel in those cases where this material has been selected as
the waste form on the basis of national policy, or is the de facto waste form. Public receptions
related to the ultimate disposition of nuclear wastes and spent fuel are among the obstacles
that might limit the availability of the benefits of nuclear power.

In general, the obstacles to nuclear waste storage or disposal that already exist on a
national basis in virtually every State employing nuclear power apply even more acutely to
waste (including spent fbel when considered as a waste) originating elsewhere. As a result,
although considerable amounts of power reactor spent fuel have been transferred
internationally as a necessary pre-requisite to the provision of reprocessing services, the
Working Group is aware of no instances in which such spent fuel has been exclusively
transferred for long term storage or disposal. Moreover, where reprocessing is performed
internationally, contracts call for the return of the resulting waste to the country of origin, and
such transfers have taken place.

Given the difficulties that this issue has posed, it is inevitable that consideration would
be given to the possibility of transferring waste or spent fuel to other States, possibly
including those not themselves engaged in nuclear power generation. This concept, including
several concrete proposals for international transfer for storage or disposal, has been
considered over the years. In particular, the IAEA conducted a series of meetings on
International Spent Fuel Management from 1979 to 1982, which were unable to arrive at any
concrete solutions.

While it has been possible up to the present to avoid any nuclear power plant
shutdown specifically because of spent fuel accumulation, the Working Group sees
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considerable merit in arrangements that might facilitate the international transfer of spent fuel
beyond the current circumstance of transfers related to reprocessing. Among the questions that
would have to be addressed in considering such arrangements is the concern that spent fuel
itself, as several recent studies have stressed, is a continuing proliferation hazard, and one
against which the barriers are reduced over time. Thus, the large scale accumulation of spent
fuel in a large and growing number of States, even though under safeguards, entails
undesirable long term proliferation risks that should be avoided if possible. Additionally,
whether maintained in retrievable stores or sealed repositories, spent fuel is perceived as
entailing environmental risks which could involve transnational consequences.

One possibility that has been raised from time to time is the transfer of spent fuel to
States that might not be engaged in the generation of nuclear power but would agree to the
long term storage of the material as a source of revenue. The Working Group feels strongly
that any suggestion that radioactive substances should be transferred to States with limited
capabilities for assessing and avoiding its hazards must be avoided, regardless of the
compensation involved. On the other hand, the Working Group believes that it is unjustified
and patronizing to conclude that no. country is capable of reaching amature, well founded,
and independent judgment that it wishes to benefit from nuclear power for the time being by
offering waste management services. Just as States are free to decide that they wish to benefit
from nuclear power directly through its generation, there is no logical reason why they should
not be free to decide that their participation in the peaceful nuclear field will be in the area
of waste management.

Because of the concern, however, that an undue element of external inducement might
be involved in such decisions, the active involvement of the 1A1A would be essential to
assure that the hazards have been thoroughly, objectively and conservatively assessed, and to
advise the potential receiving State in its exercise of its independent judgment. Such an IAEA
role is amply encompassed by the Agency's Statutory responsibilities to encourage and assist
in the application of nuclear energy, and is analogous to the Agency's programme of assisting
States in their assessment of nuclear plant safety (OSART). The IAEA has previously dealt
with this issue, including the adoption of a "Code of Conduction Transboundary Transfers of
Radioactive Wastes", the provisions of which should be considered in connection with any
proposed transfers of spent fuel or reprocessing wastes.

It is clear that any transfer of spent fuel from the State of origin for long term or
indefinite shortage in another State, whether engaged in nuclear power generation or not,
entails many complex considerations. As already noted, these include the possibility that
rather than reducing long term proliferation risks, the transfer might increase them by the
addition of another State to those already possessing large stocks of spent fuel. Accordingly,
one of the assessment criteria must be that these risks, rather than being increased, are
reduced by concentrating spent fuel accumulation in a smaller number of highly stable
locations.
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An important distinction must be made between permanent storage and retrievable
storage which, while potentially long term, is intended to be terminated either by recycle or
permanent geological disposal, or, conceivably, by some not yet identified or developed
method of final treatment or transformation. International retrievable storage of spent fuel is
once again receiving serious attention, in particular by an independent group of senior nuclear
experts considering the possibility of developing an internationally monitored retrievable
storage system (IMRSS), which might include plutonium as well as spent fuel. The Working
Group views this activity as a potentially significant example of international co-operation in
the private sector. Retrievable storage of spent fuel could well become a key component of
an eventual global nuclear system in which reprocessing and recycling of plutonium is limited
to a relatively few States engaged in large scale nuclear power generation, while other States
transfer spent fuel to these locations, either directly or following a period of storage, which
could be extended, in other States.

Many of the comments outlined above apply as well to the possibility of disposal of
high level wastes. In some respects, this activity, if undertaken by a State not currently
engaged in nuclear power generation, would present fewer problems since it would not
involve the transfer of fissionable materials. On the other hand, transfers of this type would
be expected to involve permanent disposal rather than long term, retrievable storage, and
would have to be assessed with full recognition and consideration of this fact. In general,
permanent disposal of high level waste in non-nuclear generating States appears to be a less
likely prospect than long term spent fuel storage, but it should not be ruled out a priori.

Another development of importance related to spent fuel disposition is the discussions
among several governmental nuclear organizations, recently brought to public attention by
South Africa, that could lead to the establishment of a permanent multinational spent fuel
storage facility in one of the co-operating States. Further information on this development will
be presented at the symposium.

Some of the foregoing discussion of spent fuel storage is applicable to the possibility
of plutonium storage as well. However, plutonium is currently being separated and recovered
in far fewer States than those generating spent fuel, and is being held in those States where
reprocessing takes place for the account of the originating State, in anticipation of processing
for recycling. In a very real sense, therefore, centralized plutonium storage is already taking
place as an incident of reprocessing, and it is unclear what, if any, benefits would be derived
from further centralization of plutonium storage, or of the transfer of this activity to States
not currently engaged in plutonium recovery. Moreover, any consideration of plutonium
storage as an international fuel cycle service must take into account the desirability of
bringing supply of and demand for separated plutonium into balance.

