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Preface

This Nuclear Energy Outlook, issued on the occasion of the 50th anniversary of 
the OECD Nuclear Energy Agency (NEA), is the first of its kind and responds to 
the renewed interest in nuclear energy by member countries. “Outlooks” are 
a recognised trademark of the OECD, with well-known regular volumes on 
economy, energy and environment for example. This new Outlook broadens 
the range of key issues addressed in these authoritative books.

In 2008, the NEA has 28 member countries, and some non-member coun-
tries also contribute to our work as formal observers in our committees and 
subsidiary bodies. Some 85% of installed nuclear capacity is operated in our 
member countries, but their positions regarding nuclear energy vary widely 
from firm commitment to firm opposition to its use. The role of the Agency 
is to provide factual studies and balanced analyses that give our members 
unbiased material on which they can base informed policy choices.

There is no doubt that the problems associated with modern society’s 
consumption of energy are serious and growing more so on a daily basis. 
There is now widespread agreement that the practices of the past are not 
sustainable. In the OECD family, the International Energy Agency (IEA) 
projects that, with current government policies across the world, total 
primary energy and electricity demands will increase respectively by more 
than 50% and 90% by 2030, and that the great majority of this increase will 
be met by fossil fuel sources. Against this backdrop, global climate change 
and security of energy supply are key issues raising concerns for our policy 
makers.

The IEA estimates that, in a business-as-usual scenario, CO2 emissions will 
be some two and a half times greater than today by 2050. On the other hand, 
the Intergovernmental Panel on Climate Change estimates that, to contain 
global warming to a manageable 2°C, CO2 releases in 2050 must be only half 
of their present levels. As for security of supply, fossil fuel resources are 
consumed at an ever-increasing rate and competition for dwindling supplies 
is becoming fiercer. As a result, the price of fossil fuels, in particular oil and 
gas, is increasing steadily, threatening economic growth worldwide.

Nuclear energy is an established technology offering a reliable option to 
address these issues. More efficient use of energy, renewable sources, and 
carbon capture and storage are important components of the response to 
security of supply and climate change challenges, but no option should be 
overlooked. Nuclear energy is part of the solution; the size of its contri bution 
will depend as much on the capabilities of governments and the nuclear 
industry to address society’s concerns about safety, radioactive waste 
disposal and the proliferation of nuclear weapons as it will on its economic 
competitiveness.
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Today, with an installed capacity of around 370 GWe and an annual 
production of some 2 700 TWh, nuclear power supplies 16% of the world’s 
electricity. Using authoritative electricity demand estimates for 2030 and 
2050, the NEA elaborated its own scenarios of nuclear energy development. 
Designed to illustrate possible future contributions of nuclear energy to 
global supply, the low and high projections assume respectively that other 
nearly carbon-free technologies are successful and that nuclear energy 
technology performance fulfils present expectations. The outcome is a range 
of 4 300 to 10 500 TWh for nuclear electricity generation worldwide in 2050. 
In either case, nuclear energy will remain an important part of the energy 
supply landscape in the coming decades.

This Outlook explores the concerns surrounding the use of nuclear energy. 
It presents data, information and analysis that form a basis for the evaluation 
of those concerns. It investigates uranium and fuel cycle service supply 
capabilities, health and environmental impacts of nuclear and alternative 
fuel chains for electricity generation, nuclear safety, waste management and 
disposal approaches being implemented in member countries, public and 
political acceptance issues, as well as proliferation resistance and security.

Looking ahead to 2030 and beyond, the Outlook provides insights into 
nuclear technology developments expected in the coming decades. It explores 
advanced reactor designs and fuel cycles, and also nuclear energy’s potential 
non-electricity uses such as for desalinating water, hydrogen production and 
process-heat supply for industrial applications. In this connection, it gives 
an overview of international collaboration in the field of nuclear energy 
research and development, and of initiatives to enhance the sustainability 
of nuclear energy from the technical and policy viewpoints.

Policy makers are facing major challenges in the field of energy demand 
and supply management. There is a general recognition that all technologies 
have their advantages and disadvantages, and that no option should be 
dismissed before thorough comparative analysis. While the risks associated 
with nuclear energy development in terms of financing, safety, waste 
management, weapons proliferation and physical protection raise some 
public concerns, overall they are by no means higher than risks associated 
with alternative energy sources, and the mechanisms to control them are 
already in place.

Nuclear energy plays a substantial role today and could play an even larger 
role as the 21st century progresses. I hope that this book will help member 
countries in deciding on the relevance and importance of the nuclear option 
while designing and implementing their national energy policies.

This book was prepared by the NEA Secretariat with some external 
assistance and is published under my responsibility. The views expressed 
in this outlook do not necessarily represent those of NEA member country 
governments.

Luis E. Echávarri

NEA Director-General
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Key Messages

Balancing energy requirements for continued social and economic 
progress against the potential resulting environmental and socio-political 
impacts is widely acknowledged to be a significant global challenge in 
the 21st century. By 2050, global electricity demand is expected to have 
increased by about a factor of 2.5.

Energy, and particularly electricity, is essential for economic and social 
development and for improved quality of life, but the last century’s global 
trend in energy supply is generally recognised as being unsustainable. 
The world faces environmental threats from climate change caused by 
anthropogenic CO2 emissions and socio-political threats from rising energy 
prices and the possible lack of secure energy supplies. 

Electricity generation accounts for about 27% of global anthropogenic CO•	 2 
emissions and is by far the largest and fastest-growing source of green-
house gases.

Security of supply has become a major concern around the world, particu-•	
larly for countries that have limited indigenous fossil fuel resources and 
are therefore dependent on imported energy. 

In “business-as-usual” scenarios, strong economic growth in many develop-
ing countries, leading to a more energy-consuming lifestyle, and the projected 
50% increase in the world population, primarily in the developing regions, 
are the drivers for growing energy demand. Fossil fuel use will continue its 
inexorable rise to meet this increase unless governments’ energy policies 
change worldwide. Nuclear energy has a potentially strong role to play in 
alleviating these problems.

Current and likely future contributions to global energy supply 
from nuclear power

In 2006, nuclear energy supplied 2.6 billion MWh: 16% of the world’s 
electricity and 23% of electricity in OECD countries.

In June 2008, there were 439 nuclear reactors operating in 30 countries and •	
in one economy, with a total capacity of 372 GWe. 

France, Japan and the United States have 57% of the world’s nuclear •	
generating capacity; in 2007, sixteen countries relied on nuclear energy to 
generate over a quarter of their electricity. 

Balancing growth of world energy demand with its resulting 
environmental, social and political impacts
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In June 2008, 41 nuclear power reactors were under construction in 
14 countries and one economy; average construction times of 62 months 
are consistently being achieved in Asia; of the 18 units connected to the grid 
between December 2001 and May 2007, three were constructed in 48 months 
or less.

Current national plans and authoritative statements of intent suggest that 
the countries having the largest installed nuclear capacity in 2020 will be the 
United States, France, Japan, the Russian Federation, China and Korea. China 
and the United States plan the largest increases in capacity.

The NEA has projected global nuclear capacity to 2050 using low and high 
scenarios. The outcome is:

By 2050, global nuclear capacity is projected to increase by a factor of •	
between 1.5 and 3.8. 

Under the high scenario, the nuclear share of global electricity production •	
would rise from 16% today to 22% in 2050.

Under both scenarios, nuclear generation would continue to be heavily •	
based in the OECD countries.

Although a number of countries currently without nuclear power have •	
plans to join the nuclear energy community, they are likely to add only 
about 5% to global installed nuclear capacity by 2020.

These projections are in broad agreement with those from other 
organisations. Historic evidence suggests that the world could construct 
nuclear power plants at a rate more than sufficient to meet the NEA high 
scenario projections during the period up to 2050.
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Nuclear energy’s role in minimising the negative consequences 
of growing energy demand

Climate change

The United Nations (UN) Intergovernmental Panel on Climate Change (IPCC) 
concludes that CO2 emissions, including those from electricity generation, 
must be halved to contain the consequences of climate change at a tolerable 
level. 

On a whole life cycle basis, nuclear energy is virtually carbon-free.•	

A combination of technologies is needed to meet this demanding target, •	
but nuclear energy is the only carbon-mitigating technology with a proven 
track record on the scale required.

Nuclear energy could make an increasing contribution to electricity •	
generation, as well as to virtually carbon-free heat in the future; a 
potentially important development is global R&D aimed at producing 
hydrogen to fuel the transport sector, using nuclear heat.

Most potential external costs (i.e. those not represented in the price, 
including the consequences of climate change) have already been internalised 
for nuclear power, whereas for fossil fuels, external costs are around the same 
size as direct costs.

Energy security

Nuclear energy is more able than oil or gas to provide security of supply  
because the fuel – uranium – comes from diverse sources and the main 
suppliers are operating in politically stable countries.

Identified uranium resources are sufficient to fuel an expansion of global •	
nuclear generating capacity, without reprocessing, at least until 2050. Based 
on regional geological data, resources that are expected to exist could 
increase uranium supply to several hundreds of years.

A significantly expanded global nuclear energy programme could •	
potentially be fuelled for thousands of years using the currently defined 
uranium resource base; however, this would require fast breeder reactors, a 
technology that is well-developed but not yet in commercial operation.

Uranium’s high energy density (1 tonne of uranium produces the same •	
energy as 10 000-16 000 tonnes of oil with current practices) means that 
transport is less vulnerable to disruption and storage of a large energy 
reserve is easier than for fossil fuels. 

Nuclear energy could play a significant role in avoiding CO2 emissions, 
providing greater energy security and reducing the serious health effects 
that result from fossil fuel combustion.
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Health effects

Nuclear energy could contribute to reducing the significant health effects that 
arise from fossil fuel consumption.

The health effects of operational emissions from nuclear power are •	
negligible compared to those resulting from fossil fuel use.

Loss of life from the health effects of emissions from burning fossil fuels •	
far outweighs that from accidents involving all sources of energy.

Comparison of full energy chain frequency/consequence data for real •	
accidents shows that, contrary to popular belief, nuclear energy presents 
a far lower accident risk than fossil energy sources.

Nuclear energy offers the opportunity of meeting a significant part of the 
anticipated increase in electricity demand whilst reducing the potential 
environmental, political and economic concerns associated with fossil 
fuels. However, a significant fraction of public opinion perceives that the 
risks of nuclear energy outweigh its advantages. The nuclear industry and 
governments wishing to use nuclear power need to manage the real and/
or perceived issues of safety, waste disposal and decommissioning, non-
proliferation and security, and cost. 

Meeting the challenges to nuclear energy growth

Safety

Nuclear safety is a global issue: a serious event in one country may have a 
significant impact on its neighbours; the nuclear industry has, and must keep, 
safety and environmental protection as its top priorities. Effective regulatory 
control will continue to be a key requirement. 

The safety performance of nuclear power plants and other nuclear facil-•	
ities in OECD countries is excellent, as reflected in a number of safety 
performance indicators. This strong safety record reflects the maturity of 
the industry and the robustness of the regulatory system.

The nuclear industry’s safety performance has continued to improve over •	
recent decades. Reactors of new designs have passive safety features that 
can maintain the plant in a safe state, in particular during an unexpected 
event, without the use of active control.

The international community has initiatives in progress to increase •	
regulatory effectiveness and efficiency, in view of the growing interest in 
new nuclear build and the next generation of designs. 

Countries with no previous experience must be helped to institute •	
satisfactory industrial, regulatory and legal practices if they construct 
nuclear power plants.
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Waste disposal and decommissioning

The delay and failure thus far of some major disposal programmes for high-
level radioactive waste continue to have a significant negative impact on the 
image of nuclear energy; governments and the nuclear industry must work 
together to deliver safe disposal.

Because disposal of spent nuclear fuel and high-level waste from repro-•	
cessing has not yet been implemented, it is thought by some to be technically 
difficult or even impossible. 

In practice, the volumes of radioactive waste produced are small, the •	
technologies to manage them are available and there is an international 
consensus that geological disposal of high-level waste is technically feasible 
and safe.

A variety of nuclear facilities has been successfully decommissioned, •	
including several US power plants with capacities larger than 100 MWe 
that have been fully dismantled.

Waste management and decommissioning costs for nuclear power plants •	
represent only some 3% of overall nuclear electricity generation costs. 
Funding schemes exist to finance waste and decommissioning liabilities.

Non-proliferation and security

The global nuclear community must work together to prevent the spread of 
nuclear weapons by states and the malevolent use of radioactive materials by 
criminal or terrorist groups.

For nearly four decades the Treaty on the Non-Proliferation of Nuclear •	
Weapons has been the successful legal and political foundation of the 
international regime for restraining the spread of nuclear weapons.

Multilateral approaches to the nuclear fuel cycle currently under discus-•	
sion have the potential to provide enhanced assurance to the interna-
tional community that proliferation-sensitive nuclear technologies are 
kept contained.

The technical characteristics of advanced nuclear technologies are •	
designed to enhance their resistance to proliferation threats and their 
robustness against sabotage and terrorism threats.

Cost

On a levelised cost basis, building and operating new nuclear plants is 
economically viable in most circumstances; however, governments wishing to 
encourage investment in nuclear plants may need to mitigate the financial risks 
associated with licensing and planning, and those perceived by the financial 
community for radioactive waste management and decommissioning.

A 2005 international comparison of the levelised costs for nuclear, coal •	
and gas power plants showed nuclear to be competitive with coal and 
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gas, with some dependence on local circumstances; since then, oil prices 
have quadrupled (as of June 2008) with other fossil energy prices following 
them upwards. 

The cost of uranium amounts to only about 5% of the cost of generating •	
nuclear electricity.

The economic challenges of nuclear power relate to investment funding •	
rather than the levelised cost of generation.

Returns from existing nuclear energy investments have in many cases •	
been increased through improved availability, power uprates and licence 
renewal; world average availability has increased by 10 percentage points 
in the last 15 years, now reaching 83%. Many plants have been uprated, 
some by as much as 20%; a significant number of reactors have had life-
times extended from 40 to 60 years. 

Nuclear energy and society

If nuclear energy is to expand, an ongoing relationship between policy makers, 
the nuclear industry and society that develops knowledge building and public 
involvement will become increasingly important.

Surveys show that over half of European Union citizens think that the •	
risks of nuclear power outweigh its advantages.

However, people are more concerned about some aspects surrounding •	
nuclear energy (radioactive waste, terrorism and proliferation) than about 
the actual operation of nuclear power plants.

Increased knowledge of nuclear energy leads to increased levels of sup-•	
port – but most people feel that they have inadequate levels of knowledge.

Scientists and non-governmental organisations (NGOs) are the most •	
trusted groups to provide information.

Processes for stakeholder engagement and building public trust are likely •	
to become increasingly important if nuclear energy is to be an accepted 
part of a country’s energy policy.

Developing the technology

The present generation of reactor designs is capable of excellent 
performance. They will provide the basis for nuclear energy growth for 
the next two or three decades. International co-operation on both reactor 
designs and fuel cycles promises even further advances for the future.

Advanced reactors

Future light water reactors – the likely main reactor types until the middle of 
the century – will be Generation III+ designs with improved safety charac-
teristics and better economics; four Generation III+ reactors are operating 
now and more are being constructed.
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Future high-temperature gas-cooled reactors – likely to be commercially •	
available around 2020 – can operate at temperatures sufficiently high to 
produce hydrogen fuel for the transport sector and for other process heat 
applications.

Small reactors being designed for developing economies have inherent •	
and passive approaches to safety, especially advantageous in countries 
with limited nuclear experience; however, the technologies are not yet 
commercially established.

Generation IV energy system concepts, for commercial operation after  •	
2030, offer improved proliferation resistance and physical protection;  
global initiatives aim to support safe, sustainable expansion of 
competitively priced and reliable nuclear energy that minimises waste 
production.

Fusion energy is still at the experimental stage and is not likely to be •	
deployed for commercial electricity production until at least the second 
half of the century.

Current and advanced fuel cycles

Current practice divides between those countries which reprocess nuclear 
fuel and those that do not. Of the three countries with the largest nuclear 
fleets, France and Japan currently reprocess spent fuel and the United States 
currently does not. Advanced reprocessing cycles are under consideration and 
development in many countries, including the United States.

The reprocessing of the spent fuel existing today could provide fuel •	
for about 700 reactor-years in light water reactors. Additional existing  
potential fuel sources could provide fuel for over another 3 000 reactor-
years.

Fast reactors with closed fuel cycles, such as those considered by the •	
Generation IV International Forum, can be designed to burn existing  
stocks of plutonium, or to breed plutonium from non-fissile uranium 
isotopes. In the latter case, the energy extraction from a given quantity 
of uranium can be multiplied by up to a factor of 60, enabling uranium 
resources to last for thousands of years.

Reprocessing also has an advantage for spent fuel management, allowing  •	
a significant reduction in the volume of high-level waste requiring 
geological disposal.

Advanced fuel cycles hold the promise of commercial scale separation of •	
long-lived isotopes and their re-irradiation to eliminate them. The radio-
activity of waste materials arising from spent nuclear fuel would then 
naturally decay to below that of the uranium from which the fuel was 
produced within a few hundred years.
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Extended Summary

Social, political and environmental consequences of the world’s 
energy demand in the 21st century

Energy, and particularly electricity, is essential for eco-
nomic and social development and for improved quality 
of life, but the last century’s global trend in energy supply 
is widely recognised as being unsustainable. The world 
faces environmental threats from climate change caused 
by anthropogenic CO2 emissions and socio-political 
threats from rising energy prices and the possible lack of 
secure energy supplies. 

Strong economic growth in many developing countries, 
leading to a more energy-consuming lifestyle, and the 
pro jected 50% increase of the world population, primarily 
in the developing regions, are expected to drive energy 
demand in the 21st century. Current annual per capita 
energy con sump tion differs markedly by country and region; today’s developing 
countries, with some three-quarters of the world’s inhabitants, consume only 
one-quarter of global energy. By 2050, with current government policies, both 
total primary energy supply and global electricity demand are expected to 
have increased by about a factor of 2.5.

If current government policies in most countries remain 
unchanged, fossil fuel use will continue its inexorable rise 
to meet this increasing demand for energy, whilst nuclear 
power is not likely to make a significant contribution. 
This increase in fossil fuel usage will lead to increased 
CO2 emissions, which science and recent history show 
will have consequent impacts on our climate, and lead to 
political and economic instability resulting from reduced 
security of supply and increased energy prices. 

The United Nations Intergovernmental Panel on Climate Change, in its 
most recent major report published in 2007, showed that environmentally 
sound sources of energy are imperative to control atmospheric emissions 
of greenhouse gases, particularly CO2. Electricity generation accounts for 
27% of global anthropogenic CO2 emissions and is by far the largest and 
fastest-growing source of greenhouse gases.

In 2005, most of the world’s population used significantly less than 
4 000 kWh of electricity per capita, the threshold below which life expectancy 
and educational attainment are observed to fall rapidly. Over the period to 
2030, the biggest growth in electricity demand is expected to occur in India 
and in China. Electricity demand in the United States has grown continuously 
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acknowledged to be 
a significant global 

challenge in the 
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is expected to have 
increased by about 

a factor of 2.5.
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over the past 55 years, with no obvious sign of slowing. As other countries 
aspire to the level of economic development in OECD countries, it is likely that 
their energy demands will eventually follow the same pattern – electricity 
demand is unlikely to level out.

If UN population and IPCC gross domestic product 
(GDP) per capita and energy intensity projections 
hold true, the carbon intensity of the world’s energy 
system must be reduced by a factor of four to achieve 
the 50% reduction in CO2 emissions by 2050 that the 
IPCC considers necessary to stabilise climate change. 
This is tremendously challenging; IPCC data show that 
carbon intensity has improved by less than 10% in the 
last 35 years.

   Security of supply has also become a major concern 
around the world, particularly for countries that have limited indigenous 
fossil fuel resources and are therefore dependent on imported energy. Most of 
the world’s readily recoverable oil and gas reserves are concentrated in a few 
countries in the Middle East and in the Russian Federation. Over the past few 
decades, this has proved to be a significant source of tension, both economic 
and political. 

Current and likely future contributions to global energy supply 
from nuclear power

Nuclear energy offers the opportunity of meeting a 
significant part of the anticipated increase in electri city 
demand whilst reducing the potential global envi ron-
mental, poli tical and economic concerns asso ciated with 
fossil fuels. 

The current contribution to global energy  
from nuclear power

The first civil nuclear power plants were built in the 1950s 
and this led to a major expansion in the nuclear industry 
in the 1970s and 1980s. Rapid growth ended following 
the accidents at Three Mile Island (1979) and Chernobyl 
(1986), and the collapse in fossil fuel prices in the mid-
1980s.

There were 439 nuclear reactors operating in 
30 coun tries and in one economy as of June 2008, with 
a total capacity of 372 GWe. Nuclear energy supplied 

2.6 billion MWh in 2006: 16% of the world’s electricity and 23% of electricity in 
OECD countries. Global operating experience of nuclear power reactors now 
exceeds 12 700 reactor-years. France, Japan and the United States have 57% of 
the world’s nuclear generating capacity; in 2007, sixteen countries relied on 
nuclear energy to generate over a quarter of their electricity.

If projections hold 
true, by 2050 the 
average CO2 emis-
sions per unit of 
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In 2006, nuclear 
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In June 2008, 41 power reactors were under construction in 14 countries 
and one economy: these units will increase global nuclear capacity by 9.4%. 
Average construction times of about 62 months are consistently being achieved 
in Asia; of the 18 units connected to the grid between December 2001 and May 
2007, three were constructed in 48 months or less.

The energy output from existing nuclear energy investments has 
been increased through improved availability, power uprates and licence 
renewals. Energy availability factors for nuclear plants worldwide increased 
significantly over the past decade; although generating capacity rose by only 
1% per year, nuclear electricity production increased by 2.5% per year. Power 
uprates to existing plants have increased global nuclear generating capacity 
by around 7 GWe, and in the United States, as of May 2008, 48 reactors had 
been granted licence renewals, extending their operating lives from 40 to 
60 years, the longest out to 2046.

Although most nuclear fuel cycle 
services are concentrated in France, the 
Russian Federation, the United Kingdom 
and the United States, 18 countries have 
the capability to fabricate fuel, importing 
enriched uranium as necessary.

The likely future contribution  
of nuclear energy 

There are plans for significant further 
nuclear power plant construction, 
particu larly in China, India, the Russian 
Federation, the Ukraine and the United 
States. There are currently no firm plans 
to build additional capacity in Western 
Europe, other than the units currently 
under construction in Finland and France. 
Nuclear build is being encouraged by the 
UK government, but without firm orders 
to date. More recently the newly elected 
Italian government has also expressed 
an interest in new nuclear build. Several 
European countries – Belgium, Germany, 
Spain and Sweden – project significant 
reduc tions in their dependence on nuclear 
energy because they have adop ted phase-
out policies. However, in several of these 
countries political opinion is divided and 
nuclear power will still form a part of the 
energy mix for some considerable time: 
current final shutdown dates are 2022 
in Germany and 2025 in Belgium and 

NEA assumptions

Low scenario – new plants are built 
only to replace retirements in the 
two decades to 2030. Capacity is 
maintained or slightly increased via  
life extension, uprating and higher 
power replacements. 

Between 2030 and 2050:
Carbon capture and storage are •	
successful.
Energy from renewable sources is •	
successful.
Experience of new nuclear •	
technologies is poor.
Public and political acceptance of •	
nuclear power is low.

High scenario – life extensions and 
plant upratings continue. Current 
national plans and authoritative state-
ments of intent for additional capacity 
by 2030 are largely implemented. 

Between 2030 and 2050:
Carbon capture and storage •	
is not very successful.
Energy from renewable sources •	
is disappointing.
Experience of nuclear technologies  •	
is good.
Public concern about climate •	
change and security of supply 
increases, significantly influencing 
governments.
Public and political acceptance  •	
of nuclear power is high.
Carbon trading schemes are wide-•	
spread and successful.
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Sweden. Nuclear energy is regarded much more favourably in the countries of 
Eastern Europe, where some countries have firm intentions to add new nuclear 
capacity.

Current national plans and autho ritative statements of intent suggest that 
the countries having the largest installed nuclear capacity in 2020 will be the 
United States, France, Japan, the Russian Federation, China and Korea. China 
and the United States have the largest planned increases in capacity. The 
countries that produce the largest amount of nuclear electricity in the world 
are not, with the exception of France, those that are most dependent on it. 
Among the probable top five producers in 2020, the United States and China 
are expected to have only 20% and 5% nuclear shares respectively. Although 
a number of currently non-nuclear countries have plans to join the nuclear 
energy community, they are likely to add only about 5% to global installed 
nuclear capacity by 2020.

The NEA has developed low and high scenario projections of nuclear 
electricity supply showing that global installed nuclear capacity could increase 
from 372 GWe in 2008 to between 580 and 1 400 GWe by 2050. Under the high 
scenario, nuclear energy’s share of global electricity production would rise 
from 16% today to 22% in 2050. These projections are in broad agreement with 
those from other organisations.

To achieve this increase, between 2030 and 2050 an average of between 
23 (low scenario) and 54 (high scenario) reactors per year would need to be 
built both to replace plants to be decommissioned and to increase nuclear 
generation. Historic evidence suggests that the world could construct nuclear 

power plants at a rate more than sufficient to meet the 
NEA high scenario projections during the period up to 
2050. History also suggests a global capability to construct 
nuclear plants at a rate that would allow 30% or more of 
global generating capacity to be nuclear by 2030, should 
that be what countries around the world were to require, 
compared with the International Energy Agency (IEA) 
reference scenario projection of 10%. 

The NEA low and high scenarios both project that 
nuclear electricity generation will continue to be dominated by the OECD 
countries. Despite the rapid economic growth expected in India and China, 
their projected share of global nuclear capacity is still relatively small by 2050.

Nuclear energy’s potential role in minimising the negative 
consequences of the world’s growing energy demand

Consequences for climate change

IPCC analysis concludes that annual CO2 emissions must 
be halved from 2005 levels if the consequences of climate 
change are to be contained at a tolerable level. Emissions 
have to be cut to around 13 Gt/yr by 2050. Assessments 
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suggest that emissions will be around 60 Gt/yr in 2050 unless serious 
ameliorative actions are taken. Electricity generation currently accounts 
for 27% of global anthropogenic CO2 emissions and is by far the largest and 
fastest-growing source of greenhouse gases. On a total life cycle basis, nuclear 
energy is virtually CO2 free.

The IEA has suggested that a combination of technol-
ogies is needed to meet this very demanding target, 
including extremely high efficiency gains in both pro-
duction and use of energy, a massive expansion of 
renewable energy, introduction of significant quantities 
of carbon capture and storage and a very significant 
expansion of nuclear energy.

Nuclear energy is the only virtually carbon-free 
technology with a proven track record on the scale 
required. In the NEA’s low and high scenario projec-
tions, CO2 emissions would be reduced by between 4 and  
12 Gt/yr in 2050 if nuclear were used instead of coal, 
significant in terms of the 13 Gt/yr target level that the 
IPCC recommends. 

The concept of external costs applied to electricity generation accounts 
for consequences not represented in the price, including the consequences 
of climate change. Assessments that account for external costs in electricity 
production chains show that nuclear and hydroelectric power generation are 
the least expensive on a full life cycle basis.

However, the Kyoto Protocol did not recognise nuclear energy as an 
accepted technology under its Clean Development and Joint Implementation 
mechanisms, and the protocol’s period of application was too short to have 
significant influence on investor decisions for power plants. The process of 
negotiation for a follow-on treaty has begun. Because electricity plants are the 
largest carbon dioxide emitting sector, with emissions growing faster than in 
any other, any new treaty must allow a much longer-term view and consider 
all available options.

Consequences for energy security

Nuclear energy is more able than fossil energy to provide security of supply 
because the fuel – uranium – comes from diverse sources, the main suppliers 
being in politically stable countries. Uranium’s high energy density (one tonne 
of uranium produces the same energy as 10 000-16 000 tonnes of oil with 
current practices) also means that transport is less vulnerable to disruption. 
Furthermore, the high energy density and the low contribution of uranium to 
the cost of nuclear electricity production make the storage of a large energy 
reserve practical and affordable.

Identified uranium resources are sufficient to fuel an expansion of global 
nuclear generating capacity employing a once-through fuel cycle (i.e. without 
reprocessing) at least until 2050, allowing decades for further discoveries. 

Nuclear energy can 
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The current resource to consumption ratio of uranium is better than that for 
gas or oil. Based on regional geological data, resources that are expected to 
exist could increase uranium supply to several hundreds of years. 

Reprocessing of existing irradiated nuclear fuel, 
which contains over half of the original energy 
content, could provide fuel for about 700 reactor-years, 
assuming 1 000 MWe light water reactors (LWRs) 
oper at ing at an 80% availability factor. Additional 
existing resources, such as depleted uranium stocks 
and uranium and plutonium from ex-military appli-
ca tions, could provide nuclear fuel for about another 
3 100 reactor-years. 

Converting non-fissile uranium to fissile material 
in fast breeder reactors with closed fuel cycles can 
multiply the energy produced from uranium by up to  
60 times. This technology could extend nuclear 
fuel supply for thousands of years, but fast breeder 
reactors are not yet in commercial operation. 
France, the Russian Federation, India and Japan have 
operable fast reactors (some of which are research 
reactors).

Consequences for health effects

The increasing use of energy carries with it significant health effects. The 
health impact of outdoor air pollution is uncertain, but has been estimated 
at currently almost one million premature deaths per year in the OECD 
Environmental Outlook to 2030. Nuclear energy could make a contribution to 
reducing the health effects of fossil fuel consumption. 

A rational evaluation of the health effects of alternative electricity 
production technologies should consider both the long-term health effects 
of possible radioactivity releases from accidents and the far more dominant 
operational emissions from fossil sources. Gaseous and particulate emis-
sions from fossil fuel use (SOx, NOx and fine particulates) are known to 
have significant deleterious health effects. Life cycle analyses of electrical 
energy production chains show that nuclear power (including the effect of 
radio active emissions) is one of the best power production technologies for 
avoiding emission-related health effects. Loss of life from emission-related 
health effects far outweighs that from accidents in energy supply chains.

Comparison of frequency-consequence curves of real accident data for full 
energy chains in OECD countries for the period 1969-2000 shows nuclear to 
be very considerably safer than oil, coal and natural gas which are, in turn, 
notably safer than liquefied petroleum gas (LPG). However, public and political 
concern focuses on the very low probability of large accidents, which could 
lead to fatalities in the long-term as a result of released radioactivity.
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Meeting the challenges to nuclear energy growth

Despite nuclear energy’s potential to reduce global 
environmental and socio-economic threats, a 
significant fraction of public opinion perceives that 
the risks of nuclear energy outweigh its advantages. 
If nuclear power is to achieve its full potential in the 
coming decades, the public and politicians will need 
to be convinced about a number of aspects of the 
technology, in particularly safety, waste disposal 
and decommissioning, physical security and non-
proliferation, and cost.

Safety

The nuclear industry must keep safety and environmental protection as its 
top priorities. The rapid expansion of nuclear power in the 1970s and 1980s 
ended principally as a result of the Three Mile Island and Chernobyl accidents. 
At the same time, low fossil prices made new nuclear plants uneconomic 
in many countries. Despite current high fossil fuel prices, another serious 
accident, whether or not it released significant quantities of radio activity to 
the environment, could have severe implications for the future of nuclear 
energy.

Nuclear safety is a global issue: a serious event in 
one country may have an impact on its neighbours. 
Although the responsibility for ensuring nuclear 
safety clearly resides within each country, the 
international nuclear community is seeking to increase 
harmonisation between national safety practices 
via the Multinational Design Evaluation Programme 
(MDEP) and other international initiatives.

The MDEP is an initiative undertaken by ten countries 
with the support of the NEA, to develop innovative 
approaches to make best use of the resources and 
knowledge of the national regulatory authorities that 
will be tasked with the review of new nuclear power 
plant designs. The main objective of the MDEP effort is to establish reference 
regulatory practices and regulations to enhance the safety of new reactor 
designs. The resulting convergence of regulatory practices and regulations 
should allow for enhanced co-operation among regulators, improving the 
effectiveness and efficiency of the regulatory design reviews that are part of 
each country’s licensing process.

New designs of reactor have passive safety systems that are intended to 
maintain the plant in a safe state, in particular during an unexpected event, 
without the use of active control. Some advanced designs for smaller-sized 
reactors – not yet built – have an integral cooling system, with the steam 
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generators, pressuriser and pumps all located within the reactor pressure vessel 
to reduce the probability and consequences of loss-of-coolant accidents. 

Nuclear energy may be developed in countries where previous experience 
in nuclear power and its regulation is very limited. Ensuring that these “new” 
nuclear countries follow appropriate industrial and regulatory approaches 
and implement adequate legal procedures will be a duty of the international 
community and, in particular, of the vendor countries.

Waste disposal and decommissioning

Low-level and short-lived intermediate-level wastes account for the largest 
volumes of radioactive waste, but are only a small proportion of its total 
radioactivity. Technologies for disposal of such wastes are well developed and 
most countries with major nuclear programmes operate facilities for their 
disposal or are at an advanced stage in developing them. 

The delay or failure thus far of some disposal facility programmes for high-
level radioactive waste (HLW) continues to have a significant negative impact 
on the image of nuclear energy. Governments and the nuclear industry must 

work together to deliver safe disposal. Because HLW 
disposal has not yet been implemented, this has 
given the impression to some that it is technically 
very difficult or even impossible. In addition, waste 
management and decommissioning are sometimes 
believed to be prohibitively expensive.

The quantities of HLW arising are small and can be 
stored safely for extended periods of time. A 1 000 MWe 
light water reactor produces about 25 tonnes of spent 
nuclear fuel (SNF) per year which can be packed for 
disposal as HLW; alternatively, where spent fuel is 
reprocessed, about 3 m3 of vitrified high-level waste 
is produced. 

The consensus approach being pursued worldwide for ultimate management 
of SNF and HLW is geological disposal, for which the technological basis 
is well established. So far no facilities for disposal of SNF and HLW have 
been licensed, but progress is being made through participative national 
decision-making processes. In the United States a site has been selected and 
considerable investigation work conducted. In Finland the selected site has 
received political and local support, and it is possible that Sweden may be in 
that position soon. Numerous other countries, including France, Japan and 
the United Kingdom are currently engaged in the search for an acceptable 
HLW disposal site. If all countries investigating geological disposal succeed in 
operating a repository before 2050, only about one quarter of the SNF and HLW 
generated under the NEA high scenario would be without a defined disposal 
route at that time.

There is experience of successfully decommissioning a variety of nuclear 
facilities, including several US power plants with capacities larger than 
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100 MWe that were fully dismantled, with disposal of the resultant waste. An 
analysis by the United Kingdom Department of Trade and Industry showed 
that waste management and decommissioning costs for nuclear power plants 
represent only 3% of overall nuclear generation costs. Funding schemes exist 
to finance decommissioning liabilities.

It is estimated that 70% of today’s worldwide nuclear decommissioning 
liabilities are associated with military activities from the Cold War rather than 
with civil nuclear power plants.

Non-proliferation and security

The possibility of materials or technologies developed 
for civil use in electri city production being diverted 
for military purposes is a concern to many people. The 
International Atomic Energy Agency (IAEA) safeguards 
system under the Treaty on the Non-Proliferation of 
Nuclear Weapons (NPT) has served the international 
community well in helping to prevent the diversion of 
civil nuclear materials and technologies into military 
uses. The NPT has 191 Parties and came into force in 
1970; it was extended indefinitely in 1995. The safeguards arrangements are 
backed up by diplomatic, political and economic measures and complemented 
by controls on the export of sensitive technology. 

The NPT has been the legal foundation of the inter national regime for 
restraining the spread of nuclear weapons for nearly four decades. Yet its 
future effectiveness and support could be in jeopardy as a result of various 
political, legal and technical developments. To ensure its continued success, it 
needs to be enhanced.

Concerns about the spread of reprocessing and enrichment technologies 
have led the IAEA to propose multilateral nuclear approaches to increase 
non-proliferation assurances for nuclear fuel cycle facilities. These are 
aimed at reinforcing existing commercial arrangements for enrichment and 
reprocessing via a range of possible mechanisms: implementing international 
nuclear fuel supply guarantees; promoting voluntary conversion of existing 
nationally controlled facilities to multinational facilities; creating new 
multinational facilities based on joint ownership for enrichment and for 
disposal of spent fuel. 

Several other proposals are also under discussion or development. These 
include the Global Nuclear Energy Partnership (GNEP) promoted by the 
United States, which has 21 participating member countries as of August 2008, 
and the Russian Federation’s project to establish an International Uranium 
Enrichment Centre (IUEC). Proposals from Japan, Germany and a group of six 
countries with commercial enrichment facilities have also contributed to the 
international debate.

While the international safeguards regime is an important component of 
proliferation resistance, design measures may facilitate the implementation of 
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safeguards controls. Advanced nuclear technologies are being designed with 
enhanced resistance to proliferation threats and robustness against sabotage 
and terrorism threats. 

Cost and funding

A 2005 international comparison of the levelised costs for nuclear, coal and 
gas power plants, carried out by the NEA and the IEA, shows nuclear to be 
competitive with coal and gas, with some dependence on local circumstances. 
Since then, the price of oil has quadrupled (as at June 2008) with other fossil 
energy prices following it upwards. Building and operating new nuclear 
plants is clearly economically viable in the right circumstances. However, 

sensitivity analysis of nuclear electricity generation 
costs show that they are particularly dependent on 
overnight construction cost and on the cost of capital 
(financing charges). The large up-front cost is also a 
discouragement to investors. The economic challenges 
of nuclear power therefore relate more to investment 
funding than to levelised generation costs.

The cost of generating nuclear electricity has three 
main components: capital investment, operation 
and maintenance (O&M) and fuel cycle. The capital 
investment required to construct a nuclear power 
plant contributes typically 60% to the total cost of 
nuclear electricity generation, while O&M and fuel 
cycle contribute about 25% and 15% respectively. The 

cost of the uranium itself amounts to only around 5% of the cost of generating 
nuclear electricity. This is markedly different from the cost structure of fossil 
electricity generation plants, particularly those operating on gas, where fuel 
costs dominate.

The introduction of competitive wholesale markets for electricity has 
generally been positive for existing nuclear plants. Competitive pressures 
have encouraged improvements in operating performance, allowing the full 
value of the assets to be realised. For both new and existing plants, improved 
economics can be achieved through uprating power levels, lifetime extensions 
and increased availabilities. Worldwide, average availability has increased 
by almost 10 percentage points in the last 15 years, now reaching 83%. Five 
countries exceeded 90% average availability in 2006 and in 2007 this increased 
to six countries; the best reactors in the world have availabilities around 95%. 
Many plants have been uprated to produce more power, some by as much as 
20%. A significant number of reactors have had licensed lifetimes extended 
from 40 to 60 years.

The large initial capital cost of new nuclear plants and the length of time of 
licensing processes have caused investors to be very cautious of new 
build. Governments wishing to encourage investment in nuclear may 
need to remove or mitigate the real or perceived financial risks associated with 
licensing, planning and radioactive waste management and decommissioning. 
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Achieving a broad national consensus on the nuclear programme would also 
be advantageous in reducing political risks for investors. 

In addition, governments may need to put in place clear, long-term 
arrangements for carbon pricing or trading. Most potential external costs 
have already been internalised for nuclear power, whereas for fossil fuels, 
external costs are around the same size as direct costs. The manner in which 
a utilitity’s income from electricity generation is taxed can also have the 
effect of influencing the relative competitiveness of generating technologies, 
discouraging the construction of capital-intensive facilities such as nuclear and 
renewables. Governments should ensure that their energy policy objectives 
and taxation regimes are in harmony.

Legal framework, infrastructure and resources

The current international legal framework consists of a suite of legally binding 
treaties, conventions, agreements and resolutions supplemented by numerous 
non-legally binding codes, guidelines and standards. It has undergone 
significant changes over the past five decades. 
Whether at national or international level, legal 
frameworks must be sufficiently flexible to adapt to 
future developments, including a significant increase 
in global nuclear energy production. One of the most 
important challenges will be to persuade countries 
with new nuclear power programmes to abide by the 
terms of the current international framework. The 
same challenge will apply to those countries that 
already have established nuclear programmes, but 
which have so far declined to harmonise their regimes 
with the existing international framework.

National regulatory bodies are important compo-
nents of national legal frameworks for which it is 
essential to keep the following attributes: 

adequate legal authority, technical and managerial competence;•	
adequate human and financial resources to fulfil their responsibilities;•	
freedom from undue influence and pressure which could conflict with •	
safety interests.

With the anticipated increase in demand for nuclear power, concerned 
stakeholders may press not only for more comprehensive and definitive 
national legislation, but for more effective international conventions on public 
participation. The further development and implementation of good governance 
is a necessary step towards educating, empowering and engaging society in the 
policy-making process of deciding and shaping the future of nuclear energy. 
For this to happen effectively, a legal framework that will support transparency 
of information and stakeholder involvement is required. Legislators are likely 
to ensure that stakeholders gain increasing rights to contribute to the nuclear 
decision-making process by established legal procedures; they are already 
convinced that increasing stakeholder involvement in nuclear decision making 
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will lead to enforcement of nuclear and environmental policies that are more 
effective and will help to build public trust and confidence.

Many in the current nuclear workforce received their education and started 
their careers during the rapid buildup of nuclear programmes in the 1960s 
and 1970s. These people are now close to retirement, or indeed have already 

left the industry. The long life cycle of nuclear power 
plants, together with the requirement for technical 
competence, means that the nuclear industry in many 
countries now faces problems in retaining existing 
skills and competencies and in developing future 
skills to support any expansion of nuclear power. 
Availability of adequate human resources is affected 
by the increasing liberalisation of the electricity 
market, resulting in pressure to reduce costs as well as 
a decrease in government funding for nuclear research. 
Most countries have recognised the need to secure 
qualified human resources and recent international, 
regional and national initiatives have been aimed at 

encouraging and facilitating more students to enter the nuclear field. Although 
some progress has been achieved, more needs to be done.

Nuclear research is essential in a number of areas, including safety, 
radioactive waste management, and nuclear science and technology 
development. Throughout the 1990s, most OECD governments with nuclear 
programmes reduced the funding dedicated to nuclear fission R&D. This 
reduction in domestic resources increased the importance of international 
organisations, such as the NEA and the IAEA, as focal points to pool the 
expertise and resources of national laboratories, industry and universities. 
They also play an important role in activities related to the preservation of 
knowledge.

The reduced number of nuclear power plants built worldwide in recent 
years has led to a major consolidation of the nuclear construction industry, 
resulting in a currently limited capacity to construct new plants. If the 
demand is there, this can be rebuilt. There is some evidence that this is 
already happening.

Nuclear energy and society

Provided that the nuclear electricity produced is competitive, people are then 
more concerned about some aspects surrounding nuclear energy (radioactive 
waste, terrorism and proliferation) than about the actual operation of the 
power plants. It is likely that opposition to nuclear energy would reduce 
considerably if the matter of waste disposal sites were resolved.

However, over half of European Union citizens think that the risks of 
nuclear power outweigh its advantages, particularly if they live in countries 
with no nuclear power and so have little personal experience of it, or if they 
do not feel well informed. Increased knowledge of nuclear energy leads to 
increased levels of support – but most people feel they have inadequate levels 
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of knowledge. Scientists and NGOs are most trusted to provide information. 
National governments, energy companies and nuclear safety authorities are 
much less trusted. If nuclear energy is to expand, an ongoing relationship 
between policy makers, the nuclear industry and 
society that develops knowledge-building and public 
involvement will become increasingly important.

Providing citizens with a more in-depth under-
standing of nuclear issues through direct involvement 
has been demonstrated to be highly effective. While 
the provision of information is necessary in order to 
better educate society about nuclear risks, building 
public trust must be recognised as equally important. 
Communication must be open and straightforward, 
and must be balanced as a priority against conflicting 
demands such as security and financial pressures.