If the number of States securing reprocessing services externally increases
significantly, this could also lead to an increase in the transport and stocking of unirradiated
recovered plutonium, either in bulk form or in MOX fuel assemblies. Such a development
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raises the question of whether recovered plutonium should in ail cases be returned for reuse
in the country of origin, or, alternatively, made available for use elsewhere, including as one
possibility the country where reprocessing takes place. As noied earlier, there are evident
benefits, of both an economic and non-proliferation nature, in minimizing the number of
locations in which plutonium is not only recovered, but refabricated and reused as well. This
Working Group is not charged with assessing the relative merits of once-through and recycle
fuel cycles. However, it does urge that when plutonium is recovered and used, careful
consideration should be given to means for encouraging arrangements under which plutonium
recovered from spent fuel transferred for reprocessing would subsequently be used, as at
present, only in countries with impeccable non-proliferation credentials and only under
rigorous conditions designed to assure security and the achievement of non-proliferation
objectives.

Another example of co-operation involving the back-end of the fuel cycle is the
concept known as "Direct Use of PWR spent fuel in CANDU Reactors (DUPIG)." This
concept, which is being explored co-operatively by the Republic of Korea, Canada and the
USA, involves, as its name indicates, the direct refabrication and reuse, without reprocessing,
of spent fuel from light water reactors (LWRs) as fresh fuel in pressurized heavy water
reactors (PHWRs). Thus, for material so utilized, DUPIC would eliminate the separation of
pure plutonium as well as the need for storage or other disposition of the LWR spent fuel,
without increasing the amount of PHWR spent fuel requiring storage or disposal. While
assessment of the economic and technical costs and benefits of the DUPIC concept are
outside the scope of this Working Group, the Group regards it as an important example of
international co-operation that should be encouraged to proceed to the stage where firm
decisions on demonstration and eventual deployment can be made.

No discussion of plutonium storage can be complete without consideration of the
authority granted the IAEA under Article XII A.5 of its Statute. This fact is reflected in the
explicit request of the Conference Steering Committee thatinternational plutonium storage
be assessed by this Working Group. Under this Article^ the Agency has the right, to the extent
relevant to any safeguards arrangement, "to require the deposit with the Agency of any excess
of any special fissionable material recovered or produced as a by-product over what is needed
[for on-going peaceful nuclear activities] in order to prevent stockpiling provided that
[materials so deposited] shall be returned promptly [for peaceful uses under Agency
safeguards]." This provision, which has never beenimplemented, appears to contemplate an
arrangement beyond safeguards under which the IAEA would exercise by agreement with the
parties, actual custody and control over plutonium produced in programmes under its
safeguards, but with the important qualification that it must release the material on request
from the depositing country for peaceful use under safeguards,

The possible implementation of this authority, designated International Plutonium
Storage, or IPS, was exhaustively considered by a <x>rrffnittee of the IAEA during the 1970s.
While no agreement to implement the authority was reached, several points on which there
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was a degree of consensus emerged from these meetings. In particular, it was clear that the
IAEA need not and could not realistically construct, own and operate new plutoniumstorage
facilities on its own account. Rather, it was anticipated that separated plutonium would remain
in nationally owned and operated storage facilities. It was assumed, however, that there would
be a degree of IAEA presence beyond inspection at these facilities. The nature of the
presence, however, were among the issues on which agreement was never reached.

At present, no active consideration is being given to IPS in the sense contemplated by
Article XII. If a consensus emerges that plutonium stocks should be minimized, the need for
such an arrangement would diminish. Moreover, as previously noted, a group of countries has
been considering arrangements to strengthen further the assurance of peaceful use by
improving the transparency of plutonium use and storage. The outcome of this effort will
clearly have a bearing on the need for additional measures such as IPS.

4.5.4. Research and development

The history of international nuclear co-operation contains many examples in which
technical co-operation has gone well beyond the exchange of information to include active
collaboration in producing information, i.e. in research and development. This collaboration
has taken several different forms, ranging from joint formulation of research and development
goals, to a division of effort, and finally to joint financing, joint projects and joint research
centres.

Since its establishment, the NEA has been particularly successful in instituting joint
projects, including the Eurochemic reprocessing facility in Belgium, the Dragon high
temperature gas cooled reactor project in the United Kingdom and the Halden heavy water
reactor project in Norway. This function continues to the present, through NEA sponsorship
of a number of joint projects including the PISC project for fault detection in large steel
vessels, the LOFT project (loss-of-flow technology) in the USA, the Stripa (Sweden) and
Alligator River (Australia) projects investigating waste disposal in geologic formations, and
the RASPLAV project in the Russian Federation. Operation of the Halden reactor, now
directed primarily towards study of human factors in reactor operation, is continuing, making
it the longest joint nuclear research activity of which the Working Group is aware.

In the European Community the promotion of research and the dissemination of
technical information are given major emphasis. Euratom programmes of particular
importance for the nuclear fuel cycle include those on:

Management and disposal of radioactive waste,
Decommissioning of nuclear installations, and
Nuclear fission safety.

Noteworthy achievements include the first international assessment of geological
disposal (PAGI5), the demonstration of new dismantling techniques, and the conduct of the
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PHEBUS severe accident (core melt down) test. In keeping with its important safeguards
activities, the European Community is also active in the safeguards research and development
area via ESARDA (European Safeguards Research and Development Association) and through
its support programme with the IAEA.

The incentives for co-operation in research and development are self-evident. They
include increasing the resources devoted to achievement of the R&D objective, avoiding
duplication of effort, taking advantage of the synergism among various teams and various
approaches, and hedging against failure or inadequacy of a national effort. The benefits of co-
operation in R&D can be especially dramatic for very large and costly efforts, such as the
development of advanced reactor or fuel cycle technology, particularly when prototype or
demonstration plants are required

A new form of international co-operation serving a different and especially important
purpose is the International Scientific and Technology Centre (ISTC) located in Moscow.
This institution channels research and development funds from several nations to Russian
research institutions and scientists whose financial support has been adversely affected by
fundamental political and economic developments. This co-operation results in the productive
employment of exceptionally qualified scientists to the mutual benefit of the Russian
Federation and the sponsoring States, while also serving an important non-proliferation
purpose.

The disadvantages or costs of international co-operation in the form of joint
programmes or projects are less obvious, but are also real. They include increased managerial
difficulties attendant on a multinational effort, a loss or dilution of commereiat benefits that
might ensue from a successful national effort, and, perhaps most irnportantly, the damage to
achievement of the R&D objective that results when one or more partners withdraws from
a joint effort. Examples of this include the Euratom sponsored 0RG1L reactor project in the
1960s, the multinational European Fast Reactor (EFR) project in the 1980s and the IAEA
sponsored ITER fusion reactor project in the 1990s. ORGEL, an organically cooled heavy
water reactor design, failed to receive sufficient support from the major Euratom member
States who were at that time preoccupied with national reactor strategies of their own. EFR,
a co-operative undertaking by France, Germany, the UK, Italy and Belgium for the
development of sodium cooled fast neutron reactors, founderedintile early 1990s when fast
breeder development appeared to be postponed to the next centiify and some nationally
operated prototype reactors such as SNR-300 in Germany and PFR in the UK were
abandoned. ITER, a joint undertaking by the United States, the European Union, the Russian
Federation and Japan for the construction of an experimental thermonuclear fusion reactor
based on the tokarnak design, is also subject to uncertainty, unless a lead country undertakes
responsibilities and assumes costs which the other partners are unable or unwilling to take
upon themselves.
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As a result of these problems, international co-operation in large nuclear technology
development efforts has perhaps played a smaller role than would have been expected or
desirable. With the general contraction or termination of development work on LMRs as a
result of an apparent lack of near-term need, a number of States have lost a national base
from which to participate in international co-operation in this field. While there is a general
consensus that the time at which this technology may be needed is more distant than earlier
believed, sharing of the development burden and costs could overcome some of the current
reluctance of national governments to fund continuing work in this area. As noted earlier, the
Working Group believes that it would be desirable to intensify the co-operation among the
remaining fast neutron reactor projects in the world, at least through a comprehensive sharing
of information and, if possible, through co-operative programming as well.

Given the national pressures for termination of large development projects that may
arise for both fiscal, priority or policy reasons, as well as the primacy of domestic law over
all but the most compelling international obligations that normally prevails, there is no
apparent foolproof solution to the problem of national withdrawal from joint development
efforts. Nevertheless, when such efforts are undertaken in the future, every effort should be
made to develop long term arrangements that are insulated as effectively as national law
permits from modifications in national policy or funding that might result in withdrawal. If
this is not accomplished, truly joint projects on major nuclear developments are likely to
continue to be avoided in the future, and even close co-operation of less comprehensive forms
such as information exchange and division of effort will be discouraged.

Despite the problem of changing national priorities and programmes, several private
sector joint projects for the development of advanced technology have been successfully
completed without the complication of withdrawal by one party. These private sector efforts
are most applicable to, and most likely to be successful, when the research and development
effort is tied directly to relatively near term research objectives in support of an on-going
commercial endeavour. This is illustrated by such arrangements as: the joint US-Japan project
for development of advanced boiling water reactor technology, culminating with the
construction of such a unit in Japan; the European Pressurized Reactor (EPR), the result of
a private sector co-operation between French and German firms; the continuing development
effort on gas centrifuge enrichment technology conducted by the Urenco commercial
enrichment enterprise; and the joint programme on safeguards and safety conducted by States
operating CANDU reactors. While private sector development efforts of this type should be
encouraged, they are unlikely to meet the need for long range, advanced development that
might arise in the future, for example in the field of liquid metal reactors and their fuel
cycles.

4.5.5. Facilities and operations

It should come as no surprise that development of the nuclear fuel cycle industry has
increasingly reflected the general trend, evident in many other industries, towards international
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or multinational enterprises. Indeed, because of the special circumstances associated with
nuclear activities, in particular the critical need for safety and security and the furtherance of
non-proliferation, the benefits of international co-operation in the ownership, operation or
other key elements of large scale nuclear fuel cycle installations outweigh those in other
industries. Thus, one can question - for economic and technical, as well as safety, security and
non-proliferation reasons - the necessity of having each country develop its own nuclear fuel
cycle as contrasted with limiting the spread of fuel cycle facilities by creating multilateral or
so called "regional" centres.

Enrichment and fabrication

For the front-end of the fuel cycle, there is a general consensus that a few conversion
and enrichment plants in the world, some of them being the result of multilateral co-operation
(Eurodif in France, Urenco in the Netherlands, Germany and the United Kingdom), already
meet international needs, while also serving the non-proliferation objective of limiting the
spread of this sensitive technology. While most of the countries engaged in nuclear
programmes operate their own fuel fabrication plants, international co-operation in this area
is growing through progress in the standardization process described elsewhere, through
multinational ownership of some enterprises, and through acquisition by some enterprises of
facilities outside their home territory. Examples include fabrication facilities in western
Europe, Japan and the Republic of Korea with joint ownership of North American firms, and
the acquisition by European firms of three North American LWR fuel fabricators.

Reprocessing and recycle

It is in the back-end of the fuel cycle - namely storage, conditioning and disposal,
reprocessing of the spent fuel, recycling of plutonium and reprocessed uranium, and waste
management - that the question of joint efforts is most relevant Many different institutional
and industrial schemes have been considered under the general heading of "fuel cycle
centres." Surprisingly, however, despite its long and obvious appeal, there has been very little
systematic analysis of the concept itself. Such obvious questions as: how many and where
fuel cycle centres should be located; what characteristics should the host country or countries
possess; and what are the institutional forms or features that endow the concept with enhanced
proliferation protection have rarely been seriously and systematically addressed.

Policy considerations

Any fuel cycle facility must be located on the territory of some sovereign nation and
this nation will almost invariably possess the power, if not the legal right, to take full control
of the facility and its inventory from any intervening international or multinational authority.
The reality of superior national power does not, however, invalidate the general principle or
negate the appeal of the concept that there is something to be gained in limiting the spread
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of sensitive fuel cycle facilities beyond the economies of scale and safety advantages that are
likely to accompany concentration of operations in a relatively few locations. Nations
generally honour their commitments and do not violate the frontiers of their neighbours, and
they generally pay a price if and when they do so. Institutional barriers may be amorphous
but they are not imaginary. Thus, evaluating the concept of limiting and internationalizing
sensitive fuel cycle activities essentially involves assessing just what forms of institutional
arrangements are most likely to be honoured, what their cost or impact on peaceful uses are,
and what their prospects for acceptance may be.

The features that are most commonly associated with the term "international fuel cycle
centre," such as multinational ownership, are not essential and indeed may offer relatively less
proliferation benefit than other features, such as multinational staffing or materials control.
Moreover, multinational ownership or management, unless this clearly evolves from the
voluntary choice of the parties involved, could create the greatest obstacles to acceptability
of the regional centre concept, by further complicating the already difficult task of building,
owning and operating these complex facilities.