Developing the technology

Advanced reactors

Advanced reactors are those in Generations III, III+ 
and IV. Around 80% of today’s nuclear power plants 
use Generation II light water reactors (LWRs), mostly 
built in the 1970s and 1980s, and LWRs are expected 
to continue to be the primary form of nuclear power 
generation until the middle of the century. However, 
most future nuclear power plants will be Generation 
III+ designs; four Generation III+ LWRs are operating 
now and several more are being constructed. These 
designs offer improved safety characteristics and 
better economics than the Generation II reactors 
currently in operation.

Nuclear power could make an increasing contribution to the supply of 
electricity as well as to the production of virtually carbon-free heat in the 
future. Two applications for nuclear heat using LWRs are in current use: 
district heating and desalination. Most other industrial processes require 
temperatures that can only be produced by high-temperature gas-cooled 
reactors (HTGRs). These HTGRs are designed to produce electricity using a gas 
turbine and to operate at temperatures sufficient for hydrogen production and 
other process heat applications. Globally, there is significant R&D investment 
in hydrogen production from nuclear energy, driven by a desire to reduce 
dependence on imported oil, with commercial exploitation expected around 
2020. Hydrogen production could be a significant use of nuclear energy in the 
coming decades.

Much of the projected growth in world electricity demand will take place in 
developing economies, where the large nuclear power plants being developed 
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and built in the advanced nuclear energy countries are not necessarily 
appropriate. Outside of baseload demand in the big and developing economies, 
such as China and India, large nuclear power plants will not always be well 
suited. The geographic isolation of some population centres makes them 
candidates for small or medium reactors (SMRs), particularly if the plants also 
produce heat and/or potable water. A number of Generation III/III+ SMR designs 
are under consideration, about half designed without the need for on-site 
refuelling in order to reduce capital costs and allow easier non-proliferation 
assurances. These are mostly LWRs with inherent and passive approaches 
to safety, such as integral primary coolant systems; such design features 
are especially advantageous in countries with limited nuclear experience. 
However, SMR technologies are not yet commercially established.

For the longer term, Generation IV energy systems 
involving advanced reactor designs are expected to be 
commercialised after 2030. Around the world, many 
advanced reactor designs are under consideration and 
it is clear that considerable international co-operation 
is required to maximise the outcome of scarce R&D 
funding. An important aspect of Generation IV energy 
systems is further-improved proliferation resistance 
and physical protection against terrorist threats. Six 
energy systems, including their fuel cycles, have been 
chosen by the Generation IV International Forum (GIF) 
for detailed R&D, several of which are fast reactors 
with closed fuel cycles. At least three international 

initiatives are in progress that aim to support the safe, sustainable and 
proliferation-resistant expansion of competitively priced and reliable nuclear 
technology that minimises waste production: 

the GIF, for which the NEA provides the Technical Secretariat;•	
the US-led Global Nuclear Energy Partnership;•	
the IAEA-led International Project on Innovative Nuclear Reactors and Fuel •	
Cycles.

At a research and development level, controlled nuclear fusion has been 
realised, although only for a few seconds. Cadarache in France has been chosen 
as the location of the EUR 5 billion International Thermonuclear Experimental 
Reactor (ITER) project, the next major development step. The technology is 
inherently far more complex than fission and the economics of fusion are 
very uncertain; fusion is not likely to be deployed for commercial electricity 
production until at least the second half of the century. 

Advanced fuel cycles

Current practice in dealing with spent nuclear fuel divides between those 
nations which reprocess and those that intend to directly dispose of spent fuel 
to a geological repository after appropriate packaging. Of the three nations with 
the largest nuclear fleets, France reprocesses fuel and provides reprocessing 
services to other nations on a commercial basis; Japan reprocesses fuel, buying 
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services from others whilst developing its own domestic capability; and the 
United States does not reprocess, although it formerly 
had the capability to do so. 

Existing commercial reprocessing technology 
enables the recovery of unused uranium, the recovery 
of plutonium for use in mixed-oxide fuel for LWRs or 
future fast reactors and the reduction of waste volume 
for disposal in a deep geological repository. However, 
the very low price of uranium during the 1990s made 
reprocessing less attractive in economic terms and the 
separation of plutonium led to concerns about potential 
proliferation risks. The price of uranium has recovered in 
the last few years.

Advanced reprocessing technologies are under development in several 
countries, and are the subject of international co-operation as part of the 
Generation IV International Forum and the US-led Global Nuclear Energy 
Partnership. These hold the potential to provide a number of advantages. 
Proliferation risks can be reduced by avoiding the separation of plutonium 
from uranium. Separating the long-lived isotopes from spent fuel (partitioning) 
for subsequent re-irradiation can eliminate them (transmutation). The 
radiotoxicity of the waste resulting from the treatment of spent fuel would 
then reduce by natural radioactive decay to less than that of the natural 
uranium from which the fuel was originally produced in a matter of only a few 
hundred years. The volume and heat load burdens on geological repositories 
could be significantly reduced, allowing the capacity of a given repository to 
be greatly extended.

The use of thorium for energy production in nuclear reactors is also possible; 
thorium is believed to be considerably more abundant in the earth’s crust 
than uranium. The naturally occurring isotope of thorium can be transmuted 
to a fissile uranium isotope. Research and development on thorium-based 
fuel cycles had been conducted in a number of countries but the technology 
has not been developed to the commercial scale.
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Key points

History
The first civil nuclear power plants were built in the 1950s. Major expan-•	
sion in the worldwide nuclear industry took place in the 1970s and 1980s.

Rapid growth ended following the accidents at Three Mile Island (1979) •	
and Chernobyl (1986), and the collapse in fossil fuel prices in 1986.

Current operational status
In June 2008, there were 439 nuclear reactors operating in 30 countries and •	
one economy, with a total capacity of 372 GWe.

Nuclear energy supplied 2.6 billion MWh in 2006: 16% of the world’s elec-•	
tricity and 23% of electricity in OECD countries.

Global operating experience of nuclear power reactors now exceeds •	
12 700 reactor-years.

The United States, France and Japan have 57% of the world’s nuclear gen-•	
erating capacity.

In 2007, 16 countries relied on nuclear energy to generate over a quarter of •	
their electricity.

Current construction status
In June 2008, 41 power reactors were under construction in 14 countries •	
and one economy; these will increase global nuclear capacity by 9.4%.

Average construction times of 62 months are consistently being achieved •	
in Asia. Of the 18 units connected to the grid between 2001 and 2007, three 
were constructed in 48 months or less.

Increasing return on nuclear investment
Energy availability factors for nuclear plants worldwide increased signifi-•	
cantly since the early 1990s. Although capacity rose by only about 1% per 
year, nuclear electricity production increased by around 2.5% per year.

Power uprates to existing plants have increased global nuclear gener-•	
ating capacity by around 2%. In the United States alone, uprates have 
increased capacity by 5 263 MWe (as of May 2008). Applications for a fur-
ther 2 831 MWe of uprating are either pending or expected.

As of May 2008, 48 reactors in the United States have been granted licence •	
extensions from 40 to 60 years, the longest to 2046.

Nuclear fuel cycle status
Although most uranium conversion and enrichment facilities are con-•	
centrated in a few OECD countries and the Russian Federation, 18 coun-
tries have the capability to fabricate fuel using uranium provided by such 
sources.
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Under the west stand of the University of Chicago’s squash courts in Stagg 
Field is a plaque that reads “On December 2, 1942, man achieved here the first 
self-sustaining chain reaction and thereby initiated the controlled release of 
nuclear energy.” Enrico Fermi’s historic achievement paved the way for a glo-
bal nuclear power industry that today provides 16% of the world’s electricity 
output.

Just nine years after Fermi’s first self-sustaining chain reaction, construc-
tion of the first commercial nuclear power station began in the then Soviet 
Union. This chapter gives an overview of the development of civil nuclear 
power from that time to the present day, describing the current status of 
the global fleet of electricity-producing reactors, together with those that are 
under construction. The status of power plant upgrades and life extensions, 
which have produced significant growth in nuclear generating capacity and 
increased return on investment, is also described. The chapter ends with a 
brief overview of the global status of nuclear fuel cycle facilities, an essential 
part of the infrastructure necessary to operate the reactors.

1.1 Development of the nuclear power industry
The first nuclear power station to generate electricity for commercial use 
was connected to the grid in 1954 at Obninsk in the former USSR. It had a net 
output of 5 MWe.1 Two years later, Calder Hall was opened in the United King-
dom, with four 50 MWe Magnox reactors putting 200 MWe into the national 
grid. In 1957, the first electricity-producing pressurised water reactor (PWR) 
started up in a 60 MWe plant at Shippingport in Pennsylvania, USA. From 
these modest beginnings, the industry grew such that by June 2008, 30 coun-
tries worldwide, plus Chinese Taipei, were operating 439 reactors producing 
16% of the world’s electricity.

 The history of civil nuclear power can be divided into three phases, each 
showing markedly different capacity growth rates, as shown in Table 1.1.

1. Unless otherwise stated, data in this chapter are taken from the OECD Nuclear Energy Agency’s 
publication Nuclear Energy Data 2008 (NEA, 2008b) or from the IAEA’s Power Reactor Information 
System (PRIS) database (IAEA, 2008a). Capacities are cited in MWe net throughout the book.

Table 1.1: The three phases of civil nuclear power growth

Phase Time frame
Capacity growth rate

% 
per year

MWe 
per year

Reactors 
per year

Early growth 1957 to 1973 42 2 500 7

Major expansion 1973 to 1990 13 16 000 18

Slow growth 1990 to 2007 <1 3 000 4
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The first prototype plants of the 1950s led to a period of early growth, with 
six or seven reactors being built each year. This was followed by a period of 
major expansion between 1973 and 1990 when an average of 18 units were 
constructed annually. This phase of rapid growth then slowed, as some 
construction projects in the United States began to experience financial 
difficulties and ended abruptly, primarily because of two factors: 

Public and political reactions to two accidents, at Three Mile Island in the •	
United States in 1979 and at Chernobyl in the Ukraine in 1986.

The collapse in fossil fuel prices in the mid-1980s, which resulted in new •	
nuclear plants having difficulties competing economically, especially 
where gas was available.

The effect of fossil fuel prices is typified by nuclear history in the United 
Kingdom, a country that led development of the technology until the dis-
covery and exploitation of the North Sea oil fields, after which only one new 
nuclear plant was ordered.

The growth in global nuclear generating capacity and in the number of 
operating reactors from 1957 to 2007 is shown in Figure 1.1.

Three countries – France, Japan and the United States – have dominated 
the historic build-up of nuclear generation. By 2007, they accounted for 57% 
of worldwide nuclear generating capacity as shown in Figure 1.2.

The historic growth in global nuclear generating capacity resulted from 
increases in the number of operating reactors and also in plant capacity. 
Figure 1.3 shows that both the number of reactors and their average generating 
capacity roughly tripled between 1970 and 1990. Since 1990, the average 
capacity of reactors has risen more slowly, levelling off at about 800  MWe. 
This is partly because construction activities have been concentrated in Asia 
in recent years where, in some countries, smaller reactors have been preferred 
because of availability of domestic reactor designs, the characteristics of 
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electricity markets and the extent of transmission networks. In contrast, 
the two new reactors currently being built in Europe have capacities of 
1 600 MWe each.

Figure 1.4 shows that although the overall trend has been to increase 
the number of operating reactors, reactor closures have slowed the overall 
growth of nuclear generating capacity. The first reactor closures took place in 
1968 and have continued intermittently ever since, with closures exceeding 
additions in 1990, 1991, 1998, 2001 and 2006. Between 1990 and 2007, 73 new 
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Figure 1.5: Number of operating reactors by age
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reactors were connected to the grid worldwide and 62 reactors were closed, 
resulting in a net global increase of only 11 reactors over this 17-year period. 
A total of 567 commercial power reactors have been constructed worldwide, 
of which 128 are no longer operational.

As a consequence of the relatively slow growth in nuclear generating 
capacity in recent years, the average age of the world’s nuclear reactor fleet 
is increasing. In January 2008, there were 342 reactors aged 20 years or older, 
compared to 97 reactors less than 20 years old. The age profile of the world’s 
nuclear plants is shown in Figure 1.5.

1.2 Status of the current global operating nuclear fleet
In June 2008, there were 439 nuclear reactors with a total capacity of 372 GWe 
in operation in 30 countries and Chinese Taipei (IAEA, 2008a). Nuclear energy 
supplied about 2.6 billion MWh in 2006, 16% of the world’s electricity and 23% 
in OECD countries. Global operating experience with nuclear power reactors 
now exceeds 12 700 reactor-years. The countries that had the largest nuclear 
generating capacities in June 2008 are listed in Table 1.2; further information 
on the status of the global nuclear industry is presented in Appendix 1.

The world nuclear reactor fleet comprises a mix of technologies, a product 
of the many different approaches taken by countries in the early years of 

Table 1.2: Worldwide nuclear generating capacity in June 2008

Country Number of 
operating reactors

Generating capacity 
(MWe net)

United States 104 100 582

France 59 63 260

Japan 55 47 587

Russian Federation 31 21 743

Germany 17 20 470

Korea 20 17 451

Ukraine 15 13 107

Canada 18 12 589

United Kingdom 19 10 222

Sweden 10 9 014

China 11 8 572

Spain 8 7 450

Rest of the world 72 40 155

Total 439 372 202

           Source: IAEA (2008a).
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nuclear power. Table 1.3 shows that the global fleet in June 2008 was domi-
nated, both in number and in generating capacity, by pressurised water 
reactors followed by boiling water reactors (BWRs). The remainder of the 
fleet currently in operation is comprised of pressurised heavy water reactors 
(PHWRs), gas-cooled reactors (GCRs), light-water-cooled graphite-moderated 
reactors (LWGRs) and two fast breeder reactors (FBRs).

In 2007, 16 countries relied on nuclear energy to generate over a quarter of 
their electricity, as shown in Figure 1.6.

Table 1.3: Operational power reactors by type

Type Number of units Total capacity 
(MWe net)

PWR 265 243 429

BWR 94 85 287

PHWR 44 22 358

GCR 18 9 034

LWGR 16 11 404

FBR 2 690

Total 439 372 202

Source: IAEA (2008a).

0

10

Source: IAEA (2008a).

20

30

40

50

60

70

80

%
 o

f 
el

ec
tr

ic
it

y 
g

en
er

at
ed

C
hi

na

Pa
ki

st
an

In
di

a

Br
az

il

N
et

he
rla

nd
s

M
ex

ic
o

So
ut

h 
A

fri
ca

A
rg

en
tin

a

Ro
m

an
ia

U
ni

te
d 

Ki
ng

do
m

Ru
ss

ia
n 

Fe
d.

C
an

ad
a

Sp
ai

n

U
ni

te
d 

St
at

es

C
hi

ne
se

 T
ai

pe
i

G
er

m
an

y

Ja
pa

n

Fi
nl

an
d

C
ze

ch
 R

ep
.

Bu
lg

ar
ia

Ko
re

a

H
un

ga
ry

Sw
itz

er
la

nd

Sl
ov

en
ia

A
rm

en
ia

 

Sw
ed

en

U
kr

ai
ne

Be
lg

iu
m

Sl
ov

ak
ia

Li
th

ua
ni

a

Fr
an

ce

Figure 1.6: Nuclear share of electricity generation in 2007



51

1.3 Status of new plant construction
In June 2008, 41 reactors were under construction in 14 countries and Chinese 
Taipei. When completed, these units will add 35 GWe (about 9.4%) of capacity 
worldwide. Of these 41 reactors under construction, 31 are PWRs. Further 
information is presented in Appendix 1.

In addition to the current construction programme, many countries, 
including China, India, Japan, the Ukraine, Korea and the Russian Federation, 
have announced ambitious plans to expand nuclear capacity in the com-
ing decades. Processes that could lead to additional construction in Canada 
and the United States are ongoing and, should these come to fruition, over 
20 reactors could be built in North America. Additional plants are being con-
sidered in other countries; these potential developments are discussed in 
detail in Chapter 2.

In the 1980s and 1990s, nuclear power developed a reputation for slow 
construction. However, as Figure 1.7 shows, consistent average construction 
times2 of 62 months are now being achieved in Asia, where 18 units were 
connected to the grid between late 2001 and May 2007 (IAEA, 2008a). Of these 
18 units, three were connected to the grid in 48 months or less. The fastest 
was Onagawa-3, a Japanese 800 MWe BWR that was connected in 2002 after 
a 41-month construction period. This level of performance will significantly 
reduce the levelised cost of nuclear power. 

2. Construction time is defined here as from the time the first concrete is poured to the time fuel 
is loaded.
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1.4 Increasing output from existing nuclear power plants
Nuclear power stations have high construction costs but low operation and 
maintenance costs; therefore, unit electricity costs fall substantially with 
increased output, which may be achieved with little additional investment. 
Worldwide, the nuclear industry has increased the electricity output from its 
existing plants through a combination of increased availability and uprating 
power output. Energy availability factors for nuclear plants worldwide have 
risen steadily over the past decade or so such that, while generating capacity 
rose by only about 1% per year, nuclear electricity production increased by 
around 2.5% per year (WNA, 2005). This is illustrated in Figure 1.8 where the 
increase in global installed nuclear generating capacity can be compared to 
the increase in global nuclear electricity production.

Between 1990 and 2004, global nuclear electricity production increased 
from 1 900 TWh to around 2 600 TWh. Only 36% of this growth came from 
installing new capacity: 57% came from increased availability of nuclear 
power plants and 7% from uprating their outputs (NEA, 2006b). In addition, 
the operating licences of some nuclear power plants have been significantly 
extended, in many cases from 40 to 60 years. 

The current status of increased availability, uprating and lifetime exten-
sion, all ways of maximising the return on investment in existing nuclear 
power plants, is described below.

Table 1.4: Reactors under construction

Country/ 
economy

Number 
of units

Total capacity 
(net MWe)

Korea 6 6 540
China 6 5 220
Russian Federation 7 4 724
India 6 2 910
Chinese Taipei 2 2 600
Japan 2 2 186
Bulgaria 2 1 906
Ukraine 2 1 900
Finland 1 1 600
France 1 1 600
United States 1 1 165
Iran 1 915
Slovak Republic 2 870
Argentina 1 692
Pakistan 1 300
Total 41 35 128

Sources: IAEA (2008a) and NEA (2008b). 
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1.4.1  Increased availability
Figure 1.9 shows the increase in average energy availability factor that has 
been achieved globally between 1991 and 2006. This has been significant 
in attaining the increases in global nuclear output shown in Figure 1.8. 
Some countries have achieved energy availability factors well in excess of 
the average. In 2005, Finland the Netherlands and Slovenia reached more 
than 95%; three further countries exceeded 90%. In 2006, six countries 
representing nearly one third of the world’s reactors exceeded 90%. It may 
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also be noted that as availability factors take account of “external losses” such 
as load following (where output may be temporarily modified to correspond 
to demand rather than constantly maximised), this figure can be lower in 
countries where nuclear power represents a large share of the electricity 
production. 

1.4.2  Uprating power output
Power uprates have been applied to PWRs and BWRs in many OECD countries, 
particularly Belgium, Finland, Germany, Hungary, Korea, Spain, Switzerland, 
Sweden and the United States. The Russian Federation has started a pilot 
programme to increase power in both VVER-1000s and RBMKs.3 Globally, 
power uprates have increased nuclear generating capacity by about 2%. 
In the United States alone, 118 uprates were made between 1977 and May 
2008, increasing output by 5 263 MWe (US NRC, 2008a), and applications for a 
further 2 831 MWe of uprating are either pending or expected. 

1.4.3  Extending lifetimes: licence renewals
Regulators in some countries, such as the United States, Mexico, Finland 
and Canada, issue fixed-term licences for some or all of their nuclear power 
plants (NEA, 2002). Most plants that started operation in the 1980s were 
PWRs and BWRs, designed with a lifetime of generally 40 years. In the 
majority of cases, these designs incorporated sufficient conservatism for the 
major components to allow for potential life extensions to 50 or 60 years 
of operation. While this is typically referred to as “lifetime extension”, the 
regulatory process is actually licence renewal.

The biggest programme of licence renewal has been in the United States 
where, through to May 2008, 48 reactors had been granted licence extensions 
from 40 to 60 years. The longest so far has been to 2046 for Nine Mile Point 
Unit 2 (US NRC, 2008b). In May 2008, the United States Nuclear Regulatory 
Commission was reviewing a further 17 renewal applications and an addi-
tional 30 applications are expected from US utilities (NEI, 2008). 

Regulators in most other countries issue lifetime licences and generally 
control long-term operation through continuous monitoring of operational 
performance and comprehensive periodic safety reviews (PSRs), usually 
every ten years. PSRs typically show whether the plant is as safe as originally 
designed, if it will remain acceptably safe until the next PSR, and determine 
whether safety improvements are reasonably practicable. Many countries 
use this process to ensure safety for ongoing operation of reactors beyond the 
original design lifetime. For example, the UK Nuclear Installations Inspector-
ate has recently stated that, subject to completion of an agreed programme 
of work, certain of British Energy’s advanced gas-cooled reactors (AGRs) can 
continue to operate for additional defined periods (British Energy, 2007). 

3. VVER: Russian-design PWR; RBMK: graphite-moderated water-cooled reactor of Soviet design.
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1.5 Status of nuclear fuel cycle facilities worldwide
All nuclear power reactors require an infrastructure to produce new fuel and to 
manage used (spent) fuel. Nuclear fuel cycle facilities provide these services. 
In its natural form, uranium consists primarily of two isotopes: uranium-235 
(0.7%) and uranium-238 (99.3%). Of these two isotopes, only uranium-235 is 
fissile and can be used to produce energy in a nuclear reactor. (Uranium-238 
is, however, fertile and when transmuted into fissile plutonium-239 in the 
reactor, it also contributes to energy production.) Consequently, for efficiency 
reasons, the most common types of reactors require their fuel to be enriched 
so that it contains between 3.5% and 5% of uranium-235.

After mining, uranium ore is processed in a mill to produce a stable oxide, 
U3O8. It is then refined and converted to gaseous uranium hexafluoride, UF6. 
Around 70 000 tonnes of UF6 is produced annually to satisfy global demand. 
The gas is enriched in uranium-235 using either gaseous diffusion or centri-
fuge processes. The enriched UF6 is then turned into uranium dioxide, UO2, 
for fuel manufacture. The UO2 is formed into fuel pellets, which are encased 
in metal tubes to form fuel rods up to four metres long. Typically, a PWR pro-
duces some 45 GWh of electricity from one tonne of natural uranium with-
out recycling (IAEA, 2007). The spent fuel is either reprocessed or stored  for 
eventual disposal as high-level waste. When fuel is reprocessed, uranium 
and plutonium can be recycled into new fuel, thus closing the fuel cycle. The 
complete fuel cycle process is shown schematically in Figure 1.10.

Table 1.5 shows the status of the global nuclear fuel cycle by providing 
the number of different types of fuel cycle facilities in commercial operation 
worldwide in May 2008.

Table 1.5: Global fuel cycle facilities

Process Number of facilities 
in commercial operation

Uranium mining and milling 37

Conversion 22

Enrichment 13

Uranium fuel fabrication 40

Spent fuel reprocessing   5

      Source: IAEA (2008b).

The largest conversion plants operate in Canada, France, the Russian 
Federation, the United Kingdom and the United States. The largest enrichment 
plants are in France, Germany, the Netherlands, the Russian Federation, the 
United Kingdom and the United States. Only France, and the United Kingdom 
operate commercial-scale reprocessing plants; Japan has plans to begin 
reprocessing in 2008. Conversion and enrichment capacities are expected 
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Figure 1.10: Schematic nuclear fuel cycle with recycling in a thermal reactor

to increase in most major supplier countries over the coming decade. Older 
facilities are being replaced with new technologies. Table 1.6 summarises 
the global fuel cycle capability by country.

1.6  Summary
Since the first man-made, self-sustaining chain reaction in 1942, the global 
nuclear power industry has developed to provide 16% of the world’s electricity, 
with 439 nuclear reactors operating in 30 countries and one economy. New 
plants currently being constructed will add a further 9.4% to global nuclear 
capacity. Existing plants in many countries are being uprated, availability 
has been significantly improved and licence renewals for two decades of 
additional future generation are now commonplace, especially in the United 
States. Increasing availability, uprating and licence renewal all maximise 
the return on investment in existing nuclear power plants. Although most 
uranium conversion and enrichment facilities are concentrated in a few 
OECD countries and the Russian Federation, 18 countries have the capability 
to fabricate fuel using uranium provided by such sources.
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Table 1.6: Global fuel cycle capability by country

Country Conversion Enrichment Fuel 
fabrication Reprocessing

Argentina ✓ ✓

Belgium ✓

Brazil ✓ ✓

Canada ✓ ✓

China ✓ ✓ ✓

France ✓ ✓ ✓ ✓

Germany ✓ ✓

India ✓ ✓

Japan ✓ ✓ (*)

Kazakhstan ✓

Korea ✓

Netherlands ✓

Pakistan ✓ ✓ ✓

Romania ✓

Russian Federation ✓ ✓ ✓ ✓

Spain ✓

Sweden ✓

United Kingdom ✓ ✓ ✓ ✓

United States ✓ ✓ ✓

* Japan has plans to begin reprocessing in 2008. 
Source: IAEA (2008b).
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Key points

Current government policies suggest that the countries having the largest •	
installed nuclear capacity in 2020 will be the United States, France, Japan, 
the Russian Federation, China and Korea. 

The United States and China have the largest planned increases in capac-•	
ity. France proposes to build little additional capacity (it already has 77% 
nuclear generation; it will replace existing nuclear capacity when neces-
sary). The Ukraine intends to increase its nuclear capacity by about 43% by 
2020. Despite India’s considerable expansion plans, its capacity in 2020 will 
be similar to that of Canada and the Ukraine.

Several European countries – Belgium, Germany, the Netherlands, Spain •	
and Sweden – project significant reductions in their use of nuclear energy 
because they have adopted phase-out policies. It may be noted, however, 
that political opinion is divided and nuclear will still form a part of the 
energy mix of these countries for a considerable amount of time: final shut-
down dates are currently planned for 2022 in Germany, 2025 in Belgium 
and Sweden and 2033 in the Netherlands.

There are no firm plans to build additional capacity in Western Europe, •	
other than that currently under construction (two units). New build is 
being encouraged in the United Kingdom, but without firm orders to date.1 
This is in marked contrast to Eastern Europe, where significant nuclear 
expansion is envisaged.

Although a number of non-nuclear countries have plans to join the nuclear •	
energy community, they are likely to add only about 5% to installed 
capacity by 2020.

Significant Generation III/III+ design development has taken place in •	
Europe, Japan and in North America. It is likely that global near-term 
capacity increases will be dominated by the construction of light water 
reactors.

France, India, Japan and the Russian Federation have fast reactors •	
that are currently operable (some of which are research reactors). The 
Generation IV International Forum has a number of fast reactor designs 
under development.

Current government policies suggest that nuclear energy development •	
in the future will be led by the United States, France, Japan, the Russian 
Federation, China and Korea.

1. In May 2008, the newly elected Italian government also announced its interest in new nuclear 
construction, after the cut-off date for this chapter.
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2.1 Introduction 
Initially, governments were intimately involved in the advancement of 
nuclear energy, owning the organisations developing the technology and 
sometimes those commercially exploiting it for power production. With the 
liberalisation of electricity markets and the privatisation of the generating 
assets in a number of countries, the pattern is now more mixed. Today, the 
structures of ownership vary considerably around the world, with liberali-
sation diluting government control and responsibility for the development 
and deployment of civil nuclear technology in several countries. However, 
all governments are facing one or more of the pressures of ensuring security 
of energy supply, rising fossil fuel prices and the need to constrain the emis-
sions of greenhouse gases (GHGs). Regardless of the degree of control that 
individual governments have on the mix of generation sources in their elec-
tricity markets, many governments and political parties are re-evaluating 
the role that nuclear power could or should play.

This chapter explores the current positions of governments around the world 
on the future of civil nuclear energy in their jurisdictions as of 31 December 
2007. Because the cut-off date is one year later than that in Chapter 3, some 
small differences may occur between the two chapters. For some, the future of 
nuclear energy is described in government policies setting out specific targets 
for future build. Other governments promote nuclear energy, but leave market 
forces to determine the rate of new build and the extent to which nuclear 
contributes to the domestic energy mix. Some countries’ policies simply 
address near-term capacity; others deal with longer-term technology issues 
such as Generation III, III+ and IV (Gen-III/III+ and IV) reactor designs (includ-
ing high-temperature designs suitable for nuclear hydrogen production), to 
assure a nuclear energy future marked by security of supply and reduced 
CO2 emissions. In contrast, there are also policies to abandon nuclear energy 
in some countries.

Section 2.2 first reviews the stated policies of the 30 countries and one 
economy that currently operate nuclear power plants to generate electricity, 
of which 17 are members of the OECD.2 It sets out their aspirations for their 
near-term nuclear energy future by looking at the scale of likely reactor build 
programmes to 2020. Where clear, policies on plant uprating and life exten-
sion are included in this section, noting that more than 100 existing nuclear 
plants (~25%) are likely to be considered for life extension in the next ten 
years. 

Section 2.3 then reviews the policies of those countries that do not cur-
rently use nuclear energy, but which have stated an intention to introduce 
its use.

2. Unless otherwise stated, data in this chapter are based on NEA (2008), WNA (2007), WNA 
(2008) and IAEA (2008, 2008a). In calculating nuclear shares, data for countries’ electricity genera-
tion are from IEA (2006).
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Following on is a consideration of government policies in other areas that 
affect the nuclear life cycle in the long term, including progress with high-
level waste (HLW) disposal and the development of fast reactors (Sections 2.4 
and 2.5). Progress with HLW disposal is likely to be critical in gaining and 
maintaining public support for nuclear energy. Development of fast reactor 
technologies may be significant in building confidence in energy security by 
enhancing the available energy from uranium resources by up to 60 times, 
and also in non-proliferation, for example through the US-led Global Nuclear 
Energy Partnership concept.

Finally, Section 2.6 makes some judgements about likely changes to the 
near-term global pattern of nuclear energy development on a country-specific 
basis.

The NEA’s longer term high and low scenario projections for installed 
capacity by region are described in Chapter 3. Those projections are based in 
part on the government policies outlined in this chapter.

2.2 Near-term policies of countries and economies currently 
using nuclear energy
As noted in Chapter 1, in June 2008, 439 nuclear power plants with a total 
installed net capacity of 372 GWe were operating in the world. When 
completed, the 41 reactors under construction will increase global nuclear 
capacity by 35 GWe.

Argentina
Argentina has two nuclear reactors totalling 935 MWe capacity that gener-
ated 6.2% of its electricity in 2007. Construction of a third plant proceeded 
slowly because of lack of funds and was suspended in 1994 when the plant 
was about 80% complete. In 2006, the government announced a strategic 
plan for the country’s nuclear power sector which involves completing the 
third plant and extending the life of the two operating reactors. 

Meanwhile, a feasibility study on a fourth reactor will be undertaken, with 
a government decision on the project to be taken in 2008 and construction 
expected to start after 2010. The goal is for nuclear power to be part of an 
expansion in generating capacity to meet rising demand.

Armenia
Armenia relies heavily on nuclear power. Its single VVER 440 MWe reactor 
provided 44% of the country’s electricity in 2007. Two reactors were originally 
built, but one was shut down owing to safety concerns related to seismic 
vulnerability after a powerful earthquake.

In 2007, after the Russian Federation offered to build a 1 000 MWe nuclear 
power plant in return for minority ownership, the energy minister initiated a 
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feasibility study for the new unit that is being carried out with the help of 
the Russian Federation, the United States and the International Atomic Energy 
Agency.

Belgium
Belgium has seven nuclear reactors with 5.8 GWe total capacity, producing 
over half the country’s electricity. In 2003, the Belgian government passed a 
law according to which all Belgian nuclear power plants would close between 
2015 and 2025, after a 40-year lifetime, and construction of new plants is 
prohibited (unless there is a risk to the security of electricity supply in 
which case necessary measures may be taken). In 2007, an energy policy 
study undertaken by the Belgian government indicated that nuclear power 
should be utilised in the longer term to meet CO2 reduction commitments, 
to enhance energy security and to maintain economic stability. The Belgian 
government is expected to undertake another study on the future energy 
mix of the country.

Despite its nuclear phase-out policy, uprates to the country’s nuclear plants 
have been achieved, increasing the total Belgian nuclear generating capacity 
by 319 MWe (5.8%).

Brazil
Brazil has two nuclear power plants with 1.8 GWe capacity producing 2.8% 
of the country’s electricity, the first of which was a United States design of 
PWR. In 1975, the Brazilian government adopted a policy to become fully 
self-sufficient in nuclear technology and signed an agreement with a German 
supplier for eight 1 300 MWe nuclear units over 15 years. However, funding 
issues interrupted construction of the first two Brazilian-German reactors. 
Construction of one unit resumed in 1995 and commercial operation began in 
2000. The other remains partially built. In 2006, the government announced 
plans to complete the construction of this reactor and to build four more 
1 000 MWe nuclear plants at a single site starting in 2015. The addition of up 
to 8 GWe of new nuclear capacity is envisaged by 2030.

Bulgaria
Bulgaria has two nuclear reactors with 1.9 GWe capacity which generated 
about 32% of its electricity in 2007. Four units (VVER-440s) supplied by the 
former USSR were shut down as part of the EU (European Union) accession 
agreement, the first two in 2002 and the two others in 2007.

Early in 2005, the government approved the construction of two new 
953 MWe reactors with the endorsement of the country’s Nuclear Regulatory 
Agency. The government’s commitment to nuclear energy is strong and new 
nuclear plants are expected to come on line in 2013.
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Canada
Canada has 18 operational reactors with 12.6 GWe of generating capacity 
which provided 16% of the country’s electricity needs in 2007. The government 
of Canada continues to support the nuclear option and the development of 
advanced CANDU (CANada Deuterium Uranium) reactor designs. Nuclear 
energy is viewed as an important and viable source of energy necessary 
for future energy requirements. It is also regarded as an important component 
of Canada’s Clean Air Strategy.

Major refurbishment projects are currently under way. Bruce Power’s 
restart and refurbishment programme of the four Bruce A units in Ontario 
is proceeding, with the third unit expected to be restarted by 2010. In 2005, 
New Brunswick Power decided to proceed with the refurbishment of its sole 
CANDU reactor. Ontario Power Generation is examining the case to extend the 
life of its four Pickering B units and ultimately the four Darlington reactors, as 
key elements of its future plans. Moreover, Hydro-Québec is expected to take 
a decision concerning the refurbishment of its nuclear power plant (Gentilly-2) 
before the end of 2008.

New nuclear build projects are being considered by public and private 
companies. The actual number of new reactor units to be built in Ontario 
largely hinges on refurbishment plans for the existing units. Both OPG and 
Bruce Power submitted formal applications to the Canadian Nuclear Safety 
Commission for new reactor construction at their Darlington and Bruce sites, 
respectively. Bruce Power Alberta is also considering building up to four 
reactors that could produce 4 GWe in Alberta. Finally, the government of New 
Brunswick is examining the feasibility of building a second reactor in the 
province.

China
China has actively promoted nuclear energy since its first plant came into 
commercial operation in 1994. Chinese electricity demand has been growing 
at more than 8% per year with nuclear energy providing 62.6 TWh in 2007. 
The 11 NPPs with 8.6 GWe of installed capacity currently in operation pro-
duced 1.9% of the country’s electricity.

China’s tenth Economic Plan (2001-2005) included the construction of eight 
nuclear power plants, though the timeline for contracts has been extended. 
In May 2004, the China National Nuclear Corporation (CNNC) applied to 
build eight large new reactors totalling nearly 9 GWe and by September 2004 
the State Council had approved the plans for all these units. The eleventh 
Economic Plan (2006-2010) proposes the construction of 14 new reactors, in 
line with the environmental goals that it also contains. More than 16 provinces, 
regions and municipalities have announced intentions to build nuclear 
power plants as part of the twelfth Economic Plan (2011-2015). The govern - 
ment plans to increase nuclear generating capacity to 40 GWe by 2020, at 
which time China expects to produce 300 TWh of nuclear electricity annually, 
although this is expected to represent only a small percentage of total 
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electricity generation. As of June 2008, six units totalling 5.2 GWe were under  
construction.

The CNNC had been working with Westinghouse and Framatome to develop 
a Chinese standard 3-loop 1 000 MWe pressurised water reactor design, the 
CNP-1000. The intention was to use this design for national construction and 
also for exports, with two initial units to be constructed at Fangjiashan near 
Shanghai and two units exported to Pakistan. However, this programme 
has been stopped. Instead, China now expects to build significant numbers 
of Gen-III/III+ light water reactors using the Westinghouse AP-1000 and 
the AREVA European pressurised reactor (EPR) designs. Under a contract 
with Westinghouse, four AP-1000 units will be constructed at Sanmen and 
Haiyand by the State Nuclear Power Technology Corporation. In November 
2007, AREVA and the China Guangdong Nuclear Power Corporation agreed 
a contract to build two EPRs and to provide all the materials and services 
required to operate them. With the experience and technology transfer 
gained from these programmes, China intends to design and build indigenous 
Gen-III/III+ plants.

Czech Republic
The Czech Republic has six reactors with 3.6 GWe of total capacity producing 
about one-third of its electricity. At present, the Czech Republic has an excess 
of baseload generating capacity; however, as some old coal-fired power 
stations will be shut down within the next decade, a real threat of electricity 
shortages exists. As a result, the Czech government has set up an indepen-
dent panel to assess the country’s long-term energy requirements and to 
recommend steps to ensure electricity supply. The existing State Energy 
Policy takes into account plant life extensions and is keeping the nuclear 
option open.

Finland
Finland’s four reactors, with an installed capacity of 2.7 GWe, provided 29% 
of the country’s electricity in 2007. A fifth plant was approved by the Finnish 
government in 2002 – the first new nuclear power plant in Western Europe 
for more than a decade. A turn-key contract was signed with AREVA and 
Siemens for this 1 600 MWe EPR at Olkiluoto. The reactor is expected to begin 
commercial operation in 2011. There are three separate proposals under dis-
cussion for a sixth reactor, which could start up by 2020.

Olkiluoto units 1 and 2 have been uprated by 26% and their lifetime 
extended to 60 years, subject to a safety evaluation every decade. Loviisa units 
1 and 2 have been uprated by 9.7% and have an expected operating lifetime of 
50 years.

France
From being a net importer in the 1970s, France has become the world’s largest 
net electricity exporter. In fact, electricity is France’s fourth-largest export 
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earning EUR 3 billion per year. With 59 nuclear reactors and a total capac-
ity of over 63.3 GWe, France is the world’s second-largest nuclear electricity 
producer after the United States and the country with the largest domestic 
nuclear share (77% in 2007). Annual generation of nuclear electricity grew 
by 43% over a 14-year period after 1990. The French commitment to nuclear 
energy has been based principally on security of energy supply.

France has developed the 1 600 MWe European pressurised reactor (EPR), 
based on the French N4 design, in collaboration with Germany. This is a Gen-III/
III+ reactor, designed to be safer, more efficient and less susceptible to terror-
ist attack. In 1995, it was confirmed as the country’s new standard design and 
received design approval in 2004. Two plants of this design are currently under 
construction, one at Olkiluoto (Finland) and another at Flamanville (France). 
In 2005, Électricité de France (EDF) announced plans to replace its 58 PWRs with 
EPRs as required and Gen-IV reactors in the longer term future.

France has used plant uprates and improved availability to increase pro-
duction. The 900 MWe reactors, most of which started up in the late 1970s or 
early 1980s, have had their operating licences renewed for an additional ten 
years following their mandatory, periodic safety review. Ten-year extensions 
were also granted by the regulatory authority to the twenty 1 300 MWe reac-
tors, subject to minor modifications. In 2003, EDF uprated the four N4 reactors 
at Chooz and Civaux from 1 455 to 1 500 MWe.

In 2006, EDF approved construction of a new 1 600 MWe EPR at Flamanville. 
First concrete was poured on schedule in December 2007 and construction is 
expected to take 54 months.

Also in 2006, the French President announced that the Commissariat à 
l’énergie atomique (CEA) was to start designing a prototype Generation IV reac-
tor to be operational in 2020, pushing the previously announced timeline 
ahead by some five years. 

Germany
Germany obtains around one-third of its electricity from nuclear energy, 
using 17 reactors with an installed capacity of 20.5 GWe. The coalition 
government formed after the 1998 federal elections had the phase-out of 
nuclear energy as a feature of its policy platform. A compromise agreement 
between the government and the nuclear power plant owners that limited 
the operational lives of NPPs to an average of 32 years was negotiated in 
2000 and entered into effect in 2001. An amendment to the Atomic Energy 
Act in April 2002 governs the planned phase-out of nuclear energy use for 
commercial power generation. Following elections in 2005, failure by the two 
partners in the new government coalition to agree to a common policy on the 
future use of nuclear power maintained the status quo of 2001/02. As a result, 
the last nuclear energy plant built in Germany, which came into commercial 
operation in 1989, will be shut down in 2022.
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Hungary
Hungary has four nuclear reactors with 1.8 GWe total capacity which gener-
ated 37% of the country’s electricity in 2007. Nuclear generation costs are 
well below those from other sources in the country and government support 
for nuclear energy is strong. This support also extends to all the main parties 
in the Hungarian political system, perhaps underlying the success of nuclear 
power in a relatively small country. In November 2005, the Hungarian parlia-
ment voted strongly (96.6%) in favour of life extension of the reactors.

The plant operators have also been progressively uprating the electrical 
output of the four reactors. By 2010 the power output of all four will have been 
raised from the originally designed 440 MWe each to 500 MWe. 

India
Nuclear power supplied 2.5% of India’s electricity in 2007 from 3.8 GWe of 
generating capacity. The country has 15 pressurised heavy water reactors in 
commercial operation, 13 with capacities of around 200 MWe each and two 
newer units of 490 MWe each, and two boiling water reactors of 490 MWe 
capacity each. India has a shortage of fossil fuels and a 25% nuclear electricity 
contribution is foreseen by 2050. However, because India has not signed the 
Treaty on the Non-Proliferation of Nuclear Weapons, and therefore has no 
full-scope safeguards agreement in place with the IAEA, it is unable to import 
nuclear technology and nuclear fuel. Indeed, in 1992 the Nuclear Suppliers 
Group (NSG) decided to ban such exports to countries without a full-scope 
safeguards agreement with the IAEA. This calls plans for large increases in 
Indian nuclear power capacity into doubt. Efforts are currently directed at 
developing a specific waiver3 to authorise such exports to India, following 
an initial India-United States agreement in July 2005. India is also developing 
a fast breeder reactor and a thorium fuel cycle in order to overcome the 
existing challenges in providing sufficient quantities of nuclear fuel, taking 
advantage of its large thorium resource base.

India’s PHWR programme started as a collaborative venture with Atomic 
Energy of Canada Ltd. in 1972. Subsequent indigenous PHWR development 
resulted in the 490 MWe reactor design. The first such reactor started up in 
March 2005, five years after pouring the first concrete and seven months ahead 
of schedule. The second reactor of this type was completed five months ahead 
of schedule. 

Between 2010 and 2020, India’s national energy policy calls for further 
construction to increase total gross nuclear capacity to 20 GWe. In 2005, four 
sites were approved for eight new reactors (6.5 GWe in total). Two of the sites 
are to have two 700 MWe indigenous PHWR units each, the third is to have 

3. Three agreements are required: a US-India “123” agreement on nuclear co-operation (referring 
to Section 123 of the US Atomic Energy Act of 1954), a specific safeguards agreement between 
India and the IAEA and India-specific guidelines agreed by the Nuclear Suppliers Group.
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two additional imported 1 000 MWe light water reactors (alongside the two 
VVERs currently being built by the Russian Federation4), and the fourth is 
designated for two more 1 000 MWe LWR units. In April 2007, the government 
approved the construction of the first four of these eight units, each with 
700 MWe capacity.

Japan
Since Japan needs to import some 80% (counting nuclear power as indigenous) 
of its energy requirements, its energy policy has largely been driven by 
security of supply considerations. Without nuclear energy, the import figure 
would rise to 97%. The country is the third-largest nuclear energy producer in 
the world after the United States and France. Currently, 55 reactors provide, 
on average, more than 30% of the country’s electricity from a total installed 
capacity of around 47.6 GWe. 