In short, a multinational fuel cycle centre can take many forms and need not possess
the classic feature of multinational ownership and control to realize the benefits of such
centres. Serving an international market is itself an important attribute of the multinational
centre concept, especially under long term arrangements that provide for close co-operation
between customer and the plant owner-operator. Viewed in this way, the fuel cycle centre
concept is not simply a distant ideal, or much less a concept that has come and gone, but an
idea that has already arrived on the scene, attracting little attention or even acknowledgment
of its presence.

hi fact, a number of approaches have been implemented successfully. UP3 in France
and Thorp in the United Kingdom are examples of multinational financing and a multinational
market, with the aim of managing spent fuel and by-products. Implemented under the host
State's responsibility, they have been beneficial as well to the nuclear industry and to the
achievement of the non-proliferation objective of limiting the spread of such activities. Other
projects, such as International Plutonium Storage (EPS), have not, as noted earlier, attracted
the necessary support by States* because of an inability to reach agreement on conditions that
achieved an appropriate balance between impacts on nuclear activities and non-proliferation
benefits. However, and fortunately, other appropriate models exist, including those adopted
for the front-end of the fuel cycle, that serve the economic and programmatic interests of the
concerned parties while offering important non-proliferation benefits by limiting the spread
of sensitive facilities and providing for effective protection of sensitive materials and
technology.
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Institutional mechanisms

These examples show that there is no unique model of such multinational co-
operations that must be followed by all others. On the contrary, the great diversity of the
actual examples show that, if properly managed, very different institutional schemes can
achieve very similar results in terms both of industrial effectiveness and non-proliferation
benefits.

It is quite clear that new arrangements should be encouraged in the future, and it is
very likely that they will develop. But their development and success will be greatly
facilitated if the spectrum of possible institutional and non-institutional mechanisms remains
largely open, in order to combine them in the optimal way according to the actual industrial
and political circumstances of each case. One cannot ignore the fact that several obstacles
remain in establishing institutional arrangements at an international level. In particular, the
number of countries that could be acceptable candidates for siting sensitive fuel cycle
facilities is limited, in view of the sensitivity of the materials and technology involved.
Among the considerations that would appear to be relevant are: political and economic
stability; the absence of strong regional conflicts or rivalry; technical capability to manage and
operate the facility, including the implementation of a strong security system; and a long
standing and unquestioned commitment to non-proliferation.

To be acceptable, fuel cycle centre arrangements would have to respect the authority
and responsibility of the host State and its entities for ensuring effective physical protection
and safety. It would remain the responsibility of the host nation to ensure compliance with
obligations in regard to peaceful use and transfers of material, with appropriate verification
and possibly other presence by the IAEA and any relevant regional organization.

The evolution of a global nuclear system in which sensitive fuel cycle activities are
centralized in a few locations does not appear to the Working Group to be visionary or
impractical. Experience has shown that projects that start from a sound economic analysis and
an appropriate industrial structure and/or commercial agreement are successful. Overarching
such a structure, there is, of course, the need for a political framework or understanding
among the governments concerned, which can have many different forms. In contrast, starting
from a political or institutional aspect to establish a uniform framework with which
commercial enterprises would have to conform, is unlikely to be successful.

4.5.6. Multilateral/regional organizations

Multilateral organizations, and especially those of a regional character, have played
an important part in the development of nuclear energy, even when not directly connected
with the ownership and operation of facilities. The examples of Euratom and NEA have
already been mentioned While these organizations have been responsible for the
establishment and, in the case of Euratom, even the ownership, of several important operating
projects, their activities go far beyond this. Euratom owns all peaceful use fissionable material
produced or used in the Community, conducts extensive research and development
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programmes with its own funds, has important responsibilities in relation to supply, imports
and exports, and applies safeguards on all peaceful nuclear activities in the Community. The
NEA, which originated as the European Nuclear Energy Agency but now includes
membership from North America and Asia as well as Europe, is an important forum for
information exchange and co-operation among its predominantly heavily industrialized
member States. While it once had authority to apply safeguards to projects undertaken under
its auspices, this authority and its implementation were discontinued some years ago. The
Argentine-Brazil Association for Accounting and Control (ABACC) possesses extensive
safeguards rights in its two member States similar to those of Euratom, and, like Euratom,
has entered into a safeguards agreement with the IAEA in respect to the application of
comprehensive safeguards in its territory. WANO, the World Association of Nuclear
Operators, formed in the wake of serious nuclear incidents, is making a vital contribution to
the maintenance and improvement of nuclear power plant safety.

Given the highly successful examples of multilateral co-operation identified above, it
is natural that consideration should be given to the development of multinational, regionally
based co-operation in other areas of the world. A logical region for such development is Asia
and the Pacific Basin. The Asian region already includes several States with large nuclear
power programmes as well as extensive nuclear research and development activities and, in
the view of many observers, is the region where the use of nuclear power is likely to increase
most rapidly in the foreseeable future. Accordingly, active consideration is now being given
to the possible creation of a multilateral nuclear organization that would have a strong
regional base in Asia and an invited paper on this concept is to be presented at this
conference.

To date, no concrete proposals towards this end have been put forward by any of the
governments in the region. However, it is clear that several key questions must be addressed
if and when this takes place. These include:

What should be the regional scope of the organization? Options include East
and Southeast Asia alone, this area plus South Asia and Australasia, and
inclusion of other countries bordering on the Pacific Basin, e.g. those in North
and South America and the north Pacific.
What should be the principal purpose and scope of the organization? Among
the possibilities are co-operation in safety and research and development.
Beyond these, should it have responsibilities and authority in relation to full
cycle services and even safeguards, similar to those of Euratom and ABACC,
and, if so, should these be implemented initially or only after a period of
evolution and development?

While these questions cannot be answered in the absence of concrete proposals, several
observations may be in order. It is clear that one of the principal factors motivating interest
in this concept is the anticipated growth of nuclear power and associated fuel cycle activities
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in Asia, and the evident desirability that these activities should be conducted in a way that
not only minimizes proliferation risks but instills public confidence that these risks are being
avoided. Accordingly, it is possible that the organization could have functions related to the
operation of fuel cycle facilities and to the application of safeguards. These functions,
however, would not necessarily be fully developed initially, but might evolve over time.

The desirable characteristics of organizations having responsibilities of this nature, e.g.
the operation of sensitive fuel cycle facilities, the application of safeguards to these, or both,
have been the subject of considerable analysis. There is widespread agreement that safeguards
of the IAEA must remain in force and that the Agency must have and exercise all necessary
rights to verify independently compliance with non-proliferation undertakings. The NPT
Review and Extension Conference of 1995 concluded that "The IAEA is the competent
authority to verify...compliance.... Nothing should be done to undermine the authority of the
IAEA in this regard." Nevertheless concurrent application of safeguards by a properly
constituted and competent regional body can make important contributions both to the
efficiency and effectiveness of IAEA safeguards, and to the overall assurance of compliance,
as Euratom and ABACC are now demonstrating. A regional organization may also function
in a manner analogous to State systems of accounting and control, as does Euratom, either
exclusively or in a complementary relationship with national systems.

To fulfil these roles credibly, it has frequently been pointed out that a multinational
organization must, at a minimum, have both political validity and technical competence to
implement a strong and effective system of material control and safeguards. An essential
element in meeting the test of political validity is that the organization not be dominated by
a single strong member, a circumstance that would raise doubts as to whether other members
would have the practical opportunity to exercise their responsibilities.

The Working Group, while reaching no conclusions as to its need or desirability,
believes that the concept of a multilateral organization with emphasis on the Asian region
merits consideration, and recommends that the above factors be taken into account as this
consideration goes forward. It is also important that the IAEA be kept informed and be
consulted as the concept is developed, since if the organization possesses authority and
responsibilities in the areas of safeguards and material control, the conclusion of appropriate
agreements with the IAEA will be essential.

Anew multilateral organization serving a unique purpose is the Korean Peninsula
Economic Development Organization, KEDO, which was established"to implement provisions
of the Agreed Framework calling for the installation of two nuclear power plants in the
Democratic People's Republic of Korea. While of obvious importance, such special purpose
organizations are unlikely to serve as a precedent for regional co-operation with broader
purposes.
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4.5.7. Non-proliferation

Safeguards

While responsibility for the assessment of safeguards and non-proliferation is dealt
with in Key Issue Paper No. 5, it is clear that safeguards are inherently a form of, and
dependent for their success on, international co-operation. The primacy of the international
safeguards of the IAEA has been established by the NPT, while the important role that can
be played by multilateral safeguards is both established by the charters of the multilateral
organizations and explicitly provided for by the NPT. Much of the foregoing discussion on
multilateral and regional nuclear organizations is directly relevant to their safeguards role.

It is well to stress that international co-operation in safeguards is not limited to the
formal relationships under which safeguards are applied between the IAEA or other
implementing body and the inspected State. Extensive cooperation has been underway for
a number of years in safeguards research and development, involving a number of States, the
IAEA and Euratom, leading to major improvements in safeguards technology. The Working
Group believes this co-operation is essential and urges that it be continued at current or
enhanced levels of support. The Working Group also welcomes the new initiatives in this area
directed to the strengthening the effectiveness and improving the efficiency of the safeguards
system. In this regard, the IAEA's programme designated 93 + 2 is a cornerstone in the
continuing evolutionary process of strengthening safeguards.

Physical protection, including illicit material trafficking

A central principle of peaceful nuclear activity is that the physical protection of
nuclear material and installations is the exclusive responsibility of the State. This is essential,
since effective protection involves such elements as physical barriers, personnel clearances
and, ultimately, the police powers of the State, which no external State or international body
has authority to utilize or impose. Nevertheless, physical protection is not outside the reach
of international co-operation and such co-operation has, in fact, made major contributions to
effective physical protection. For example, the guidelines for physical security measures
contained in the IAEA's publication INFCIRC/225, while advisory in nature, are widely
recognized and followed as the standards that must be met to ensure effective protection.

There is good reason for international interest and co-operation in this field. As aptly
stated in the preface to INFCIRC/225, "it is not a matter of indifference to other States
whether and to what extent that responsibility [for effective protection] is being fulfilled." It
is self-evident that a failure or shortcoming of physical security in one State could have
disastrous and far-reaching consequences for other States.

One area of obvious international concern, but by no means the only one, is the
protection of nuclear material in international transport. The conclusion of the "Convention
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on Physical Protection of Nuclear Materials," establishes standards for protection during
transport and provides for international co-operation in response to any theft or diversion of
material in transit. This convention has now been adhered to By 57 States, but a number of
States, including several possessing nuclear material, have not yet become parties. The
Working Group urges renewed efforts to achieve universal adherence to the convention.

The guidelines of INFCIRC/225 and the Convention on Physical Protection are major
achievements for which the IAEA deserves much credit. These achievements demonstrate that
there is a basis of concern and an appropriate role for international co-operation in physical
protection, and the Working Group believes that it is now timely to take a further important
step in this direction. Important as international safeguards are to the conduct of peaceful
nuclear activities, it must be recognized that they address principally State compliance with
peaceful use obligations and, while they may supplement State physical security by detecting
subnational theft, detection would ordinarily take place after a theft had already occurred.

We believe that both government and the public will increasingly expect not only
detection of any diversion but avoidance. As noted in Key Issue Paper No. 5, physical
protection is a matter of national responsibility. However, strengthened assurance that national
physical protection standards and performance meet high standards and that remedial action
to correct any deficiency will be taken will do much to meet the need for assurance that
subnational theft will not take place. One approach that deserves careful consideration is to
make it possible, through an international convention or other means, for the IAEA to assess
the effectiveness of national security measures, much as it already does in the area of nuclear
safety, and to offer advice and assistance to correct deficiencies. Among the questions to be
addressed is whether the IAEA's activities should be invoked on request by a State on a case-
by-case basis or whether they should be applied in a systematic manner in States adhering to
a relevant umbrella agreement, in a manner analogous to the Agency's safeguards. While it
is clear that the utmost care will be required in light of the sensitivity of national security
measures, the IAEA has established an outstanding record in protecting sensitive State
information and this problem would appear to be soluble.

While every effort must be taken to prevent the theft or seizure of nuclear material
from national facilities, provision must be made to deal with such a loss if it occurs.
Responsibility for responding to a loss while the stolen material remains in the territory of
the State experiencing the loss rests exclusively with that State. However, once nuclear
material is stolen, there is a strong likelihood that attempts will be made to remove it from
the State. Thus, co-operative mechanisms are needed through which States that experience
a loss ofmaterial through theft, or even suspected theft, would alert other States^ especially
adjoining ones. The IAEA could play an important role in co-ordinating and monitoring such
arrangements. The Working Group recommends that steps be taken to establish such
arrangements at an early date, building on the co-operation already taking place in the P-8
framework resulting from the Moscow Nuclear Safety Summit..
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Export control

Although export control has been a controversial issue, its importance is generally
recognized and it has become an accepted element of the non-proliferation regime. While
States must remain free to adopt stricter measures in respect to their own exports, consensus
among all suppliers is essential to the effectiveness of export controls. The two existing
mechanisms for achieving this consensus, the Zangger Group of NPT parties and the Nuclear
Suppliers Group, have been successful, and the Working Group finds no need for additional
mechanisms. It recommends, however, that these groups continue their work and keep their
respective lists up-to-date by continuing review to ensure that:

Relevant items associated with sensitive new technologies are recognized and
covered
Any suppliers not included in the Group are identified and appropriate efforts
made to enlist their co-operation, either through group membership or
otherwise.
Items for which controls are ineffective owing to availability from non-
cooperating sources of supply are identified, and brought under effective
control by enlisting the co-operation of non-conforming suppliers.