In 2002, a 10-year energy plan was endorsed calling for an increase in 
nuclear power generation of about 13 GWe, with the expectation that 9 to 
12 new nuclear power plants would be operating by 2011. However, there have 
been delays in implementation. The government’s 2005 Framework for Nuclear 
Energy Policy aims, in the 2030 time frame, to maintain or to increase up to 
40% the share of nuclear energy generation.

Japan is promoting the Fast Reactor Cycle Technology Development Project 
with the objective of conceptually designing a fast reactor and its fuel cycle 
system by 2015, operating a demonstration reactor towards 2025 and commer-
cially deploying fast reactors around 2050.

In 2006, the Nuclear Energy Policy Planning Division of the Agency for Natu-
ral Resources and Energy undertook a two-year feasibility study on technical 
development of Gen-III/III+ LWRs. The new designs, based on the advanced 
boiling water reactor (ABWR) and the advanced pressurised water reactor 
(APWR), are expected to improve safety, reliability and economic efficiency. 
In 2007, the government, industry and utilities announced a plan to develop 
the technologies necessary for new LWR designs to be introduced in 2030. The 
plan envisages the technical development of one BWR and one PWR design, 
each with a 1 700-1 800 MWe capacity.

Korea
The Republic of Korea needs to import some 83% (considering nuclear power 
as indigenous) of its energy requirements, so security of supply and nuclear 
energy are national strategic priorities. Without nuclear energy, imports 
would rise to 97%. Currently, 20 reactors with a capacity of 17.4 GWe provide 
over 35% of the country’s electricity. Electricity demand has increased by 
more than 9% per year since 1990.

4. Contracts signed in advance of the 1992 decision of the Nuclear Suppliers Group.
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Under the country’s fifth long-term power development plan, finalised 
in 2000, eight more nuclear units are to be constructed by 2016. Six NPPs 
(6.5 GWe) are currently under construction and another two NPPs (2.8 GWe) 
are planned. Nuclear energy production will be increased from 137 TWh in 
2007 to 225 TWh in 2020. 

In the 1980s, Korea started technical self-reliance and standardisation 
programmes for building nuclear plants with technology transfer based on 
Westinghouse System 80+ design. A further step in standardisation was the 
Korean Standard Nuclear Plant (rebranded as the optimised power reactor, 
OPR-1000), which incorporates many indigenous design improvements and 
the US advanced light water reactor design requirements.

The advanced pressurised reactor APR-1400 offers enhanced safety and a 
60-year design life, and its cost is expected to be 10% to 20% less than for the 
OPR. The first APR-1400 units are expected to become operational in 2014.

Lithuania
Lithuania has one 1.2 GWe RBMK generating almost 70% of its electricity. 
Another unit was shut down in 2004 and the currently operating reactor is 
scheduled to be shut down in 2009 as part of the European Union acces-
sion agreement. There is strong public opposition to the closing of these two 
plants.

In 2007, Lithuania, Estonia, Latvia and Poland agreed in principle to build 
a new nuclear power plant in Lithuania, initially with 3.2 GWe capacity 
(2 x 1 600 MWe). The environmental impact assessment has started and at 
least one unit of the project is expected to be operational by 2015. However, 
this may be delayed by the need to reach final agreement on the arrangement. 
Major electricity interconnections are also planned for the area. 

Mexico
Mexico has two reactors with 1.4 GWe capacity that provided 4.6% of the 
country’s electricity in 2007. Although no firm plans currently exist, a recent 
proposal has been put forward for one new unit to come on line by 2015 with 
seven more to follow by 2025, bringing Mexico’s nuclear share of electric-
ity up to 12%. Government approval of such an expansion has not yet been 
forthcoming.

Netherlands
The Netherlands has one 482 MWe reactor generating 4.1% of its electricity. 
In 1994, the Dutch parliament voted to phase out nuclear energy by 2003, 
but in 2005 the phase-out decision was abandoned and the reactor is now 
being allowed to operate until 2033, subject to certain financial and safety 
conditions.

In 2006, the government targeted a sustainable energy supply and 
acknowledged that nuclear power could reduce carbon emissions. However, 
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new reactor build would be subject to a number of conditions, including the 
government deciding on an appropriate disposal strategy for high-level radio-
active waste.

Pakistan
Pakistan has two reactors with 425 MWe total capacity producing 2.3% 
of the country’s electricity. Because Pakistan has not signed the NPT and 
therefore has no full-scope safeguards agreement in place with the IAEA, it 
is excluded from trade in nuclear materials, technology or fuel in accordance 
with the 1992 decision of the Nuclear Suppliers Group. This hinders the 
development of civil nuclear energy in the country. Nonetheless, in 2005 an 
Energy Security Plan was adopted by the government that includes plans 
for increasing nuclear capacity by 2.4 GWe by 2020 using Chinese-designed 
reactors. These plans are now in doubt as China has deferred development 
of reactor designs for export.

Romania
Romania has two reactors with 1.3 GWe capacity that supplied 13% of the 
country’s electricity in 2007. These are part of an originally planned five-unit 
nuclear power plant.

A partnership agreement, among the state nuclear power corporation 
Societatea Nationala Nuclearelectrica and its six joint venture partners to build 
units 3 and 4 (an additional 1.3 GWe) is expected to be signed in 2008. 
Successful completion of this agreement would lay the groundwork for the 
commissioning of unit 3 in 2014 and unit 4 in 2015.

Russian Federation
The Russian Federation, a country in which electricity demand is rising sig-
nificantly, has an installed nuclear capacity of 21.7 GWe with 31 operational 
nuclear reactors, several of which are used to supply district heating. Nuclear 
generating capacity is about 10% of total capacity, but electricity output is 
rising thanks to improved performance of the nuclear plants, with capacity 
factors increasing from 56% in 1998 to 75% in 2007. Nuclear energy supplied 
16% of total electricity generation in 2007.

The nuclear construction programme was revived with the start-up of 
Rostov-1 (now known as Volgodonsk-1) in 2001 and Kalinin-3 in 2004. The 
Russian Federation currently has seven reactors under construction with a 
total capacity of 4.7 GWe (including two small 32 MWe floating units).

In 2006, the state-owned utility Rosenergoatom announced a target for 
nuclear to provide 23% of electricity (with 44 GWe of installed capacity) by 
2020. In 2007, the government approved in principle a construction pro-
gramme to 2020 that envisages starting up one unit per year from 2009, two 
units per year from 2012, three in 2015 and four per year from 2016. By 2020, 
the Russian Federation expects to produce 353 TWh of electricity from nuclear 
power plants, some 2.5 times more than in 2004. There is state funding for 
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the construction of these new plants, commensurate with a policy priority to 
reduce the use of natural gas domestically for electricity production. Growth 
in nuclear generation is also expected to come from lifetime extensions of 
first-generation units and from increasing availability to an average of 85%.

The Russian Federation has developed a Gen-III/III+ standardised VVER-1200, 
the AES-2006. This evolutionary development of the well-proven VVER-1000 is 
expected to begin operation around 2012. The design life is at least 50 years 
and the capacity factor at least 90%.

The design life of reactors currently operating in the Russian Federation 
is 30 years: nine plants are between 26 and 30 years old, and six are between 
21 and 25 years old. In 2000, the government announced plans for 15-year 
lifetime extensions for twelve first-generation reactors (5.7 GWe in total). So 
far, eight reactors have been granted these extensions and two have received 
5-year extensions. Eleven RBMKs are also being considered for 15-year life-
time extensions and 5% uprating. These reactors have already undergone 
significant design modification as well as extensive refurbishment, including 
replacement of fuel channels.

Slovak Republic
The Slovak Republic has five reactors with an installed capacity of 2.0 GWe 
producing 55% of the country’s electricity. Bohunice-1 was shut down in 
2006 and the currently operating Bohunice-2 is scheduled to be shut down in 
2008 as part of the EU accession agreement. In early 2007, the Slovak utility 
Slovenske Elektrarne (66% owned by Enel of Italy, 34% by the Slovak govern-
ment) announced the completion of the Mochovce-3 and Mochovce-4 units 
(435 MWe each), the construction of which originally began in 1987 but was 
halted in 1992 owing to lack of funding. Funds are now available and the 
completion will add 870 MWe by 2013. The utility also plans to upgrade the 
Bohunice-3 and Bohunice-4 units to extend their operating lives to 40 years, 
until 2025.

Slovenia
Slovenia shares a single 666 MWe reactor with Croatia, that produces about 
40% of the country’s electricity. It is considering additional capacity, possibly 
1 000 MWe by 2017.

South Africa
South Africa has significant coal reserves, but they are in the north-east, 
while much of the electricity demand is on the coast near Cape Town and 
Durban. To avoid inefficient long-distance movement of either coal or elec-
tricity, nuclear capacity was constructed at Koeberg near Cape Town in the 
1980s. The Koeberg plant, twin French-designed 900 MWe PWRs, is owned 
and operated by the state utility Eskom. Nuclear energy supplied 5.5% of the 
total electricity generated in the country in 2007.
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Government commitment to the future of nuclear power is strong. Early 
in 2007, the Eskom board approved a feasibility study on the construction of 
up to 20 GWe of new nuclear capacity by 2025, starting with 4 GWe of PWR 
capacity, the first of which is to be commissioned in 2016. The environmental 
assessment process is under way with five sites under consideration. Selection 
of technology is to follow. Two vendors have been selected and bids are being 
considered for the first phase. The aim is to supply 25% of total electricity gen-
erated in South Africa by 2025. 

Since 1993, Eskom, in collaboration with others, has been developing the 
pebble bed modular reactor (PBMR) and is prepared to build the lead unit of 
this design. In 2003, environmental approval was given for construction of a 
demonstration PBMR unit at Koeberg and in October 2004, the South African 
government budgeted for its development. The Nuclear Energy Corporation of 
South Africa expects an initial set of 24 PBMRs complementing 12 new large 
PWR units to increase nuclear capacity to about 27 GWe, or 30% of total elec-
tricity produced in the country by 2030.

Spain
Spain operates eight reactors with 7.5 GWe capacity that in 2007 accounted 
for 17% of total electricity produced in the country. The Spanish government 
announced a moratorium on the construction of several nuclear power plants 
in 1983. The present policy of the government is the progressive reduction of 
the nuclear power share in total electricity production, without compromis-
ing security of electricity supply.

Sweden
Sweden has ten nuclear reactors with 9.0 GWe capacity producing around 
half of the country’s electricity.

Following the Three Mile Island accident, the Swedish parliament 
embargoed further expansion of nuclear energy and aimed to decommission 
the country’s plants by 2010 if new energy sources were realistically available 
to replace them. Two 600 MWe reactors were subsequently shut down in 1999 
and 2005; however, following pressure from the trade unions, it is possible 
that the remaining reactors will run for a 40-year lifetime, closing between 
2012 and 2025. 

Although the Swedish phase-out policy remains in place, the government 
has nonetheless committed to uprating existing nuclear plants to make up 
almost all the 1 200 MWe lost with the two closures. The total uprate for the 
four Ringhals units is almost 500 MWe. Three reactors at Forsmark will be 
uprated by 410 MWe and Oskarshamn-3 will be uprated by 250 MWe.

Switzerland
Switzerland has five nuclear reactors with 3.2 GWe capacity producing some 
40% of the country’s electricity. Three reactors also supply district heating. In 
a 2003 referendum, Swiss voters firmly rejected two anti-nuclear proposals 
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to extend the moratorium on new nuclear build and to phase out all nuclear 
reactors.

All reactors have an expected lifetime of about 55 years, subject to the estab-
lishment of appropriate safety cases and satisfactory inspection and control 
reports. One reactor has already received a ten-year licence extension and all 
Swiss reactors have had energy uprates. 

The Swiss government stated in early 2007 that the existing five reactors 
should be replaced in due course with new units, and it is looking to the nuclear 
industry for specific replacement proposals. Two utilities are currently consid-
ering replacing the existing Gen-II reactors with Gen-III/III+ reactors. How-
ever, any proposal to build new nuclear plants would be subject to a national 
referendum and possible court challenges.

Chinese Taipei
The Chinese Taipei economy has six operating reactors (two PWRs, four 
BWRs) with 4.9 GWe capacity, providing around 20% of its electricity. Two 
1 300 MWe reactors are under construction and commercial operation is 
expected in 2010. The government had cancelled the project when the plants 
were partially built, but subsequently reversed its decision. 

Ukraine
The Ukraine is heavily dependent on nuclear energy, with 15 units at four 
nuclear power plants accounting for 13.1 GWe of installed capacity and 48% 
of total electricity production in 2007. All of the Ukraine’s currently operating 
units are Russian-designed VVERs.

The Ukrainian government’s nuclear power strategy envisages building 
11 new reactors (16.5 GWe total capacity) to more than double capacity by 
2030. This strategy was approved in 2006 to enhance the Ukraine’s energy 
independence, following Ukraine’s dispute with the Russian Federation over 
gas supplies. It is expected that an international tender will open up technology 
options. 

United Kingdom
The United Kingdom has 19 operating reactors with 10.2 GWe capacity. They 
generated 15% of electricity in 2007, a proportion that has fallen from around 
25% in recent years because of plant retirements. All but one of the currently 
operating reactors will likely be shut down by 2023. In addition, about 3% 
of the country’s electricity demand is met by imports produced by nuclear 
power plants in France.

In 2006, the government undertook a review of the country’s energy policy, 
the outcome of which recommended replacement of the nuclear power plants 
to meet energy security concerns and to limit carbon dioxide emissions. The 
UK’s Prime Minister told Parliament that “…in common with countries around the 
world, we need to put nuclear back on the agenda and at least replace the nuclear energy 
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we will lose [from closing old plants]. Without it we will not be able to meet any of our 
objectives on climate change, or our objectives on energy security.”

The government has made clear that any new plants will be financed and 
built by the private sector, and that all waste and decommissioning costs will 
be internalised. It proposes to address potential barriers to new nuclear build 
by streamlining licensing (by generic rather than site-specific approval of 
designs) and streamlining planning permissions (a measure that will apply 
to all nationally important infrastructure projects). Although the government 
has clearly stated the need for new nuclear build, it intends to let market forces 
determine the extent and rate of construction. A number of designs have 
already been put forward to the regulatory body for generic design approval.

United States
The United States is the world’s largest producer of electricity generated by 
nuclear power with 104 nuclear reactors providing almost 20% of its elec-
tricity from 100.6 GWe of capacity. Reactors in the United States have a 
high level of availability; the energy uprates and the extension of reactor 
lifetimes for many units from 40 to 60 years have enhanced their economic 
competitiveness. 

Over the last 15 years, more intensive utilisation has increased output equiv-
alent to adding 19 new 1 000 MWe plants. Energy uprates have also consider-
ably increased the output of the US reactors. As of August 2006,5 the United 
States Nuclear Regulatory Commission had approved over 110 energy uprates 
totalling 4 845 MWe. A further seven uprates adding 750 MWe to generating 
capacity are pending with the US NRC, and uprate applications for a further 
1 690 MWe are expected by 2011. By early 2007, the US NRC had renewed the 
licences of 48 reactors, nearly half of the US total, to extend their lifetimes 
from 40 to 60 years. Licence renewal applications are eventually expected for 
some 85 of the 104 reactors in the US fleet.

No orders have been placed for new nuclear units since 19776. However, in 
2002, the US Department of Energy (US DOE) initiated the NP 2010 progamme 
which encourages building a newly designed plant by sharing the financial and 
regulatory risk with industry. In 2005, the US government passed the Energy 
Policy Act, which includes significant financial incentives for nuclear power. 
Some of these are subject to filing applications for combined construction 
and operating licences (COL) by the end of 2008, commencing construction 
of advanced plants by 2014, and having them in service by 2021. In addition, 
the 2005 Act authorised USD 1.25 billion to be spent on the development of an 
advanced high-temperature reactor capable of co-generating hydrogen. 

5. This trend has continued (see Chapter 1). In May 2008, 118 uprates had been approved totalling 
5 263 MWe.

6. In April and May 2008, after the cut-off of December 2007 for this chapter, two separate 
engineering procurement and construction contracts have been signed, each for two reactors.
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As a result of these and other initiatives, substantial new nuclear capacity 
may be added by 2020 and several regulatory initiatives are in place to accom-
modate such growth. The US NRC has established a new process for licensing 
commercial NPPs that is intended to eliminate, for new advanced reactors, 
the costs and delays that resulted from older processes used to license the 
plants in operation in the United States today. There are four basic elements 
of the new approach: reactor design certification; early site permitting; com-
bined construction and operating licence; and a series of inspections, tests 
and analyses to ensure that the plant meets all licensing criteria. 

The US NRC expects 27 COL applications for 31 new units totalling 41 GWe 
over the next two years. Five advanced reactor designs, with innovative 
safety features, are being considered. Two Gen-III/III+ light water reactor 
types (the General Electric 1 300-1 500 MWe advanced BWR and the West-
inghouse AP-1000 PWR) have already received design certification. Follow-
ing public consultation, safety issues for these designs are considered fully 
resolved and are not open to legal challenge during licensing for specific 
plants. In addition, General Electric/Hitachi’s economic, simplified BWR 
(ESBWR) of 1 500 MWe is expected to receive design certification in 2008. 
AREVA’s US-EPR and Japan’s Mitsubishi US-APWR designs are also under 
consideration by the US NRC for design certification.

2.3 Countries currently not using nuclear energy that have 
policies to use it in future

Table 2.1 lists those countries that do not currently use nuclear energy for 
generating electricity but have either expressed the intention or developed 
policy to do so. In total, 25 countries either announced plans or are consid-
ering building nuclear power plants. Five countries have firm plans to build 

Table 2.1: Countries that have policies to use nuclear energy in future 
(MWe gross)

Planned1 or approved Proposed2 or intended

Vietnam 8 000 Iran 18 000

Turkey 4 500 Thailand 4 000

Iran 2 000 Bangladesh 2 000

Indonesia 2 000
18 countries: Bahrain, Egypt, Ghana, 

Georgia, Israel, Kazakhstan, Kuwait, Libya, 
Malaysia, Namibia, Nigeria, Oman, the 

Philippines, Qatar, Saudi Arabia, Uganda, 
the United Arab Emirates, Yemen.

18 000

(1 000 each 
assumed)Belarus 1 000

5 countries 17 500 21 countries 42 000

1. Planned: firm decision. 2. Proposed: under consideration.
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about 16 reactors with installed capacity of around 18 GWe, or some 5% of 
current nuclear generating capacity. Further, 42 GWe of additional capacity is 
under consideration. Typical of these countries are Turkey and Vietnam.

In 2006, Vietnam’s government announced that a 2 000 MWe nuclear 
energy plant would be on line by 2020. A feasibility study for this project is to 
be completed in 2008 and once formally approved, a bidding process will be 
initiated to start construction in 2011 and to commission the plant by 2017. In 
2007, the Vietnamese government increased the target for nuclear develop-
ment to 8 000 MWe of nuclear capacity by 2025.

In 2004, Turkey’s energy minister announced plans to build three nuclear 
power plants totalling 4 500 MWe at an estimated cost of USD 10.5 billion, 
scheduled to come on line in 2012-2015. Turkey’s parliament supported the 
programmes by passing the Law on Construction and Operation of Nuclear 
Power Plants and Energy Sale in November 2007.

Iran is constructing a VVER-1000 which may come on line between 2008 
and 2010, although development of domestic enrichment technologies has 
raised international concern. The Indonesian plan envisages two 1 000 MWe 
reactors entering operation by 2016 and the government of Belarus has 
announced plans to construct a single VVER-1000 in order to enhance energy 
security through the diversification of energy supply.

Although they do not currently have clearly enunciated plans, 20 other 
countries are considering the possibility of building nuclear capacity to meet 
rising energy demand, to reduce greenhouse gas emissions and to supply 
fresh water through desalination of sea water. They are Bangladesh, Bahrain, 
Egypt, Georgia, Ghana, Israel, Kazakhstan, Kuwait, Libya, Malaysia, Namibia, 
Nigeria, Oman, the Philippines, Qatar, Saudi Arabia, Thailand, Uganda, the 
United Arab Emirates and Yemen.

2.4 Probable evolution over the next two decades
The outcome of current government policies in terms of nuclear electricity 
production is presented in graphical form in Figure 2.1 for some countries. 
These countries have been selected because they had significant nuclear 
capacity in 2004 or are expected to have such capacity in 2020.

Under current policies, and assuming that all planned reactors are built, 
the five countries with the largest projected nuclear generation in 2020 will be 
the United States, France, Japan, the Russian Federation and China. Of these, 
the United States and China have the largest planned increases in capacity. 
France proposes to build little additional capacity by 2020 as it already has 
77% nuclear electricity generation, but expects to replace existing nuclear 
capacity when necessary. The Ukraine intends to increase its nuclear capacity 
by about 43% by 2020. There are few firm plans to build additional capacity 
in Western Europe, although new build is being encouraged in the United 
Kingdom. Despite India’s considerable expansion plans, its future capacity 
will only be similar to that of Canada and the Ukraine.
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Figure 2.2 shows how the nuclear share of the generation mix is expected to 
change between 2004 and 2020. A few European countries, Belgium, Germany, 
Spain, Sweden and the United Kingdom, are expected to undergo significant 
reductions in their nuclear electricity production. Of these, all except the 
United Kingdom currently have phase-out policies. The UK government is 
encouraging the use of nuclear energy and it is possible that its projected 
market share in 2020 will increase over the coming years. Among the countries 
that currently have a large dependence on nuclear power, the Czech Republic, 
Finland, Japan, Korea and the Ukraine are expected to increase their current 
nuclear share significantly while Hungary and Switzerland will undergo little 
change. Although countries currently with a small nuclear share – such as 
Brazil, China, India and South Africa – are expected to experience significant 
increases in nuclear electricity generation, their overall dependence on 
nuclear electricity will be related to the growth of total domestic electricity 
demand. By 2020, India and South Africa are expected to undergo significant 
share increases. However, Brazil and China will only witness a 3% increase.

The countries that produce the largest amount of nuclear electricity in the 
world are not, with the exception of France, those that are most depen dent on 
it. Indeed, among the top five producers, two (the United States and China) are 
expected to have only about 20% and 5% nuclear shares respectively in 2020.
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There are significant uncertainties in these projections. Government 
policies are in many cases statements of aspiration that can be significantly 
affected by economics (as was the case in some South American and Eastern 
European countries to build major nuclear capacity), by energy disputes (as 
between the Russian Federation and the Ukraine over gas supplies) and by 
public opinion. In addition, government policy statements are not always 
precise and, in some countries, it is sometimes difficult to distinguish 
government policy from the ambitions of the nuclear industry. These 
projections should therefore be considered in broad terms and should not be 
taken as a firm representation of the future.

2.5 Government nuclear policies in the long term
The previous section examined current government policies for nuclear elec-
tricity generation to 2020, primarily by assessing plans for new build. How-
ever, in considering a global nuclear energy outlook, it is useful to consider 
government policies for the longer term by, for example, looking at contribu-
tions to Gen-III/III+ reactor designs, fuel fabrication, reprocessing, high-level 
waste and spent fuel disposal policies, as well as an eventual transition to 
fast reactors and a closed fuel cycle. A review of these matters provides some 
insight into long-term commitments by governments to their nuclear future. It 
also gives some indication of which countries will lead global nuclear develop-
ment as opposed to those that will simply make use of nuclear energy.

0

10

20

Sh
ar

e 
(%

)

30

40

50

60

70

80

90

2020
2004

Fr
an

ce

Be
lg

iu
m

Sw
ed

en

Ukr
ain

e

Sw
itz

er
lan

d

Ko
re

a

Hun
ga

ry

Cze
ch

 R
ep

.

G
er

m
an

y

Fi
nl

an
d

Ja
pa

n

Sp
ain

Can
ad

a

Br
az

il

In
di

a

Chi
na

Figure 2.2:  Nuclear share of electricity generation 
in 2004 and projected in 2020

Uni
te

d 
St

at
es

Ru
ss

ian
 F

ed
.

Uni
te

d 
Ki

ng
do

m

So
ut

h 
Afri

ca



79

Gen-III/III+ designs
Significant Gen-III/III+ LWR design development has been undertaken in 
Europe, Japan and in the United States. It is likely that near-term global capacity 
increases will be dominated by construction of the Westinghouse AP-1000 
(soon to start construction in China), the AREVA EPR (under construction in 
both Finland and France), and the General Electric/Hitachi ABWR (already 
in operation in Japan). Other countries, notably China, Japan, Korea and the 
Russian Federation have plans to develop indigenous Gen-III/III+ LWRs from 
existing designs, and Canada is developing the advanced pressurised heavy 
water reactor. Other designs, particularly the South African pebble bed 
modular reactor, may prove to be popular in due course if the market sees a 
substantial demand for small-sized reactors or high temperature reactors for 
hydrogen production and desalination (see Chapter 13).

Uranium enrichment and fuel fabrication
Information supplied by IAEA member states (IAEA, 2008b) identifies 
13 commercial-scale uranium enrichment facilities currently in operation 
around the world. These are located in China, France, Germany, Japan, the 
Netherlands, Pakistan, the Russian Federation, the United Kingdom and the 
United States. Concerns over weapons proliferation could limit expansion 
of enrichment capability through international controls. World leaders have 
advocated that all countries should be given access to nuclear energy in a 
manner that limits weapons production capability (see Chapter 9). The United 
States has proposed the Global Nuclear Energy Partnership and IAEA Member 
States have made 12 different proposals under the umbrella of Multilateral 
Approaches to the Nuclear Fuel Cycle to, among other things, limit the 
spread of sensitive technologies such as enrichment. Similar information 
supplied to the IAEA identifies 40 commercial-scale fuel fabrication facilities 
in operation in Argentina, Belgium, Brazil, Canada, China, France, Germany, 
India, Japan, Kazakhstan, Korea, Pakistan, Romania, the Russian Federation, 
Spain, Sweden, the United Kingdom and the United States.

High-level waste disposal
Most public opinion surveys show that radioactive waste disposal is the 
area of greatest concern when the public is asked specific questions about 
nuclear energy (see Chapter 12). Many countries have disposal routes for 
low-level wastes, generated by hospitals and research institutes as well 
as by nuclear power plants. If a country wants to include nuclear energy 
as a significant part of its electricity generation mix, the high-level waste 
disposal issue must be addressed. However, although considerable advances 
have been made in some countries through stakeholder engagement and in 
geological investigations, no HLW disposal facility has yet begun operation 
(see Chapter 8). When questioned about the specific issue, most Europeans 
stated that they want the nuclear waste disposal issue solved now and not 
left to future generations. 
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Only Finland and the United States have selected sites for HLW disposal. 
An underground characterisation facility or rock laboratory is currently 
being built in Finland to verify the suitability of the selected site. Sweden 
has narrowed the choice to two sites and a poll in both communities selected 
showed strong support. Local support around the chosen site is also strong 
in Finland. A 70 000-tonne HLW repository is envisaged at Yucca Mountain in 
Nevada, United States. A major programme of work over a period of several 
decades has assessed the environmental implications of the proposed dis-
posal facility and all the necessary geological investigations have been car-
ried out. However, progress towards construction has been delayed because 
of disputes between federal and state administrations. At the time of writ-
ing, it was not clear when applications for the necessary licences would be 
submitted.7

Canada, China, France, Japan, the Russian Federation, Sweden, Switzerland 
and the United Kingdom are currently seeking sites. These countries 
have government policies requiring deep geological disposal. In 2006 in 
France, the technical feasibility of geological disposal in the argillite (clay) 
formation in the Meuse/Haute-Marne region was confirmed as a result of 
a 15-year research programme on the final management of HLW. A broad 
national consultation was also carried out (600 000 information documents, 
54 000 visits to an exhibit, 15 000 visitors to the website, 3 000 participants 
at meetings), which contributed to the finalisation of the Planning Act of 
June 2006. This establishes reversible geological disposal as the reference 
national solution for both high-level waste and long-lived, intermediate-
level waste. At present, an underground laboratory is operating in the 
region and a reference siting area is expected to be identified according to a 
calendar and procedures also set out in the Planning Act. The latter foresees 
a licence application in 2015 as well as public information and consultation 
at intermediate stages. Commissioning of the repository is expected by the 
year 2025.

Fast reactor development8

Fast neutron reactors can produce up to 60 times more energy from uranium 
than thermal reactors. Although the technology is currently more expensive 
and complex, some 300 reactor-years of experience, ranging from relatively 
small, experimental to commercial-size reactors, have already been gained 
in their operation. Whether commercial fast reactors are built and operated 

7. The US Department of Energy filed its application for a licence to build and operate a national 
radioactive waste repository at Yucca Mountain on 3 June 2008. This application was challenged 
by the Nevada Attorney General.
8. This section confines itself to a discussion of fast breeder reactors that have produced electri-
cal power. Countries will normally have built research and development reactors that produce 
only thermal power before moving to build those that generate electricity.
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in numbers will depend to a significant extent on the future price and avail-
ability of uranium (bearing in mind that fuel costs are currently a relatively 
small part of nuclear generation costs), and on technical experience with 
and development of reprocessing and partitioning technologies.

France has built two fast reactors, operating the Phenix reactor almost con-
tinuously since 1973, apart from a few years for refurbishing. The 1 250 MWe 
commercial prototype, Superphenix, was closed in 1998 following a political 
decision. The operation of fast reactors is fundamental to France’s research 
on HLW disposal, particularly the transmutation of actinides. In 2004, the 
US DOE signed an agreement with the French CEA to conduct co-operative 
research on waste transmutation. In 2006, the French President announced 
that the CEA would embark on designing a prototype Gen-IV reactor to be 
operating in 2020.

The Russian Federation and Kazakhstan have built three fast reactors 
(BOR 60, BN 350 and BN 600) of similar design concept. The BN 600 has been 
supplying 560 MW of electricity to the Russian grid since 1980. The second 
reactor in the Russian Federation was a low power development device. The 
reactor in Kazakhstan (BN 350) was used over a considerable period for elec-
tricity generation (some 50 MWe) and for desalination. Construction has 
started on an 880 MWe fast reactor in the Russian Federation and additional 
units are planned, although there have been concerns about funding. The 
Russian fast reactors will utilise mixed-oxide fuel and will be able to burn 
plutonium from military sources.

The United Kingdom has built two fast reactors (Dounreay DFR and 
Dounreay PFR), a low-power R&D facility and a 234 MWe net version that 
operated for 20 years until government funding was withdrawn.

Japan has one prototype fast reactor (Monju, 246 MWe net, currently shut 
down for modifications). A goal of Japanese energy policy is to develop this 
technology to improve uranium utilisation. The plan is to begin replacing 
existing LWRs with FBRs around 2050 when the currently operating thermal 
reactors reach the end of their lives.

China envisages constructing a full-scale prototype fast reactor by 2020 
and, like Japan, China expects the technology to become commercially avail-
able around 2050.

In India, a 13 MWe development reactor went to power in 1985. A 500 MWe 
prototype fast breeder reactor is under construction and is expected to be 
operational in 2010. Four more fast reactors are to be constructed by 2020. 
They will be fuelled with uranium-plutonium oxide (the reactor-grade 
plutonium coming from India’s existing PHWRs) and have a thorium breeding 
blanket. India leads the world in developing the use of thorium, which it has 
in abundance, as a nuclear fuel.

The United States operated three fast reactors (EBR-1, EBR-2 and Fermi-1) 
in the past, all low-power R&D devices. Its current efforts in this area are 
through the Global Nuclear Energy Partnership and the GIF.
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Summary of long-term policies
Only in France, Japan, the Russian Federation and the United States, com-
panies have developed and are marketing Gen-III/III+LWRs. In Canada, a 
Gen-III/III+CANDU has been developed and is available on the market. In the 
Republic of South Africa, a Gen-III/III+high temperature reactor suitable for 
hydrogen production is under active development.

Canada, China, Finland, France, Japan, the Russian Federation, Sweden, 
Switzerland, the United Kingdom and the United States are actively engaged 
in addressing the HLW issue. Of these, Finland is the only country to have 
settled on a site that has received widespread support, although it is possible 
that Sweden may be in that position shortly.

Only France, India, Japan (once Monju restarts) and the Russian Federation 
have operable fast reactors and, of these countries, only France, the Russian 
Federation, and in the near future Japan, have commercial-scale reprocess-
ing technology that can support a closed fuel cycle.

2.6 Changes in the use of nuclear power and global 
positions

Use of nuclear power
The demand for electricity continues to grow rapidly in many countries, 
leading to concerns about security of energy supply, future prices of fossil 
fuels and increasing greenhouse gas emissions. In a number of countries, 
the response to these concerns has been to propose nuclear construction 
programmes that not only add significant capacity but also increase the 
percentage of nuclear in the generation mix. Figure 2.3 shows changes in 
nuclear electricity generation against changes in the nuclear share of gen-
eration between 2004 and 2020 for 22 countries (the 20 discussed earlier in 
Section 2.4 plus Turkey and Vietnam) expected to represent over 94% of the 
world’s nuclear generation in 2020.

The countries where both the absolute and relative nuclear contributions 
are expected to increase appear in the top-right quadrant, with thirteen coun-
tries currently utilising and two countries newly introducing nuclear power 
reactors. The average share of generation is projected to increase from 20.5% 
(in 13 countries) in 2004 to 25.0% (in 15 countries) in 2020. In the case of China, 
very large additions to the nuclear generating capacity result in only a small 
percentage increase in the share of nuclear energy. In the United States, the 
expected large increase in nuclear generation capacity is just enough to main-
tain the nuclear share in overall generation.

The countries where new nuclear build does not maintain its current share 
of generating capacity appear in the top-left quadrant, where only France 
appears. France is expected to lower its nuclear share even though nuclear 
electricity generation will increase slightly by 2020.
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Since it is only possible for countries to appear in the bottom-right quadrant 
if the demand for electricity is falling faster than the decrease in nuclear 
generation, it is not surprising that it is blank. 

The bottom-left quadrant contains those countries where the total nuclear 
generation and percentage share are expected to fall. All of the countries in 
this quadrant are Western European. Nevertheless, concerns are expressed in 
many Western European countries and by the European Commission about 
security of supply and climate change. The six countries in this category will 
collectively reduce nuclear generation by 261 TWh by 2020, or 56% of their 
2004 output.

Global positions in the use of nuclear power
Figure 2.4 shows the expected changes from 2004 to 2020 in the relative 
percentages of total world nuclear generation, assuming that government 
policies remain as currently indicated. It is clear that under these conditions, 
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the relative importance of countries in the nuclear community will change 
significantly in the coming years. The global division of labour, or the industry 
influence and leadership, is likely to move roughly in line with the scale of 
domestic commitments.

As China, India and South Africa become the new members of the top ten 
producers, they will increase their influence on the global nuclear indus-
trial structure. If they realise plans to add 529 TWh of annual nuclear power 
generation by 2020, they will contribute 40% of the world total growth, 
i.e. 1 313 TWh. 

Although they are expected to maintain their current ranks, the weight of 
three big nuclear countries (the United States, France and Japan) will diminish 
slightly from 56.4% in 2004 to 50.0% in 2020. In terms of the number of new 
reactors, France’s role in enlarging world nuclear electricity generation is 
expected to be marginal in this 16-year period although, given the size of 
its existing fleet, its research activities, and reactor design and construction 
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capability, its international influence is likely to remain strong. The Russian 
Federation could lift its position up to fourth place in 2020 by generating 
8.1% of global nuclear electricity. With a sixfold growth in nuclear electricity 
generation in 16 years, China will expand its global share from 1.8 % to 7.3%. 
Accordingly, China would become the fifth-largest nuclear power country in 
2020. Korea will only maintain its current sixth-place position even though 
it will increase nuclear power generation by 72% compared to 2004. Three 
countries are expected to share seventh place. Canada and the Ukraine are 
expected to maintain their current positions, but India could move up to join 
them if its isolation from the international nuclear community is resolved. 
South Africa should become the tenth-largest country by producing 2.0% of 
world nuclear power in 2020. Its role in the development of high-temperature 
reactor technology could however make it more influential than its ranking in 
terms of nuclear electricity generation would suggest. 

Further illustrating the fall of Western European countries from their 
former positions in the nuclear community, Germany, Sweden and the United 
Kingdom are expected to drop from the top ten producers as their shares of 
nuclear electricity generation fall. Germany will have closed the bulk of its 
nuclear power generation capability by 2020, reducing its global share from 
6.1% to 0.8%. With 79.8 TWh of nuclear electricity generation, the United 
Kingdom held the eighth place and its share of the global total was 2.9% in 2004; 
unless the current discussion of new build materialises into firm construction 
projects its share of the global total will fall to much less than 1.0%. Sweden 
will follow a similar path.

In summary, France, Japan and the United States will remain dominant, 
China, Korea and the Russian Federation are likely to be much more influential, 
and Europe, with the exception of France, will become a minor player. South 
Africa’s ownership of the PBMR technology may make it more influential than 
its world ranking would suggest, and the position of India will depend on 
a specific waiver to the international non-proliferation regime being put in 
place.

2.7 Conclusion
Table 2.2 summarises current capabilities, government policies, projections of 
future nuclear capacity and nuclear share for those countries with more than 
5 GWe installed nuclear capacity, either in 2004 or in 2020. It should be noted 
that future capacity is based on government policy expectations rather than 
guaranteed financing and siting.
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* Underground investigation of the Gorleben salt dome for suitability as a geological repository for   
 heat-generating waste has been halted until 2010 by a 2000 moratorium. Government policy is to  
 have a geological repository in operation around 2035.

** Thermal power only, no electricity production.

*** The Monju reactor is currently off-line for plant modifications. A second, experimental reactor  
 produces thermal power only.

Table 2.2: Current and future nuclear capabilities 
based on current government policies
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Nuclear market 
share >20% 
in 2004

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Government 
promotes 
nuclear 
expansion

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Installed 
capacity 
>5 GWe in 2020

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ? ✓

Nuclear market 
share >20% 
in 2020

✓ ✓ ✓ ✓ ✓ ✓

Nuclear capabilities in 2008

Commercial 
enrichment ✓ ✓ ✓ ✓ ✓ ✓ ✓

Fuel fabrication ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Commercial 
or pilot 
reprocessing

✓ ✓ ✓ ✓ ✓

Actively seeking 
HLW disposal 
solution

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Gen-III/III+ 
licensed 
design and 
construction 

✓ ✓ ✓ ✓

Operational fast 
reactor ✓ ✓ ✓ ✓

*****
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Chapter 3: Projections to 2050

Key points

Energy and electricity are essential to economic and social development •	
and to improved quality of life, but the current trends in their supply are 
not sustainable. Balancing future energy requirements against potential 
environmental damage from energy production and use will be a signifi-
cant challenge in the 21st century.

By 2050, if policies remain unchanged, primary energy demand is expected •	
to have increased by a factor of about 2.5. All scenarios considered in this 
study project a significant increase in electricity demand as well, rang-
ing from 80% to 270% by 2050 (representing increases of a factor of 1.8 
to 3.7). The primary drivers for the expected increases will be the strong 
economic growth in many developing countries, leading to a more energy-
consuming lifestyle, and the projected expansion in world population.

Assuming current government policies, the IEA reference scenario sug-•	
gests that fossil fuels will continue their inexorable rise to meet this 
increasing demand for energy, while the urgent environmental need is for 
a significant reduction in CO2 emissions. 

Electricity generation accounts for 27% of anthropogenic CO•	 2 emissions 
globally and is by far the largest and fastest-growing single sector. Nuclear 
energy is a nearly carbon-free option which can help address this issue.

Security of supply has become a major concern for those countries that •	
are dependent on energy imports. Nuclear energy offers opportunities for 
diversifying energy supply and ensuring long-term security.

The NEA has developed projections of the contribution that nuclear energy •	
might make up to the 2030 and 2050 time frames. For the low scenario, it is 
assumed that alternative low-carbon electricity sources are successfully 
developed and deployed, whereas the high scenario assumes that they are 
not as successful. These high and low scenarios are in broad agreement 
with those from other organisations, and project that global installed 
nuclear capacity may range between 580 GWe and 1 400 GWe in 2050 as 
compared with 370 GWe in 2007. 

The NEA projections correspond to an average annual construction of 23 •	
and 54 reactors worldwide between 2030 and 2050, in the low and high 
scenarios respectively. Past industrial experience shows that such rates 
of construction, and more, are achievable, although this would require 
increasing current industrial capabilities.
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3.1 Drivers for growth in world energy demand
Access to adequate economic energy supplies has played and will continue 
to play a principal role in promoting economic growth and improving human 
well-being. Meeting future energy requirements in order to ensure contin-
uing social and economic progress, while avoiding serious environmental 
damage, is one of the most significant challenges of the 21st century. In par-
ticular, environmentally sound energy supply and use will be imperative 
to control atmospheric emissions of carbon dioxide and other greenhouse 
gases responsible for global warming.

Security of energy supply is a major concern in countries that have limited 
resources and are therefore reliant on energy imports. Most of the world’s 
readily recoverable oil and gas reserves are concentrated in a few countries. 
Over the past few decades, this has proved to be a significant source of ten-
sion, both economic and political.

It is expected that there will be a substantial increase in global energy 
consumption in the present century, driven principally by the developing 
world. This is because current annual per capita energy consumption differs 
markedly by country and region; today’s developing countries, with some 
three-quarters of the world’s inhabitants, consume only one-quarter of global 
energy. Strong economic growth in many developing countries is already 
leading to sharp increases in their per capita energy consumption.

Furthermore, the large increase in the world population during this 
century projected by the United Nations will occur predominantly in these 
developing regions. Figure 3.1 shows that, taking the UN medium variant, 
the world’s population is expected to grow from 6.1 billion in 2000 to about 
8.3 billion in 2030 and to over 9 billion in 2050 (UNPD, 2006).
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Figure 3.1: UN projections of world population

Figure 3.2 combines future per capita total primary energy supply from 
the International Energy Agency World Energy Outlook (IEA, 2006a) and Energy 
Technology Perspectives (IEA, 2006b) reference scenarios with historic data. The 
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historic data show per capita total primary energy supply (TPES) rising by 
about 0.5% per year, while the IEA suggests that the increase in per capita 
TPES in the coming decades will be around 0.8% per year. 

3.2 Scenarios for future energy supply
For the reasons noted above, it seems clear that global energy demand will 
continue to rise to 2050 and beyond. The likely pattern of future energy sup-
ply that will emerge in response to this rise has been modelled extensively 
by governments and international organisations. Most produce a baseline 
or reference scenario for future global energy supply to 2030 or 2050, which 
assumes that existing policies remain broadly unchanged. Such a scenario 
therefore represents “business as usual”. The models then assess the impact 
on this baseline of potential changes to current policies by developing a 
series of scenarios, each with a discrete set of assumptions. 

The NEA has chosen to use the outcomes of five of these sets of scenarios 
for the two periods considered to provide a background to this Nuclear Energy 
Outlook: 

Assessments to 2030
International Energy Agency, •	 World Energy Outlook (WEO) 2006 (IEA, 2006a).
US Department of Energy, Energy Information Administration (EIA, 2007).•	
International Atomic En•	 ergy Agency (IAEA, 2005).

Assessments to 2050
International Energy Agency, •	 Energy Technology Perspectives (ETP) 2006 (IEA, 
2006b).

Intergovernmental Panel on Climate Change (IPCC, 2007).•	

Four of these sets of scenarios have used computer-based energy modell-
ing. These are the IPCC, the IEA WEO and ETP, and the EIA. The IAEA 
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Table 3.2: Bases and outcomes of scenario models for TPES to 2050

Model Scenario basis TPES (Mtoe)

ETP 0 Baseline – government policies remain unchanged; 
strong growth in global energy demand 22 110

ETP 1
Optimistic on development of renewables, nuclear, 
carbon capture from coal-fired power plants, and end-
use efficiency

16 760

ETP 2
As ETP 1, but with greater cost reductions for 
renewables, nuclear and advanced biofuels, and 
optimistic development of hydrogen fuel cells

17 555

IPCC 1 High economic, population and technology growth; 
fossil-intensive power production 35 740

IPCC 2 As IPCC 1, but power production is not fossil-intensive 29 000

IPCC 3 High population growth; sustainable economic and 
technology growth 20 010

Table 3.1: Bases and outcomes of scenario models for TPES to 2030

Model Scenario basis TPES (Mtoe)

WEO Reference scenario – government policies remain 
unchanged 17 095

EIA Government policies remain unchanged; strong growth 
in global energy demand 17 690

IAEA

Low:

• Weak growth in electricity demand

• Present barriers to nuclear remain

• Little nuclear technology transfer to developing 
countries

15 775

High:

• Moderate revival of nuclear power
21 535

scenarios were developed by experts without using a model. Tables 3.1 and 3.2 
summarise the main features of the scenarios to 2030 and 2050 respectively, 
showing the outcomes for TPES. (Further details are provided in Appendix 3.) 
The scenario outcomes in these tables should be compared with a TPES of 
11 200 million tonnes of oil equivalent (Mtoe) in 2004.

The ETP and IPCC scenarios present a comprehensive range of projections 
to 2050: the NEA has focused on those that are most relevant to the potential 
for nuclear energy. In particular, the ETP scenarios considered are those 
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In 2050, the longer bar represents the range of outcomes for the IPCC 
scenarios considered, while the shorter bar indicates the same for the ETP 
scenarios. All scenarios show TPES rising: the increase between 2004 and 
2050 ranges from 50% for the ETP 1 scenario to 220% for the IPCC 1 scenario.

Within the outcome for total energy supply in each of the scenarios dis-
cussed above, there are different contributions from each primary energy 
source. Outcomes from the IEA WEO and ETP reference and baseline sce-
narios are shown in Figure 3.4. These suggest that, with “business as usual”, 
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Figure 3.4: TPES fuel mix under the IEA reference and baseline scenarios

20202000

M
to

e 
p

er
 y

ea
r

0

10 000

20 000

30 000

40 000

2040 2060

Note: The vertical bars at 2050 have been separated for ease of reading.

Figure 3.3: Projected increase in global TPES

IPCC

ETP

EIA

WEO

IAEA

relevant to technologies expected to be commercially available in the next 
two decades. The outcomes of these scenarios are shown in Figure 3.3. 
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Table 3.3: Bases and outcomes of selected scenarios 
for electricity supply to 2030

Model Scenario basis
Electricity 

supply 
(TWh)

WEO 0 Reference scenario – government policies remain unchanged 33 750

WEO 1

Alternative policy scenario – action by governments to:
• Increase use of renewables
• Improve energy efficiency
• Reduce costs of advanced power generation technologies
• Promote use of nuclear power

29 835

WEO 2 Beyond alternative policy scenario – energy-related CO2 emissions in 
2030 no higher than in 2004 28 015

EIA 0 Government policies remain unchanged; strong growth in global energy 
demand 30 675

EIA 1 Government policies remain unchanged, but low global economic growth 27 960

EIA 2 Government policies remain unchanged, but high global economic growth 33 545

IAEA

Low:

• Weak growth in electricity demand
• Present barriers to nuclear remain
• Little nuclear technology transfer to developing countries

High:

• Moderate revival of nuclear power

24 670

38 960

fossil fuels (coal, oil and natural gas) will provide a growing share of energy 
supply, while nuclear power will not make a significant contribution to meet-
ing demand growth. This raises the issues of increased CO2 emissions and 
their impact on the climate, and of security of energy supply and the result-
ant political and economic concerns.

3.3 Future global electricity supply
The scenarios described above project that the world primary energy supply 
will rise significantly by 2050. Each scenario also projects future electricity 
supply. Tables 3.3 and 3.4 summarise the main features of selected scenarios 
to 2030 and 2050 respectively, showing the outcomes for global electricity 
supply. (Further details are provided in Appendix 3.)

As discussed above, ETP and the IPCC have a comprehensive range of pro-
jections out to 2050: the NEA has focused on those that are most relevant 
to the potential for nuclear electricity generation. The data in these tables 
should be compared with a global electricity supply of 17 410 terawatt-hours  
in 2004.
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Table 3.4: Bases and outcomes of selected scenarios 
for electricity supply to 2050

Model Scenario basis Electricity 
supply (TWh)

ETP 0 Baseline – government policies remain unchanged, strong 
growth in global energy demand 46 630

ETP 1 Optimistic on development of renewables, nuclear, carbon 
capture from coal-fired power plants, and end-use efficiency 31 765

ETP 2
As ETP 1, but with greater cost reductions for renewables, 
nuclear and advanced biofuels, and optimistic development 
of hydrogen fuel cells

32 895

ETP 3 As ETP 1, but pessimistic on development of nuclear 31 680

IPCC 1 High economic, population and technology growth; fossil-
intensive power production 63 955

IPCC 2 As IPCC 1, but power production is not fossil-intensive 58 430

IPCC 3 High population growth, sustainable economic and 
technology growth 37 700

The outcomes of the scenarios considered are shown in Figure 3.5. In 2050, 
the longer bar represents the range of outcomes for the IPCC scenarios con-
sidered, while the shorter bar indicates the same for the ETP scenarios. All 
scenarios show electricity demand rising substantially: the increase between 
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2004 and 2050 ranges from about 80% for the ETP 1 and ETP 3 scenarios to 
nearly 270% for the IPCC 1 scenario.

Figure 3.6 indicates which regions will experience the largest expansion 
in electricity demand, according to the IEA’s WEO and ETP reference and 
baseline projections: all regions will see significant growth but the largest 
increases will occur in developing countries. This reflects the expectation 
that, as developing countries aspire to the levels of economic well-being 
enjoyed by developed countries, their electricity demand per capita will 
eventually reach similar levels. China and India are the largest and hence 
most important developing economies in terms of growth in both population 
and electricity demand. 

Figure 3.7 shows the evolution of electricity consumption from 1950 to 
2004 in China, India and the United States (UNSD, 2006), and the IEA refer-
ence scenario outcomes to 2030 for those countries. It can be seen that elec-
tricity demand in the United States has grown linearly over the past 55 years, 
while that in China, and to a lesser extent that in India, have begun to rise 
rapidly in recent years. The IEA reference scenario projects these trends into 
the future.

Figure 3.8 shows the primary energy sources used for electricity genera-
tion in 2050 according to the ETP baseline scenario as compared with statis-
tical data for 2005. As with TPES, the increased dominance of coal and gas 
stands out. Worldwide, the share of coal-fired generation increases from 40% 
in 2005 to 47% by 2050, while the share of gas-fired generation grows from 
20% to 28% during the same period.
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Figure 3.6: World electricity demand by region

Table 3.4: Bases and outcomes of selected scenarios 
for electricity supply to 2050

Model Scenario basis Electricity 
supply (TWh)

ETP 0 Baseline – government policies remain unchanged, strong 
growth in global energy demand 46 630

ETP 1 Optimistic on development of renewables, nuclear, carbon 
capture from coal-fired power plants, and end-use efficiency 31 765

ETP 2
As ETP 1, but with greater cost reductions for renewables, 
nuclear and advanced biofuels, and optimistic development 
of hydrogen fuel cells

32 895

ETP 3 As ETP 1, but pessimistic on development of nuclear 31 680

IPCC 1 High economic, population and technology growth; fossil-
intensive power production 63 955

IPCC 2 As IPCC 1, but power production is not fossil-intensive 58 430

IPCC 3 High population growth, sustainable economic and 
technology growth 37 700
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Most of the increase in coal-fired generation occurs in China where, by 
2030, 55% of electricity demand will be met by coal, the country’s most abun-
dant indigenous energy resource. Growth in coal-fired generation is also 
strong in India and other developing Asian economies.
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Electricity consumption and human development
There is a significant link between electricity consumption and the United 
Nations Human Development Index (HDI), a quantitative measure of human 
well-being which combines measures of infant mortality, life expectancy, 
food supply, literacy rate, educational opportunities and political freedom 
(see Figure 3.9). It can be seen that countries with the highest HDI scores 
also have high levels of per capita electricity consumption, generally above 
about 4 000 kWh.

The IPCC has observed that: “Electricity is the highest-value energy carrier 
because it is clean at the point of use, and can be used in so many end-use 
applications to enhance personal and economic productivity. Increased 
availability of electricity has a strong impact on the quality of life in developing 
countries.” It can thus be expected that as developing countries strive to 
improve the well-being of their populations, i.e. move towards higher HDI 
scores, their electricity consumption per capita will rise. Therefore, there 
will be a compelling need for increased electricity supply in most developing 
countries. Nevertheless, it is expected that this trend will evolve slowly 
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owing to economic constraints and the EIA scenarios suggest that in 2020 
about 80% of the world population will still be using less than 4 000 kWh per 
year per capita.

3.4 The future role of nuclear power
The scenarios discussed above indicate that, to meet rising global demand, 
the supply of both primary energy and electricity will need to increase in 
the period to 2050. The scenarios also point out that, if government policies 
round the world are not changed, most of the projected increase in electricity 
generation will come from additional use of coal and gas.

The IEA WEO reference scenario assumes that by 2030 the share of nuclear 
energy in global electricity production will have fallen from 16% at present 
to 10%. In the ETP baseline scenario, nuclear energy supplies only 6.7% of 
total electricity in 2050. However, both the WEO and ETP present alternative 
scenarios which indicate that nuclear power could play a larger role in future 
electricity supply depending on the policies and strategies adopted.

There are a number of factors which will affect the future role of nuclear 
energy in electricity supply. Those factors are addressed briefly below and 
analysed in subsequent chapters of this Nuclear Energy Outlook.

Reducing carbon dioxide emissions
There is a broad scientific consensus on the need to significantly reduce 
emissions of carbon dioxide and other greenhouse gases to avoid atmospheric 
accumulation to a point at which seriously damaging levels of global warming 
may occur; this is now widely accepted at the highest political levels. It is 
also recognised that electricity generation is the largest and fastest growing 
contributor to anthropogenic CO2 emissions, currently accounting for 27%. 
Achieving the needed reduction in greenhouse gas emissions is a huge 
challenge for the energy and electricity sectors, requiring the use of all 
available options. Chapter 4 shows that nuclear is an established, mature 
energy source with insignificant carbon emissions throughout its entire life 
cycle, and its potential role in cutting carbon emissions is increasingly being 
recognised.

Security of energy supply
Growing world demand for fossil fuels has led many countries without 
significant domestic resources to become increasingly concerned about the 
security of their energy supplies. One fear is that much higher fossil fuel 
prices will weaken their economies. In addition, with oil and natural gas 
resources concentrated in a relatively small number of countries, there is 
also the strategic concern that supplier countries may increasingly gain 
political leverage over importing countries. The obvious way to alleviate 
such concerns is to increase the diversity of energy sources, and nuclear is 
one of the few established alternatives. Chapter 5 examines this further.
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Relative economics of nuclear and other energy sources
In order for nuclear power to be attractive, it must be cost-competitive with 
other forms of electricity generation. This is explored in Chapter 6, which 
shows that, on a levelised cost basis, nuclear is economically competitive in 
most cases. The competitive margin of nuclear electricity may be improved 
in future by either higher fossil fuel prices or the recognition by the mar-
ket of the cost of carbon emissions, or both. The cost structure of nuclear 
is markedly different from that of fossil-fuelled plants, with higher capital 
costs and lower fuel costs. While this enhances stability of generation costs, 
it creates a challenge for financing nuclear projects.

Safety of nuclear installations
Nuclear power plants and other installations are subject to rigorous regula-
tion and licensing requirements to ensure their safe operation and the protec-
tion of the public. This has often resulted in existing plants being upgraded 
to increase safety levels, and has also led to design safety improvements in 
new plants. As a result, safety levels have risen steadily and this trend can 
be expected to continue. Statistical data show that nuclear power has among 
the lowest rates of severe accidents in the energy sector. Nuclear safety and 
regulation are addressed in Chapter 7.

Management of radioactive waste
Solutions exist for the management of all the types of radioactive waste 
which arise in the operation of nuclear power plants and fuel cycle facilities, 
and in the decommissioning of such installations. Several countries are 
moving forward with plans for disposal of high-level waste in deep geological 
repositories, an option considered technically viable and environmentally 
safe by international experts. The status and outlook for radioactive waste 
management and disposal are presented in Chapter 8.

Non-proliferation
A number of international treaties and institutions exist with the aim of 
ensuring that nuclear materials and technologies are used only for peace-
ful purposes. These are described in Chapter 9, which also looks at how the 
world community is responding to the challenges raised in this regard by the 
future growth of nuclear power.

Political and public acceptance
Lack of political and public acceptance, due to concerns about the issues of 
safety, radioactive waste and proliferation, remains a significant obstacle to 
an expanded role for nuclear power in many countries. The factors which 
will influence acceptance over the coming years are discussed in Chapter 12. 
Stakeholder involvement and legal frameworks that promote transparency 
are likely to be important mechanisms for increasing political and public 
acceptance. 
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3.5 The NEA scenarios for nuclear capacity to 2050
In the context of this Nuclear Energy Outlook, the NEA developed nuclear energy 
scenarios, based on the energy and electricity demand scenarios presented 
above, to illustrate potential future levels of nuclear power capacity and the 
nuclear contribution to total electricity supply. The three scenarios described 
below, each reflects a set of assumptions on the policy outlook for nuclear 
energy in the context of the broader energy and environmental policy 
framework. The first scenario corresponds to a phase-out of nuclear power, 
while the two others reflect low and high levels of future nuclear development. 
These scenarios take into account the evolution of various factors affecting 
the future of nuclear power and their expected impacts. Recognising that 
the energy and economic landscapes of the world are changing rapidly, with 
increased concerns about fossil fuel prices and availability, and renewed 
interest for the nuclear option, the scenarios presented in this Nuclear Energy 
Outlook, which were finalised early in 2008, may be conservative on the future 
role of nuclear energy, in particular for the high case.

In preparing its scenarios, the NEA has considered two periods: up to 2030 
and from 2030 to 2050. Three broad approaches to future levels of nuclear 
generating capacity, which are reflected in the policies adopted by coun-
tries using nuclear power, served as a backdrop for developing the three 
scenarios:

Phase-out at the end of the lifetime of existing nuclear units, taking into •	
account life extension and/or capacity uprating whenever they are safe 
and economic.

Replacement with new nuclear capacity when plants are eventually closed •	
at the end of their operating lives.

Construction of additional nuclear capacity to increase the contribution of •	
nuclear in energy supply.

The phase-out scenario
This scenario assumes that, in spite of the potential advantages of nuclear 
power in mitigating climate change and contributing to energy security, all  
or almost all countries reject its use. This would lead to nuclear power 
capacity being gradually reduced over the next few decades. In the case where 
no additional nuclear power plants are built, there would be practically no 
nuclear contribution to total electricity generation by 2050. The rate of phase-
out would depend on the extent to which the operating lives of currently 
operating plants would be extended.

Figure 3.10 shows the evolution of installed nuclear capacity worldwide 
under the phase-out scenario, with the lower line assuming original design 
lifetimes and the upper line assuming life extension. Assumptions about the 
length of life extensions vary among reactor designs, but a maximum total 
lifetime of 60 years has been assumed. If lifetime extension is assumed to be 
adopted globally, the phase-out scenario sees an average of about 1.3 reactors 
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Figure 3.10: World nuclear capacity in the phase-out scenario

taken out of service each year between 2007 and 2030, while between 2030 
and 2050 about 14 reactors are shut down each year.

With the energy and electricity demand scenarios presented above, the 
phase-out scenario would lead to higher dependence on fossil fuels, even 
with the most optimistic assumptions about the contributions of renewable 
energy sources to total supply and improvements in energy efficiency. Such 
a scenario seems very unlikely in view of the concerns of policy makers 
regarding security of energy supply and global climate change.

The low scenario
In essence, this scenario assumes that the currently declared intentions of 
some governments to expand nuclear capacity are not fully realised and 
that, although some countries do recognise the advantages of keeping a 
nuclear component in their energy mix, the expansion of nuclear capacity 
remains very limited. Some increase in the construction rate begins by 2020 
to compensate for plant retirements, with modest additional growth in some 
cases.

Between 2030 and 2050 the scenario assumes that:

carbon capture and storage at coal-fired plants proves to be successful;•	

energy from renewable sources is at the high end of expectations;•	

experience with construction of new nuclear power plants is poor; and•	

public and political acceptance of nuclear power is low.•	

Accordingly, up to 2030 new nuclear power plants are built only to replace 
those that are being retired. In addition to life extension and power uprat-
ing, some small increases in installed capacity occur because it is assumed 
that replacement plants have an average capacity of 1 000 MWe, while many 
retiring plants are smaller.
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Replacements of reactors which are decommissioned between 2007 and 
2030 correspond to an average building rate of 1.3 reactors per year. Between 
2030 and 2050, about 23 reactors are built each year, on average, to replace 
retired plants (14 units) and to increase nuclear capacity (9 units).

The high scenario
Up to 2030, the high scenario is based on current national plans and govern-
mental statements on nuclear power and on the NEA’s assessment of new 
capacity additions corresponding to those programmes and plans. It is an 
adjusted version of declared intentions (as at mid-2007) of each country for 
its nuclear capacity, as described in Chapter 2.

Between 2030 and 2050, the high scenario assumes that:

carbon capture and storage proves not to be very successful;•	

energy from renewable sources is at the lower end of expectations;•	

there is early good experience with construction of new nuclear plants;•	

public and political concern about climate change and security of supply •	
continues to increase;

carbon trading schemes are widely introduced and prove to be successful •	
in establishing a value for avoided emissions; and

there is an increased level of public and political acceptance of nuclear •	
power.

The scenario requires that, starting slowly but building up over time, an 
average of 12 new reactors are built per year between 2007 and 2030. These 
are both to replace decommissioned plants and to increase the nuclear con-
tribution to total electricity generation. Between 2030 and 2050, the build 
rate accelerates, starting modestly but reaching an average of 54 reactors per 
year over the period.

At present, only a handful of nuclear plants are being built around the 
world, and global nuclear construction capacity has fallen steeply since the 
peak period of the mid-1980s. This high scenario would require a steady 
build-up of nuclear construction capacity in response to a rising number of 
orders. There is evidence that this has already begun recently in response to 
the revived interest in new nuclear power plants. Nevertheless, significant 
efforts remain to be made to build the industrial infrastructure that would 
be required to meet the demand corresponding to this scenario. This issue is 
considered in more detail in Chapter 11.
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Outcomes of the NEA projections
The NEA projections1 for nuclear generating capacity to 2050 corresponding 
to the high and low scenarios are shown in Figure 3.11. To put these in per-
spective, the figure also shows the evolution of nuclear capacity from 1960 
to 2007. By 2050, nuclear installed capacity is projected to range between 580 
and 1 400 gigawatts of electric capacity as compared with 372 GWe in 2007. In 
other words, the NEA high scenario projects an increase in nuclear capacity 
of just over 1 000 GWe to 2050, while the low scenario projects an increase of 
just over 200 GWe.

These projections would lead to a nuclear share in total energy supply 
ranging between 5% and 12.5% by 2050 on the basis of the IEA ETP baseline 
scenario, as compared to 6% at present. The share of nuclear energy in elec-
tricity supply would range between 9% in the NEA low scenario and 22% in 
the high scenario, as compared to 16% at present.

1. Since the cut-off date of 31st December 2006 for information used in the development of the 
NEA scenario projections, events reported by news agencies and statements attributed to govern-
ment officials indicate that many governments are increasingly turning their attention to nuclear 
power to help resolve anticipated increases in electricity demand, in turn suggesting that the 
NEA scenario projections used in this volume may be conservative (from 4% to 5% and 5% to 14% 
in the NEA low and high case projection scenarios to 2030, respectively). However, since several 
of these pronouncements are attributed to countries with little experience in nuclear power gen-
eration or regulation they are not considered to warrant changes to the NEA scenario projections 
to 2030.
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Figure 3.12: Projected changes in installed nuclear capacity
between 2004 and 2050
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The NEA scenarios are constructed on a regional basis. (The definitions 
of the regions used are given in Appendix 2.) The outcomes presented in 
Figure 3.12 show changes in installed nuclear capacity by region between 
2004 and 2050.

In the high scenario, all regions show strong nuclear capacity growth, 
with the largest increases occurring in OECD countries. In the low scenario, 
the installed nuclear capacity in OECD Europe decreases. China and India 
show high increases in both scenarios and have the largest capacity addi-
tions of all regions in the low scenario.

Figure 3.13 and 3.14 show the total nuclear capacity projections by region 
in the high and low scenarios respectively. In the high scenario, the largest 
regional capacities throughout the period are in the three OECD regions. 
However, total capacity in OECD countries increases by a factor of only three 
between 2006 and 2050, while capacities in China and India rise by factors of 
16 and 25 respectively. In the low scenario, capacities do not change signifi-
cantly in OECD North America and OECD Europe up to 2050. In OECD Pacific, 
nuclear capacity is projected to increase by around 50% by 2050 and, as in 
the high scenario, the strongest rates of growth are projected to occur in 
China and India (by factors of 9 and 12 respectively). 
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in 2030

Comparison with other assessments
Projections of installed nuclear capacity in 2030 and 2050 have been pro-
duced by several other organisations, or can be deduced from their published 
data on nuclear electricity generation. These include the nuclear electricity 
components of the energy scenarios prepared by the IEA (WEO and ETP), the 
IAEA and the EIA, described above, and the scenarios prepared by the World 
Nuclear Association for nuclear capacity (WNA, 2005). Figures 3.15 and 3.16 
compare the ranges of these projections with the outcome of the NEA low 
and high scenarios. 
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The figures show that the NEA projections for 2030 are in broad agreement 
with those from other organisations. The NEA high scenario projection is 
slightly below both the IAEA high estimate and the WEO’s “beyond the alter-
native policy scenario”, and significantly below the WNA high estimate. For 
2050, the NEA high scenario is slightly above the IPCC highest projection for 
nuclear capacity and about twice the ETP “alternative scenario” projection. 
Chapter 11 addresses the implications for reactor construction rates and 
shows that even the NEA high scenario should be well within the industrial 
capability.

It should be noted that all the projections presented above were completed 
in 2007 or early 2008 and do not reflect very recent evolutions, in particular 
additional interest for the nuclear option in many countries. Furthermore, 
all these projections, including the NEA scenarios, assume that nuclear 
energy is used almost entirely for electricity generation only, although it has 
potentially significant other uses such as for hydrogen production, desalina-
tion and district heating (see Chapter 13). The nuclear contribution to total 
energy supply could therefore be significantly higher if these other applica-
tions were to become more important in the future.
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Key points

The UN Intergovernmental Panel on Climate Change (IPCC) published its •	
most recent major report in 2007. The report places a high probability (90%) 
that climate change is occurring and is primarily due to anthropogenic 
releases of CO2 from fossil fuel burning. The global average temperature 
has warmed by about 1°C since the beginning of the industrial period, with 
climatic, environmental and social consequences that are already visible. 
Without strenuous efforts to reduce emissions, it is likely that this will 
increase by a further 3°C or more by the middle of the century, with poten-
tially catastrophic consequences. 

The IPCC analysis indicates that, in order to contain the consequences to a •	
tolerable level, CO2 concentrations in the atmosphere should be constrained 
to 450 parts per million (ppm) by 2050, which would result in an average 
world temperature increase of around 2°C compared with pre-industrial 
levels. To do so requires annual emissions to be reduced to some 13 Gt of 
CO2 per year by 2050, compared to the typically 60 Gt/yr that assessments 
suggest will occur by 2050 in the absence of serious ameliorative actions, 
and to the 27 Gt in 2005.

The IPCC data also show that emissions from electrical power plants are •	
the largest (27%) and fastest growing contributor to CO2 releases.

Nuclear energy is a virtually CO•	 2-free source of electrical power. Nuclear 
and renewables produce negligible emissions of CO2 in comparison with all 
the fossil fuel chains.

On the assumption that nuclear power would be used to replace the most •	
polluting and carbon-intensive baseload source of electricity generation, 
coal, the NEA high scenario set out in Chapter 3 would save nearly 12 Gt of 
CO2 per year in 2050, compared to the target total emissions at that date of 
13 Gt/yr.

Analyses by the IPCC and others show that it will be very challenging to •	
constrain atmospheric CO2 concentrations to 450 ppm or lower; all con-
ceivable means of reducing emissions will likely be needed in concert. 
Only one scenario (IEA WEO 2007, 450 Stabilisation Case) reviewed in this 
study has proposed a combination of factors that will meet the target. This 
requires extremely large efficiency gains in energy production and use, a 
massive expansion of renewable sources, the introduction of significant 
quantities of carbon capture and storage and an even larger expansion of 
nuclear energy than that envisaged in the NEA high scenario. Indeed, of the 
technologies (as opposed to efficiency improvements) employed, nuclear 
energy helps reduce emissions most. It is also the only carbon-mitigating 
technology with a proven track record on the scale required.

Other particulate and gaseous emissions from fossil fuel use are known •	
to have significant deleterious health effects. Life cycle analyses of elec-
tricity production chains show that nuclear power (including the effect 
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of radioactive emissions) is one of the most effective power production 
technologies for avoiding emissions-related health effects.

The concept of external costs has been developed to account for conse-•	
quences of activities not represented in their price. Assessments which seek 
to account for externalities in full life cycle electricity production chains 
show that, adding the external costs to the direct costs, nuclear energy is 
one of the cheapest technologies on a full life cycle basis.

The Kyoto Protocol has provided the first international treaty which •	
endeavours to constrain CO2 releases. However, it did not recognise nuclear 
energy as an accepted technology under its Clean Development Mechanism 
or its Joint Implementation scheme. Further, its period of application 
was so short that it would not have had significant influence on investor 
decisions for power plants. The process of negotiation for a follow-on treaty 
has begun. Given that power plants are the most polluting sector, with 
emissions also growing faster than in any other sector, any new treaty will 
need to find better mechanisms for encouraging countries to adopt clean 
energy solutions. 

4.1 Introduction
Basic human well-being depends on the availability of energy for domestic 
heating and cooking. In addition, industrialisation of society has depended 
on access to large supplies of energy for manufacturing, transport and inten-
sive agriculture. Industrial growth has also been accompanied by population 
growth, primarily due to increasing longevity and the enhanced ability of an 
industrial society to provide for a larger population, although the population 
of industrialised countries tends to stabilise when birth rates fall in response 
to decreased infant mortality. Nevertheless, population growth and industri-
alisation have together driven dramatic increases in energy demand.

Improved scientific understanding and the development of means to 
monitor and control pollution have resulted in major improvements in air and 
water quality in most OECD countries, particularly in the last 30 years or so. 
Examples include controls on the main atmospheric pollutants from industrial 
processes involving combustion of fossil fuels, and reduced discharges of 
effluents to seas and waterways. In many cases, this has required the setting 
of international as well as national standards.

A key example is the realisation in the 1970s that chlorinated fluorocar-
bons (widely used as refrigerant gases, in fire extinguishers and for various 
industrial processes) were causing depletion of the stratospheric ozone layer, 
which led to international action to outlaw the production of these chemicals 
through the Montreal Protocol, which entered into force in 1989. As a conse-
quence, the ozone layer has been gradually recovering, although it is expected 
to take several decades to return to normal. The Montreal Protocol has been 
described by Kofi Annan, former Secretary General of the United Nations, as 
“perhaps the single most successful international agreement to date”.
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Two major unresolved problems associated with pollution are global 
warming, generally thought to result from anthropogenic greenhouse gas 
emissions, and increased mortality and morbidity due to fine particulate 
emissions. In both cases, nuclear power has the potential to contribute 
significantly towards mitigating the problems.

4.2 Greenhouse gas emissions

4.2.1 The causes and consequences of global warming
A recent report from the Intergovernmental Panel on Climate Change (IPCC, 
2008) has concluded that climate change is a reality and that the main cause 
is anthropogenic sources of greenhouse gases. A major source of the main 
greenhouse gas, carbon dioxide, is the combustion of fossil fuels (coal, oil and 
natural gas) for energy production. 

As shown in Figure 4.1, CO2 emissions from fossil fuel combustion worldwide 
have increased almost exponentially since 1870, and have nearly doubled since 
1970. The rapid industrialisation of developing countries, notably China and 
India, is expected to cause a similar increase over the next 25 years (CDIAC, 
2008).

Figure 4.2 shows a record of global average temperature from 1850 to 2007. 
It shows that the years 1998 and 2002 to 2006 were the six warmest in the 
157-year period. 

The “greenhouse effect” gets its name because certain atmospheric gases 
act in a manner supposedly analogous to the glass of a greenhouse. The 
greenhouse gases (transparent in the visible spectrum but strong absorbers of 
infrared) allow the shorter wavelengths containing most of the energy from 
the sun to reach the earth but reduce the amount of energy that is re-emitted 
as (longer wavelength) infrared. The main greenhouse gas is carbon dioxide, 
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Figure 4.1: Trends in CO2 emissions from fossil fuel combustion 

Source: CDIAC (2008).



117

although other gases contribute, such as methane (CH4), nitrogen dioxide 
(NO2) and fluorocarbons.

Figure 4.3 shows the contribution of various factors towards climate change 
since 1900. It can be seen that greenhouse gases became dominant from 
about 1960. Their effect has increased dramatically over the past 30 years and 
is expected to continue to increase over the next 30 years if present trends 
continue. The figure also compares the modelled effect on global temperature 
change with actual observations and shows a good match. While the climate 

Source: Jones (2008).
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models are clearly and necessarily complex, there is increasing confidence 
within the scientific community regarding climate change and its causes. The 
IPCC has concluded that “Warming of the climate system is unequivocal, as 
is now evident from observations of increases in global average air and ocean 
temperatures, widespread melting of snow and ice, and a rising global average 
sea level… Most of the observed increase in globally averaged temperatures 
since the mid-20th century is very likely ( >90% probability) due to the observed 
increase in anthropogenic greenhouse gas concentrations” (IPCC, 2008).

Global warming has profound effects on the environment, and continued 
warming can be expected to increase those effects. According to the IPCC, 
trends which have been observed include:

Increasing mean surface temperature. Eleven of the last twelve years rank •	
among the warmest since 1850.

Increasing amounts of precipitation and number of heavy precipitation •	
events.

Decreasing amounts of ice on the Earth. There has been widespread retreat •	
of mountain glaciers since the end of the 19th century. The rate of mass loss 
from glaciers and the Greenland Ice Sheet is increasing.

Since 1978, declining annual mean Arctic-sea ice extent and decreasing •	
summer minimum Arctic ice extent.

Rising global average sea level since 1961 at an average rate of 1.8 mm/yr •	
and since 1993 at 3.1 mm/yr, with contributions from thermal expansion, 
melting glaciers and ice caps, and the polar ice sheets.

The IPCC has modelled the temperature increases expected over the next 
century for a range of scenarios in four families (A1, A2, B1, B2), each repre-
senting different demographic, social, economic, technological and environ-
mental developments that result in different levels of GHG emissions. The 
results of this modelling are summarised in Figure 4.4. The scenarios with the 
greatest warming outcomes (A1F, A1B and A2) represent those with the least 
effective mitigating actions – existing trends continued. Scenarios B1 and B2 
have lower economic and population growth and cleaner, resource-efficient 
technologies. A1T is a variant of A1 with a focus on non-fossil fuel sources, 
but the same economic and population growth assumptions. According to the 
IPCC modelling, the increase in global average temperature is likely to be in 
the range of 2°C to 4.5°C, with a best estimate of about 3°C, and is very unlikely 
to be less than 1.5°C. 

The IPCC has set out its detailed findings on the impact of climate change 
in the report of its Working Group II (IPCC, 2007a). It concludes that:

Many natural physical and biological systems are being affected by global •	
warming. There is substantial evidence that both terrestrial and marine 
biological systems are now being strongly influenced by observed recent 
warming.

Frequencies and intensities of extreme weather, climate and sea-level •	
events are very likely to increase. 
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Some large-scale climate events have the potential to cause very large •	
impacts, especially after the 21st century. 

Many impacts can be avoided, reduced or delayed by mitigation. A portfolio •	
of adaptation and mitigation measures can diminish the risks associated 
with climate change.

The melting of ice sheets on polar land would cause the sea level to rise by 
several metres, with major changes in coastlines and inundation of low-lying 
areas. The greatest effect would occur in river deltas and low-lying islands. 
Although these changes are expected to occur over millennial timescales, a 
more rapid rise in sea level on century timescales cannot be excluded.

Climate change is likely to lead to some irreversible impacts. Approxi-
mately 20% to 30% of species assessed so far are likely to be at increased 
risk of extinction if increases in average global warming exceed 1.5 to 2.5°C 
(relative to 1980-1999). If the global average temperature increase exceeds 
about 3.5°C, model projections suggest significant extinctions (40% to 70% 
of species assessed) around the globe. It should be noted that temperatures 
were 6°C higher at the end of the Permian period 250 million years ago, when 
mass extinctions destroyed up to 95% of species, although other causes than 
increased temperature may have played important roles.

4.2.2 The sources of greenhouse gases
In 2005, atmospheric concentrations of CO2 (379 parts per million, or ppm) 
and CH4 (1 774 parts per billion) far exceeded the natural range over the last 
650 000 years. The global increase in CO2 concentration is due primarily to 
fossil fuel combustion, with land-use change providing another significant 

Figure 4.4: Ranges for predicted surface warming
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but smaller contribution. It is very likely that the observed increase in 
CH4 concentration is predominantly due to agriculture and the dramatic 
growth in the use of methane as a fuel. The increase in N2O concentration 
(also a significant greenhouse gas) is primarily due to agriculture. 

Without some mitigation of these emissions, that is assuming fossil fuels 
maintain their dominant position in the global energy mix to 2030 and beyond, 
the IPCC (2007a) and other scenarios project an increase of global GHG emis-
sions by 25% to 90% (CO2-equivalent) between 2000 and 2030. Continued GHG 
emissions at or above current rates are expected to cause further warming 
and induce many changes in the global climate system during the 21st cen-
tury, much larger than those observed during the 20th century. 

For the next two decades a warming of about 0.2°C per decade is projected 
for a range of IPCC emissions scenarios (IPCC, 2000). Even if the concentra-
tions of all greenhouse gases and aerosols had been kept constant at year 
2000 levels, a further warming of about 0.1°C per decade would be expected. 
Afterwards, temperature projections increasingly depend on specific emis-
sion scenarios.

As shown by Figure 4.5, the dominant source of GHG is CO2 from fossil fuel 
combustion. Annual emissions have increased by about 80% between 1970 
and 2004.
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Figure 4.6 shows the origins of global CO2 emissions over the past three 
decades. Clearly, the largest source of CO2 emissions is electricity generation, 
contributing some 27% of the total anthropogenic CO2 emissions, twice the 
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next largest contributor. It is also responsible for the fastest rise in CO2 emis-
sions since 1970. Electricity generation is clearly a major issue and the energy 
projections discussed in Chapter 3 show that it will continue to be a large frac-
tion of primary energy use in the future.

In order to reduce CO2 emissions, nuclear power is often seen as a potential 
means of partially replacing fossil fuels. Nuclear energy might make an even 
more substantial contribution if it moves into supplying other areas of energy 
requirements (see Chapter 13).

4.2.3  CO2 emissions from power production and the impact 
of nuclear power

Among the various fossil fuels, coal produces significantly more carbon dioxide 
per unit of energy produced than either oil or gas, accounting for 40% of global 
CO2 emissions although it only has a 25% share of total primary energy supply 
(TPES). In contrast, gas produces only about half as much CO2 as coal for the 
same amount of energy. Nuclear power, like hydropower and other renewable 
energy sources, produces virtually no CO2 directly. On a life-cycle basis an 
extremely small amount of CO2 is produced indirectly from fossil fuel sources 
used in processes such as uranium mining, construction and transport.

Figure 4.7 and Table 4.1 show a comparison of GHG emissions for differ-
ent full life cycle electricity-generation chains, with a range of estimates and 
assumptions being used in each case. They are expressed in kilogrammes of 
CO2-equivalent per kWh. Lignite has the highest GHG emissions, but hard 
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Figure 4.7: Greenhouse gas emissions of selected energy chains

Note: The data are for the average emissions of UCTE (Union for 
the Co-ordination of Transmission of Electricity). At the time of 
data collection, UCTE member countries were: Austria, Belgium,
Bosnia-Herzegovina, Croatia, Denmark (associated member), 
France, Germany, Greece, Italy, Luxembourg, Former Yugoslav 
Republic of Macedonia, the Netherlands, Portugal, Slovenia, 
Spain, Switzerland, and Serbia and Montenegro.

Source: based on Dones et al. (2004).
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Table 4.1: Average CO2 emissions by energy source
(kg CO2/kWh)

Energy chain Average CO2 emissions 

Lignite 1.2

Hard coal   1.07 

Oil  0.9 

Natural gas (combined cycle)  0.4

Solar PV     0.060

Wind (offshore)     0.014

Wind (onshore)     0.011

Nuclear     0.008

 Hydro     0.005
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coal is only slightly lower. The natural gas chain has the lowest GHG emis-
sions among fossil fuel systems. GHG emissions from nuclear and renewable 
energy chains are between one and two orders of magnitude below emissions 
from fossil fuel chains. Among renewable sources, hydro and wind have better 
performance than photovoltaic (PV) and wood cogeneration. Nuclear power 
ranks alongside the best of the renewables, only hydropower having lower 
specific life cycle emissions.

Nuclear power currently allows mankind to avoid the emission of 2.2 to 
2.6 Gt CO2 per year compared with power produced from coal, or 1.5 Gt CO2 
per year if the alternative was the world average fuel mix for electricity gen-
eration. Without nuclear power, OECD countries would emit about one-third 
more from their power plants than at present. Nuclear power is an important 
element of a balanced portfolio in the various IEA scenarios (IEA, 2006b), as 
discussed below.

Figure 4.8 shows the electricity produced annually from nuclear power 
plants worldwide during the period 1971-2004 (IEA, 2006a) together with a cal-
culated value of the equivalent CO2 emissions avoided assuming that nuclear 
power substitutes for coal, which, as a baseload generating technology, is the 
most likely to be substituted. 

The cumulative emissions of CO2 from fossil fuels used in electricity pro-
duction over the period were 218 Gt and the cumulative savings due to nuclear 
power were 58 Gt of CO2-equivalent. Hence nuclear power, despite being in its 
infancy for the first part of this period, has saved about 21% of the emissions 
from power generation that would have otherwise been released. Indeed, if 
the rate of construction of new plants had not fallen off in the mid-1980s (see 
Chapter 1), the savings would have been significantly larger.
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4.2.4 The Kyoto Protocol and possible scenarios 
The Kyoto Protocol was drawn up in 1997 to implement the United Nations 
Framework Convention on Climate Change (UNFCCC), itself adopted in 1992. 
The aim of the Convention is to achieve “…stabilisation of greenhouse gas 
concentrations in the atmosphere at a level that would prevent dangerous 
anthropogenic interference with the climate system.” The Kyoto Protocol 
seeks to lower overall emissions of six greenhouse gases: carbon dioxide, 
methane, nitrous oxide, sulphur hexafluoride, hydrofluorocarbons and per-
fluorocarbons. The protocol entered into force in February 2005 and its com-
mitment period ends in 2012. 

By May 2008, 182 parties had ratified the protocol. Thirty-six industrialised 
countries and the EU (known as Annex 1 Parties) are committed, once they 
have ratified, to reducing greenhouse gas emissions below levels specified for 
each of them in the protocol. The United States has yet to ratify. A further 
146 countries have ratified the protocol, but have no obligation beyond moni-
toring and reporting emissions. This reflects their less-advanced economic 
development and their lower GHG emissions to date. However, the emissions 
of some non-Annex 1 Parties have grown rapidly since the protocol was drawn 
up and this will need to be addressed in any future protocol. 

Kyoto targets
Annex 1 Parties that ratified the protocol are legally bound to reduce world-
wide emissions of six greenhouse gases by a collective average of 5.2% below 
their 1990 levels for the 2008-2012 period. Compared to the emission levels 
that would be expected by 2010 without the protocol, this limitation repre-
sents a 29% cut. The final ratified agreement means that the Kyoto Protocol 
will receive support from participating countries that produce about 63% of 
carbon dioxide emissions. The protocol is the first global, legally binding con-
tract to reduce greenhouse gases. 

If any of the participating countries miss their proposed 2012 target, they 
will then have to make the promised reductions of the first commitment period 
plus an additional 30% in the next period. Each country has developed its own 
method to meet its targets. Parties may offset their emissions by increasing 
the amount of greenhouse gases removed from the atmosphere by so-called 
carbon “sinks”. Activities which are eligible are afforestation, reforestation, 
deforestation management, cropland management, grazing land management 
and revegetation. Greenhouse gases removed from the atmosphere through 
eligible sink activities generate credits known as removal units.

Flexibility mechanisms
The Kyoto Protocol also includes “flexible mechanisms” which allow Annex 1 
Parties to meet their targets by purchasing GHG emissions reductions from 
elsewhere. These can be obtained from:
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Financial exchanges with non-Annex 1 Parties under the •	 Clean Develop-
ment Mechanism (CDM). Annex 1 Parties may implement projects that 
reduce emissions in the countries of non-Annex 1 Parties and use the 
resulting certified emission reductions (CERs) to help meet their own tar-
gets. The CDM also aims to help non-Annex 1 Parties achieve sustainable 
development and contribute to the ultimate objective of the UNFCCC.
Other Annex 1 countries under a •	 Joint Implementation scheme, whereby 
an Annex 1 Party may implement a project that reduces emissions (e.g. an 
energy efficiency scheme) or increases removals by sinks (e.g. a reforesta-
tion project) in the territory of another Annex 1 Party, and count the result-
ing emission reduction units wwagainst its own target.
Other Annex 1 countries with excess allowances. An Annex 1 Party may •	
transfer some of the emissions under its assigned amount, known as 
assigned amount units, to another Annex 1 Party that finds it relatively 
more difficult to meet its emissions target. It may also transfer CERs, 
emission reduction or removal units that it has acquired through the CDM, 
joint implementation or sink activities in the same way.
While the term “joint implementation” does not appear in Article 6 of the 

protocol where this mechanism is defined, it is often used as convenient 
shorthand. In practice, joint implementation projects are most likely to take 
place in transition economies, where there tends to be more scope for cutting 
emissions at low cost.

Only CDM Executive Board-accredited certified emission reductions can 
be bought and sold in this manner. The Kyoto Protocol established the CDM 
Executive Board to assess and approve projects in non-Annex 1 economies 
before awarding CERs. 

Thus non-Annex 1 Parties have no GHG emission restrictions, but when 
a greenhouse gas emissions reduction project (a Greenhouse Gas Project) is 
implemented in these countries, that project will receive carbon credits which 
can be sold to Annex 1 buyers. Since carbon credits are tradable instruments 
with a transparent price, financial investors have started buying them wholly 
for trading purposes.

The Kyoto Protocol allows a group of several Annex 1 countries to join 
together to create a cluster of countries that is given an overall emissions 
cap and is treated as a single entity for compliance purposes. The EU elected 
to be treated as such a group, and created the EU Emissions Trading Scheme. 
This involved an agreement to redistribute its emissions reductions among its 
members to take account of their individual circumstances.

Progress with compliance
There has been a variety of experience in meeting the agreed targets. The 
EU has a target requiring the original 15 EU member countries to collectively 
reduce their emissions to 8% below 1990 levels during the 2008-2012 period. 
Existing programmes and policies combined with the purchase of international 
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credits are expected to allow the EU to go beyond its target and to reduce 
emissions by 9.3% by 2010.

The United Kingdom has exceeded its Kyoto Protocol target of reducing 
greenhouse gas emissions by 12.5%. Recently, the UK government has indi-
cated that it will fall short of its self-imposed target of reducing CO2 emissions 
by 20% by 2010, instead reaching a target of 15% to 18%. France and Germany 
are within reach of meeting their targets and expect to do so.

Some EU countries, including Austria, Denmark, Ireland, Italy, Portugal and 
Spain, have experienced significant emissions increases and are unlikely to 
meet their allocated reduction targets. However, these countries have allocated 
funds toward the purchase of international credits. Further, their shortfalls are 
expected to be balanced out by other EU countries that have reduced emis-
sions below their targets.