4.5.8. Confidence building measures, including transparency

In studying measures, both internal and external, for confidence building related to
non-proliferation, it must be understood that the measures to be used must be acceptable to
each host nation which bears principal responsibility for their implementation. Confidence
building measures, as applied to non-proliferation, mean bilateral, multinational, or
international arrangements which, while normally lacking die rigour and perhaps the intensity
of formal verification or safeguards arrangements, nevertheless give States confidence in each
others' commitment to and compliance with their mutual arms reduction and non-proliferation
undertakings. Importantly, through co-operation in the exchange of information and
experience, such measures may also build confidence in each others' national arrangements
for avoiding subnational theft or seizure.

Confidence building measures may include, but are not necessarily limited to,
consultations, exchanges of visits and personnel, exchange or transfer of equipment and
technology related to protection of and accounting for nuclear material and the provision and
acceptance of financial assistance relevant to these activities. Confidence building measures
that involve some degree of external access to national activities contribute to "transparency."
Transparency may also be enhanced by national practices and institutions that contribute to
openness.

While confidence building measures can play a very important role in assuring and
demonstrating compliance, it should be stressed that they are not a substitute for formal
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verification arrangements of either a bilateral or international nature. The latter are normally
designed and implemented in a way that allows parries, in the case of bilateral verification,
and the broader international community in the case of international verification, to reach
formal conclusions as to compliance, on the basis of objective information and with a high
and often quantitative level of confidence. Confidence building measures may not reach a
comparable level of assurance. Thus, confidence building measures and more formal
verification may be employed concurrently. Moreover, both bilateral and international
verification measures may be implemented concurrently; in recognition of the different
interests and communities which they serve. Ordinarily, international verification is viewed
as preferable, but its application may be limited in connection with the protection,
management and disposition of weapons-origin fissile material in view of the need to avoid
disclosure of sensitive information and technology.

These principles are incorporated in the Moscow Summit Declaration of April 1996,
which stated, in part, "We recognize the importance of ensuring transparency in the
management of [nuclear material designated as no longer required for defense purposes]" and
the accompanying announcement, which called, inter alia, for placing such material "under
international safeguards as soon as it is practicable to do so."

The Working Group, accordingly, welcomed the initiative of the IAEA in bringing
about trilateral co-operation among the Russian Federation, the USA and the IAEA to address
the various issues associated with implementing IAEA verification of weapons-origin fissile
materials. More generally, however, the Working Group believes that the need for necessary
bilateral and multilateral channels and initiatives is recognized and are being developed to
ensure that a broad and effective array of confidence building measures related to weapons-
origin fissile material will be developed and agreed upon.

4.5.9. Health, safety and environment

This topic has been dealt with principally in Working Group 4 but is also an important
area of international co-operation. Although safety is primarily the responsibility of the State,
which has to define and implement the appropriate measures and regulations in this field, any
serious national deficiency could have transnational and even global consequences. These
consequences are not limited to actual physical effects, but are likely to include immediate
and possibly irreversible impacts on public confidence and acceptance of nuclear energy.
These effects were clearly evident following both the TMI incident in the USA and the
Chernobyl incident in Ukraine, leading many observers to suggest that even a single
additional serious reactor incident could lead to the abandonment of the nuclear power option.

Notwithstanding legitimate international interests, care must be taken to avoid any
dilution of responsibility by granting authority over safety to an international or supranational
body; the potential consequence being unreasonable constraints placed by unresponsible
persons on individual States and their authorized entities. Nevertheless, international
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recommendations on safety principles (such as ICRP 60 and IAEA Safety Fundamentals) can
play a useful role in establishing or improving safety regulations in member States, and
consultation and discussion on topics such as these should be continuing. Efforts should also
be pursued to finalize the convention on the safety of radioactive waste management. In
addition, every country should be encouraged to adhere to this Convention, and to the Nuclear
Safety Convention. In certain countries, the intrinsic low or medium level of safety of some
nuclear plants coupled with the technical and financial difficulty to upgrade them, are
obstacles to such adhesion. Nevertheless, sustaining and developing the existing bilateral co-
operation with such countries, with the full support and participation of the IAEA, would
significantly contribute to enhancing the global safety of nuclear facilities.

The Working Group strongly endorses the activities of the IAEA in the safety area,
noting in particular its safety assessment teams. The safety activities of the NEA area also
noteworthy and while close co-ordination is needed to avoid duplication of effort, the vital
importance of safety clearly merits the attention of bodies of differing membership that bring
to bear differing or complementary viewpoints. The recent Nuclear Safety Summit meeting
of April 1996 in Moscow, which covered nuclear safety in its usual meaning as well as
aspects of nuclear non-proliferation, was indicative of the importance attached to nuclear
safety at the highest international level.

The Moscow Summit reinforced the importance of international partnership in
addressing nuclear safety concerns. The G7 strategy to help improve nuclear safety of Soviet-
designed reactors of the newly independent States of the former USSR and of central and
eastern European countries was developed at the Munich Summit in 1992 and was
complemented by decisions taken at subsequent summits. There have been a number of
initiatives undertaken since then for nuclear safety improvements and for the strengthening
of regulatory regimes in which the EU has played a leading role. These include the
establishment of the Nuclear Safety Account administered by the European Bank for
Reconstruction and Development, the G-24 co-ordinating mechanism, the European Union
PHARE and TAQS technical assistance programmes, the Euratom Loan Facility, co-ordinated
support from the international financial institutions for the energy sector, and bilateral co-
operation projects. The countries of the newly independent states of the former USSR and of
central and eastern Europe have themselves taken action to improve safety and strengthen
their regulatory regimes. The Group urges the continuation of these efforts.