Japan has a target to reduce its GHG emissions by 6% below 1990 levels. 
As emissions are currently 13% above 1990 levels, Japan will have difficulty 
in reaching its Kyoto Protocol target but is still committed to doing so. It is 
expected to rely heavily upon the international carbon trading market.

Nuclear energy and the Clean Development Mechanism
The CDM aims to “… assist Parties not included in Annex 1 in achieving sus-
tainable development and in contributing to the ultimate objective of the 
Convention, and to assist Parties included in Annex 1 in achieving compliance 
with their quantified emission limitation and reduction commitments…”. 
Although nuclear energy can clearly play a major role in reducing CO2 emis-
sions, new nuclear projects are not accepted under the Clean Development 
Mechanism.

During the sixth session of the Conference of the Parties (COP-6) to the 
UNFCC in 2000, there was strong opposition to using certified emissions 
reductions generated from nuclear power plants in meeting commitments. 
It was argued that issues related to finite fuel resources, safety, radioactive 
waste disposal and proliferation of nuclear weapons raise questions as to the 
sustainability of nuclear energy. There was also a view that the CDM should 
be limited to small-scale projects related to renewable energy and energy 
efficiency. Large-scale projects such as nuclear power plants, carbon capture 
and storage, and large-scale hydropower were not considered to be within the 
remit of sustainable development. However, although nuclear power is not 
allowed for the purpose of trading credits with non-Annex 1 countries, Annex 
1 countries can use nuclear power in their own domestic supply to help meet 
Kyoto Protocol targets.

At present, the targets and flexibility mechanisms refer only to the Kyoto 
Protocol compliance period of 2008-2012. While the entry into force of the 
Kyoto Protocol enhanced the relevance of nearly carbon-free technology 
options, greater possibilities for nuclear energy to make significant contrib-
utions to GHG emissions reductions will exist after the Kyoto compliance 
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period. It is in this longer term that the debate about the possible role of nuclear 
energy in sustainable development will be more important (NEA, 2002).

The Bali conference and “Kyoto 2”
The present Kyoto Protocol commitment period ends in 2012. Intergovern-
mental discussions on further action to mitigate climate change were pursued 
in earnest at the 13th Conference of the Parties (COP-13) to the UNFCCC in Bali 
in December 2007. The Conference agreed on a “roadmap” which initiates a 
two-year process to approve a new set of emissions targets to replace those 
in the Kyoto Protocol. A proposal by the EU at the Bali Conference according 
to which industrialised countries should cut their emissions by 25% to 40% by 
2020 was opposed by a bloc including Canada, Japan and the United States.  
A key issue is the extent to which emission cuts should be borne by the indus-
trialised nations alone. The United States is concerned that its efforts to reduce 
its GHG emissions will be entirely negated by growth in China and India. 

The developing countries point out that their per capita levels of emissions 
are much lower than those of the industrialised countries and that they have 
a right to continue their industrial development without the same constraints 
as those to be imposed on already developed countries. For example, although 
China overtook the United States as the largest GHG emitter in 2007, its per 
capita emissions are still far lower than in the United States. The final text did 
not mention specific emissions targets, but did acknowledge that “deep cuts in 
global emissions will be required to achieve the ultimate objective of the Con-
vention and emphasizing the urgency to address climate change.”

The IPCC recommends that in order to stabilise global warming at 2°C above 
pre-industrial levels, the new agreement must aim at a 50% reduction in GHG 
emissions by 2050, with intermediate targets along the way. Arguably, this 
implies that if developing economies are to be allowed scope for economic 
growth, developed countries should be aiming at a 70% to 80% reduction by 
2050. However, this is not to say that developing economies should ignore the 
need to ensure that they too minimise the emissions associated with their 
economic development.

The discussions on a replacement to the Kyoto Protocol, which is scheduled 
to be agreed at a further conference at Copenhagen in 2009, will need to find 
better mechanisms for encouraging both developed and developing countries 
to adopt clean energy solutions. For example, the Kyoto Protocol mechanisms 
have been too short-term to affect the choice of new power plants. New mech-
anisms are needed to allow carbon trading to fund infrastructure projects.

The Bali Conference agreed to a framework that would allow richer nations 
and companies to earn “carbon credits” by paying for forest protection in devel-
oping countries. Protecting forests is widely regarded as the cheapest single 
way of curbing climate change.

The extent to which such mechanisms should involve emissions capping 
with trading of carbon credits rather than the imposition of carbon taxes on 
fossil fuels remains a matter of much debate. Similarly, any future components, 
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such as the current Clean Development Mechanism and the Joint Implementa-
tion scheme, may need to consider whether nuclear power should continue to 
be an excluded technology. Nuclear power constitutes a huge energy resource 
which is largely CO2-free and is a proven and economic way of generating 
electricity.

4.3 Scenarios for future energy supply and use
Various organisations have devised scenarios for projecting how CO2 emissions 
might be constrained, based on differing mixes of enabling technologies. A 
number of such scenarios are discussed below. All analyses show just how 
demanding the task is, requiring a series of contributions from numerous 
sources of savings. 

4.3.1 IPCC scenarios
The original IPCC Special Report on Emissions Scenarios (SRES) published in 2000 
analysed 40 different projections. Only a small number of those projections 
considered by the IPCC showed a reduction of GHG emissions below current 
levels. Figure 4.9 shows the spread, from the highest to the lowest outcomes in 
2100. Further analysis by the IPCC of a wider range of scenarios, summarised 
in Table 4.2, leads to some daunting conclusions. To achieve a stabilisation of 
global temperature at 2°C above pre-industrial levels (which is widely regarded 
as the only acceptable outcome that avoids the risk of potentially catastrophic 
consequences) would require energy strategies to reduce emissions by at least 
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Figure 4.9: Standardised global energy-related and industrial
carbon emissions for the four families of SRES scenarios
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50% below 2000 levels (i.e. to less than 13 Gt CO2 per year) by the year 2050. The 
relationship between CO2 emissions, population growth, GDP growth, energy 
intensity (energy/GDP) and carbon intensity of energy (CO2 /unit of energy) 
implies that reducing total CO2 emissions to 50% of current levels by 2050 
requires the average carbon intensity of energy to be reduced by 75% (see 
box). This outlook is based on the currently predicted growth in population 
and wealth, and assumes significant efficiency improvements.

The scale of this challenge was recognised by the G8 leaders and those 
of Brazil, China, India, Mexico and South Africa at a summit meeting at 
Heiligendamm, Germany in June 2007. The summit issued a joint statement 
which included the following:

We face serious challenges in tackling climate change and achieving sustainable 
development globally. We reaffirm our commitment to the United Nations 

a) Note that global mean temperature at equilibrium is different from expected global mean temperatures 
in 2100 due to the inertia of the climate system. 
b) The simple relationships Teq = T2xCO2 x In([CO2]/278)/In(2) and ∆Q = 5.35 x In([CO2]/278) are used. Non-
linearities in the feedbacks (including, for example, ice cover and carbon cycle) may cause time dependence 
of the effective climate sensitivity, as well as leading to larger uncertainties for greater warming levels. The 
best-estimate climate sensitivity (3°C) refers to the most likely value, that is, the mode of the climate sensitiv-
ity PDF consistent with the WGI assessment of climate sensitivity and drawn from additional consideration of 
Box 10.2, Figure 2, in the WGI AR4. 
c) Ranges correspond to the 15th to 85th percentile of the Post-Third Assessment Report (TAR) scenario distri-
bution. CO2 emissions are shown, so multi-gas scenarios can be compared with CO2-only scenarios. 
Note that the classification needs to be used with care. Each category includes a range of studies going 
from the upper to the lower boundary. The classification of studies was done on the basis of the reported 
targets (thus including modelling uncertainties). In addition, the relationship that was used to relate different 
stabilisation metrics is also subject to uncertainty. 
Source: IPCC (2008).

Table 4.2: Classification of recent IPCC scenarios 
according to different stabilisation targets

Cat.

Additional 
radiative 
forcing 
(W/m2)

CO2 
concen- 
tration 
(ppm)

CO2-eq 
concen- 
tration 
(ppm)

Global mean 
temperature 

increase above 
pre-industrial 
at equilibrium, 

using “best 
estimate” 
climate 

sensitivity a,b

Peaking 
year 

for CO2 
emissions c

Change in 
global CO2 
emissions 
in 2050 (% 

of 2000 
emissions) c

No. of 
assessed 
scenarios

I 2.5-3.0 350-400 445-490 2.0-2.4 2000-2015 -85 to -50 6

II 3.0-3.5 400-440 490-535 2.4-2.8 2000-2020 -60 to -30 18

III 3.5-4.0 440-485 535-590 2.8-3.2 2010-2030 -30 to -5 21

IV 4.0-5.0 485-570 590-710 3.2-4.0 2020-2060 +10 to +60 118

V 5.0-6.0 570-660 710-855 4.0-4.9 2050-2080 +25 to +85 9

VI 6.0-7.5 660-790 855-1 130 4.9-6.1 2060-2090 +90 to +140 5

Total 177



130

Chapter 4: Environmental Impacts of Energy Use and Power Production

The Kaya Identity

The Kaya Identity expresses the level of energy-related, global 
CO2 emissions as the mathematical product of four indicators:

Popu•	 lation  (P)

Gross domestic product per capita •	 _____GDP
P( )

Energy intensity •	 _____
GDP

E( )
Carbon intensity (carbon emissions per unit of total primary •	

energy supply 

The IPCC report (2007b) states that the global average growth 
rate of CO2 emissions between 1970 and 2004 of 1.9% per year is 
the result of the following annual growth rates: 

Population 1.6%•	

GDP•	  per capita 1.8%

Energy intensity -1.2%•	

Carbon intensity -0.2% •	

The Kaya Identity offers a straightforward method for dem-
onstrating what may stabilise climate change, assuming the 
goal of a 50% reduction in CO2 emissions by 2050 is adequate. 
The UN projects that the global population will grow by a fac-
tor of almost 1.5 to 2050. This means that, to reach the goal, the 
product of the other three indicators must be reduced by a factor 
of three. 

If world GDP per capita continues to grow by 1.8% per year, it 
will have increased by a factor 2.3 by 2050. As a result, the prod-
uct of the two remaining terms must then be reduced by a factor 
of almost seven to reach the goal.

If energy intensity continues to fall by 1.2% per year, it will 
have decreased by a factor 1.7 by 2050.

If the above projections hold true, the carbon intensity of the world 
energy system must be reduced by a factor of four to achieve a 50% 
reduction in CO2 emissions by 2050.

(_____C
E )

_____GDP
P

CO2 = 44_____
12

× P × × _____
GDP

E × _____C
E
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Framework Convention on Climate Change  and to its objective through both 
mitigation and adaptation in accordance with our common but differentiated 
responsibilities and respective capabilities. On this basis and taking into 
account the scientific knowledge as represented in the recent IPCC reports, 
we remain committed to contribute our fair share to tackle climate change in 
order to stabilize greenhouse gas concentrations at a level that would prevent 
dangerous anthropogenic interference with the climate system. To this end we 
need a flexible, fair and effective global framework and concerted international 
action. We underline the crucial role of economic incentives, in particular by 
carbon markets, for the necessary investments in climate friendly technologies 
at large scale. The adaptation to climate change will be a major challenge for all 
countries, in particular for developing countries, and means for adaptation need 
to be included in a future agreement along with enhanced technology cooperation 
and financing. (G8 Summit, 2007)

4.3.2  IEA scenarios
The IEA has also explored strategies for reducing CO2 emissions up to 2050 in 
its report on Energy Technology Perspectives 2006, hereafter referred to as ETP 
(IEA, 2006b), and in its World Energy Outlook 2007, hereafter WEO 2007 (IEA, 
2007). The ETP study sets out a range of Accelerated Technology (ACT) sce-
narios, based on deploying technologies that already exist or are under devel-
opment. These range from the relatively optimistic Map Scenario to the Low 
Efficiency Scenario which are summarised in Figure 4.10 and Table 4.3. None 
of these Accelerated Technology scenarios was able to succeed in reducing 
CO2 emissions even to current levels by 2050. Only in a sixth scenario, TECH 
Plus, is a reduction below current levels (-17%) projected by 2050. This sce-
nario makes radical assumptions on the rate of progress for renewables and 
nuclear electricity generation technologies, as well as for advanced biofuels 
and hydrogen fuel cells in the transport sector. 

Table 4.3 shows how the different enabling technologies contribute to the 
emissions reductions projected in these scenarios. By far the biggest contri-
bution, approaching 40%, is assumed to come from end-use efficiency. Car-
bon capture and storage (CCS), a technology yet to be fully demonstrated, is 
assumed to be the second-largest contributor at just under 12% of savings. 
Changes to the fuel mix in buildings and industry, expanded use of nuclear 
power and non-hydro renewables in power generation follow closely. It seems 
that no potential saving can be ignored, but the total still adds up to much 
less than the 50% savings required (as a minimum) by the IPCC projections to 
achieve a stabilisation of the increase of average temperature around 2°C.

To achieve the 2°C target, something even more radical than the ETP TECH 
Plus Scenario is required. While the IEA WEO 2007 study focuses in particu-
lar on the additional challenges posed by the rapid economic expansion of 
China and India, and the implications for global energy strategy, it also looks at 
extreme scenarios to contain global CO2 emissions. The study estimates that to 
achieve stabilisation at 2°C above pre-industrial levels (i.e. GHG concentrations 
in the range 445-490 ppm of CO2-equivalent) would require energy-related CO2 
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Table 4.3: CO2 emissions reductions in ETP scenarios 
by contributing technology factor (Mt CO2)

Map Low 
nuclear

Low 
renew. No CCS Low 

efficiency
TECH 
Plus

Fossil fuel mix in power generation 1 623 1 445 1 623 1 675 1 804 1 974

Fossil fuel power generation efficiency 251 280 328 821 364 263

Nuclear 1 922 593 2 133 2 928 1 968 2 677

Hydropower 513 506 97 582 382 464

Biomass power generation 537 557 97 725 567 577

Other renewables power generation 1 966 2 060 1 397 3 192 1 927 2 676

CCS in power generation 3 983 4 450 4 471 0 4 787 4 370

CCS in fuel transformation 1 043 1 043 1 043 0 1 123 1 727

CCS in industry 1 460 1 460 1 460 0 1 480 1 460

Fuel mix in buildings and industry 2 484 2 324 2 327 1 560 2 562 2 746

Increased use of biofuels in transport 1 794 1 794 1 794 1 805 1 611 2 306

Hydrogen and fuel cells in transport 0 0 0 0 0 1 523

End-use efficiency 14 478 14 612 14 589 15 036 8 223 14 658

Total reduction 32 054 31 124 31 359 28 324 26 798 37 421

Resulting total CO2 emissions in 2050 25 969 26 897 26 738 29 698 31 214 20 602

CO2 emissions relative to 2003 +4.6% +8.3% +7.7% +19.6% +25.7% -17.0%

Source: based on data taken from IEA (2006b).

Figure 4.10: Global CO2 emissions in the IEA scenarios
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emissions to be reduced to around 23 Gt in 2030. The study also describes 
one possible pathway for achieving this objective, which is called the 450 Sta-
bilisation Case. This scenario envisages global energy-related CO2 emissions 
peaking in 2012 at around 30 Gt and then declining to 23 Gt in 2030. This is 
a reduction of 19 Gt compared with the Reference Scenario and 11 Gt lower 
than the Alternative Policy Scenario (see Figure 4.11). The coloured bars in 
Figure 4.11 represent the contributions of various enabling technologies to the 
difference between the 450 Stabilisation Case and the Alternative Policy Sce-
nario. However, a more complete picture also requires consideration of these 
contributions in the Reference and Alternative Policy Scenarios.

Table 4.4 shows an analysis of these contributions of non-fossil fuel sources 
to total primary energy demand in the IEA WEO 2007 scenarios. It can be seen 
that the biggest difference between the Reference Scenario and the Alter-
native Policy Scenario is in nuclear power. This is even more evident in the 
450 Stabilisation Case, reflecting the fact that renewable resources are already 
being pushed quite hard. It should be noted that in the Reference and Alter-
native Policy Scenarios, the IEA assumed no contribution at all from carbon 
capture and storage because it is not a proven technology. As can be seen from 
Figure 4.11, the IEA does assume a significant contribution from CCS in the 
450 Stabilisation Case, comparable to that from nuclear and renewables. Nev-
ertheless, there must be significant doubt as to whether or not it is feasible 
to achieve the assumed contribution from CCS by 2030 in the 450 Stabilisa-
tion Case. Similarly, the assumptions about the improvements in end-use effi-
ciency that can be achieved might be considered very optimistic. If CCS and/
or end-use efficiency fail to achieve the required targets, it follows that other 
technologies, including nuclear power, will need to make bigger contributions 
to fill the gap.
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Table 4.4: Analysis of non-fossil fuel contributions 
to the IEA WEO 2007 scenarios

 2005 
(Mtoe)

2030 
(Mtoe)

% 
addition

Increase 
from the 

Reference 
Scenario
(Mtoe)

Increase 
from the 

Alternative 
Policy 

Scenario
(Mtoe)

% TPES 
 in 2030

Nuclear power

Reference 721 854 18 4.8

Alternative 721 1 080 50 226 6.8

450 Stabilisation 721 1 709 137 855 629 12.2

Hydro

Reference 251 416 66 2.3

Alternative 251 465 85 49 103 2.9

450 Stabilisation 251 568 126 152 103 4.0

Biomass and waste

Reference 1 149 1 615 41 9.3

Alternative 1 149 1 738 51 123 11.0

450 Stabilisation 1 149 1 966 71 351 228 14.0

Other renewables

Reference 61 308 405 1.7

Alternative 61 444 628 136 2.8

450 Stabilisation 61 471 672 163 27 3.4

Given that deployment of both renewables on this scale and CCS in the 
large-scale production of electricity are technically unproven and likely to be 
expensive, it is appropriate to enquire how much more of a contribution to 
emissions savings might be expected from a high nuclear energy scenario, 
should this be necessary. 

4.3.3  NEA scenarios
As described in Chapter 3, the NEA has developed its own nuclear energy 
scenarios through to 2050:

The NEA low scenario assumes that CCS and renewable energy technologies •	
are successful whereas experience with new nuclear technology is disap-
pointing, and that there is continuing public opposition to nuclear power.

The NEA high scenario assumes that experience with CCS and renewable •	
energy technologies is disappointing while experience with new nuclear 
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technologies is positive, and that there is a high degree of public acceptance 
of nuclear power.

Figure 4.12 shows the annual savings in CO2 emissions that would result 
from the deployment of additional nuclear power capacity in the NEA scenarios, 
assuming that the additional nuclear capacity replaces traditional coal-fired 
capacity. This seems a reasonable assumption given that the IEA projections 
indicate that future growth of electricity capacity will be dominated by coal 
under present policies, and that nuclear and coal are predominately baseload 
generating technologies. If nuclear is assumed to substitute for a range of 
generating technologies as well as coal (gas, wind, etc.), the CO2 emissions 
savings will be lower. It can be seen that in the high scenario, the nuclear-
related savings in emissions rise to 11.6 Gt/yr by 2050.

The difference between the NEA high and low scenarios (an emissions 
reduction of 6.9 Gt/yr) represents the extra contribution which a reasonably 
committed deployment of nuclear technology could make, and can be com-
pared with the IEA TECH Plus Scenario which has an additional nuclear con-
tribution of 1.9 Gt/yr of avoided CO2 emissions by 2050. Clearly such a high 
nuclear component would represent a major contribution towards the IPCC 
2°C stabilisation level (see Table 4.2), which requires that emissions decrease 
from a peak of about 30 Gt/yr in 2015 to around 13 Gt/yr by 2050 (reference 
scenarios typically have emissions of around 60 Gt/yr by 2050). 

It should be noted that the NEA high scenario does not propose as fast 
a rate of growth for nuclear power in the period to 2030 as does the IEA 
450 Stabilisation Case. It might be considered that the NEA high scenario 
is “cautiously optimistic” about the rate of growth that can be achieved. 
However, as shown in Chapter 11, the potential reactor build rate capability 
should allow the deployment called for in this scenario and more. In the case 
of very strong deployment of nuclear technology, more could be achieved 
than in the NEA high scenario, but at present this does not seem likely.

0.0

G
t 

C
O

2 
p

er
 y

ea
r

2.0

4.0

6.0

8.0

10.0

12.0

14.0

2012
2017

2022
2027

2032
2037

2042
2047

2050
2007

NEA high scenario
NEA low scenario

Figure 4.12: Projected CO2 savings to 2050



136

Chapter 4: Environmental Impacts of Energy Use and Power Production

4.4 Other types of atmospheric emissions
While GHG emissions have a potential worldwide impact through global 
warming and climate change, particulate matter, sulphur dioxide and nitro-
gen oxides have regional or local impacts.

4.4.1 Particulate emissions
The terms “particulate emissions” or “particulate matter” (PM) refer to 
aerosol particles in the atmosphere (i.e. airborne suspensions of solid and/
or liquid droplets). These may come from natural sources, such as wind 
erosion, dust storms and sea spray, but most concern is focused on those 
which are emitted during the combustion of fossil fuels and biomass. Power 
stations, industrial processes and vehicles with diesel engines are the main 
sources of PM emissions in OECD countries. The first controls placed on PM 
emissions began in the United Kingdom in the 1950s with a ban on domestic 
use of coal in open hearths in urban areas. This legislation greatly reduced 
the dense winter smogs which had become notorious in London and other 
major British cities, and had been established as the cause of thousands of 
premature deaths from respiratory diseases. In Dublin, Ireland, in the 1990s, 
the introduction of a ban on domestic burning of bituminous coal reduced 
average black smoke concentrations by 70%. Respiratory deaths decreased 
by 15% and cardiovascular deaths by 10% (Clancy et al., 2002). 

The size and chemical composition of the particles largely determine the 
nature of the health effect. Particles larger than about 10 microns tend to 
settle quickly and are largely filtered out in the nose and upper respiratory 
tract with little health effect.

Particles smaller than ten microns (PM10) which result from a wide variety of 
sources, are a significant air pollutant responsible for health damage, such as 
lung disease. Direct power plant PM10 releases, which to some extent depend 
on pollution control measures, dominate the fossil chains. The lignite chain 
with a UCTE average of about 0.5 g/kWh shows the worst performance (see 
Figure 4.13). Hard coal and oil UCTE averages are in the order of 0.25 g/ kWh. 
Country averages differ considerably for these three fuels; even a difference 
of a factor of 25 between the best and worst figures is possible.

Natural gas ranks at a similar level to nuclear power and the renewables. 
It is clear that replacing coal-fired electricity generation with either gas, 
renewables or nuclear energy brings significant particulate-related health 
benefits in addition to reducing greenhouse gas emissions.

In the United States, the Environmental Protection Agency sets standards 
for PM10 concentrations in urban air at 150 μg/m³ averaged over a 24-hour 
period.  Nevertheless, air pollution from coal-fired power plants is believed 
to cause about 30 000 premature deaths in the United States each year. 
According to Delfino et al. (2005), numerous epidemiological studies have 
shown an association between PM10 and PM2.5 (fine particles of <2.5 microns) 
outdoor ambient air pollution on the one hand and cardiovascular hospital 
admissions and mortality on the other. The causal components driving the 
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relationship between particulate matter and cardiovascular morbidity and 
mortality remain to be identified. Exposure to particulate matter is also 
believed to be responsible for high rates of asthma in children (ibid.).

4.4.2 SO2 emissions 
Illustrative results are shown in Figure 4.14 for SO2 emissions, drawn from the 
same studies as the GHG emissions data. Direct power plant emissions domi-
nate SO2 emissions from fossil fuels and depend on the sulphur content of the 
fuel and the emission control measures adopted. Lignite and heavy oil, with 
UCTE averages of about 7 g SO2/kWh, have the highest SO2 emissions. Country 
averages differ considerably; the factor between the best and worst figures can 
reach values of nearly 30. The UCTE average for hard coal is about 3 g/kWh. 
Figures for countries with the lowest emissions show that relatively low SO2 

emissions are possible even for coal and oil power plants. 

The natural gas chain with a UCTE average of about 0.2 g/kWh has the 
lowest SO2 emissions among fossil systems. Combined-cycle plants show 
only small advantages. 

SO2 emissions of nuclear and renewables chains (barely visible in 
Figure 4.14) are between one and two orders of magnitude below UCTE 

Source: based on Dones et al. (2004).
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average emissions of lignite, hard coal and oil. Among renewable sources, 
hydro and wind have better performance than PV and wood co-generation.

4.4.3   NOx
 emissions

Illustrative results for NOx emissions are shown in Figure 4.15, drawn from 
the same studies as the GHG data. The UCTE average is about 2.8 g/kWh; 
differences between country averages are significant.

4.4.4   Health effects of air-pollution emissions from power 
generation

The health effects of emissions vary widely according to local circumstances 
including pollution control, population density, etc. Figure 4.16 shows, as an 
example, mortality resulting from the emissions of major pollutants, specific 
to the current German energy chains during normal operation (Hirschberg 
et al., 2004). As an advanced economy, Germany should represent one of the 
countries with the least damaging health effects from emissions. The study 
includes the effects of radioactive emissions.

Nuclear, wind and hydropower lead to very few mortalities in conjunction 
with normal operation. Mortalities due to natural gas and solar PV chains are 
slightly higher and comparable. The fossil fuel systems other than natural gas 

Note: The data are for the average emissions of UCTE countries.
Source: based on Dones et al. (2004).
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Note: The data are for the average emissions of UCTE countries.
Source: based on Dones et al. (2004).
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Figure 4.15: NOx emissions of selected energy chains
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Source: based on Hirschberg et al. (2004).

exhibit much higher impacts than the other options. It is worthwhile noting 
that for all chains, mortalities due to accidents are practically negligible as 
compared with the corresponding effects of normal operation. 
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Various studies have been carried out in different countries and regions 
on the years of life lost and the cost of additional sickness (morbidity) due to 
air pollution, including particulate emissions. For example, an OECD report 
on the health costs due to air pollution (OECD, 2007) concludes that air pollu-
tion may be a significant contributor to ill health and death in OECD countries 
due to cardiovascular diseases, cancer and diseases of the respiratory system. 
With regard to morbidity, prevalence of asthma and allergies, in particular 
among children, has been steadily increasing in most OECD countries since 
1995. A recent analysis at the global level estimates that outdoor air pollution 
is responsible for approximately 800 000 premature deaths (i.e. 1.2% of global 
deaths) and 6.4 million years of life lost (i.e. 0.5% of total years of life lost) per 
year (Cohen et al., 2005).

4.5  Radiological impact of nuclear power
Nuclear energy production requires infrastructure that gives rise to broadly 
similar issues as other industrial and power generation facilities, such as 
land-use, thermal emissions and potential chemical (or other) pollutants. 
As has been discussed, nuclear power compares very well in most of these 
areas. However, it is the radioactivity concentrated or produced during the 
nuclear fuel cycle that is regarded with particular concern. These impacts 
may be summarised as follows:

The environmental impacts of nuclear fuel production and nuclear power •	
plant operation are low under normal operating conditions.
The mining and milling of uranium has environmental impacts which are •	
typical of the mining of any material, although the levels of radioactive 
releases are intrinsically higher than from many other extraction opera-
tions. The predicted impact of the radioactivity is low, and much of this is 
from legacy operations rather than state-of-the-art facilities.
Radioactive waste disposal is only likely to lead to minor releases of radio-•	
activity a long time in the future, with the largest releases occurring on 
timescales that are not meaningful in terms of human history and that, in 
any case, would produce increases in radioactivity similar to fluctuations 
in natural radioactivity.
The reprocessing of spent fuel is essentially “neutral” in terms of environ-•	
mental and health impact, although it does result in a shift of radiological 
impacts from uranium mining areas to the vicinity of reprocessing plants. 
The key benefit from reprocessing is that it maximises the use of extracted 
uranium while minimising the waste ultimately requiring disposal.
The basis for these statements is described in the sections that follow, and 

cover each step in the nuclear fuel cycle:

uranium mining,•	
uranium enrichment and fuel fabrication,•	
nuclear power plant operation,•	
reprocessing,•	
radioactive waste disposal.•	
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4.5.1 Uranium mining
Uranium mining is currently carried out using opencast (around 24%), under-
ground (around 40%) and in situ leach (ISL) extraction methods (around 25%). 
Uranium is also produced as a by-product of the extraction of other metals 
(about 9%) and through the treatment of mine wastewater (NEA, 2008). Phys-
ical, chemical and environmental impacts resulting from these extraction 
processes are broadly similar to the extraction of other materials, with the 
exception of ISL mining which results in significantly reduced surface dis-
turbance and no waste rock piles or tailings. Worldwide annual extraction of 
around 40 000 tonnes of uranium (tU), supplemented by about 25 000 tU/yr 
from previously mined sources of uranium, leads to some 6% of world energy 
demand being met by nuclear power, compared to around 25% by 5.6 billion 
tonnes of coal. 

Although wastes from uranium mining have relatively low radioactivity 
(particularly since most of the uranium has been extracted), radium and 
radon can escape into the environment, in particular in the context of past 
practices that are no longer licensed today. Modern practices focus on the 
containment of contaminants leached from waste, and the relatively short 
half-life of radon ensures that even a modest covering of a waste pile pre-
vents most radioactivity from escaping into the atmosphere. Recent work 
in Canada found that the worst of past practices were potentially capable 
of harming some non-human biota in the vicinity of the site, but that this 
was from the chemical toxicity of remnant uranium, rather than its radio-
activity (Environment Canada, 2006). Indeed, wastes from many mining or 
extraction processes, including phosphate, copper, titanium, rare earth met-
als, gold and silver, and oil and gas, have similar (or greater) concentrations 
of radioactivity. The sheer quantity of coal and oil extracted means that, at 
present, they give rise to comparable or larger releases of radioactivity in 
absolute terms than does nuclear power.

Overall, uranium mining does not have intrinsically different impacts from 
other mining per unit of extraction. However, UNSCEAR (2000) shows this 
part of the nuclear fuel cycle as giving rise to an estimated 7.5 man-Sv/GWyr1 
of collective dose out of the global total of 50 man-Sv/GWyr. Uranium mining 
and milling clearly does not have the same radiological accident hazard as 
other parts of the cycle, notably the operation of power plants.

4.5.2 Uranium enrichment and fuel fabrication
Uranium enrichment is required for most operating reactors (notable excep-
tions being CANDU and Magnox reactors, although slightly enriched ura-
nium is now being used in some operating CANDUs and in the latest CANDU 
designs), but neither enrichment nor fuel fabrication give rise to large indi-
vidual or collective doses, since releases to the environment are very low and 

1. To evaluate the total impact of radionuclides released at each stage of the nuclear fuel cycle, 
the results are evaluated in terms of collective effective dose per unit of electrical energy gener-
ated per year, expressed as man-Sv/GWyr.
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most radioactive daughter products have been removed during the preceding 
steps of milling and refining. The radiological impact of these stages is esti-
mated to be around 0.003 man-Sv/GWyr (UNSCEAR, 2000).

4.5.3 Nuclear power plant operation
Nuclear power plants are the part of the nuclear energy process that generally 
attracts most attention. However, in themselves, nuclear power plants have a 
low environmental impact under normal operation. They have low emissions 
of chemically hazardous material, use relatively little land, their releases of 
radioactivity are low and, as discussed elsewhere in this chapter, they have 
no or very low direct releases of carbon dioxide or particulate matter. In com-
mon with most other industrial-scale means of generating power, including 
all fossil-fuelled and waste/biofuelled power plants, nuclear power plants 
will, however, result in discharges of thermal energy, e.g. water temperatures 
above average for the local environment.

The quantities of radionuclides released from nuclear power plants per year 
are relatively small, being comparable to or lower than activities administered 
in a radiotherapy dose to a single individual. With modern practices, only 
noble gases and tritium (H-3) are discharged in sizeable quantities. The rapid 
dispersion of these discharges means that concentrations of radioactivity in 
the environment due to the operation of nuclear power plants are extremely 
low and risks to individuals are also extremely low. Typically, doses to the 
most exposed members of the public are 0.01 to 0.1 mSv/yr, compared to a 
public dose limit of 1 mSv/yr, in itself lower than natural background radiation 
levels. 

The amount of radioactivity released per unit of electricity generated has 
decreased dramatically since the early days of the industry. For most isotopes, 
the overall total is stable or decreasing despite the significant increase in 
nuclear electricity generated, as shown in Figures 4.17 and 4.18. Improvements 
in performance have come from learning from experience, better technology 
and the adoption of the goal to reduce doses “ALARA” (as low as reasonably 
achievable), which drives continuous improvement in industry performance. 

Collective dose, which measures the effect on the population as a whole 
rather than an individual’s risk (and is thus related to total radioactivity 
release), has also declined per unit of electricity generated and is fairly constant 
in absolute terms as a consequence of the reduction of discharges, as is shown 
in Figure 4.19. The ALARA principle applies to workers as well as the public, 
potentially creating a tension since what is not released off site can sometimes 
increase worker exposure on site. Nevertheless, a comparison with worker 
dose rates shows that improvements in environmental impact have in fact 
coincided with a reduction of dose to workers. Thus, new nuclear power 
plants operating with state-of-the-art management and equipment should 
offer the same or better performance. 

In summary, despite being the power generating part of the nuclear energy 
fuel cycle, the actual operation of nuclear power plants has a low impact on 
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Figure 4.17: Releases of radioactivity (TBq) and
collective dose (man-Sv) per unit of electricity generated
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health and the environment. In the absence of a large power plant accident, 
most environmental impacts come from other stages of the fuel cycle.

4.5.4 Reprocessing 
Globally there are very few commercial reprocessing plants. Such plants 
tend to be controversial since historically some have made large releases 
of radioactivity to the environment, and even now releases are relatively 
large compared to most other steps in the nuclear energy process. However, 
releases from reprocessing should be offset against the (additional) uranium 
mining that reprocessing avoids and its role in improving the sustainability 
of uranium reserves (see Chapter 5).

Discharges from reprocessing have decreased, as illustrated in Figure 4.20, 
mainly for the reasons given for nuclear power plants (learning from 
experience, technology, ALARA) but also because the political climate has 
changed with a greater emphasis being given to environmental protection. 
Two of the main sites of commercial reprocessing plants are adjacent to 
marine environments protected by the Convention for the Protection of the 
Marine Environment of the North-East Atlantic (“OSPAR Convention”) and 
thus are subject to the non-binding “Sintra Statement” which essentially 
aims for zero discharges of contaminants into the marine environment. 

Figure 4.19: Total collective effective dose and collective dose
per unit of electricity generated
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Figure 4.21 shows the impact of reducing discharges from the Sellafield 
reprocessing plant in the United Kingdom on the concentration of caesium-137 
in the Irish Sea. Even for radionuclides which are not dispersed as rapidly as 
caesium-137, this indicates that concentrations of radionuclides are largely 
due to past rather than current discharges.

Collective doses from reprocessing per unit of electricity generated have 
also decreased from a peak in the 1970s, in most cases very strongly (see 
Figure 4.22).

Figure 4.20: Trends in releases of radionuclides
from nuclear fuel reprocessing plants

Source: UNSCEAR (2000).
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Figure 4.22: Collective dose from reprocessing per unit of electricity generated
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4.5.5 Radioactive waste disposal
Technical specialists are confident that this aspect of the cycle can be 
addressed with minimal environmental impact. The arguments for this 
position are covered in detail in Chapter 8.

4.6 Ethics, the polluter pays principle and external costs
Avoiding the imposition of undue burdens on future generations is one of the 
key considerations in sustainable development. It is argued that the present 
generation, as well as each succeeding generation, should strive to fulfil the 
following general goals: 

Preserve the advances our culture and civilisation have made.•	

Strengthen equitable institutions and the institutions that provide justice.•	

Transfer scientific, technological and economic advances to our descen-•	
dants. 

The principle of intergenerational continuity implies a chain of responsi-
bilities whereby the present generation transfers resources and reasonable 
obligations to the succeeding generation. Each and every generation is con-
sidered to have such an obligation. Knowledge, competence and resources 
need to be preserved, developed and effectively transferred to the next 
generation.

In terms of the pollution resulting from today’s activities, “the polluter 
pays principle” is now a widely accepted concept. It is generally defined as 
“those causing pollution should meet the clean-up and other costs to which 
they give rise”. This principle was formulated in 1974, in a recommendation 
adopted by the OECD Council. In 1989, the Council reiterated the applicability 
of this principle to the management of hazardous facilities. The meaning of 
the principle was then articulated to be as follows: “The polluter pays prin-
ciple... means that the polluter should bear the expenses of carrying out the 
pollution prevention and control measures introduced by public authorities 
in member countries, to ensure that the environment is in an acceptable 
state.” The polluter pays principle was also adopted in 1992 as part of the 
Rio de Janeiro Declaration on Environment and Development (Principle 16): 
“National authorities should endeavour to promote the internalization 
of environmental costs and the use of economic instruments, taking into 
account the approach that the polluter should, in principle, bear the cost of 
pollution, with due regard to the public interest and without distorting inter-
national trade and investment.”

This leads to the concept of external costs (see also Chapter 6). All sources 
of energy production involve external costs to a greater or lesser extent. An 
external cost arises when “the social or economic activities of one group of 
persons have an impact on another group and when that impact is not fully 
accounted, or compensated, by the first group” (Rainer et al., 2005).
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There are several ways of taking account of the cost to the environment 
and health, i.e. for “internalising” external costs. External costs can be inter-
nalised through taxing the damaging fuels and technologies according to the 
external costs caused. For example, it is estimated that, if the external cost 
of producing electricity from coal were to be factored into electricity bills, 
between 2 and 6 eurocents per kWh would have to be added to the current 
price of electricity in the majority of EU member states (Dones et al., 2005). 

The external costs of CO2 emissions can be internalised through carbon 
trading. This differs from the application of a tax on carbon emissions by 
allowing polluters to choose between spending money to reduce their own 
emissions or paying someone else to reduce their emissions by an equivalent 
amount. Carbon trading is believed to be more flexible and less economically 
damaging than a simple tax. From a global perspective, the geographical 
location of where the CO2 savings are made is much less important than the 
total amount saved. Carbon trading is inherent in the flexibility mechanisms 
for mitigating global warming under the Kyoto Protocol.

In a recent study sponsored by the European Commission and carried out 
in the framework of the ExternE project/policy applications (Dones et al., 
2005), average external costs for current and advanced electricity systems 
have been estimated, as well as contributions of the individual pollutants 
to those costs. The results were obtained by considering a full life-cycle 
analysis of the selected technologies, with damage factors based on the 
impact-pathway approach. The study used the database “ecoinvent” (www.
ecoinvent.ch), developed and implemented by the Swiss Centre for Life Cycle 
Inventories, which includes energy systems, materials and metals, waste 
treatment and disposal, transport systems, chemicals and agricultural 
products. The external costs are calculated based on damage factors for 
emissions occurring at an average location in Europe (EU15). Figure 4.23 
provides an overview of external costs obtained for the various electricity 
systems considered, showing the respective contributions from the power 
plant and from the rest of the chain. 

The relative contributions of the various components to total external 
costs are shown in Figure 4.24. Among the electricity systems considered in 
the study, renewable sources and nuclear exhibit the lowest external costs, 
while those for fossil technologies are substantial in comparison with inter-
nalised electricity production costs. External costs for advanced fossil sys-
tems are strongly reduced as compared with those of current systems and 
are dominated by estimated costs of global warming. Sensitivity analyses, 
addressing major uncertainties in impacts and monetary evaluation, show 
that the ranking of technologies remains quite robust in spite of the large 
uncertainties involved. 

The low external costs of nuclear energy chains result from a combination 
of factors. Occupational health effects are largely eliminated and internalised 
in generation costs through radiological protection norms and regulation. 
Also, in OECD countries decommissioning and waste management costs are 
already internalised through regulation. While there are some uncertainties 
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about the real costs of final disposal of high-level radioactive waste, which 
can be fully resolved only by full-scale demonstration of HLW repositories, 
the uncertainties in quantifying many non-nuclear externalities, such as 
GHG damage costs, are generally a great deal larger. 
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Key points

 

The main advantages of nuclear power for energy security are the high •	
energy density of uranium fuel combined with the diverse and stable 
geopolitical distribution of uranium resources and fuel fabrication facil-
ities, as well as the ease with which strategic stockpiles of fuel can be 
maintained.

Currently identified conventional uranium resources are already sufficient •	
to fuel the NEA high scenario expansion of global nuclear generating 
capacity employing a once-through fuel cycle until 2050. 

With the continuation of a strong uranium market, undiscovered conven-•	
tional resources (those not yet discovered but expected to exist based on 
regional geological data) will likely be converted into identified resources, 
which could increase uranium supply to more than 100 years for an 
expanded fleet of nuclear power plants up to three times larger than the 
current one, exclusively using a once-through fuel cycle. 

Resource figures are dynamic and related to commodity prices. Uranium •	
resource figures are a “snapshot” of the available information on resources 
of economic interest and are not an inventory of the total amount of 
mineable uranium contained in the Earth’s crust. Should favourable market 
conditions continue to stimulate exploration, additional discoveries can be 
expected, as was the case during past periods of heightened exploration 
activity.

In addition to conventional uranium resources, there are also unconven-•	
tional sources of uranium that could be developed to increase uranium 
supply. Past estimates of uranium contained in phosphate rocks alone 
point to a possible upper limit of 22 million tonnes, although additional 
exploration is required to confirm this figure.

Security of energy supply has economic, social and political dimensions. It 
first became a major concern for governments in the early 1970s. Since then, 
successive oil crises, socio-political conflicts, volatility of hydrocarbon prices 
(including abuse of monopolistic powers), terrorist risks and natural disas-
ters, have all increased global concerns about this issue. For example, the 
increased reliance on generating electricity from natural gas imported from 
relatively politically unstable regions or unreliable trading partners increases 
the risk of supply interruptions and price volatility. 

OECD and developing Asian countries have become, and will continue 
to grow increasingly dependent on imports as their indigenous production 
fails to keep pace with demand. Much of the additional imports come from 
the Middle East, along vulnerable maritime routes. The concentration of oil 
production in a small group of countries with large reserves – notably Middle 
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Eastern OPEC (Organisation of Petroleum Exporting Countries) members and 
the Russian Federation – reinforces their market dominance and their ability 
to impose higher prices. An increasing share of natural gas demand is being 
met by imports, via pipelines exposed to terrorist attack, or in the form of 
liquefied natural gas from increasingly distant suppliers. Three countries 
(Iran, Qatar and the Russian Federation) have 56% of the world’s currently 
identified gas resources. 

With oil prices exceeding USD 100 per barrel, gas prices rising in line with 
oil and coal prices burgeoning because of increasing demand, renewed inter-
est is being shown in alternatives to fossil fuels resulting in new technology 
initiatives. These include, for example, efforts to develop renewable energies, 
carbon capture and sequestration technologies, and advanced nuclear sys-
tems, as well as investigations into the use of hydrogen (possibly produced 
by nuclear power plants) for transport.

5.1 Nuclear energy’s contribution to security of supply
Nuclear energy offers opportunities for diversifying energy supply and 
ensuring long-term security. Nuclear power plants provide a largely (and 
with breeder reactors almost entirely) domestic supply of energy. The 
main advantages of nuclear power for energy security are the high energy 
density of uranium fuel – 1 tonne of uranium is the energy equivalent of 
14 000 to 23 000 tonnes of coal equivalent, if used in a once-through cycle 
for light water reactors (NEA, 2008) – combined with the diverse and stable 
geopolitical distribution of uranium resources and fuel fabrication facilities, 
as well as the ease with which strategic stockpiles of fuel can be maintained. 
Furthermore, with the advanced technologies of fast neutron reactors and 
closed fuel cycles, efficiency of uranium use can be increased by a factor of 
up to 60, providing an essentially CO2-free energy resource (see Chapter 14) 
which will last for thousands of years.

Natural uranium resources are widely distributed around the world, 
including in many countries where geopolitical risks are limited. Its cost 
represents only a few per cent of the total cost of generating electricity at 
nuclear power plants and therefore uranium price volatility is not as major a 
concern for nuclear power plant owners and operators as it is for fossil fuel 
alternatives (see Chapter 6). Furthermore, maintaining strategic stockpiles 
representing several years of consumption is physically easy to accomplish 
and does not represent a significant financial burden for users. 

5.2 Uranium resources – The Red Book
Since 1965, when a working group was formed to compile worldwide uranium 
resource estimates, the Nuclear Energy Agency (in co-operation with the 
International Atomic Energy Agency since the mid-1980s) has been producing 
reports on uranium supply and demand, roughly every two years. Since all 
editions have had a red cover, the publication has become commonly known 
as “the Red Book”.
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Over the course of its history, the Red Book has become recognised as an 
authoritative source of government-sponsored information on the uranium 
industry. In total, 107 countries have contributed data to the 22 Red Books 
published to date. The most recent edition in this series, Uranium 2007: 
Resources, Production and Demand, was published in June 2008. In September 
2006, a compilation edition entitled Forty Years of Uranium Resources, Production 
and Demand in Perspective: “The Red Book Retrospective”, was published. The Red 
Book Retrospective summarises information in the Red Book series between 
1965 and 2003, analysing the evolution of the market and drawing conclusions 
about the history of the uranium market. Since these publications provide a 
comprehensive, global picture, they are the primary references used in this 
chapter.

5.3 The uranium market
Market conditions are the primary driver in the determination of resources 
and the development of uranium production capacity. Many aspects of the 
current uranium market have been shaped by a 20-year period of low prices 
(~1983-2003) that followed a period of high prices and intensive exploration and 
production in the 1970s. Since production in these early years of the industry 
greatly exceeded subsequent requirements for electricity generation (see 
Figure 5.1), a large inventory of “secondary supplies” accumulated. It should 
be noted in this context that during the Cold War, uranium production was 
decorrelated from the requirements for peaceful purposes. This inventory 
(all material mined between 1945 and 1990 held in various forms by the 
civil industry and governments, including military material and recyclable 
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materials) was a critical factor in keeping prices low in subsequent years. 
Drawing from this inventory effectively reduced demand and resulted 
in two decades of low uranium prices that in turn led to the closure of all 
but the lowest-cost mining facilities, stimulated market consolidation and 
curtailed investment in exploration and mine development. From the early 
1990s onwards, around half of annual requirements has been met by those 
secondary sources.

This prolonged period of low spot prices culminated in late 2000 when the 
price reached a low of about USD 18/kgU. After this date, the price began to 
rise, slowly at first until 2003, then much more rapidly, reaching USD 52/kgU 
in early 2005 and jumping to USD 351/kgU in mid-June 2007. From this high 
point, the spot price declined to just over USD 220/kgU in late September 2007 
before increasing slightly to USD 234/kgU in late December 2007. This new 
regime of high spot prices appears to have been driven principally by market 
fundamentals (increasing prospects of nuclear power plant construction 
along with declining inventories and temporary difficulties at existing and 
developing uranium mines and mills), although purchases by speculators 
were likely a key factor in pushing the price upward rapidly in 2007.

Although the spot market price is the most transparent component of the 
uranium market, generally less than 15% of the uranium traded in a given 
year is transacted on the spot market. Most uranium is sold under long-term 
contract, the details of which are generally not publicly available. However, 
some national and international authorities (such as Australia, the United 
States and the Euratom Supply Agency) make available price indicators 
to illustrate uranium price trends, some of which refer to deliveries made 
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under long-term contracts (see Figure 5.2). Although much less volatile than 
the spot market, these price indicators generally reflect the decline in price 
until 2003 and its recent rise since then. Price indicators show that in 2006 
uranium prices varied between about USD 46/kgU and USD 56/kgU. 

5.4 Uranium exploration and resources
This recent phase of higher prices has had a number of effects, not least of 
which is an exponential increase in investment in uranium exploration and 
mine development (see Figure 5.3). The number of junior companies actively 
involved in uranium exploration has also increased dramatically from a 
handful in 2003 to as many as 400 or more in 2007.
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Since uranium is a relatively common element of the Earth’s crust, 
renewed investment in uranium exploration can be expected to result in the 
discovery of new resources of economic interest at a reasonable cost. Data 
on exploration expenditures from 13 leading resource countries analysed in 
the Red Book Retrospective show that the historic cost of discovery in these 
countries amounted to less than USD 2/kgU.

Worldwide exploration and mine development expenditures in 2006 
totalled close to USD 774 million, an increase of more than 250% compared to 
2004 expenditures, as the market strengthened considerably. Expenditures 
in 2007 were expected to decline slightly compared to 2006, but to remain 
high (USD 718 million). Most major producing countries reported significant 
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increases in expenditures, perhaps best exemplified by Australia, where 
domestic exploration and mine development expenditures in 2002 amounted 
to a little over USD 3 million, then increased to almost USD 10 million in 2004, 
USD 31 million in 2005, USD 60 million in 2006 and were expected to exceed 
USD 70 million in 2007. Globally, the majority of the exploration activities 
remain concentrated in areas with potential for exceptionally rich depos-
its (such as the “unconformity-related” deposits of Northern Saskatchewan) 
and in situ leach amenable sandstone deposits, primarily in close proximity 
to known resources. However, high prices for uranium over the last several 
years have stimulated exploration activities in regions known to have good 
potential based on past work as well as “grass roots” exploration in areas not 
previously explored.

As exploration activity increases, so does the resource base, despite 
continuous draw-down through mine production. In 2007, total identified 
resources (reasonably assured and inferred) rose to about 4 540 000 tonnes of 
uranium (tU) in the <USD 80/kgU category and to about 5 469 000 tU in the 
<USD 130/kgU category, i.e. increases of 17% and 15% respectively, compared 
to their 2005 levels (NEA, 2008). Though a portion of these increases relate to 
new discoveries, the majority result from re-evaluations of previously iden-
tified resources in light of the effects of higher uranium prices on cut-off 
grades. Total undiscovered resources (prognosticated resources and specu-
lative resources) as of 1 January 2007 amounted to more than 10 500 000 tU, 
increasing by 485 000 tU from the total reported in 2005, even though some 
countries, including some major producers, such as Australia and Namibia, 
do not report resource estimates in this category. 

Resource figures are dynamic and related to commodity prices. The uran-
ium resource figures presented in the Red Book are a “snapshot” of the avail-
able information on resources of economic interest as of 1 January 2007 and 
are not an inventory of the total amount of mineable uranium contained in 
the Earth’s crust. Should favourable market conditions continue to stimulate 
exploration, additional discoveries can be expected, as was the case during 
past periods of heightened exploration activity. For example, Australia’s rea-
sonably assured resources in the <USD 80/kgU category increased by over 
200 000 tU, and inferred resources in the same price category increased by 
75 000 tU between January 2007 and August 2007 as a result of deposit exten-
sions and new discoveries. Promising early results suggest additional dis-
coveries are likely to be forthcoming in several other countries, including 
Canada, Kazakhstan, Namibia and Niger.

Sufficient resources have already been identified to support the full life span 
of established nuclear capacity for electricity generation. Identified resources 
are sufficient for at least 85 years of electricity generation, considering 2006 
uranium requirements of 66 500 tU. If estimates of current usage rates are 
used (amounts of uranium consumed versus anticipated uranium purchase 
requirements), the current identified resource base is sufficient for about 
100 years of reactor supply. Exploitation of the entire conventional resource 
base (including prognosticated and speculative resources) would increase 
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this to over 300 years, although significant exploration and development 
would be required to move these resources into more definitive categories. 
Given the limited maturity and geographical coverage of uranium exploration 
worldwide, there is also considerable potential for discovering new resources 
of economic interest. 

A note on uranium resource terminology
Uranium resources are classified by a scheme (based on geological 
certainty and costs of production) developed to combine resource 
estimates from a number of different countries into harmonised 
global figures. Identified resources (reasonably assured resources – 
RAR – and inferred) refer to uranium deposits delineated by sufficient 
direct measurement to conduct pre-feasibility and sometimes 
feasibility studies. For RAR, high confidence in estimates of grade 
and tonnage are generally compatible with mining decision-making 
standards. Inferred resources are not defined with such a high degree 
of confidence and generally require further direct measurement 
before making a decision to mine. Undiscovered resources 
(prognosticated and speculative) refer to resources that are expected 
to exist based on geological knowledge of previously discovered 
deposits and regional geological mapping. Prognosticated resources 
refer to those expected to exist in known uranium provinces, 
generally supported by some direct evidence. Speculative resources 
refer to those expected to exist in geological provinces that may host 
uranium deposits. Both prognosticated and speculative resources 
require significant amounts of exploration before their existence can 
be confirmed and grades and tonnages can be defined. Reasonably 
assured, inferred and speculative resources are subdivided into 
three cost of production categories: <USD 40/kgU, <USD  80/kgU and 
<USD  130/kgU.

5.5 Uranium resources and security of supply 
The geopolitical distribution of uranium resources and fuel fabrication 
allows confidence in minimal risk of disruption. Known uranium resources 
are found in countries as diverse as Australia, Canada, Kazakhstan, Namibia, 
Niger, the Russian Federation, South Africa and the United States. With few 
exceptions, most producing countries contribute less than 10% each to the 
global total. The two major producers, Canada and Australia with 23% and 
21% of the total respectively, are OECD countries. Table  5.1 shows the shares 
of known resources and 2007 production in some countries.
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5.6 Recent supply developments
In recent years, mine development has proceeded on schedule in some 
areas and has exceeded expectations in others. Production in Kazakhstan 
increased by 42% from 2004 to 2006 and preliminary reports indicate that 
production grew by an additional 26% in 2007. Mine development is ongoing 
at several sites in Kazakhstan as partnership agreements have been signed 
with China, Japan, Korea and the Russian Federation, in addition to previously 
signed agreements with companies based in Canada and France. In the 
United States, production nearly doubled from 2004 to 2006 and plans to open 
additional mines, to reopen old mills and to construct a new mill have been 
announced. The closure of the last operating uranium mine in Europe, Dolni 
Rozinka in the Czech Republic, has been deferred as long as the operation 
remains profitable. Production capacity is also to be expanded at existing 
mines in Australia, Canada and Namibia, and new mines are being developed 
in Canada, Niger and elsewhere. 

Mines not foreseen in the 2005 Red Book have been developed rapidly 
in Africa. New mines have already opened in Namibia and South Africa 
(one each) and others are expected to begin production in Namibia and 
Malawi in the near future. These newly developed mines are for the most 
part exploiting deposits discovered during the last period of intensive 
exploration (the 1970s). All are relatively small producers (none are initially 
expected to produce more than 1 000 tU/yr), although expansions to some 
of these operations are under consideration. Companies are also envisaging 
recommencing extraction of uranium from phosphate rocks, assessing the 
feasibility of extracting uranium from coal ash in China, Central Europe and 
South Africa, imple menting plans to extract uranium from mine tailings 

Table 5.1: Shares of uranium resources  
and 2007 production in some countries

Country % of 
resources 

% of 
production 

Australia 23.0 21 
Canada 7.7 23 
United States 6.2 4
Namibia 5.0 7
Niger 5.0 8
South Africa 8.0 1
Kazakhstan 14.9 16
Russian Federation 10.0 8
Uzbekistan 2.0 6
Ukraine 3.6 2
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(principally gold) in South Africa and considering extracting uranium from 
germanium tailings associated with coal mines in China.

However, mine development at two key production facilities has not pro-
ceeded as smoothly as anticipated. In October 2006, the Cigar Lake mine 
being developed in Canada to contribute about 7 000 tU/yr beginning in 2010, 
was flooded. Remediation efforts are now under way but production is not 
expected until at least 2011. The expansion of the Olympic Dam mine in 
Australia (potentially increasing production from about 3 000 tU/yr to over 
12 000 tU/yr or more) is not proceeding as rapidly as originally foreseen. Fea-
sibility studies are ongoing and production increases are not expected until at 
least 2013. As documented in the Red Book Retrospective, mine development 
times (the time between discovery and first production) have increased con-
siderably over the last five decades, in many jurisdictions now amounting to 
ten years or more. Supply from existing mines has also tightened somewhat 
as operational difficulties have resulted in a 5% decline in global produc-
tion in 2006 as compared to 2005. Preliminary reports indicate, however, that 
mine production rebounded in 2007 to achieve outputs close to 2005 levels.

The mine openings in Africa referred to above represent important 
advances, demonstrating that in a strong market, some junior exploration 
companies can develop into uranium producers rapidly. However, production 

A note on uranium mine tailings
Uranium mining is technically similar to other metal mining 
operations. Solid waste products from the milling operation used 
to recover metals are commonly called “tailings”. Tailings are 
finely ground remnants of the metal-bearing ore left over once the 
uranium has been removed. They contain radioactive decay products 
and heavy metals. Tailings resulting from past uranium mines that 
employed practices that would not be licensed today have created 
serious environmental impacts in several countries. Many of these 
legacy mines and mills have been dealt with but others, particularly 
in Central Asia, have not yet been remediated. Uranium miners 
today are required to treat and dispose of tailings in a fashion that 
limits environmental and potential health impacts (i.e. treated 
tailings are used for underground fill or disposed of in a specially 
engineered mined-out open pit). Uranium produced using the ISL 
techniques (performed by pumping weak acid or alkaline solutions 
into the ore and bringing the uranium-rich liquid back to the surface 
with recovery wells) minimises ground disturbance and does not 
produce tailings. ISL production is growing rapidly and accounts for 
over 25% of uranium production today. Although groundwaters can 
be affected by ISL mining, remediation is practised, even though 
many ISL mines are currently operating in areas where groundwater 
was not potable prior to uranium extraction.
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from these new mines is rather small compared to Cigar Lake and an expanded 
Olympic Dam. Although development of these two larger mines has been 
delayed, there is little reason at this time to expect that they, and others, 
will not begin production in the near future if strong market conditions 
continue. A strong market will stimulate exploration and development of a 
large uranium resource base.

5.7 Projected uranium requirements to 2030
A global picture of uranium supply and demand balance (see Figure 5.4) can 
be derived by considering plans for new production capacity together with 
the production capacity of mines in operation and the identified conventional 
resource base (as of 1 January 2007), combined with future uranium demand1 
based on NEA scenarios of growth in nuclear generating capacity to 2030 
(404 GWe and 619 GWe in the low and high scenarios, respectively). The 
outlook in Figure 5.4 shows the response of the industry to higher prices 
from 2003 to 2007 and demonstrates the power of the market in driving 
the development of uranium production capacity. If achieved, plans for a 

1. Uranium consumption in a fleet of nuclear reactors is complex and depends on many factors. 
For the purposes of this chapter, a figure of 175 tU/yr per 1 000 MWe of installed capacity has been 
used.
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rapid expansion of existing and committed uranium production capacity 
are expected to be sufficient to meet NEA high demand requirements 
until 2022. If planned and prospective centres are considered, production 
capacity is expected to be more than adequate to meet even the NEA high 
demand scenario through 2030. Indeed, market balance throughout much 
of this period could conceivably be achieved without relying on secondary 
sources that, in recent years, have supplied as much as 40% to 45% of market 
requirements.

Although it may be tempting to interpret the projections of uranium 
production capacity portrayed in Figure 5.4 as indicating a market soon to 
be oversupplied, past experience shows that this is not likely to be the case. 
Production capacity is not production. To illustrate the difference, world 
production from 2000 to 2007 (preliminary production figures in the case 
of 2007) has been plotted on the left of the vertical line demarcating the 
year 2007. The challenge is clear. In order to meet rising demand, it will be 
necessary to close a significant gap between world uranium production and 
high and low uranium requirements in the coming years as based on NEA 
scenarios of installed nuclear capacity. 

To meet market requirements through 2030, all existing and committed 
production centres, as well as a significant proportion of the planned 
and prospective production centres, must be completed on schedule and 
production must be maintained at or near full capacity throughout the life of 
each facility. Considering the recent record of uranium mine development, 
delays in the establishment of new production centres can reasonably be 
expected, reducing and/or delaying anticipated production from planned 
and prospective facilities. Moreover, as noted in the Red Book Retrospective, 
world production has never exceeded 89% of reported production capacity 
(since 2003, production has varied between 73% and 84% of capacity). Hence, 
even though industry has responded vigorously to the market signal of 
higher prices, achieving market balance will likely require additional primary 
production and secondary supplies, supplemented by uranium savings 
achieved by employing low enrichment tailings levels, to the extent possible 
given the limited excess enrichment capacity available today (reducing 
enrichment tailings levels from 0.3% to 0.25% would, all other things being 
equal, reduce uranium demand by 9.5% but increase enrichment requirements 
by 11%). After 2013, following the expiration of the highly enriched uranium 
(HEU) disposition agreement between the governments of the United States 
and the Russian Federation, secondary sources of uranium are expected to 
decline in availability and reactor requirements will have to be increasingly 
met by primary production. 

In summary, despite the large uranium resource base and significant 
additions to production capacity, there remains pressure to increase 
production in a timely fashion. To do so, strong market conditions will 
be required to bring the necessary investment to the industry to increase 
production at a sufficient pace to meet rising demand to 2030 as required in 
the NEA scenarios of nuclear development.
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5.8 Projected uranium requirements to 2050
The NEA low and high scenarios of installed nuclear capacity in 2050 are 
576 GWe and 1 418 GWe, respectively. Given the number of uncertainties 
involved in projecting the development of uranium production capacity to 
that time frame, it is not possible to conduct the same type of analysis as 
that employed in scenarios to 2030. With the continuation of strong market 
conditions, active exploration will likely lead to the discovery of new deposits 
of economic interest and to the development of significant new production 
centres not now foreseen. However, since such conditions cannot reasonably 
be predicted, the impact of the NEA high scenario will be examined only in 
light of the impact on the 2007 uranium resource base. 

Projecting uranium requirements associated with the NEA high scenario 
to 2050 also presents challenges on the demand side, as within this time 
frame it is possible that new reactor designs with reduced uranium con-
sumption, as well as fast breeder reactors which could produce more fuel 
than they consume, could be in service. Reprocessing spent fuel may also be 
more widely practised, thereby more efficiently using the energy contained 
within the uranium and reducing demand. However, in order to conduct a 
simplified analysis, the impact on the uranium resource base will be exam-
ined assuming that all installed nuclear capacity in 2050 will use the once-
through fuel cycle. It is also assumed that a consumption rate of 175 tU/yr 
per 1 000 MWe will be typical of the entire period, culminating in require-
ments of 250 000 tU/yr in 2050. These are very conservative assumptions and 
uranium consumption could likely amount to much less than this.

With these assumptions, by 2050 the nuclear power plants in the NEA low 
scenario will have consumed almost 3.3 million tU, whereas over 5.3 mil-
lion tU will have been consumed in the high scenario. Since total uranium 
resources identified in 2007 amounted to over 5.4 million tU (NEA, 2008), the 
growth outlined in the NEA high scenario would amount to the consump-
tion of the currently identified resource base available at a cost of less than 
USD 130/kgU. While there remains considerable potential to expand the 
resource base, as described above, and unconventional sources of uranium 
(in phosphate rocks and the oceans) are available, the industry will need 
to make timely efforts to increase production on a scale required to meet 
demand. Reprocessing and recycling, as well as re-enriching depleted ura-
nium tailings could contribute to easing the pressure (see Chapter 14). 

5.9 Uranium resource figures
The existing uranium resource base is not a limitation to the development of 
new nuclear capacity even though some have voiced concerns in this regard. It 
appears that assumptions about uranium resource figures employed in these 
objections are flawed, often resulting from treating uranium resource figures 
in the Red Book as estimates of the absolute amount of uranium available in 
the Earth’s crust. This is not the case. The uranium resource figures published 
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at any given time are a reflection of the amount of exploration that has taken 
place at that time and the demand for uranium. 

The uranium industry has only just recently emerged from a prolonged 
period of low prices. Prices were too low to stimulate investment in explora-
tion for almost two decades, except for limited exploration in the immediate 
vicinity of known deposits of economic interest.

The history of uranium mining illustrates the dynamic nature of uranium 
resource figures. As documented in the Red Book Retrospective, over 
2 million tU have been mined since 1945. However, the uranium resource 
base has not been depleted by this amount. In fact, over the same period 
during which this amount of uranium was mined, the overall resource base 
has increased in size, despite some periodic declines in a few categories. 

In the case of the United States, some time ago a significant portion of the 
resource base was classified as estimated additional resources II (now prog-
nosticated resources), owing to insufficient need to systematically assess 
resource records. With reassessment, a portion of this total could be reclas-
sified as inferred resources, leading to a potentially significant increase 
in identified resources. The lack of such a reclassification contributes to a 
potential underestimation of the global identified resource total.

Prognosticated and speculative resources are estimated following proce-
dures outlined in one of the volumes of the IAEA Technical Report series.2 

There are reasons to believe that the current figures may in fact underesti-
mate the amount of potential global resources. For example, some countries 
that host significant uranium resources (such as Australia and Namibia) 
do not report undiscovered resources. Others, because of many years of 
depressed market conditions, have not conducted systematic evaluations for 
several years. The continuation of strong market conditions may encourage 
governments in these countries to increase evaluation efforts. 

Ongoing exploration efforts at Olympic Dam, the site of the world’s largest 
uranium deposit discovered to date, provide insight into existing resource 
figures for this large, multi-mineral deposit. Reports indicate that despite 
drilling continuously for over two years with 15 drilling rigs, it has not been 
possible to define either the lateral or vertical extent of the deposit. Although 
the uranium contained in this deposit is larger than currently reported, it 
takes time and resources to conduct the drilling and analyses necessary to 
define these resources to the extent required to be included in the Red Book 
inventory. 

In addition to conventional uranium resources, there are also uncon-
ventional sources of uranium that could be developed to increase supply, 
given the appropriate market signal. Uranium has been extracted in the past 
from phosphate rocks in Florida and Belgium, but low uranium prices in the 
1990s forced the closure of these operations. Phosphate producers in the 
United States are reportedly considering reopening such operations, given 

2. Methods for the estimation and economic evaluation of undiscovered uranium endowment 
and resources are described in an IAEA instruction manual (IAEA/STI/DOC/10/344, 1992).
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the recent high price of uranium. Past estimates of uranium contained in 
phosphate rocks point to a possible upper limit of 22 million tonnes (US DOE, 
1979), although additional exploration is required to confirm this figure. The 
cost of producing uranium in this fashion is higher than most conventional 
mining operations, but with strong demand and high prices, such extraction 
processes, which have been successfully employed in the past, may again 
become attractive. 

Technological advances in uranium extraction also hold the potential to 
significantly expand the uranium resource base. Japanese scientists in the 
1980s demonstrated that extraction of uranium from sea water was feasible. 
Research in Japan continues to explore methods to draw on the uranium 
resources contained within the ocean. At present, although only laboratory-
scale quantities have been extracted, the projected cost is approximately 5 to 
10 times the cost of conventionally mined uranium. However, the additional 
4.6 billion tU estimated to be contained in sea water, constantly being replen-
ished by river inflow, is a substantial potential source of uranium that should 
not be overlooked (Tamada et al., 2006). 

5.10 Conclusion
Uranium is a relatively common element of the Earth’s crust. Uranium 
resources are widely distributed, and almost half of the world’s freshly 
mined uranium is produced in politically stable OECD member countries. 
Maintaining strategic stockpiles of fuel is relatively easy and since the cost 
of uranium represents only a few per cent of the total cost of generating 
electricity, uranium price volatility is not as significant a concern for nuclear 
power plant owners and operators as fuel price is for those owning and 
operating generating facilities powered by fossil fuels. All of these features 
enhance security of energy supply for countries with nuclear power plants in 
their electricity generation mix. 

Currently identified uranium resources are sufficient to fuel all NPPs in the 
NEA high scenario to 2030. With the continuation of a strong uranium market, 
the identified resource base can be expected to increase in size, potentially 
extending uranium supply to more than 100 years for an expanded fleet of 
nuclear power plants up to three times larger than the current one, exclusively 
using a once-through fuel cycle. Significant exploration and development 
would, however, be required. Adding unconventional resources (e.g. uranium 
in phosphate rocks) has the potential to more than double the longevity 
of fuel supply. The extraction of uranium from sea water could potentially 
extend supplies for millennia, albeit at a much higher cost. Given the limited 
maturity and geographical coverage of uranium exploration worldwide, there 
is considerable potential for discovering additional resources of economic 
interest with continued strong market conditions. 

Although sufficient resources exist to fuel an expansion of global nuclear 
generating capacity, research and investment are needed to develop new 
mining projects in a timely manner. A market price for uranium that stimulates 
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the required investments will need to continue if uranium demand is to be 
met in the 2030 to 2050 time frame. Even with favourable market conditions, 
the industry will be challenged to meet high demand scenarios, principally 
because of the considerable time that it takes to develop a uranium mine 
in most jurisdictions and the challenge of keeping mine production at or 
near production capacity. There is a role for governments in ensuring that 
the necessary approval processes are as efficient as possible, while still 
maintaining the necessary rigour.

By 2050, should more widespread acceptance of nuclear technology 
lead to a global nuclear renaissance, as depicted in the NEA high scenario 
(1 418 GWe), the resulting additional demand for uranium could be met by 
a combination of increased production and the successful deployment of 
advanced reactor and fuel cycle technologies.
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Key points

The capital investment required to construct a nuclear power plant typi-•	
cally represents some 60% of the total cost of nuclear electricity genera-
tion, while operation and maintenance and the fuel cycle about 25% and 
15% respectively. The cost of the natural uranium itself amounts to only 
around 5%. Therefore, the cost of generating nuclear electricity is highly 
sensitive to overnight construction cost and to the cost of capital and very 
insensitive to the price of its fuel.

Given their low marginal costs, nuclear power plants offer long-term stabil-•	
ity of electricity costs. The introduction of competitive wholesale markets 
for electricity has encouraged improvements in operating performance 
and renewed investment in upgrading nuclear power plants, allowing the 
full value of the nuclear generating assets to be realised.

The main drivers of nuclear generation cost reductions are construction •	
in series, design standardisation and simplification, multi-unit sites, 
decreasing construction time, increasing power levels, increasing 
availability factors, increasing plant lifetime and increasing fuel burn-up.

According to a joint NEA and IEA study published in 2005, when oil and •	
gas prices were much lower than today, the costs of generating electric-
ity with nuclear, coal and gas power plants were comparable at 5% and 
10% discount rates. The cheapest options vary depending on local circum-
stances but future measures for carbon pricing could further strengthen 
the position of nuclear as compared to fossil fuels.

Calculations carried out by the NEA using an approach designed to take •	
account of the impact of income taxes and financing conditions on elec-
tricity generation costs show that those parameters may change the rela-
tive competitiveness of electricity generation sources. Government policy 
makers may choose to take this into account in order to implement tax 
regimes consistent with national energy policy goals.

Most costs have been internalised for nuclear power (e.g. waste disposal •	
and decommissioning, investments to greatly reduce active discharges 
etc.). The results from different studies indicate that for fossil fuels and 
biomass, external costs are of the same order of magnitude as direct costs, 
while for nuclear, solar photovoltaic and wind power, external costs are at 
least one order of magnitude lower than direct costs.

Security of energy supply is an external benefit that is difficult to quantify •	
but clearly recognised by policy makers. Nuclear power offers a high level 
of security of supply because uranium resources are plentiful and widely 
distributed across various geopolitical regions. Furthermore, strategic 
inventories of nuclear fuel may be accumulated easily and at low cost, and 
advanced technologies based on fast neutron systems could significantly 
prolong the lifetime of uranium resources.
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Building and operating a new nuclear power plant can clearly be eco-•	
nomically viable, but is a long-term and high capital-cost project. Invest-
ment risks need to be well understood and limited to acceptable levels to 
facilitate the implementation of new projects. Achieving a broad national 
consensus on the nuclear programme reduces political risks to investors. 
Governments wishing to take advantage of the nuclear option for security 
of supply and climate change reasons may need to take steps to remove 
or mitigate investment risks which are within their direct control, such as 
those associated with the licensing and planning processes.

Economics is key in decision making for the power sector. The beginning of 
the 21st century has been characterised by a significant increase in the com-
petitive margin of nuclear energy compared with gas-fired power plants as a 
result of enhanced performance of nuclear units and drastic gas price escala-
tion. While this evolution has not led investors to move from their “rush to 
gas” to massive orders of new nuclear units, it has triggered renewed interest 
among policy makers in the nuclear option.

Many studies on generation costs carried out since the year 2000 have 
shown that the cost of generating nuclear electricity, which already 
internalises all end-of-life costs such as decommissioning and radioactive 
waste disposal, is lower in most cases than the cost of electricity generated 
by fossil-fuelled power plants or renewable sources.

The changes in economic parameters over the past few years, including 
the steady increase in the prices of hydrocarbons, minerals and commodities, 
have not strongly affected the relative competitiveness of various generation 
options because they led to similar generation cost escalation for all sources 
and technologies. The higher prices of commodities and raw materials drove 
up the investment costs of power plants, in particular the most capital-
intensive such as nuclear and also wind units, but the dramatic escalation of 
oil prices was followed by a similar increase in gas prices and accordingly in 
the cost of gas-generated electricity.

In most OECD countries where the construction of nuclear power plants is 
under consideration, such as the United States and the United Kingdom, the 
projects promise to be economically viable but some barriers to their imple-
mentation remain. Financing large nuclear investments in liberalised mar-
kets has proven to be difficult partly because of uncertainties about future 
government policies in the field of security of supply and global climate 
change, and partly because of hostility to nuclear energy in some countries.

The role of governments is essential in establishing a level playing field for 
all options in order to allow market mechanisms to operate for the benefit 
of society as a whole. This includes a fair and stable energy tax policy, the 
design and implementation of measures to internalise the cost of carbon 
emissions, and a clear long-term energy policy providing economic actors, 
and in particular investors and utilities, with a framework for developing 
generating capacities.
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6.1 Costs of nuclear electricity generation in perspective
The cost of generating nuclear electricity has three main components: 
capital investment, operation and maintenance and the fuel cycle. Figure 6.1 
illustrates the average shares of these components.

Capital investment costs include the “overnight” construction costs (the 
actual spending on construction materials and labour) and interest during 
construction (IDC). The IDC depends on the local economic context and on 
the financing mode of the project, but it also depends on the technology, 
construction time and direct cost of the plant. In situations where a decom-
missioning fund has to be set aside before the commissioning of the plant, 
decommissioning costs are included in the capital investment cost.

Operation and maintenance costs include all the running costs not asso-
ciated with the fuel cycle, e.g. maintenance materials, manpower and services, 
insurance, operational waste management and disposal. Expenses associated 
with safety inspections and safeguards controls are included in O&M costs as 
well. Decommissioning costs are also included in the O&M costs when the 
decommissioning fund is provisioned progressively over the lifetime of the 
plant.

Fuel cycle costs include all the expenses associated with the entire fuel 
cycle, from uranium acquisition to spent fuel and/or high-level waste dis-
posal. Except for natural uranium, the costs associated with each step of 
the fuel cycle correspond to services (e.g. conversion, enrichment and fuel 
fabrication) delivered by industrial facilities, and they are much less volatile 
than commodity prices.

The levelised lifetime cost methodology is adopted in many studies to esti-
mate busbar generation costs for comparing various technologies and sources 
in a standardised manner. Most of the cost estimates presented below were 

Fuel cycle
15%*

O&M
25%

Investment
60%

Figure 6.1: Cost structure of nuclear electricity generation

* The cost of natural uranium typically represents only 5%.
Source: NEA and IEA (2005).
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calculated using this methodology. This approach takes into account all the 
expenses incurred by the electricity producer during the entire lifetime of 
the plant and reflects the time value of money through a discount rate. The 
levelised cost is equivalent to the average price at which electricity should be 
sold to cover exactly the amortisation of the capital cost, with a rate of return 
on investment equal to the discount rate chosen, and should reimburse the 
running costs of the plant, i.e. O&M and fuel cycle costs.

6.2 Drivers of nuclear generation cost reduction
Since capital investment costs constitute the largest share of generation 
costs, identification of potential means to reduce the unit (per installed 
kilowatt) cost of plant construction is very useful in the quest to improve 
the economic competitiveness of nuclear electricity generation. Shortening 
construction time, which reduces interest during construction, is also helpful 
to decrease total investment cost.

Once the plant is built, however, measures to decrease O&M and fuel cycle 
costs are the main means for the operator to reduce total generation costs; 
therefore, they are an essential element of the utility’s strategy for main-
taining competitiveness. Table 6.1 summarises the main drivers of nuclear 
generation cost reduction that have been identified in various studies (e.g. 
NEA, 2000). 

6.2.1 Standardisation and series construction
A large potential for generation cost reduction arises from using standard-
ised plant designs and constructing identical plants in series. Both measures 
provide cost savings mainly through the avoidance of much first-of-a-kind 
effort, by standardising the design, manufacturing, construction, licensing 
and operation approaches developed for the first project and spreading their 
costs over a series of units. Design work for a nuclear power plant accounts 
for about 10% of the total capital costs (NEA, 2000).

Table 6.1: Main drivers of nuclear generation cost reduction

Driver Unit cost factor improved

Series effect (from first-of-a-kind to Nth-of-a-kind) Capital investment
Design standardisation Capital investment + O&M
Design simplification Capital investment + O&M
Multi-unit sites Capital investment + O&M
Decreasing construction time Capital investment
Increasing power level Capital investment
Increasing availability factor Capital investment
Increasing plant life Capital investment
Increasing fuel burn-up Fuel costs
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The construction of standardised units in series lowers the average invest-
ment costs through: a) spreading fixed costs over all the units of the series 
(programme effect), and b) productivity gains, in the shop for fabrication of 
equipment and in the design office for the processing of documents specific 
to each site, as well as for the construction of buildings, on-site assembly and 
tests (productivity effect).

Capital cost savings obtained by standardisation and series construction 
are reported (NEA, 2000) to range from 15% to 40%, depending on the coun-
try and the number of plants in the series. In addition, O&M cost savings are 
gained through more efficient use of staff resources in a series of standard-
ised plants.

6.2.2 Design simplification
Systematic studies on structural and functional design modifications, in 
particular through simulation and modelling using advanced computers and 
specialised software, have led to improvements in the plant arrangement 
and accessibility. Currently, there are efforts being made by plant designers 
to conceive plants that are less complex and rely more on passive systems 
to meet safety requirements. Taking advantage of natural phenomena, such 
as natural recirculation of cooling water, radiant heat transfer and negative 
temperature coefficients of reactor reactivity, allows for simpler designs 
that require less mechanical and electrical hardware. Enhanced computer-
aided design and engineering also contribute to lowering costs. Design sim-
pli fication contributes to reductions in O&M costs through, for example, 
streamlining of operation and easier accessibility for maintenance.

6.2.3 Multiple-unit sites
Construction of several units on the same site provides opportunities for 
reducing the average capital cost per unit, for example by reducing costs 
related to siting, licensing, site labour and common facilities. In addition 
to the obvious sharing of the site’s land cost, site-licensing costs can also 
be shared among multiple units. Multi-unit sites can lead to significant cost 
savings through not having to replicate, for each unit, certain site facilities 
such as temporary work buildings, administration and maintenance 
buildings, warehouses, auxiliary systems, guardhouses and radioactive 
waste treatment buildings.

Furthermore, during the construction activities, considerable efficiencies 
and associated savings can be gained from phased construction, with the 
various craft teams progressing from one unit to the next. Multi-unit con-
struction is reported to lead to a capital cost reduction of some 15%, compared 
to single-unit sites (NEA, 2000). O&M costs are also reduced through more 
efficient use of staff resources at multi-unit sites than at single-unit sites. The 
importance of multi-unit cost savings is confirmed by the fact that some 90% 
of the world’s nuclear power plants are constructed with two or more units on 
the site. However, multi-unit sites are more demanding on the grid.
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6.2.4 Decreasing construction time
A lengthy construction schedule exposes a nuclear power project to the risk 
of a variety of additional costs that, in most cases, are beyond the control 
of the project management team. Such risks include: increased total inter-
est during construction; escalation in equipment, material and labour costs; 
obsolescence of technologies; and additional licensing requirements, among 
others. Those risks, which translate into an economic cost to the plant owner 
and investors, can be reduced by a shorter construction period.

Reducing the construction period may be achieved through a wide variety 
of measures ranging from design simplification, advanced engineering 
methods, modularisation and factory prefabrication of large components, 
improved manpower training, contracting and sub-contracting policies, 
efficient project management, relying for example on computerised sched-
uling, and streamlining of quality assurance and control. A shorter 
construction period reduces IDC and also results in an earlier start of income 
from plant operation, thereby improving the project profitability.

6.2.5 Increasing power level and availability factor
In general, a larger nuclear power plant will have a lower specific overnight 
capital cost (per kWe) than a smaller one of the same design. The economies 
of scale for major systems of nuclear power plants are discussed in an NEA 
report (NEA, 2000), which presents some results showing that increasing the 
unit size of a pressurised water reactor from 300 MWe to 1 350 MWe, i.e. 
by a factor of 4.5, would increase total overnight capital cost by a factor of 
2.15 only. In other words, the specific overnight capital cost per kWe for the 
1 350 MWe unit is 48% of that for the 300 MWe unit. For an increase from a 
650 MWe plant to 1 350 MWe, a factor of 2.1 in size, the total overnight capital 
cost would increase by a factor of 1.48, and the specific overnight capital cost 
per kWe for the 1 350 MWe unit would be 72% of that for the 650 MWe unit. 
For twin-unit plants, the specific cost for 1 350 MWe units is 41% of that for 
300 MWe units and 75% of that for 650 MWe units.

Because of the high investment and the relatively low fuel cost of nuclear 
power plants, specific electricity generation costs (per kWh) of existing 
nuclear units decrease sharply with increased output, which can be achieved 
through higher energy availability factors (higher production from a given 
plant capacity) and through plant uprating (increasing the plant capacity 
by means of technical improvements). Over the past decade or so, energy 
availability factors of nuclear plants worldwide have improved steadily. The 
worldwide average energy availability factor of nuclear units increased from 
78% to 83% during the last decade, and today in most OECD countries this 
factor reaches or exceeds 90%. Thanks to this improvement, nuclear elec-
tricity generation increased by 2% to 3% per year, although nuclear plant 
capacity grew by only about 1% per year.

Many existing nuclear power plants have had their power level uprated, 
some by as much as 25%. In the United States, power uprating of existing 
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units increased the total operating nuclear capacity by 5 263 MWe between 
1977 and 2008, and a further 2 831 MWe of uprating is expected by 2011. In 
Europe, significant capacity uprating has occurred in Spain and Sweden for 
example. The specific (per kW) capital investment required for uprating is 
significantly lower than that required for building new capacity, and conse-
quently uprating lowers generation cost.

6.2.6 Increasing plant life
For new nuclear power plants, a longer plant life allows the high initial capital 
investment to be amortised over a larger total electricity production, thereby 
reducing the contribution of investment costs to lifetime-averaged genera-
tion costs. State-of-the-art nuclear power plants currently under construc-
tion are designed for a technical lifetime of at least 60 years and designers 
are considering even longer lifetimes for the next generation of plants.

For existing plants, with their investment costs already substantially 
amortised, extension of their lifetime enhances their profitability owing to 
low marginal operating costs. For this reason, many nuclear power plants 
have had their operating licences extended, and others are expected to 
follow. For example, the owners of some 60% of the 104 reactors operating 
in the United States have either received or applied for such renewals and 
the current expectation is that this will reach over 90%. The United States 
Nuclear Regulatory Commission has already approved several dozen (48 units 
by July 2008) licence renewals of 20 years each, for a total licensed life of 
60 years for each reactor.

6.2.7 Increasing fuel burn-up
Fuel cycle costs, from uranium production to final waste disposal, contribute 
a relatively small share (around 15%) to total nuclear electricity generation 
costs. Thus, the sensitivity of generation costs to fuel cycle costs is rather 
low. Nonetheless, increasing fuel burn-up within the limits allowed by 
design and licensing is a means to decrease generation costs. In addition to 
a small reduction in fuel costs, the increased burn-up leads to less frequent 
plant shut-downs for refuelling, thereby improving its energy availability 
factor.

6.3 Sensitivity analysis of nuclear electricity generation costs
Even a cursory review of national and international studies shows that the 
estimated costs of nuclear electricity generation vary widely, owing to differ-
ences in assumed values for key cost drivers and to differences in national 
contexts (which can lead to significant differences in, for example, the length 
and costs of the pre-project development period). It is therefore crucial that 
assessments of nuclear power costs consider the sensitivity of the outcome 
to variations in the input assumptions.
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The UK Department of Trade and Industry (DTI)1 recently published a study 
on projected nuclear electricity generation costs in the country, including 
a detailed sensitivity analysis (DTI, 2007). The DTI based the projected over-
night construction cost used in its study on:

the Finnish Olkiluoto-3 project, a 1 600 MWe European pressurised water •	
reactor being constructed under a turn-key (fixed-price) contract;

a French programme equivalent to 10 GWe of new reactor build using the •	
EPR design.

For its central forecast, the DTI adjusted the costs of the Finnish project 
and the estimated costs of the French programme as follows.

For the Finnish project, a 20% premium was added to the overnight cost of 
around GBP 1 050/kWe to reflect conditions prevailing in the United Kingdom 
and allowing for the possibility that:

Costs for this project have been discounted by the French-German consor-•	
tium building the plant, as part of a wider marketing strategy.

Costs have been underestimated.•	

Potentially, more onerous regulatory requirements could exist in the •	
United Kingdom than in Finland.

For the French programme, the DTI added a 40% premium to the predicted 
overnight capital cost of around GBP 900/kWe averaged over a large 10 GWe 
programme.

Both these approaches lead to about the same value of GBP 1 250/kWe 
(USD 2 500/kWe at July 2007 exchange rates) for the overnight construction 
cost, and this was adopted by the DTI as its central assumption of the 
overnight capital cost of future nuclear power plants in the United Kingdom. 
It should be noted that the DTI study considers a post-tax real discount rate 
whereas the OECD data do not take account of local tax regimes (NEA and 
IEA, 2005, Section 6.1.3). An analysis of the impact of corporate taxes on 
generation costs and competitiveness of different technologies is provided 
in Section 6.1.4 of the same report.

Table 6.2 summarises the assumptions adopted by the DTI for its central, 
low- and high-cost cases and the results obtained. These lead to a range of 
nuclear generating costs of:

central case – GBP 38/MWh (USD 76/MWh),•	

low case – GBP 31/MWh (USD 62/MWh),•	

high case – GBP 44/MWh (USD 88/MWh).•	

The low case assumptions are analogous to those made by the French 
Direction générale de l’énergie et des matières premières of the French Ministry 
of the Economy for a programme of 10 EPRs. The high case reflects a 30% 
overrun in construction costs, or an increase in the cost of capital to 12%. The 

1.  The Department of Trade and Industry (DTI) has since been replaced by the Department for 
Business, Enterprise and Regulatory Reform.
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Table 6.2: Sensitivity analysis of nuclear electricity cost to key parameters 
(costs are in GBP)

Key item Comment
Central- 

case 
assumption

Low- 
case 

assumption

Levelised 
cost 

GBP/MWh

High- 
case 

assumption

Levelised 
cost 

 GBP/MWh

Central case 38

Pre-
development 

costs

Data from UK 
Environmental 

Audit Committee
250m* 100m 36 300m 38

Pre-
development 

period

5 years to obtain 
site licence; 3 years 

for siting inquiry
8 years 7 years 38 9 years 38

Construction 
costs**

Total cost 2.8b*** 
includes 500 m 

IDC plus 10/kWe 
on-site waste 
storage every 

5 years

1 250/kW 850/kW 31
1 400/kWe

1 625/kWe

40

44

Construction 
period

Vendor estimates 
5 to 5.5 years 6 years   10 years 41

Load factor 
first 5 years

Vendor expects 
>90% 80% 90% 37 60% 39

Operational life Vendor expects 
60 years 40 years 60 years 37 30 years 39

O&M costs

Equivalent to 
90m/year, vendor 

estimates 
40m/year

7.7/MWh 4.4/MWh 35   

Fuel supply 
costs

All in cost 
equivalent to 

4.4/MWh
2 400/kg 2 000/kg 37 3 000/kg 39

Waste disposal 
costs

Assumes 
geological 

disposal; fund 
growth 2.2%/year 

in real terms

276 m

at EOG****
  320m after 

40 years 38

Decommis-

sioning 
costs

Assumes 
400m/GWe, 

vendor estimates 
325m-400m/GWe, 
fund growth 2.2% 

in real terms

636m

at EOG
  950m after 

40 years 38

Cost of capital Post-tax real 
discount rate 10% 7% 31 12% 42

*       m = million.
**     The high-case assumption includes two construction costs.
***    b = billion.
****  EOG: end of generation.
Source: DTI (2007).
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DTI regards the high-cost case as unlikely, noting that the UK government 
has taken a prudent approach in its central case that leads to a levelised cost 
significantly greater than the average of market estimates.