The Working Group found the existing international mechanisms for co-operation,
which include WANO, to be generally adequate, but suggests that consideration be given to
institutionalizing high level attention through periodic meetings, under IAEA auspices, of the
most senior national nuclear safety officials in both advanced and developing countries.
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4.5.10. Conversion of defence nuclear materials and facilities to civil use

Perhaps no recent development in the nuclear field has deservedly attracted more
attention than the decision by the USA and the Russian Federation to dismantle many of their
nuclear weapons and to allocate their contained nuclear materials to civil use or otherwise
dispose of them to foreclose further use in nuclear weapons. While the disposition of these
materials is not directly a part of the civil nuclear fuel cycle, it is linked to the fuel cycle in
many different ways.

In the case of HEU, its availability and conversion to civil nuclear fuel by isotopic
dilution to LEU is creating a new and significant source of enrichment for civil purposes. As
noted earlier, the Working Group strongly supports this development with the understanding
that the current practice of introducing the material into the civil nuclear market is
accomplished at a rate that does not discourage the maintenance of adequate commercial
enrichment capacity.

The disposition in this way of Russian HEU is an outstanding example of international
co-operation, involving conversion to LEU in the Russian Federation, followed by transport
to and marketing for civil purposes in the USA

The case of plutonium presents much greater difficulties, both technically and
institutionally, since plutonium cannot be diluted to non-explosive forms as can HEU, and
controversy surrounds its use as civil nuclear fuel under current conditions. Nevertheless,
there is wide agreement that plutonium designated as no longer needed for defence purposes
should be converted to the "spent fuel standard," a form that makes it roughly as unavailable
and as unattractive for weapons use as spent fuel from the civil nuclear fuel cycle.
Assessment of the best means by which to accomplish this conversion has been the subject
of intensive study and co-operation by the USA and the Russian Federation, involving a
number of other States as well. This co-operative effort has teen far too extensive and its
results developing far too rapidly to be dealt with in detail in this paper. Instead, the Working
Group has recommended that a paper prepared jointly by the Russian Federation and the USA
be presented at this symposium While the activities of the Russian Federation and the USA,
as originators of the material involved are naturally most intensive, several other States, such
as France, Germany, Japan and Canada, are making important contributions to resolution of
the issues, and the Working Group expects that their roles will be thoroughly covered in the
joint paper.

In addition to the surplus materials, it is likely that the reduction of nuclear weapons
will also eliminate the need for several facilities previously devoted to the production of
nuclear weapons materials. The entire US weapons grade material complex has been shut
down for some time, and only a few weapons grade plutonium production reactors remain in
operation in the Russian Federation, because of a continuing civil need for their power and
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heat output. The US and the Russian Federation are co-operating in developing ways to
convert these reactors to civil use only operation.

4.5.11. Standardization

Standardization of reactors and fuels is beneficial from both the economic and safety
points of view. This is already demonstrated by the series of standardized CANDU in Canada,
PWR 900, 1300 and 1500 MW(e) in France, Magnox and AGR in the United Kingdom.
Developing internationally one or two new concepts of optimized, advanced reactors, and
designing the corresponding new fuel elements, could allow important savings in fabrication,
storage, reprocessing/recycling, packaging and transportation of the fuel. The European
Pressurized Reactor (EPR), the result of a bilateral private co-operation between France and
Germany and the Advanced Boiling Reactor in Japan (ABWR), a result also of a bilateral
private co-operation between Japan and the USA, are good illustrations of what can be
achieved in this field. It could be extended to other States interested in sharing the costs of
engineering and R&D. For the time being, only a few reactors are being built in a limited
number of countries, and national policies in these countries have the aim to reach or
approach self-sufficiency and an independent fuel cycle. Such policies are the main obstacle
to an extension of the standardization process. Meanwhile, in the field of quality building and
quality assurance, existing co-operation (ISO, ASTM ) can be extended and new standards
developed or improved for nuclear products and materials dealt with in the fuel cycle.

The evidence is compelling that countries that have adopted standardization most
intensively are also those with the most successful nuclear power programmes in terms of
costs, schedules and operational reliability. In the final analysis, however, except to the extent
that safety is at stake, the issue of how far and how quickly standardization should proceed
is a matter for national determination, in which the market place can be expected to play a
major role. The Working Group is of the view that the existing co-operative mechanisms and
channels of communications, particularly those in the private sector, including the trade press
and industry associations, are adequate to ensure that the benefits as well as any drawbacks
of standardization are well known to the responsible governmental and commercial decision
makers.

4.5.12. Public liability

Nuclear public liability concerns the question of liability and compensation in the
event of a nuclear accident. The development and adoption of a set of mutually re-enforcing
international conventions, supported in many cases by national legislation, is clearly one of
the impressive successes of international nuclear co-operation. Progress has continued to be
made recently within the relevant standing committee on finalizing discussions on a revision
of the 1963 Vienna Convention and on a global supplementary funding convention. The
Moscow Nuclear Safety and Security Summit attached importance to the further development
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of an international nuclear liability regime. An effective nuclear liability regime must ensure
adequate and equitable compensation to victims, and for damage caused by nuclear accidents.

Vital safety improvements are needed in nuclear programmes in certain States. There
is concern that these improvements are not being made because suppliers are reluctant to
undertake them pending the provision of adequate protection against legal action under new
international liability arrangements. In the light of the continuing progress made in recent
negotiating sessions, the Group would encourage States to make every effort to finalize work
in the standing committee with a view to convening a diplomatic conference in 1997.

45.13. Public acceptance

Because of large cultural differences among States, international co-operation in the
promotion of public understanding and acceptance of nuclear energy has been somewhat
limited Nevertheless, it is clear that, while they may be expressed in different ways and
remedial measures may differ, there are many common elements in public misconceptions
even in States of widely varying cultural backgrounds. The Working Group believes that it
would be useful for the IAEA to convene periodic meetings of senior officials concerned with
public understanding in their respective governments with a view to ascertaining how and to
what degree common programmes can be useful.

4.5.14. Financing

Many, if not most, nuclear power projects in developing countries have benefited from
export financing offered by the principal vendor nations. However, for many years, the major
international financial institutions, including the World Bank and its regional counterparts,
have systematically refrained from the financing of large nuclear projects such as nuclear
power plants. Since attempts to develop economic small or moderate size nuclear power
plants have not been successful, nuclear power for the foreseeable future will be confined to
countries with relatively large and rapidly growing electric power grids. While generalizations
may not be entirely reliable, countries in this category are normally not in need of large scale
development financing, and many, indeed enjoy large trade surpluses as a result of the rapid
growth of trade between developing and industrialized States. As a consequence, the Working
Group does not believe that efforts to reverse the attitudes of the: international financial
institutions in principle are either needed or likely to be successful. At the same time, the
Working Group believes that the IAEA should maintain continuing contact with energy
officials of the lending institutions to ensure that they have an up-to-date understanding of the
nuclear situation. Additionally, if particularly meritorious projects arise that could benefit from
international financing, the States concerned should not hesitate to seek such financing as an
exceptional case.

The nuclear fuel cycle and particularly the area of waste management may offer the
most realistic chance of securing international financing. In the event a technically and
institutionally sound project for waste storage or disposal materializes, international financing,
if needed, could be vigorously pursued
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5. PRINCIPAL CONCLUSIONS AND RECOMMENDATIONS

The key issues paper includes numerous conclusions and recommendations relevant
to international co-operation, and it would be impractical to separately state all of these. In
this section, several of the principal conclusions and recommendations are reiterated, but
readers are urged to review the entire report for a complete assessment of the Working
Group's views.

5.1. CONCLUSIONS

(1) International co-operation has been an essential factor and a principal driving force in
the development and application of nuclear power and other peaceful uses of nuclear
energy. The most distinctive feature of this co-operation - die international nuclear
non-proliferation regime - has successfully limited the spread of nuclear weapons to
levels far below those once predicted

(2) The supply of nuclear materials, equipment, and technology by States possessing these
to other States has been one of the major and most impressive successes of
international co-operation. The conduct of the supply function by private commercial
firms, reflecting an ongoing process that began many years ago, is a desirable
development that has helped ensure reliable supply on reasonable terms.

(3) The arrangements and mechanisms in place for co-operation in peaceful uses are
generally adequate to meet current and future needs, but desirable improvements in
a number of areas have been identified and outlined in this paper. The most important
of these are reiterated in the recommendations that follow.

5.2. RECOMMENDATIONS

(1) Although views differ as to the time at which the liquid metal fast neutron reactor
(LMR) may be needed, its development remains the major frontier for advanced
reactor development. The States still actively involved in large scale LMR
development - Japan, France and the Russian Federation - should be encouraged to
conduct as much of their programmes as possible in a co-operative manner, and to
open this co-operation to other States, which should be encouraged to share in the
costs involved.

(2) One consequence of adoption by some governments of additive requirements, on
supply of nuclear goods, over and above the requirement of non-explosive use and
safeguards, has been the continuation of "special labeling" for some imported
materials, even for NPT parties. Although exporting States have the right to impose
such requirements, accepting whatever commercial disadvantage this may entail,
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means to reduce or eliminate the burden of these additive constraints, in particular
labeling, should be explored.

(3) The demilitarization of nuclear materials previously allocated to defence use is an
especially welcome development when enriched uranium so released is made available
for civil use. The current understanding and practice that it should be introduced into
the civil market at a rate that does not jeopardize the maintenance of commercial
sources of supply should be retained.

(4) The conversion of plutonium designated as no longer needed for defence purposes to
the spent fuel standard should begin as soon as practical and as much of this material
as practical should be transformed to the spent fuel standard by conversion to MOX
and irradiation in current light or heavy water reactors. While the Russian Federation
and the USA, as the nations possessing the surplus material, necessarily have major
responsibility for its disposition, co-operation by other States in the disposition process
and improvement of material protection, control and accounting (MPC & A) at civil
facilities is highly desirable and should be encouraged

(5) International co-operation in the storage or disposal of spent fuel, as well as disposal
of vitrified high level waste (HLW), including possible transfer of spent fuel for
storage or disposal in countries other than that where the material originates, should
be encouraged. Current initiatives, including the International Monitored Retrievable
Storage System (IMRSS) concept and the multilateral study now under way under
South African auspices, are encouraging and should be pursued

(6) Efforts currently under way to improve transparency in the processing and use of
plutonium should be encouraged Additionally, efforts should continue to bring
recovery and recycle of plutonium into better balance, with a view towards minimizing
stockpiling of separated plutonium, although there is not universal agreement on the
importance of this goal.

(7) International plutonium storage under IAEA auspices, pursuant to the Agency's
authority under Article XII of its Statute should be the subject of continuing review,
while taking into account that any need that may be perceived for such an
arrangement may diminish as recovery and reuse of plutonium are brought into better
balance.

(8) While detailed technical information on some aspects of the fuel cycle is sensitive and
should not be given broad dissemination, the IAEA should explore appropriate steps to
ensure the exchange, on a current basis, of basic information on major developments and
economic and programmatic information on the fuel cycle. This could be accomplished
through establishment of a regular mechanism for such exchange, while taking into
account the need for close coordination and avoidance of duplication with NEA and the
European Commission.
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(9) Multilateral, including regional, organizations have made an important contribution to
peaceful nuclear development, and are an effective means of co-operation, provided
that flexibility of form is preserved and the initiative for formation is based on sound
political and economic analysis and on interest on the part of industrial participants.

(10) Multilateral centres supplying fuel cycle services, including commercial firms serving
international markets on the basis of long term contracts, can provide economic and
non-proliferation benefits in comparison with a greater number of separate national
undertakings, when these services are found to be needed. Plutonium recovered in
such centres must continue to be held and used only under strict conditions which
assure its security and contribute to the achievement of global objectives for nuclear
non-proliferation.

(11) Regional organizations for purposes in addition to or other than performance of fuel
cycle services can also provide an appropriate and useful framework for co-operation.
These additional purposes include safety and R&D co-operation. A logical region for
development of such an organization is Asia and the Pacific Basin, and further study
concerning this concept should be encouraged. In the event such an organization is
established, its relationship to the IAEA and, in particular, the assignment to it of any
responsibilities in the area of safeguards, must be carefully considered, taking into
account the conclusion of the 1995 NPT Extension Conference that "the IAEA is the
competent authority" to verify compliance with non-proliferation undertakings.

(12) Both governments and the public will increasingly expect not only detection but
avoidance of any diversion of nuclear material. Accordingly, consideration should be
given to providing assurance, through an international convention or other means, that
national physical protection standards and performance meet high standards, and that
remedial action is taken to correct any deficiencies. The possible role of the IAEA in
any such arrangements, including providing for peer reviews and technical assistance,
should also be considered.

(13) International co-operation in assuring a high standard of nuclear safety is essential, and
the activities of several organizations, including the IAEA and its safety assessment
teams (OSART), the NEA, WANO, and the International Safety Conventional that
came into force, are particularly noteworthy. While the mechanisms for safety co-
operation are generally adequate, consideration should be given to institutionalizing
high level attention and commitment to co-operation through periodic meetings, under
IAEA auspices, of the most senior national nuclear safety officials in both advanced
and developing countries.
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