A careful examination of the results presented in Table 6.2 shows the rela-
tive significance of various parameters in determining the cost of nuclear-
generated electricity. It can be seen that the most important factors are over-
night construction costs and the cost of capital embodied in the discount 
rate. Factors with little impact on the levelised cost of nuclear power are 
the pre-development period, the early load factor, operational lifetime, fuel 
costs, waste disposal costs and decommissioning costs. Although the DTI 
study only partially explored the sensitivity to construction period and O&M 
costs, the evidence suggests that these are significant also. The identified 
importance of the cost of capital is in agreement with the results from the 
OECD study (NEA and IEA, 2005), which showed that levelised costs increase 
by some 50% to 60% as the discount rate increases from 5% to 10%.

6.4  National and international studies on the 
competitiveness of nuclear-generated electricity
Many national and international studies provide projected cost estimates for 
plants to be commissioned in the future. Results from these studies allow 
some general comparisons of the costs of electricity generation by nuclear 
and other types of power plants. However, although all the examples given 
below refer to the levelised generation cost averaged over the lifetime of 
the plants, the results are not comparable from one study to another, nor 
from one country to another, because of different monetary units and differ-
ences in assumptions regarding discount rate, plant availability/load factor 
and plant economic lifetime. Furthermore, some studies, such as the report 
of the Massachusetts Institute of Technology (MIT, 2003), take into account 
taxes and risk-related premiums on the cost of capital, while these factors 
are not included in other studies. Last, but not least, the fossil fuel prices 
assumed in each study correspond to different dates and different national 
or regional circumstances.

6.4.1 United States
The generation costs presented in the MIT study are estimates for coal, gas 
and nuclear power plants in the United States, taking into account income 
taxes at a rate of 38% on the taxable income of the electricity producer. 
Details on the estimating methodology and assumptions are given in the 
report (MIT, 2003). Table 6.3 presents results for three different gas price 
assumptions for gas-fired plants, and for a base case and a number of varia-
tions regarding the cost of nuclear power plants. The base case corresponds 
to an overnight capital cost for nuclear power plants of USD 2 000/kWe. The 
variations involve various measures that, if realised additively, would reduce 
the costs of nuclear-generated electricity as shown in the table.
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The MIT study results indicate that, with the base-case assumptions, 
nuclear power would not be competitive with coal or natural gas in the 
United States. However, progressive achievement of the cost-reduction 
measures assumed in the nuclear variants would decrease the costs such 
that nuclear-generated electricity would become competitive with coal and 
gas. The authors of the study judged the cost improvements for nuclear to 
be plausible, although not yet proven. They also noted that it is important to 
emphasise that the nuclear cost structure is driven by high up-front capital 
costs, while the natural gas cost driver is the fuel cost; coal lies between 
nuclear and natural gas with respect to both fuel and capital costs. Finally, 
carbon emission credits, if enacted by the government, could give nuclear 
power a cost advantage.

6.4.2 United Kingdom
The cost estimates presented below were prepared by the United Kingdom 
Department of Trade and Industry in the context of the OECD study (NEA and 
IEA, 2005, Appendix 2). The estimates cover various generation technologies 
and provide cost ranges that take into account uncertainties on future per-
formance of the technologies considered. The cost estimates presented in 

Table 6.4: Electricity generation costs in the United Kingdom
(GBp of 2003/kWh)

Coal Gas Nuclear
Small
hydro

Onshore
wind

Offshore
wind

Waste
Landfill

gas

3.6-4.0 2.3-2.4 2.8-4.3 1.6-1.9 3.2-4.2 4.5-5.7 2.5-3.0 3.3-3.9

Table 6.3: Electricity generation costs in the United States

(US cents of 2002/kWh)

Case
Levelised

cost

Nuclear (LWR), base case
l Reduce construction cost by 25%
l Reduce construction time from 5 to 4 years
l Reduce O&M from 15 to 13 mills/kWh
l Nuclear financing terms same as gas/coal

6.7

6.5

5.3

5.1

4.2

Natural gas – CCGT
l Low gas prices, USD 3.77/MCF*
l Moderate gas prices, USD 4.42/MCF 
l High gas prices, USD 6.72/MCF 

3.8

4.1

5.6

Pulverised coal 4.2

* Gas costs reflect real acquisition costs (2002 currency values) per thousand cubic  
feet (MCF) levelised over the economic life of the project. 
Source: MIT (2003).
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Table 6.4 were calculated at a 10% discount rate for plants to be commis-
sioned in 2010, with costs expressed in British pence (p) of mid-2003.

6.4.3 Finland
The levelised generation cost estimates for Finland (Tarjanne, 2006) were 
based on current gas prices on the European market and, therefore, show 
a large competitive margin for nuclear versus gas (see Table 6.5). Applying 
Finnish conditions, the costs were calculated with a discount rate of 5% for 
all plants. Generation costs estimated for wood-fired and wind plants do not 
take into account subsidies; wind power plants are assumed to operate at 
equivalent full power for 2 200 hours per year, but backup power cost is not 
included in the cost estimated for wind plants.

6.4.4 International comparisons – The OECD study
The OECD study (NEA and IEA, 2005) is the sixth in a series of reports issued 
since 1983 on the projected costs of electricity generation. This latest study 
was carried out by a group of experts from nineteen OECD member coun-
tries and two international organisations, the European Commission and the 
International Atomic Energy Agency (IAEA). The latter provided input data 
for the study from three non-OECD countries.

Data on power plant capital costs, fuel costs and O&M costs provided 
by experts from the participating countries were compiled, converted to a 
common currency unit, and used by the joint NEA/IEA Secretariat to calculate 
electricity generation costs. These were calculated using the levelised 
lifetime cost approach and generic assumptions (details on the input data, 
calculation method and assumptions can be found in the report) for factors 
such as:

A 40-year economic life for nuclear and coal-fired power plants. For other •	
plants, the lifetimes provided in the responses to the questionnaire were 
adopted.

An 85% average capacity factor for nuclear, coal-fired and gas-fired power •	
plants. For other plants, the capacity factors provided in the responses to 
the questionnaire were used.

Discount rates of 5% and 10% per year for all plant types.•	

Data were provided for 27 coal-fired power plants, 23 gas-fired power 
plants and 13 nuclear power plants from among the plant types covered in 

Table 6.5: Electricity generation costs in Finland
(EUR of 2006/MWh)

Wood Peat Coal Gas Nuclear Wind

51 55 52 52 23 45.5
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the study. Results are presented below for these baseload plant types. Results 
for other plant types (e.g. biomass, hydro, solar and wind) can be found in the 
report (NEA and IEA, 2005).

Nuclear power plants
The levelised costs of nuclear electricity generation are presented in 
Figures 6.2 and 6.3, at a 5% and 10% discount rates, respectively. The noticeable 
large increase in the levelised generation costs at a 10% discount rate, as 
compared to those at a 5% discount rate, is characteristic of capital-intensive 
technologies for electricity generation, such as nuclear power plants.

At a 5% discount rate, the levelised costs of nuclear generated electricity 
range from USD 21 to USD 31/MWh, with the exception of the two plants in 
the Netherlands and Japan, both of which have generation costs higher than 
this upper limit (although only slightly higher in the case of the Netherlands). 
Investment-related costs represent the largest share (averaging around 50%) 
of total generation costs, with O&M costs representing around 30% and fuel 
costs around 20%. The respective shares of these three components in total 
generation costs remain relatively constant from country to country.

At a 10% discount rate, the generation costs in all countries are in the 
range of USD 30 to slightly below USD 50/MWh, except for the Netherlands 
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Figure 6.2: Levelised cost of nuclear-generated electricity
at a 5% discount rate

(USD/MWh)
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Source: NEA and IEA (2005).
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and Japan, with the levelised generation cost in Japan approaching  
USD 70/MWh and that in the Netherlands lying just above USD 50/MWh. At 
this higher discount rate, the investment-related share of total generation 
costs rises to around 70%, while O&M and fuel shares decrease to around 
20% and 10%, respectively.

Coal-fired power plants
The coal-fired power plants for which data were provided by questionnaire 
respondents use fuels of different quality, including lignite and brown coal, 
and represent different technologies, for example fluidised-bed combustion 
and integrated gasification combined cycle (IGCC). Clearly, such differences 
lead to rather large variations in investment costs, thermal efficiencies and 
total levelised electricity generation costs among the coal-fired power plants 
included in the study.

At a 5% discount rate, the levelised generation costs, shown in Figure 6.4, 
are between USD 25 and USD 50/MWh for the coal-fired plants in  
most countries. The only exceptions on the cheap side – somewhat below  
USD 20/MWh – are the plants in the Republic of South Africa, for which the 
country reported extremely low coal prices. Falling outside the range on 
the high side is the lignite-fired plant in the Slovak Republic, with levelised 
generation costs above USD 55/MWh owing to the high lignite price reported. 
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Figure 6.3: Levelised cost of nuclear-generated electricity
at a 10% discount rate

(USD/MWh)

Source: NEA and IEA (2005).
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Generally, investment costs represent slightly more than one-third of the 
total gener ation costs, while O&M costs account for around 20% and fuel 
for some 45%. It should be stressed, however, that the shares can vary 
significantly from country to country because of important effects due to 
local conditions, in particular coal prices. For example, in the Republic of 
South Africa with its low reported coal prices, investment accounts for 75% 
or more of total levelised generation costs.
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Figure 6.4: Levelised cost of coal-generated electricity
at a 5% discount rate

(USD/MWh)

IGCC: integrated gasi�cation combined cycle.
Source: NEA and IEA (2005).
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At a 10% discount rate (Figure 6.5), the levelised generation costs of nearly 
all coal-fired power plants are in the range of USD 35 to USD 60/MWh. Only 
the lignite-fuelled plant in the Slovak Republic and the plant in Japan have 
costs higher than the upper limit of the range, and only the two plants in the 
Republic of South Africa have costs below the lower limit. Investment costs 
represent about 50% in most cases, with O&M costs accounting for around 
15% of the total and fuel for some 35%. As in the estimates at a 5% discount 
rate, the Republic of South Africa is again a notable exception with invest-
ment representing more than 85% of the total cost, owing to the very low coal 
prices reported. As was noted for the results at a 5% discount rate, differ-
ences in local conditions can lead to important variations among the compo-
nent shares in total costs, from country to country and sometimes between 
different plants in the same country.
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Gas-fired power plants
In all of the countries that provided data, the construction costs of gas-
fired power plants are lower than for coal-fired or nuclear power plants. In 
addition, the O&M costs are lower for gas-fired plants than for coal-fired or 
nuclear plants, although the reported O&M costs vary widely from one coun-
try to another (as is also the case for other plant types).

At a 5% discount rate, the levelised generation costs for gas-fired power 
plants (Figure 6.6) vary between USD 37 and USD 60/MWh, with only four 
units (in Greece, Italy, the Netherlands and the Slovak Republic) having 
levelised costs higher than USD 55/MWh. Fuel costs represent, on average, 
about 75% to 80% of the total levelised generation cost and up to nearly 90% 
in some cases. Consequently, the primary driving factors in the estimated 
levelised cost of gas-generated electricity are the assumptions made by 
national experts on the gas price2 and its escalation rate (in constant money) 
in their respective countries. The investment costs represent around 15% of 
total generation costs; O&M costs account for only about 10% in most cases, 
and are almost negligible in some cases.

2.  Natural gas prices in mid-2008 were roughly double those assumed for this study which was 
published in 2005.
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at a 10% discount rate
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Figure 6.7: Levelised cost of gas-generated electricity
at a 10% discount rate

(USD/MWh)

LNG: lique�ed natural gas.
Source: NEA and IEA (2005).
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Figure 6.6: Levelised cost of gas-generated electricity
at a 5% discount rate

(USD/MWh)

So
ut

h 
Af

ric
a

Ko
re

a

Ja
pa

n

Sl
ov

ak
 R

ep
.

Tu
rk

ey
 1

Tu
rk

ey
 2

N
et

he
rla

nd
s

Po
rtu

ga
l

G
er

m
an

y

Ita
ly 

1
Ita

ly 
2

Ita
ly 

3

Fr
an

ce

Be
lg

iu
m

Cz
ec

h 
Re

p.
 

G
re

ec
e 

1
G

re
ec

e 
2

Un
ite

d 
St

at
es

 2

Un
ite

d 
St

at
es

 1

Ca
na

da

Sw
itz

er
la

nd
 1

Sw
itz

er
la

nd
 2

Sw
itz

er
la

nd
 3

U
SD

/M
W

h

LNG: lique�ed natural gas.
Source: NEA and IEA (2005).
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At a 10% discount rate, levelised generation costs of gas-fired power plants 
(Figure 6.7) fall between USD 40 and USD 63/MWh. The levelised cost is 
barely higher than at a 5% discount rate owing to the small share of invest-
ment costs in the total generation costs of gas-fired plants. Fuel costs remain 
the major contributor to total generation costs with a slightly lower share 
(around 73%) than at a 5% discount rate. Investment costs and O&M costs 
account for about 20% and 7%, respectively, of total generation costs.

Cost ranges for nuclear, coal and gas power plants
Figure 6.8 summarises the ranges observed in the study for levelised invest-
ment, O&M, fuel and total generation costs for the three baseload power 
plant types (in each category, the 5% lowest and highest values have been 
excluded).

Sensitivity of levelised generation costs to fuel prices
The structure of total generation costs (i.e. share of investment, O&M and 
fuel costs) differs markedly among the different plant types, as shown in 
Table 6.6.

Because of their cost structures, the sensitivity of total generation costs to 
changes in fuel prices differs strongly among plant types. A doubling of fuel 
prices would increase generation costs by about 40% for coal, 75% for gas and 
4% for nuclear (a doubling of uranium price only). Nuclear generation costs 
would increase by 15% if the cost of the entire fuel cycle were to double, but 
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it should be noted that the costs of fuel cycle services, delivered by industrial 
facilities, are more stable than those of raw materials.

6.5  Impact of income taxes and financing conditions 
on electricity generation costs
The traditional constant-money levelised generation cost methodology (NEA 
and IEA, 2005) is widely used by utilities, government agencies and inter-
national organisations to provide economic assessments of alternative gen-
eration options. It gives transparent and robust results that are especially 
suitable for screening studies and international comparisons. However, the 
method, which is strictly economic, does not take into account all the fac-
tors influencing the choice by investors in deregulated electricity markets. In 
particular, it does not take into account income taxes and financing condi-
tions, which may have a significant impact on the costs to be borne by the 
investor. This section presents results from sample calculations carried out 
with an approach designed to take account of those factors (see Bertel and 
Planté, 2007).

6.5.1 Methodology
The approach used in the sample calculations differs from the constant-
money levelised cost method mainly in the treatment of investment/capital 
costs. The calculations are performed in nominal/current money, meaning 
that all costs, starting from an initial value adopted for the base year, are 
escalated according to an assumed inflation rate; a positive or negative trend 
of the inflation rate over time can be included if desired. Loan payments are 
computed according to the loan interest rate which, in itself, includes infla-
tion trends. 

The annual outlays related to capital investment, fuel costs and O&M costs, 
as well as income tax payments, are calculated taking inflation into account. 
Outlays include waste management/disposal and decommissioning costs 
as applicable, e.g. in the case of nuclear power plants. Capital investment is 
handled in two parts – an equity component and a loan component – with 

Table 6.6: Generation cost structure 
(approximate percentage of total)

Cost 
component

At a 5% discount rate At a 10% discount rate

Nuclear Coal Gas Nuclear Coal Gas

Investment 50 35 15 70 50 20

O&M 30 20 10 20 15 7

Fuel 20 45 75 10 35 73
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the outlays occurring during the payback period. Appropriate annual capital 
depreciation is also computed for tax calculation purposes, the income taxes 
being charged on the taxable income calculated by deducting asset deprecia-
tion from total net income.

The annual revenues are calculated by multiplying the annual electricity 
generation by the wholesale price of electricity. The electricity selling price 
escalates according to the inflation rate but stays unchanged over the plant 
lifetime in constant money value.

This approach allows a detailed assessment of the impact of financing 
schemes and income taxes on levelised costs of electricity generation. As 
shown in the sample calculations presented below, it is possible with this 
approach to calculate the three components of levelised generation cost 
(capital, fuel and O&M) and to display the income tax separately from the 
other components.

6.5.2 Sample calculations
The calculation has been performed for three generating sources: nuclear, 
gas-fired and coal-fired power plants operating in the context of liberalised 
markets corresponding to the average conditions prevailing in the United 
States. The technical and unit cost assumptions (see Table 6.7) are not 
intended to reflect any specific design but are illustrative of state-of-the-art 
units available on present markets.

Table 6.7: Technical and cost data

Unit Nuclear Gas Coal

Initial overnight 
capital cost USD/kWe 2 000 650 1 400

Plant life years 40 25 40
Construction time months 60 24 48
Capacity factor % 90 90 90

Thermal efficiency 
(low heating value) % 33 58 44

Decommissioning USD million 350 0 0

Fuel cost

USD/MBtu 
(million British 
thermal units) 

or tonne

0.50/MBtu 6.0/MBtu 40/tonne

Fuel cost escalation rate % 0 0 0

Waste management US cents/kWh 0.1 0 0

O&M USD per kWe 
per year 50 25 50

O&M cost escalation rate % 0 0 0

Annual incremental 
capital cost USD/kWe 20 6 12
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The input cost data and results, i.e. generation costs per kWh, are expressed 
in USD of 2007. For convenience, the calculations are normalised to 1 000 MWe 
capacity plants, but the results are valid irrespective of the size of the plant, 
provided the specific overnight capital costs (USD/kWe installed) assumed 
are appropriate for the plants considered.

Calculations have been performed for two contrasted economic and 
financing contexts – moderate financial constraints and tight financial 
constraints – recognising that the financial parameters may change 
depending on the perception of risks by investors and banking institutions. 
The corresponding financial parameters are summarised in Table 6.8.

The tight financial context corresponds to a low degree of investor con-
fidence in electricity generation projects, with a high ratio of equity versus 
debt, a high return on equity and high interest rates. The moderate financial 
context assumes greater confidence of potential investors in the economic 
viability of electricity generation projects, with a lower ratio of equity versus 
debt, a lower return on equity and lower interest rates. It has been assumed 
that financing conditions will be the same for nuclear, gas and coal. In some 
studies, this is not the case because it might be argued that some sources 
or technologies are perceived as more risky than others by potential inves-
tors. With the model used, it would be easy to perform sensitivity analyses 
showing the impact of assuming different financial constraints for different 
technologies.

Table 6.8: Financial parameters

Unit
Modarate constraints Tight constraints

Nuclear Gas Coal Nuclear Gas Coal

Inflation rate  annual % 3 3 3 3 3 3

Equity portion % 30 30 30 60 60 60

Equity return % 12 12 12 15 15 15

Equity recovery 
period years 40 25 40 25 25 25

Debt portion % 70 70 70 40 40 40

Debt interest rate % 7 7 7 9 9 9

Debt term years 15 15 15 15 15 15

Income tax rate % 38 38 38 38 38 38

Depreciation term years 15 15 15 15 15 15

Depreciation 
schedule MACRS* MACRS

* MACRS: the modified, accelerated cost recovery system is the current method of accelerated asset  
depreciation required by the United States income tax code. Under the MACRS, all assets are divided into 
classes which dictate the number of years over which an asset’s cost will be recovered.
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6.5.3 Results
The different cost components, including income tax, presented in Tables 6.9 
and 6.10 for the cases of moderate and tight financial constraints illustrate 
that, while generating costs increase for all three electricity generation 
technologies when income taxes are included in the calculation, the 
impacts of financing schemes and income taxes differ significantly from one 

Table 6.9: Electricity generation costs 
under moderate financial constraints

(in USD/MWh)

Nuclear Gas Coal

Capital 
without income tax 24.9 7.9 16.3

Income tax 3.9 1.0 2.5

Capital 
including income tax 28.8 8.9 18.8

O&M 6.3 3.4 6.3

Fuel 6.2 39.2 13.3

Total 
without income tax 37.4 50.5 35.9

Total 
including income tax 41.3 51.5 38.4

Table 6.10: Electricity generation costs 
under tight financial constraints

(in USD/MWh)

Nuclear Gas Coal

Capital 
without income tax 37.7 10.5 24.5

Income tax 10.8 2.6 6.9

Capital 
including income tax 48.5 13.1 31.4

O&M 6.3 3.4 6.3

Fuel 6.2 39.2 13.2

Total 
without income tax 50.2 53.1 44.0

Total 
including income tax 61.0 55.7 50.9
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technology to another. The reason for those differences is that the specific 
(per kWh) taxable income is very sensitive to the cost structure of the 
generation source considered.

The annual taxable income, which corresponds to the revenue that will be 
allocated to pay the expected return on equity, is equal to the revenue less 
operating expenses, including fuel and O&M costs, less interest payments 
and asset depreciation. The taxable income depends on the capital invest-
ment required to build the plant, the equity/debt ratio and the required 
return on equity. Therefore, the specific annual taxable income is higher for 
capital-intensive electricity generation sources such as nuclear, less so for 
coal, and lastly gas.

Under moderate financial constraints, the inclusion of income tax increases •	
the generation cost by 10% for nuclear, 7% for coal and only 2% for gas.

Under tight financial constraints, the differential increase due to income •	
tax is even greater for higher capital cost technologies, namely 22% for 
nuclear, 16% for coal and only 5% for gas.

Including income tax in the generating cost may change the relative com-
petitiveness of electricity generation sources. For example, under tight finan-
cial constraints, nuclear is cheaper than gas without tax but gas is cheaper 
when taxes are included. This highlights the importance of presenting the 
detailed results together with all assumptions, input data and boundary con-
ditions adopted in any cost estimation.

6.5.4 Sensitivity to income tax rates
As previously noted, the base calculation was performed in the context of 
liberalised markets corresponding to the average conditions prevailing in 
the United States. Consequently, the income tax rate was estimated at 38%. 
However, tax rates vary widely from country to country, ranging from about 
15% to over 40%. It is therefore interesting to see how the results would be 
affected by such a variation, all other parameters being unchanged. The sen-
sitivity calculation takes into account an income tax rate range of 15% to 
45%.

As in the base case, the sensitivity calculation has been performed for 
nuclear, gas and coal power plants. Figures 6.9 and 6.10 illustrate the impact 
of such an income tax rate variation on the electricity generation cost, 
expressed as the percentage added to the generation cost calculated without 
tax.

The calculations carried out for a range of income tax rates in two con-
trasted financing constraint frameworks also show that taking into account 
those parameters may change the relative competitiveness of electricity 
generation sources. One may therefore conclude that tax regimes imple-
mented by governments have an impact on generation costs which is not 
technology-neutral. Government policy makers may choose to take this into 
account in order to implement a tax regime consistent with national energy 
policy goals.
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6.6 Externalities
Like other energy sources, nuclear energy has risks and benefits (NEA, 2007) 
that need to be fully recognised and assessed to evaluate its external costs. 
In the process, it is essential to delineate accurately the boundary between 
economic (internalised) costs and potential external costs, and to indicate 
the impact on total costs if the external costs were internalised. Indeed, an 
externality exists if, and only if, some negative or positive impact is generated 
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by an economic activity and imposed on third parties, and that impact is not 
priced in the market place.

Aspects of nuclear energy that are often suggested as entailing external costs 
(NEA, 2003) include: future financial liabilities arising from decommissioning 
and dismantling nuclear facilities; health and environmental impacts of 
radioactivity releases during routine operation; radioactive waste disposal; 
and the possible effects of severe accidents should any occur. It has to be 
acknowledged that those aspects could become external costs if adequate 
funds for covering them are not available on a timely basis, guaranteed 
through reliable and independent bodies, and included in the costs (and 
the market price) of nuclear-generated electricity. However, a number of 
mechanisms have been established to provide such funds, thereby largely 
internalising these potential externalities, as highlighted in the following 
paragraphs.

The nuclear energy industry operates under regulations that impose strin-
gent limits on gaseous and liquid discharges from nuclear facilities and that 
require the containment and confinement of solid radioactive waste to ensure 
its isolation from the biosphere for as long as it may be harmful to human 
health and the environment. Therefore, the capital and operating costs of 
nuclear power plants and fuel cycle facilities already internalise a major por-
tion of the above-mentioned potential external costs, and these are reflected 
in the prices paid by consumers of nuclear-generated electricity.

Decommissioning costs have been estimated on the basis of model cal-
culations and industrial experience (see Chapter 8 for details). They repre-
sent a small fraction of the total investment costs of nuclear power plants. 
Since decommissioning activities and expenses occur after the plant has 
stopped producing electricity, decommissioning funds are accumulated, as a 
part of the electricity price, while the plant is in operation, according to the 
“polluter pays principle”. In OECD countries, a wide variety of mechanisms 
and schemes are in place for ensuring that decommissioning costs are cor-
rectly estimated and that the necessary funds are accumulated and securely 
reserved, to be made available when needed.

High-level waste disposal costs are treated in the same way as decommis-
sioning costs. Disposal cost estimates prepared by nuclear facility operators 
are checked and audited by independent government bodies, and the appro-
priate funds are accumulated by the operators, usually as a surcharge per 
unit of production, to cover the expenses in due course, thereby internalising 
this potential externality.

With regard to the effects of severe nuclear accidents, a number of special 
legal regimes have been implemented to provide third party liability cover-
age in the event of a nuclear accident (see Chapter 10). These regimes, which 
have been in place since the beginning of the civil nuclear power industry, 
are considered essential to nuclear power development for two reasons. 
First, it largely resolves the problem of open-ended liabilities for investors 
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and, second, it provides a high level of assurance to a public concerned about 
the possibility of damages from severe nuclear accidents, even though the 
probability is very small. It should be noted that there are some differences 
between the regimes in place (for example between France, Japan or the 
United States) and that in the case of a very severe accident, the insurance 
policy or other privately funded compensation mechanism would not be able 
to cover all damages and the government of the country concerned would 
likely step in, as for other major industrial accidents.

There remains the externality related to potential health and environ-
mental impacts of radioactive releases during routine operation (see also 
Chapter 4). These have been assessed in a large number of comprehensive 
studies, in particular the ExternE (Externalities of Energy) project (EC, 
1995) that was created in the framework of the European Commission Joule 
research programme. Although the results, for both direct (internalised) and 
external costs, from different studies and for different energy sources vary 
over rather wide ranges, they do allow some generic findings to be drawn 
with regard to the relative magnitude of direct and external costs for each 
technology:

For fossil fuels and biomass, external costs are of the same order of mag-•	
nitude as direct costs.

For nuclear, solar photovoltaic and wind power, external costs are at least •	
one order of magnitude lower than direct costs.

Externalities of energy are of course not limited to environmental and 
health-related impacts, but may also result from macro-economic, policy or 
strategic factors not reflected in market prices, such as security of energy 
supply, cost stability and broad economic impacts on employment and balance 
of trade. Although those externalities generally have not been subjected 
to quantitative evaluation, they have been analysed qualitatively in some 
studies and the results indicate that they are not a major cause of market 
price distortion. If such externalities were internalised, the effect, although 
small in proportion to direct costs, would be positive (i.e. a cost advantage) 
for nuclear energy.

6.7 Security of energy supply
As described above, externalities are costs or benefits related to the pro-
duction and use of goods or services that are not borne by the producer or 
consumer. Environmental externalities are the best known, but the concept 
of externalities can be applied to energy security as well.

An “energy security externality” can be defined as a cost to the economy 
as a whole arising from the use of specific fuels which is not borne directly 
by the fuel user. By using a particular fuel, energy consumers influence 
demand and may thereby reduce the probability that others will be supplied 
with the energy services they demand at prevailing market prices in the 
event of a supply disruption. Those others might then have to pay higher 
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prices without compensation (NEA and IEA, 1998, Annex 9). In the electricity 
sector, in addition to investment in surplus capacity, two obvious means are 
available for reducing the probability of interruption of electricity generation: 
diversity of generation technologies and input fuels, and stockpiling fuels.

Diversity acts as an insurance against various kinds of problems. Diversity 
of plant technology, for example, reduces the risk that basic design flaws in a 
certain technology might cause a large share of the total generating capacity 
to be shut down for repair or retrofitting. Similarly, diversity of fuel types 
or sources of supply can minimise the impact in case the supply of one fuel 
type or from one source is interrupted.

Power plant investment decisions imply that a trade-off be made between 
achieving low prices, but with some uncertainty in supply, and accepting 
higher prices to achieve a lower level of uncertainty. Adding some higher-
cost but more secure generating options then acts as an “insurance policy” 
against disruption of supply or large price increases in fuels consumed in 
lower-cost plants. It has been argued that higher discount rates, as might be 
expected in liberalised, more competitive power markets, reduce the incen-
tive for society to insure itself against these risks, since higher discount rates 
reduce the present value of future electricity cost increases stemming from 
rising fossil fuel prices (NEA and IEA, 1998, Annex 9). A study carried out for 
Scottish Nuclear in 1994 (Scottish Nuclear, 1994) does implicitly predict that 
competitive power markets provide less diversity. The study argues that it is 
advantageous for society to insure itself against the risk of fossil fuel price 
increases by opting for diversity, and notably by using non-fossil energies, 
especially nuclear. As a primary result, it states that nuclear power reduces 
risk significantly at little extra cost.

6.7.1 Resources
One of the metrics that may be used to measure security of fuel supply is 
the lifetime of a primary energy resource, expressed as the ratio of currently 
known resources to present annual consumption. Statistical data on ura-
nium resources, production and demand are collected on a regular basis by 
the NEA and the IAEA and published every second year in a book which 
provides, in addition to those data, analyses on trends in supply-demand 
balance, prices and other aspects of the uranium production industry. The 
latest publication (NEA and IAEA, 2008) indicates that identified resources 
of uranium are sufficient to support 100 years of nuclear electricity produc-
tion at current rates. Figure 6.11 shows how uranium compares to fossil 
fuels in terms of resource lifetimes: the figures for gas and coal, the fossil 
alternatives to uranium for electricity generation, being respectively 65 and 
155 years (BP, 2007).

However, it should be noted that both resources and annual demand evolve 
over time. Consumption of a given fuel may increase or decrease depending 
on economic growth, competition with alternatives and behavioural changes. 
Resources of that fuel may increase through exploration efforts, better recov-
ery techniques and price escalation (which may transform non-economic 
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deposits into economically recoverable resources). Therefore, the calculated 
lifetimes shown above provide only a static snapshot of the potential supply 
of a given energy resource.

In the case of uranium, exploration and mining restarted relatively recently, 
and the likelihood of identifying new resources is reasonably high. Recent 
increases in the spot market price for uranium have motivated mining compa-
nies to intensify their exploration and development efforts and, as a result, it is 
expected that identified resources will increase significantly (see Chapter  5).

Beyond identified uranium resources, there are conventional and non-
conventional resources which are eventually expected to become commer-
cially exploitable. The trend towards increasing levels of recoverable mineral 
resources applies across the board, and has been observed in the oil sector as 
well. For example, assisted recovery and exploitation of tar sands and other 
non-conventional resources are likely to extend the amount of recoverable 
resources.

Furthermore, nuclear fuel supply may continue to be sought from various 
sources other than newly mined uranium, such as from recycled materials 
and thorium. The capacity for recycling nuclear fuel is a unique feature that 
distinguishes it from fossil fuels which, once burned, have no significant 
residual energy value. The spent fuel from the once-through nuclear fuel 
cycle contains unburned fissile material, as well as fertile material, that 
can be converted to fissile plutonium in appropriately designed reactors. 
The resource base can be extended by about 30% by reprocessing the fuel 
and recycling the fissile material as mixed-oxide fuel (MOX) in light water 
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reactors. Moreover, by converting the bulk of uranium resources to fissile 
material in fast neutron “breeder” reactors it is possible to multiply the 
energy produced from a given amount of uranium by up to 60. A decision to 
move to those types of reactors and fuel cycles could transform the spent 
fuel repositories or storage facilities into a mine of nuclear fuel. That is part 
of the reason for interest in maintaining the capability to retrieve the spent 
fuel, viewing it as a potential resource rather than waste.

Table 6.11 presents estimates of the lifetime of uranium resources taking 
into account the effects of additional conventional and non-conventional 
resources that may become economically exploitable and of the introduction 
of fast neutron nuclear power systems.

An attractive characteristic of nuclear power plants is the stability of their 
generation costs, which are highly insensitive to changes in fuel prices, in 
contrast to coal- and gas-fired power plants. Nuclear power plants are capital-
intensive, but their running costs are very low compared to those of fossil 
fuel alternatives because of the low share of fuel costs in the total.

An additional advantage of nuclear power with regard to economic secu-
rity of fuel supply is that the high energy content of the nuclear fuel, the 
physical and chemical stability of its ceramic form and the low share of 
fuel in total nuclear electricity generation costs make it feasible and cost-
effective to maintain strategic inventories at reactor sites, allowing ample 
time for any interruptions in supply to be resolved. The high energy density 
of uranium also makes it easier to transport and less susceptible to disrup-
tions of transport systems.

6.8 Nuclear power in competitive electricity markets
When most existing nuclear power plants were planned and constructed, 
electricity supply was the responsibility of price-regulated or state-owned, 
vertically integrated utilities, often with a monopoly or near-monopoly in 
their national or regional service areas. In such electricity supply systems, 
prices were directly related to costs and there was little competitive pressure 
on utilities.

Table 6.11: Lifetime of uranium resources 
(years of supply at present capacity, i.e. 2006 requirements*)

Identified 
resources

Total 
conventional 

resources

Total 
conventional 

resources plus 
phosphates

Present reactor 
technology 100 300 700

Introduction of fast 
neutron systems > 3 000 > 9 000 > 21 000

* See note in Figure 6.11.
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In many OECD countries, reform of the electricity supply industry in recent 
years has led to the introduction of competitive wholesale markets for elec-
tricity, and in some cases also to the “unbundling” of vertically integrated 
utilities (i.e. the separation of generation and transmission/distribution into 
separate businesses). Examples of fully liberalised and unbundled markets 
which have nuclear electricity generation are Finland, Sweden, the United 
Kingdom and some parts of the United States.

Other countries have introduced wholesale markets with independent 
generators, but retain one or more vertically integrated utilities. Within the 
European Union, discussions continue about whether functional unbun-
dling (with generation and transmission/distribution carried out by separate 
subsidiaries of the same company) is sufficient to allow competitive markets 
to flourish, or whether full ownership unbundling should be required. 
However, although the details of electricity market reforms vary significantly 
from one country to another, there is now some degree of competition in 
almost all OECD countries’ electricity supply systems.

The enthusiasm for such reforms was highest during the 1990s and early 
2000s, when many countries had surplus generating capacity and the result-
ing liberalised markets were perceived as a route to lower electricity prices. 
More recently, the pace of electricity market reforms has slowed, and in a 
few cases prior reforms have even been partly reversed, as prices for elec-
tricity in wholesale markets have risen in line with increased demand, much 
smaller surplus generating capacity and higher prices for fossil fuels.

Another important aspect of competitive electricity markets is the 
increased opportunities they offer for cross-border trade in electricity. Where 
adequate transmission capacity exists, wholesale markets in one country 
can be supplied by generators from neighbouring countries. This has become 
especially frequent within Europe, where many countries (most of them EU 
members) have integrated power grids. In some countries, where existing 
generators continue to dominate their traditional service areas, much of the 
competition arises from such cross-border or inter-regional trade. The EU 
is continuing to play an important role in increasing such trade among its 
member countries and with their neighbours.

The present situation thus varies considerably between (and in some 
cases within) different OECD countries. In the most liberalised countries and 
regions, there are well-established wholesale and retail markets with multiple 
generators (including foreign generators) competing to supply independently 
owned distribution companies and large industrial consumers. In others, 
however, the majority of power production and supply remains with the 
existing utility, and competition has had only a limited impact.

For both technical and economic reasons, it is most efficient to operate 
nuclear power plants continuously as baseload generators. Their relatively 
low marginal costs place them high in the dispatch merit order, which means 
that in most wholesale markets they are “price takers”, i.e. they will always 
accept the market price, which is set by the marginal costs of the most 
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expensive generator in operation at any given time (usually natural gas- or 
coal-fired plants). The main exception to this has been in the United King-
dom, where a reform of the electricity market in response to concerns about 
high wholesale prices led to the adoption of an “as bid” pricing system. This 
resulted in a dramatic decline in the financial performance of the NPP opera-
tor, which subsequently required government financial support and restruc-
turing of its share capital.

In most electricity market situations, however, existing NPPs are very val-
uable generating assets. The capital costs of construction, largely incurred 
during the 1970s and 1980s, are in most cases already amortised. Provided 
they operate reliably and efficiently with a high availability factor, NPPs are 
able to produce revenues well above their production costs. In many cases, 
this has made additional capital investments in these plants, to extend their 
operating lives and/or increase their power output, economically attrac-
tive. Such investments have been made in many older nuclear power plants 
across the OECD area, and this process is expected to continue.

Overall, therefore, the transition to more competitive electricity markets 
has generally been positive for existing NPPs. In many cases, competitive 
pressures have encouraged improvements in operating performance, allow-
ing the full value of these generating assets to be realised. This has led to 
renewed investment in upgrading these plants, to extend their lifetimes and 
to further enhance performance and output.

6.9 Financing new nuclear power plants
In many OECD countries the electricity generation infrastructure is ageing 
and large-scale investment in generating capacity will be needed over the 
next 10 to 20 years, even though most OECD countries are expecting limited 
or even negative demand growth over the coming years, with new invest-
ment aimed wholly or mainly at replacing retiring capacity. However, a few 
OECD countries are experiencing more rapid growth in electricity demand 
and will need to add significantly to their total capacity.

At the same time, limiting carbon dioxide emissions from the power 
generation sector has become a political priority, with many governments 
setting themselves demanding targets for emissions reductions. The role 
that nuclear power can play as a large-scale source of nearly carbon-free 
electricity is being increasingly recognised. Furthermore, in some OECD 
regions there is growing concern about security of supply of fossil fuels. In 
particular, a large increase in the use of natural gas for power generation 
has been noted in recent years. There are fears about rising prices for gas 
as demand increases, and also about security of supply because of over-
dependence on limited supply sources. Ensuring adequate diversity of energy 
supply sources has thus become an additional policy concern.

Programmes to encourage the development and deployment of renew-
able energies have been introduced in many OECD countries in an effort to 
achieve these goals. However, it is now recognised by many governments 
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that renewables alone will not be sufficient. In the absence of renewed invest-
ment in nuclear power, the likely outcome is greater reliance on natural gas 
or resurgence in the use of coal, which will make CO2 emissions reduction 
even more difficult. This situation has led several OECD countries to publicly 
announce that they are giving consideration to reactivating dormant nuclear 
programmes or launching nuclear programmes for the first time.

6.9.1 Framework for new investments in nuclear power plants
Only a handful of new NPPs has been constructed in OECD countries in recent 
years, and in many cases the introduction of competitive electricity markets 
since the last NPPs were built has changed the framework for investments. In 
addition, the legacy of numerous delays and cost-overruns of NPP construc-
tion projects in some countries in the past may well make potential investors 
hesitant. These factors are likely to make the financing of new NPPs more 
complex than in previous periods. For those governments that wish to see 
nuclear power maintain or increase its contribution to electricity supply in 
their country, this presents a challenge.

Of the few recent orders for new NPPs in OECD countries, many have 
occurred where state-controlled, vertically integrated utilities remain 
dominant (such as France and Korea). A notable exception is the Olkiluoto-3 
reactor under construction in Finland, which is being financed by a consor-
tium of large industrial electricity consumers. This may be a useful model 
where similar circumstances exist, but it is unlikely that this financing 
method can be widely replicated in other countries.

Measures to encourage investment in new nuclear power plants are now 
being considered in several OECD countries. These generally include reform 
of the licensing and planning processes to reduce the risk of delays during 
the construction period. In some cases, targeted financial incentives are also 
being considered. The United States has taken the lead in this area and has 
already enacted measures to provide loan guarantees and tax incentives for 
a limited number of new NPPs, intended to overcome investor reluctance to 
take on first-of-a-kind risks. Such risks arise because there is only limited 
recent experience with building NPPs and the advanced designs now avail-
able represent a significant change from the design of most existing NPPs.

Another factor within government control which will have a significant 
impact on the viability of NPP projects is climate change policy. Insofar as 
emissions reduction measures result in higher electricity prices, operat-
ing NPPs will benefit from them (assuming marginal cost pricing is used in 
electricity markets). However, uncertainties will remain until such policies 
are clearly established for the long term. If existing coal-fired plants were 
to have their emissions “grandfathered”, i.e. exempted from new emissions 
reduction measures, or if they were given free emission allowances for an 
extended period, then it could be many years before the cost of carbon is 
fully reflected in electricity prices.
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The European Union has already established a carbon trading scheme, but 
it currently extends only until 2012 and many existing emitters have been 
given free emission permits. Although tougher limits on such free emission 
permits have been proposed for the subsequent period, these are subject to 
agreement among EU members. The United States has yet to introduce any 
equivalent national scheme. However, some such measures are expected to 
be introduced in the next few years, and the present uncertainty is likely to 
deter major investments in new generating capacity of any kind.

6.9.2 Characteristics of nuclear power projects
Many of the risks of a nuclear power project are of a similar type to those for 
any large infrastructure project, differing only in proportion. It is of course 
normal in a competitive market environment that most risks associated 
with construction and operation of an industrial facility should be borne by 
commercial investors, and the costs of such risks incorporated in the overall 
costs of the project. These are risks which are directly within the control of 
the investors or their contractors, or which are inherent in the nature of the 
business concerned.

Nevertheless, experience with earlier nuclear power plant construction 
has shown that there are some risks unique to nuclear power projects which 
are outside the control of investors and which may be difficult or even impos-
sible to price for the purposes of commercial financing. In particular, these 
include licensing risks (essentially the risk of delays or even cancellation due 
to obstacles in the licensing process). Some risks associated with the costs 
of waste management and decommissioning may also be in this category. 
Government involvement in mitigating or underwriting such risks is likely 
to be necessary to provide sufficient comfort to investors. 

It can be expected that the lead investor in a nuclear power project will 
normally be an existing utility, which will be responsible for operating the 
plant and for selling at least a large proportion of its electricity output. How-
ever, construction of a nuclear power plant represents a very large invest-
ment and all but the largest utilities will need to share the investment risks 
with other investors. NPPs are thus likely to be financed by a consortium of 
investors with a combination of different financing modes (i.e. both debt and 
equity).

Investors could include other utilities, large industrial consumers of elec-
tricity, nuclear power plant construction companies, banks, other financial 
institutions and investment funds. Utilities and large consumers may wish 
to take a proportion of the plant’s output, while others would be exclusively 
financial investors. In some cases, a combination of public and private financ-
ing may be possible, with governments or state banks (including multilateral 
institutions) playing a role in providing loans or loan guarantees.

The overall financing package may be rather complex, and could possibly 
be restructured one or more times during the plant’s construction and 
operation to reflect changes in investment risks. The risks taken by different 
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investors may not be identical, and each investor will seek to assess and price 
the risks which it is being asked to accept and will also seek a commensurate 
return on its investment. In general, government-backed borrowers, or loans 
benefiting from a government guarantee, will attract lower interest rates than 
fully commercial loans. This process will determine the overall cost of capital, 
and hence whether the project is financially viable. It is therefore vital that 
the various investment risks in a nuclear power project are well understood 
and that they can be limited to levels acceptable to each investor.

Where the lead investor is a large, vertically integrated, state-owned utility 
in a country with a well-established regulatory framework and a supportive 
political climate, finding additional investors may not prove too difficult. But 
for private-sector utilities operating in more competitive wholesale markets, 
in countries with less certain regulatory frameworks and lacking broad 
political support for nuclear development, the financial risks may prove too 
great for an otherwise identical project to be economically viable. The reality 
in most countries is likely to fall somewhere between these two situations, 
with success or failure in bringing together the necessary financing depending 
on the details of each particular case.

6.9.3 The operating phase
Although the major investment risks fall during the construction phase, 
there are also significant risks that apply during the operation of a nuclear 
plant. These include normal commercial risks, such as fuel costs, electricity 
market prices, and plant reliability and performance. These exist for most 
power generation plants, but in differing proportions.

Nuclear fuel price risks are generally lower than for fossil-fuelled plants, 
but large increases in the cost of nuclear fuel would still affect returns. In 
most electricity markets, power plants are dispatched (brought onto the 
electricity grid system) on the basis of their marginal production costs, 
with plants having the lowest marginal costs naturally being given prior-
ity. Hence, nuclear power plant operators may have little control over the 
price which they receive in the market, although the low marginal costs of 
their plants (see Figures 6.2 and 6.3) should facilitate their competition with 
fossil-fuelled plants. In the past, some NPPs have suffered from poor per-
formance with lengthy, unplanned shut-downs, although most have seen 
improved performance in recent years. These are normal commercial risks 
which it should be possible to price and to incorporate in the overall cost of 
the project.

In addition, there may be ongoing political and regulatory risks. For 
example, some countries with existing NPPs have subsequently adopted 
policies to phase out nuclear power by forcing plants to close before the end 
of their economic lifetime. In many cases, operators have been obliged to 
meet the costs of more stringent regulatory requirements which have been 
imposed after the plant was constructed, sometimes requiring backfitting of 
additional systems. These cases highlight the need for broad political support 
and for stable and predictable regulatory and licensing regimes.
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6.9.4 Financing summary
Building and operating new NPPs can clearly be economically viable, and 
financing will be available from commercial sources when there is an 
appropriate balance between risk and reward. Governments wishing to 
encourage investment in nuclear energy will need to take steps to remove 
or mitigate certain risks which are within their direct control, such as those 
associated with the licensing and planning processes and with radioactive 
waste management and decommissioning. They may also need to put in 
place clear, long-term arrangements for carbon emissions pricing or trading. 
Achieving a broad national consensus on the nuclear power programme will 
reduce political risks. Given the long-term nature of nuclear power plant 
projects, broad-based political support for the nuclear power programme is 
also likely to be necessary in order to reduce the risk of major shifts in nuclear 
energy policy following a change of government. To overcome uncertainties 
about the risks of constructing the first set of NPPs using new designs, 
targeted financial incentives may also be required in some circumstances to 
encourage early nuclear power investments.
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Key points

The safety performance of nuclear power plants and other nuclear facilities •	
in OECD countries continues to be excellent, as reflected in a number of 
published performance indicators. Protection of public health and the 
environment from radiation hazards is ensured at nuclear facilities by a 
complex array of mutually reinforcing factors, ranging from engineered 
design features and robust operating procedures to the presence of a 
strong and effective nuclear safety regulator. Over the past two decades, 
advances in regulation, safety management, nuclear technology, and the 
implementation of the ALARA principle by the nuclear industry have led 
to a considerable decrease of releases and radiation exposure to workers 
in nuclear power plants. This high nuclear safety performance is expected 
to continue.

The strong current safety record reflects the maturity of the nuclear •	
industry and the robustness of the regulatory system. There is a general 
consensus that systematic safety assessment and research can further 
improve the efficiency and effectiveness of a regulatory system, by helping 
to identify the items most important to safety and by anticipating future 
safety issues and regulatory challenges. Looking forward, as new reactor 
designs are brought to market, additional safety improvements will be 
achieved through the implementation of quantifiable safety margins that 
will be “built-in” to the fundamental reactor design rather than “added-on” 
to the system architecture. With the ongoing worldwide exchange of 
experience and lessons learnt among nuclear operators, particularly with 
respect to best practices in maintenance and outage work, the impact of 
new nuclear construction on the already small global average collective 
radiation dose is expected to be minimal.

Nuclear safety is a universal requirement. In part, this is a truism, in that a •	
serious event in one country may affect neighbouring countries; and even 
though the responsibility for ensuring nuclear safety resides within each 
country, there are several international instruments that are subscribed 
to by all countries that operate nuclear power plants. But, in addition, the 
nuclear industry is becoming more international as electricity markets 
liberalise, ownership patterns change, and vendors increasingly look to 
export their technology. As a consequence, both operators and regulators 
are recognising the benefit of furthering international harmonisation 
among national safety practices. 

Several factors will play a key role in maintaining and even improving upon •	
the current high level of nuclear safety performance, particularly as new 
nuclear construction is undertaken within a challenging global economic 
environment. These factors include: regulatory predictability and stability 
to encourage early resolution of issues in advance of major financial 
commitments, while maintaining the required safety; the development of 
innovative approaches to leverage resources and harmonise international 
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practices for reviewing and evaluating new reactor designs; renewing 
the nuclear workforce to maintain high levels of technical competence 
in both operating organisations and regulatory bodies; and improved 
interaction with nuclear stakeholders, including transparency and clear 
communication with the general public. In addition, the interaction 
between nuclear safety and security will play a major role in defining 
design approaches and organisational strategies.

If current trends continue, it seems likely that nuclear power programmes •	
will be developed in countries with little previous experience in nuclear 
operation and regulation. Ensuring that these “new” nuclear countries 
implement adequate legal and statutory provisions, create effective regu-
latory bodies, and establish strong nuclear safety cultures in their operat-
ing organisations will be a responsibility of the international community 
and, in particular, of the vendor countries.

7.1 The nuclear safety framework 
To achieve nuclear safety means to ensure the protection of people and the 
environment against radiation risks by achieving the highest practicable 
safety levels in nuclear power plants and other nuclear facilities and activities. 
The beneficial applications of nuclear energy clearly must be utilised in a 
manner that protects public health and safety and the environment, and that 
does not incur unacceptable national or international security or proliferation 
risks. 

Many factors contribute to nuclear safety, starting by an adequate site 
selection and high quality in design, construction and operation of the 
nuclear plant, in terms of both normal operation and accident scenarios. In 
addition, sound operating and emergency procedures, preventive mainte-
nance programmes, the application of probabilistic safety assessment (PSA) 
measures to incorporate lessons learned from operational experience, peer 
reviews and other safety assessments, and the consistent promotion of a 
nuclear safety culture are all key elements to ensure the adequate level of 
safety. The use of nuclear energy is a highly regulated activity; while opera-
tors bear primary responsibility for the safe operation of a nuclear facility, 
governments establish the legal framework, regulatory authorities oversee 
the application of safety requirements, and the international nuclear com-
munity provides a supportive network to encourage the highest levels of 
safety performance in nuclear facilities worldwide. In this way, the potential 
risks to people and the environment from nuclear plant operations are mini-
mised and managed in a comprehensive nuclear safety framework. 

This broadened understanding of nuclear safety is internationally agreed, 
and is reflected in the Fundamental Safety Principles issued in 2006 by the 
International Atomic Energy Agency and other international organisations, 
including the OECD Nuclear Energy Agency. Ten principles were agreed 
as the basis on which safety requirements are to be developed and safety 
measures implemented, to ensure that nuclear facilities are operated to 
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the highest standards of safety that can reasonably be achieved. This set 
of agreed principles simply and succinctly encapsulates the international 
nuclear safety philosophy (See Table 7.1).

A number of these safety fundamentals were set down earlier by the 
international community and included in the Convention on Nuclear Safety, 
adopted in 1994, to which 61 countries are now parties, including all those 
countries that operate nuclear power plants. The Convention on Nuclear 
Safety aims to legally commit participating States operating NPPs to main-
tain a high level of safety by setting international benchmarks to which 
States subscribe. The obligations of Parties to the Convention cover, for 
example: the siting, design, construction and operation of a nuclear plant; 
the availability of adequate financial and human resources; the assessment 
and verification of safety; quality assurance; and emergency preparedness. 
The Convention is an incentive instrument, based on the common interest 
in achieving higher levels of safety, through safety insights and practices 
that are disseminated and promoted through regular meetings of the Parties 

Table 7.1: IAEA fundamental safety principles

Principle 1: 
Responsibility for safety

The prime responsibility for safety must rest with the 
person or organisation responsible for facilities and 
activities that give rise to radiation risks.

Principle 2: 
Role of government

An effective legal and governmental framework for 
safety, including an independent regulatory body, 
must be established and sustained.

Principle 3: 
Leadership and management 
for safety 

Effective leadership and management for safety 
must be established and sustained in organisations 
concerned with, and facilities and activities that give 
rise to, radiation risks.

Principle 4: 
Justification of facilities and activities 

Facilities and activities that give rise to radiation risks 
must yield an overall benefit.

Principle 5: 
Optimisation of protection 

Protection must be optimised to provide the highest 
level of safety that can reasonably be achieved.

Principle 6: 
Limitation of risks to individuals 

Measures for controlling radiation risks must ensure 
that no individual bears an unacceptable risk of harm.

Principle 7: 
Protection of present and future 
generations

People and the environment, present and future, must 
be protected against radiation risks.

Principle 8: 
Prevention of accidents

All practical efforts must be made to prevent and 
mitigate nuclear or radiation accidents.

Principle 9: 
Emergency preparedness and 
response

Arrangements must be made for emergency 
preparedness and response for nuclear or radiation 
incidents.

Principle 10: 
Protective actions to reduce existing 
or unregulated radiation risks 

Protective actions to reduce existing or unregulated 
radiation risks must be justified and optimised.
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at which they submit reports on the implementation of their obligation to 
undergo peer review.

The first and second fundamental safety principles set the framework for 
nuclear safety in the context of three named or implied actors: the operator 
of the nuclear facility, the regulator, whose oversight ensures that safety 
requirements are followed, and the members of the public, who individually 
and collectively benefit from the electricity generated by nuclear power, 
but who also want to be assured that they are not affected by any potential 
radiation risks.

For nuclear activities to be beneficial, this core safety objective – of 
protecting people and the environment from the harmful effects of ionising 
radia tion – has to be achieved without unduly limiting the operation of 
facilities or the conduct of activities that may give rise to radiation risks. To 
ensure that facilities are operated and activities conducted so as to achieve 
the highest standards of safety that can reasonably be achieved, measures 
have to be taken to control the radiation exposure of people and the release of 
radioactive material to the environment, to restrict the likelihood of events 
that might lead to a loss of control over the operation of nuclear facilities, 
and to mitigate the consequences of such events, were they to occur.

7.2  Design and operation: the basis of nuclear installation 
safety
The safety of a nuclear facility depends on the nature of the activity being 
carried out, the extent to which the facility design is able to eliminate events 
through so-called passive safety, the engineered protection built into it, and 
the organisation, training and procedures of the operators. Ultimately, the 
radiological impact on people and the environment resulting from operating 
nuclear installations must be as small as possible for both normal operation 
and potential accidents. To achieve this objective – or, in other words, to 
ensure that the installation is considered sufficiently safe – technical and 
organisational measures are put in place at all stages of a nuclear facility’s 
lifetime, from siting and design through component manufacturing, facility 
construction and commissioning; throughout operation; and finally during 
facility decommissioning (NEA, 2008a). While much of the discussion that 
follows relates primarily to NPPs, the same principles and approaches apply 
to other nuclear installations. 

Nuclear safety is achieved as a result of a number of complementary and 
overlapping factors (see Figure 7.1):

Detailed attention from the outset to all the factors that bear upon the •	
safety of any planned installation, including appropriate site selection 
criteria, the use of a robust and proven design, high-quality manufacturing 
and construction, and comprehensive testing before operation. 

Ensuring that the probability of failures is low and incorporated into plant •	
design, and that multiple protections (such as engineered safety features) 
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are provided to prevent any particular fault or failure that could result in 
an accident. 

Close attention to the human factor through sound operational practices •	
and management systems that include performing periodic safety assess-
ments and that foster a strong safety culture throughout the operating 
and regulatory organizations. 

Monitoring and inspection by an independent regulatory authority with •	
powers to suspend operations, or in the last resort to withdraw a licence.

Defence in depth – a concept central to nuclear safety – is implemented 
through the combination of consecutive and independent levels of protec-
tion that would all have to fail before harmful effects could be caused to 
people or to the environment. If one level of protection or barrier were to 
fail, safety would still be assured through a subsequent level or barrier. 
Defence in depth ensures that no single technical, human or organisational 
failure could lead to harmful effects, and that the combinations of failures 
that could give rise to significant harmful effects are of very low probability.  
The independent effectiveness of the different levels of defence is a neces-
sary element of defence in depth. This is achieved through redundancy and 
diversity.
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For example, there are always several different ways of measuring an 
essential nuclear parameter such as fuel temperature. If one sensor or set 
of cables were to fail, others are available. If power supplies to a critical 
system fail, there are always diverse ways of providing alternative supplies. 
Operating systems ensure that plants are not allowed to operate unless a 
minimum number of diverse systems are available. Operating systems are 
also designed to deal with events that might occur as a result of equipment 
and human failures.  

Consider another example related to light water reactor design, in which 
successive physical barriers for the confinement of radioactive material 
are put in place. These multiple barriers typically include the sintered fuel 
matrix itself, the fuel cladding, the boundary of the reactor primary coolant 
system, and the reactor containment system.

The next line of defence is the provision of control and protection systems, 
and other surveillance features, designed to detect failures and manage any 
abnormal operations before their consequences become significant.

Reactor safety employs the concept of “design basis accident”. Engineered 
safety features are built into the plant and its infrastructure to handle such 
events and restore the plant to a safety condition, thus providing a third line of 
defence. The effectiveness and reliability of the reactor safety systems to cope 
with these accidents is demonstrated during the safety assessment pro cess. 
The design of the safety systems focuses on the prevention of core damage 
and uncontrolled releases of radioactive materials to the environment. 

The fourth line of defence, in the case of severe accidents beyond 
those anticipated in the design basis, is primarily provided by the reactor 
containment.  The Three Mile Island accident in the United States, in which 
the fuel melted, did not release significant amounts of radioactivity because 
the containment building remained intact. By contrast, the Chernobyl plant, 
built by the former Soviet Union, did not have a containment characteristic of 
Generation II and later LWRs; as a consequence, large amounts of radioactivity 
were released to the environment.

The fifth and final layer of defence, designed to mitigate the radiological 
consequences of significant releases of radioactive materials from the reactor 
containment, is the off-site emergency plan. This covers the collection and 
assessment of information about the levels of exposure expected to occur 
following the accident, and the short- and long-term protective actions that 
need to be taken. 

Surrounding these layers of defence must be a strong safety culture, 
composed of an effective management system with a strong commitment 
to safety, independent regulatory oversight, and ongoing sound operational 
practices, complemented by comprehensive testing and safety assessments.  
A strong safety culture is essential to ensure the integrity of the multiple 
barriers of the entire defence in depth safety system.  The safety values, 
norms and attitudes of the entire operating organisation are just as important 
as the design and construction of the nuclear power plant.
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7.3 Radiological protection and nuclear energy
Protection of the public, workers and the environment from radiation has 
been a prime objective of operators and regulatory authorities since the 
inception of the civilian nuclear power industry. 

Radiological protection has generally followed the recommendations 
of the International Commission on Radiological Protection (ICRP,), a non-
governmental organisation that issues new general radiological protection 
recommendations every 10 to 15 years. The recommendations of the ICRP 
are not binding in any sense, yet because of their quality and balance, and 
in recognition of the overall benefit of having an internationally harmonised 
radiation protection philosophy, they have been broadly adopted by all 
national regulatory authorities and international bodies dealing with radio-
logical protection as a key basis for approaches to protection. The ICRP’s 
recommendations are based on state-of-the-art radiological protection 
science, as summarised by the United Nations Scientific Committee on the 
Effects of Atomic Radiation (UNSCEAR), and on balanced, risk-informed, 
professional judgement.

So far, epidemiology (in particular based on studies of the survivors of the 
atomic bomb at Hiroshima and Nagasaki, but also based on broad studies 
of workers in mining, nuclear facilities, and medical applications) forms 
the main basis for our understanding of radiological risks. Increasingly, our 
understanding of the biological mechanisms at the cellular level contributes 
to the knowledge base for radiological protection. Deterministic effects to 
individuals have only been observed at high radiation levels which might 
occur at severe radiation accidents. Radiation effects from lower exposures, 
such as cancers, can only be observed statistically over large groups, such 
as groups of nuclear workers or the general public in specific situations of 
exposure to natural, medical or technical sources. To assess radiological 
effects at these levels, taking into account different radiation and exposure 
patterns, the quantity of “radiation dose”, in milli-Sieverts, is used.

Although the evolution leading to changes in ICRP recommendations (i.e. 
scientific studies and data from experience with nuclear applications) is more 
or less continuous, the legislative and regulatory responses to evolution in 
radiological protection tend to be more episodic, with significant changes 
following the release of new ICRP recommendations (for example in 1977 and 
1990), or following events with significant radiological implications (such as 
the Chernobyl accident in 1986). The most recent ICRP recommendations 
(2007) are now being assessed by national regulatory authorities regarding 
their possible consequences for practice and regulation of radiological 
protection.

Worker exposure
Continuous development in regulatory oversight, consequent optimisation, 
the implementation of the ALARA principle by industry, and technological 
advances have led collectively to a considerable decrease of radiation exposure 
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in NPPs over the last two decades. On average, worker exposures at operating 
nuclear power plants were cut in half between 1992 and 2006 (see Figure 7.2). 
These gains were relatively uniform across all types of reactors. The efforts 
needed to achieve this result have included: more high-level emphasis on 
exposure management; better selection, planning and scheduling of work; 
better worker involvement in planning; better work preparation; better work 
implementation; and better assessment and feedback of experience.

The overall trend in dose reduction, expressed in collective dose in 
Figure 7.2, can also be verified on the basis of occupational exposure for 
the individual worker. Taking the specific example of the French nuclear 
power industry, Figure 7.3 shows the average annual worker dose, which has 
dropped by nearly a factor of three over the last fourteen years.

Emergency management
While the design of modern power plants, experience of operators, efficient 
regulatory oversight and an overall well expressed safety culture have 
proven to be a sufficient and successful means to achieve the nuclear safety 
goals of preventing accidents and limiting potential consequences to the 
environment, governmental political responsibility and sensible precaution 
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still rests on the establishment and maintenance of emergency response 
capability addressing the protection of the general public. 

Since the Three Mile Island accident in 1979, and even more since the 
1986 Chernobyl accident, considerably greater national and international 
attention has been paid to improving the planning, preparing and practising 
(using exercise drills) of appropriate responses to nuclear emergencies (NEA, 
2001). This work has in part focused on countermeasures to be implemented 
rapidly in an emergency situation to prevent radiological injury to members 
of the public. These measures include such actions as the evacuation and 
sheltering of populations near the accident site, and the use of stable iodine 
tablets to prevent thyroid exposures and cancers should iodine be part of the 
source term in the radiological release.

The past 20 years of research and nuclear emergency exercises have 
improved arrangements for urgent response, which are now felt to be well 
addressed nationally and internationally, including mechanisms to facilitate 
international communications and to ensure co-ordination and sustain-
ability of response capabilities, thus addressing lessons that came out of the 
Chernobyl experience (NEA, 2006). This experience has shown that effec-
tive emergency response structures include: a clear allocation of responsibi-
lities; the capability to identify an emergency situation and make appropriate 
notifications; the co-ordination of planning and response at the on-site, local, 
national and international levels; the existence of adequate personnel, plans, 
procedures, facilities and equipment; training programmes and exercises at 
the local, national and international levels; and mechanisms to support public 
information and stakeholder involvement.
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Increased national and international attention is now turning towards 
consequence management and the longer term following an emergency situ-
ation. Experience, based largely on ongoing actions in the areas affected by 
the Chernobyl accident, but also from other efforts in various OECD countries 
to rehabilitate sites related to cold war legacies, strongly suggests that effec-
tive engagement with affected populations and other stakeholders is the key 
to successful longer-term response actions. In general, the shift of response 
from urgent actions to this later phase also requires a shift in decisional 
processes, from a “command and control” mode to more of a “stakeholder 
engagement” mode. This may include the displacement of decisional respon-
sibility from one ministry to another, depending on national structures.

Radiological protection of the environment
Since humans are part of their environment, radiological protection has 
traditionally taken the approach that if a stringent level of protection is applied 
to the hypothetically “most exposed human”, adequate protection of other 
species will follow. Radiological protection professionals generally believe 
that this approach has delivered a high level of protection to other species 
of flora and fauna, and thus to the environment. However, political and legal 
trends have led to increasing attention being given to direct environ mental 
protection, and many professionals now recognise that there could be a flaw 
in the current system of protection, since it does not provide any tools to 
directly assess, and thereby to demonstrate, that a high level of protection is 
generally in place (see ICRP Publication 103). Some professionals also point 
out that there may be situations in which the traditional approach has not 
provided enough protection: for example, in legacy operations and other 
situations where humans are not present. Nevertheless, the emerging view 
is that the system should be able to address these situations when they have 
been identified. In this context, the ICRP is currently developing a “toolbox” 
of analytical instruments, which, based on a system of reference animals 
and plants, can help to identify whether an operation causes direct harm to 
biota from radioactivity. Regulatory authorities, who unanimously feel that 
the environment is currently well and appropriately protected, will assess 
this new ICRP initiative for its potential to improve regulatory efficiency and 
to better address environmental protection policies.

Future trends in radiation protection
Regulatory stability is prized among regulatory authorities and licensees. As 
such, a significant inertia has existed in the evolution of radiation protec-
tion standards, tending to constrain the nature and extent of legislative and 
regulatory changes. Despite this inertia, some significant changes over the 
past 10 to 15 years have had to be taken into account in national radiological 
protection policy, regulation and application. The ICRP general recommen-
dations issued in 2007 (replacing those from 1991) are now being incorpo-
rated into the new international Basic Safety Standards. As a result, some 
regulatory evolution is expected.
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In parallel, radiation biology studies have provided additional specific 
evidence of various radiation-induced effects (e.g. bystander effects, non-
cancer effects, adaptive response) (NEA, 2007b) and of possible mechanisms 
for producing these effects at the cellular level. These emerging scientific 
results suggest that our current approach to risk assessment – which assumes 
a “linear, no-threshold model” and additive accumulation of all exposures – 
may not be an adequate approach in all cases. These findings remain by and 
large preliminary, and further research is needed. Therefore, while the current 
system of radiation protection remains robust in its practical imple men tation, 
these studies raise questions that could have implications for radiological 
protection policy, regulation and application over the longer term. 

In addition to these scientific developments, societal changes have also had 
an impact on radiological protection. Today, many groups and individuals 
in different countries want to be involved in discussions and decisions 
affecting public health and environmental protection. Stakeholders question 
more actively the role of science and authorities in decision making, and 
demand accountability in decisions regarding the management of risks. As 
such, future consideration of radiological risk assessment and management 
will be increasingly influenced by stakeholders, providing a challenge as 
organisations seek to better incorporate this input into their decision-
framing and decision-making processes. This will be an important factor in 
enhancing the quality and effectiveness of decisions in complex radiological 
situations.

With respect to the NEA scenarios, it can be expected that an increase 
in the number of plants worldwide will lead to an increase in the overall 
collective occupational dose. Historically, average collective doses in non-
OECD countries have been higher than in other OECD regions (see Figure 7.4); 
now, however, with the exception of a few countries, the differences in 
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such regionally-averaged doses are generally small. With the continued 
global exchange of operational experience among utilities, particularly with 
respect to good practice in maintenance and outage work, the impact of new 
nuclear build on the global average annual collective dose is expected to be 
relatively minimal. This will be an important contributor to achieving low 
doses for countries beginning new nuclear power programmes under either 
NEA growth scenario. 

7.4  The role of the safety regulator
While it is the responsibility of the operator to provide safety features and 
implement the procedures necessary to meet the safety objectives set by 
the regulator for each nuclear installation, it is the regulator who must in 
turn check that these safety measures actually achieve the safety objectives 
and will do so over the lifetime of the installation. To do this, the regulator 
must establish a broad-based, detailed regulatory framework and supervise 
its implementation by means of inspection. In particular, the regulator’s role 
is to review the effectiveness of the operator’s practices, disseminate lessons 
learnt by one operator to others, and identify and spread best inspection 
practices. 

Effective regulatory control requires in-depth knowledge of the facilities 
being regulated. The responsibility for nuclear supervision therefore largely 
resides within each country on national regulatory bodies. In addition, it has 
long been recognised that well-established peer review mechanisms pro-
vide effective support to the national regulators in staying abreast of and 
adopting the best international practices. In this regard, the activities of 
the NEA committees on regulation and safety (NEA, 2005), the international 
safety conventions, the IAEA safety standards, and regional bodies such as 
the Western European Nuclear Regulatory Association (WENRA), all play an 
important role.

To meet their responsibility of actively promoting safety, regulators have set 
up a framework of requirements that operators must follow in order to oper-
ate the facility safely, to ensure the security of nuclear materials, to protect 
the environment, and to manage radioactive waste and spent nuclear fuel. 
The prescriptiveness of these requirements differs from country to country. 
Regulators conduct inspections at facilities to gain assurance that acti vities 
are being carried out in a safe manner and, in cases where they are not, act to 
see that the operators take corrective actions to bring their facility into com-
pliance with requirements and the facility’s “safety envelope”.

There are multiple sources of information available to the regulator pertain-
ing to safety at any nuclear facility, such as inspection reports, operating expe-
rience reports, research results, periodic safety reviews, PSA results, insights 
from external reviews and other similar information. A major challenge for 
the regulator is to collect and analyse all of this information systematically in 
order to arrive at an integrated assessment of the level of safety reached by a 
given facility and then to make a judgement about its acceptability.
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Regulatory bodies around the world have been making such judgements 
for the past fifty years, relying on the competence, experience and impar-
tiality of their staff. They have developed criteria and regulations over the 
years to guide inspectors in reaching safety judgements. The excellent 
safety record of the nuclear industry proves that this process has been well 
implemented.

More recently, a number of regulatory bodies have developed more sys-
tematic ways of measuring, recording and analysing data on safety so as to 
reach a more quantitative and transparent assessment of the safety level 
achieved. Most regulatory bodies recognise the benefits of using this type 
of systematic approach; however, experience shows that it is not necessary 
to have a formal systematic assessment system in order to have an efficient 
and effective regulatory organisation. The principal advantages of using a 
systematic approach are that it gives an objective and reproducible snap-
shot of the safety performance of a facility or a licensee, it provides a basis 
for measuring trends in the safety performance of individual facilities, and 
it assists the regulator in setting safety priorities for future actions. Also, if 
applied correctly, it improves the efficiency of the regulator.

The effective independence of regulators is an essential element of nuclear 
safety, to ensure that there is no undue pressure or interference from opera-
tors or governments. Governments are responsible for providing the legal 
and statutory arrangements that ensure this regulatory independence, as 
well as for providing regulatory bodies with adequate financial and human 
resources. Questions remain as to the effective independence of some regu-
lators; the guidelines of the IAEA and other international bodies emphasise 
the need to verify that there is no undue pressure or interference.

Although some regulatory bodies have been affected by government-wide 
budget reductions, others have successfully developed new approaches to 
increase effectiveness and to improve their human and financial resources. 
Recruitment and retention aids include competitive salaries, staff succession 
planning programmes with staff overlap, written guidance to newcomers, 
experienced staff tutoring newcomers, and systematic training programmes. 
Recognising the importance of maintaining competence in nuclear safety, 
regulatory bodies, with the support of their governments, provide systematic 
programmes to compensate for expected retirements and loss of knowledge, 
including support for higher education and training programmes as well as 
stronger national, regional and/or international research capacity.

7.5 Attaining maturity in nuclear safety practices 

Measuring nuclear safety performance
Improvements in the overall safety of nuclear facilities can be judged from 
indicators such as the rate of unplanned automatic trips, radiation exposure 
of workers and discharges in the environment. All utilities around the 
world measure these and other indicators, which are routinely reported to 
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regulators and to industry peer groups such as the World Association of 
Nuclear Operators (WANO). For example, measuring the rate of unplanned 
automatic trips – in which a reactor is shut down by its safety systems rather 
than by its operators – is considered a broad indicator of safety culture (lower 
rate of unplanned trips indicates a better safety culture, see Figure 7.5). 

With more than 300 reactors and about 10 000 reactor-years of cumulative 
reactor operations in OECD countries, the importance of operational events, 
the radiation doses to workers and the releases to the environment have 
drastically decreased as compared with the level they were forty years ago, 
when the implementation of national nuclear programmes began. 

The unit capability factor is the percentage of maximum energy genera-
tion that a plant is capable of supplying to the electrical grid, limited only by 
factors within the control of plant management. A high unit capability factor 
is generally considered to reflect effective plant programmes and practices 
to minimise unplanned energy losses and to optimise the efficiency and 
effectiveness of planned outages (see Figure 7.6).

The overall objective – a very high level of safety performance – is 
therefore achieved through two complementary approaches: giving the 
operator prime responsibility for safety; and setting the right environment 
for compliance and supervision by the regulator. Transparency in how this 
objective is achieved, and in how regulatory independence is maintained, is 
in turn directly related to the public acceptance of nuclear power as a safe 
and secure source of electricity generation. 

Over the past fifteen years, the nuclear industry has reached and sustained 
an outstanding record in the management and operation of facilities. The 
level of maturity attained in current operation will be a firm foundation for 

Figure 7.5: Average frequency of reactor trips
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the development of new projects with even stricter safety margins, and in 
achieving transparency for all stakeholders and the public in general. The high 
level of management and safety achieved has been verified by inter national 
peer review processes, conducted by WANO in all power plants around the 
world. 

Incorporating operating experience and lessons learnt
One of the major reasons for the improved performance of nuclear plants has 
been the extensive use of lessons learnt from operating experience to back-
fit safety systems, improve operator training and emergency procedures, 
and focus attention on human factors, safety culture and nuclear quality 
management systems. Indeed, a prominent lesson from the Three Mile 
Island accident in 1979 was the need for industry-wide systematic evaluation 
of operating experience, both by the nuclear industry and by the nuclear 
regulator.

The practice of collecting and analysing operating experience informa-
tion has grown in depth and sophistication over the years, and today there 
is extensive literature on the relevant methods. Most nuclear operators and 
regulators are familiar with these methods.

Probabilistic safety assessments are also being used as tools in the assess-
ment and verification of the safety of nuclear power plants. They are one ele-
ment of risk-informed decision making to augment or supplement determin-
istic approaches. Periodic safety reviews, carried out typically at intervals of 
ten years, are used to confirm the ongoing adequacy of the original safety 
case, to take decisions on continued operation, to evaluate safety upgrades 
and improvements, and to ensure feedback from operating experience. 

Figure 7.6: Unit capability factor
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As operating experience has been gained, it has highlighted the impor-
tance of human factors in achieving high levels of safety, including operator 
qualification and training, emergency operating procedures, accident miti ga-
tion measures, and emergency planning. It is revealing the events reported 
in recent years to the Incident Reporting System, a system developed by the 
NEA and later on jointly operated with the IAEA. The factors contributing to 
these events go well beyond technical causes. Many topics related to human 
and organisational factors show up as recurrent concerns – such as quality 
and safety management, insufficient knowledge, complacency, procedures, 
work organisation, influence of contractors, maintenance and modification 
deficiencies and other issues. In some cases, this reflects less than adequate 
utilisation of the available information on operating experience feedback.

To go further in tracking deficiencies, it is recognised that operators need 
to analyse the many seemingly insignificant events that occur with relative 
frequency in nuclear power plants and which, although not significant them-
selves, could have become so. The safety significance of these events may 
only be recognised when grouped together and analysed. This is a challenge 
for being able to continue improving safety.

A philosophy of continuous safety improvement
Society’s increasing expectations have prompted, and will continue to 
prompt, operators and regulators to develop safety management practices 
that are more obvious, more transparent, more accountable, and more partic-
ipatory for all stakeholders. In addition, because of the international dimen-
sion of the nuclear power industry, it is desirable to continue to internation-
ally harmonise nuclear safety practices, standards and regulation, while 
retaining the principle of national nuclear responsibility for safety. Activities 
under the Convention on Nuclear Safety, or those performed by WENRA or 
under the Multinational Design Evaluation Programme, clearly indicate the 
increasing influence of international environments. To achieve this harmo-
nisation, while continuing to build on the already outstanding safety record 
of the nuclear industry, several activities will be essential: 

drawing and sharing lessons learnt from reactor operations and events;•	
harmonising the calculation and management of risk;•	
ensuring the continued maintenance of safety margins;•	
multinational assessments and peer reviews;•	
enhancing the safety of new reactor designs, through incorporating •	
reliable safety systems and other features; and 
continuing with a strong programme of collaborative research.•	
Some national safety authorities have asked whether they should require 

licensees to continuously improve or simply to maintain safety, and have 
concluded that this question reflects more of an emphasis on different 
legal approaches than on technical differences. In practice, all regulatory 
approaches require improvements to be made to correct deficiencies and 
when otherwise warranted. In reality, relatively little difference exists from 
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country to country with regard to the requirement for nuclear plants to be 
operated at all times within the licensing basis. No regulatory authority would 
allow an NPP to continue to operate to its previous safety standards if some 
development in the state of the art of the relevant science or engineering 
(such as probabilistic safety assessment) showed clear deficiencies, either in 
the safety standards or in the extent to which the plant met the standards.

During the first decades of the development of the nuclear industry, the 
probability of events with serious consequences decreased drastically. How-
ever, many industry experts have observed that this progress seems to 
be reaching an asymptotic limit, as in any mature industry, and that the 
improvement in safety performance is correspondingly less significant in 
recent years. Therefore, policy makers need to recognise that there are some 
limitations to additional improvement, given the outstanding safety record 
achieved and the cost/benefit analysis for any industrial activity. The key to 
maintaining an industry-wide high level of safety performance is, in fact, 
vigilance – avoiding the complacency that may stem from years of safe and 
uneventful operations. 

The increasing globalisation of the energy market has brought important 
changes to the nuclear scene from the days when each nuclear programme 
was limited to its particular country, and in many cases restricted to public 
actors. Today, most nuclear utilities and nuclear component manufacturers 
are private companies and are no longer working within a single country. 
Regulators will therefore have increasing numbers of products that have 
been manufactured in another country, and which may be assessed in paral-
lel by other, foreign regulators. As a result, it becomes more and more neces-
sary for harmonised safety practices to evolve, so that they can be followed 
in all countries as they are developed and agreed upon.

7.6  Current and near-term safety issues for operators 
and regulators

Lifetime management, new ownership arrangements 
and knowledge management
With almost 65% of the world’s operating NPPs now more than twenty years 
old, key decisions are being taken on their future status. It is not surprising 
that considerable focus is currently being given to operational safety issues 
associated with an ageing reactor fleet and changing patterns of NPP owner-
ship and electricity markets. These issues include:

the management of plant ageing, including material behaviour;•	
life extension and licence renewal;•	
power upgrades at existing reactors and the associated need to maintain •	
safety margins;
succession planning for staff in utilities, technical support organisations •	
and regulatory bodies;
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the management of nuclear facilities that have become part of wider •	
energy supply utility companies;
human factors and operator training; and•	
decommissioning.•	

All these areas and issues include not only technical and scientific aspects, 
but also regulatory policy aspects.

Programmes on plant ageing management and maintenance, and on 
motivation of the workforce are important to sustain the safety of nuclear 
power plants at these junctures. Many operators are working to advance their 
current understanding of how to ensure the integrity of ageing structures, 
systems and components, and how to make use of an integrated approach to 
design, safety and plant life management. 

In many countries, a majority of operating NPPs are expected to apply for 
extensions of their licences. Materials degradation is the primary consid-
eration in the licence renewal process to guarantee that ageing effects are 
monitored, managed and controlled such that safety is ensured throughout 
the proposed renewal period.  Licence renewal applications for ageing plants 
also call for the analysis of the robustness, longevity and continued perfor-
mance of nuclear power plant components such as electric cabling, instru-
mentation and controls, piping, and containment structures. A high number 
of nuclear facility operators are replacing old analog instrumentation and 
control equipment with modern digital equipment because analog replace-
ment parts are becoming more difficult to obtain. Digital systems also offer 
potentially better performance and features than analog systems. 

To increase the power output of a reactor, some licensees seek to modify 
and/or replace key plant components and move to using a more highly 
enriched fuel. Depending on the desired increase in power level and the 
original design, this can involve major and costly modifications to the plant 
such as the replacement of main turbines. All of these factors must be 
analysed by the licensee before  requesting permission for a power uprate, 
which involves amending the plant’s operating licence. The analyses must 
demonstrate that the proposed new configuration remains safe and that 
measures continue to be valid to protect the health and safety of the public.

A challenge likely to affect many countries with nuclear plants relates to 
safety management issues brought about by the restructuring of the utilities, 
by changing ownership patterns and by increased pressure for cost reduction 
as a consequence of the liberalisation of electricity markets. Some large com-
panies have acquired plants from smaller companies both within their own 
country and in foreign countries, and some plant owners have contracted 
with specialised management companies to operate their facilities. There 
also has been more consolidation and internationalisation of the worldwide 
nuclear industry. Countries need to be alert to the dangers of diluting and/
or undervaluing nuclear experience at the top and senior levels in the new 
utility companies or groups. 
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A related issue concerns the management of nuclear knowledge, as the 
nuclear workforce ages and senior workers and executives approach retire-
ment – in many cases without formalised strategies for transmitting their 
knowledge and insights to those who remain. Maintaining a strong safety 
culture and safety management can be particularly difficult in these circum-
stances, especially when the experienced industry and regulatory executives 
who retire are replaced by executives who do not have nuclear backgrounds 
to take the helm of operating nuclear utilities. The ongoing renewal of the 
nuclear workforce will be a challenge for both operators and regulators.

Clearly, the issues associated with an ageing reactor fleet and changing 
patterns of reactor ownership, management and operation are of relevance 
to most countries, if not all, with nuclear power programmes. As these 
changes take place, strategies for maintaining the highest levels of safety 
perfor mance will continue to be an operational and regulatory priority.

Regulatory stability and predictability
Regulatory stability is a vital element of the nuclear energy industry. Coupled 
with the industry commitment to safety, regulatory stability is a major 
contributor to safe, efficient plant operations, and is essential in the building 
of new nuclear power plants. In the rapid expansion of what could become 
a technologically complex and capital-intensive industrial sector, nuclear 
regulators must provide regulatory stability. Many factors can conspire 
to create reluctance on the part of industry and the financial community 
to commit billions of dollars to new nuclear energy projects. In a dynamic 
environment, the essential elements of a stable regulatory authority are its 
strong technical capability, its clearly independent status, and the predictable 
regulatory framework under which it operates.

As the global nuclear situation changes, the essential stability of regula-
tory frameworks – even as they evolve to meet new challenges – will be well 
served by continuing to focus on three core safety objectives: no accidents; 
no exposures above prescribed limits; and no releases above prescribed 
limits.

Evolution of areas in regulatory frameworks will correspond to specific 
changes in the regulatory environment, such as:

lifetime management of ageing nuclear facilities;•	
greater incorporation of risk-informed approaches;•	
the ongoing need for qualified human resources;•	
anticipatory research;•	
the interplay between safety and security concerns;•	
public involvement.•	

With the objective of achieving effectiveness and timeliness, a new 
approach to the licensing process for nuclear power plants is being applied 
by the US Nuclear Regulatory Commission. The process involves two steps 
in advance of an actual licence application: certifying a plant design and 
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approving a site. Applicants have been strongly encouraged to use designs 
that have already been certified, as well as request early site permits, which 
authorise the general appropriateness of a location for a potential reactor. 
Then, the combined construction and licence application is intended to check 
how a certified design works at a particular site, with its specific features 
of terrain, water access and other factors. A combined licence authorises 
both construction and conditional operation of a nuclear power plant. But 
in the interest of having nuclear power plants built and operating soon, 
some utilities are not taking advantage of the full benefits of the improved 
licensing process, and have skipped the opportunity to apply for an early 
site permit. Until May 2008, the NRC has received nine site applications 
for 15 reactors. The primary purpose of this new approach is to encourage 
early resolution of issues to increase regulatory predictability in advance of 
major financial commitments, while guaranteeing the required safety. This 
approach has also encouraged standardisation of plant designs, which brings 
many benefits to the process.

The regulatory environment associated with the use of radioactive mate-
rials is changing. The expected receipt of applications to construct and oper-
ate new nuclear power plants, and the disposal of high-level nuclear waste, 
are some of the major challenges facing the regulators over the next several 
years. In addition, decisions to further strengthen nuclear security require-
ments will need to be carefully considered because of the potential impact 
that security changes could have on safety measures. In the coming years, 
the interaction between nuclear safety and security will play a major role in 
defining design approaches and organisational strategies. In order to meet 
these and other challenges, many regulators will need to obtain additional 
resources to deal with the increasing workload, to hire and train new techni-
cal staff, and to update the regulatory review and construction inspection 
guidelines.

As new ownership arrangements become more common, as additional 
countries launch nuclear power programmes, and as vendors from a given 
country increasingly provide reactor design and construction services 
for another country, there is broad expectation for an increased emphasis 
on international nuclear safety co-operation and the harmonisation of 
nuclear safety standards and practices. Different frameworks, such as the 
Multinational Design Evaluation Programme, could promote the sharing 
of licensing experience and the application of best practices for address ing 
licensing issues for new designs. 

In addition, regulatory bodies are expected to significantly increase their 
participation in collaborative international research to leverage resources, 
avoid duplication of effort, and share facilities wherever possible. Over the 
past several years, a number of experimental facilities have been built and 
used, mainly within national programmes, for solving a number of safety 
issues (NEA, 2007a). Financial pressures often do not allow these facilities 
to be dedicated to a single country. This is why many OECD countries have 
set up co-operative research projects aiming at resolving together remaining 
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safety issues, and at maintaining both the usefulness of these expensive 
facilities and the corresponding technical competence critical for meeting 
likely future needs. Current joint projects address nuclear fuel behaviour, 
the thermal hydraulic behaviour of reactor systems, operational experience 
feedback on selected important topics, and accident assessment and 
management. The results of these researches are shared within participant 
member organisations that financially and technically contribute to them.

7.7 The safety of new designs and international efforts
Over the next few decades new reactor designs will be introduced. The design-
ers and builders of these advanced designs will be faced with the challenge 
of cutting generating costs while maintaining or improving safety levels. 
Various concepts of the next generation of nuclear power reactors have been 
proposed and are being studied. Some of the most common safety-related 
features and approaches can be characterised as follows:

explicit consideration of severe accidents as part of the design basis;•	
effective elimination of some severe accident sequences by the use of •	
inherent safety features;
significant reduction or elimination of the potential for a large radioactive •	
release, even if a severe accident were to occur;
improved efficiency and effectiveness of operation and maintenance •	
through the extensive use of digital technology;
reduction in system complexity and avoidance of the potential for human •	
error.

All of these features, if successfully implemented, could result in the 
reduction of on-site and off-site protective measures, such as evacuation 
plans for the public, and would represent improvements over the current 
safety posture.

The Multinational Design Evaluation Programme is an initiative taken by 
ten countries, with the support of the NEA, to develop innovative approaches 
to leverage the resources and knowledge of the national regulatory authori-
ties that will be tasked with the review of new nuclear power plant designs.

The main objective of the MDEP effort is to establish reference regulatory 
practices and regulations to enhance the safety of new reactor designs (NEA, 
2008b). The convergence of regulatory practices and regulations associated 
with the reactor design reviews should allow for enhanced co-operation 
among regulators, improving the effectiveness and efficiency of the regula-
tory design reviews that are part of each country’s licensing process. It is 
expected that this will also:

enable and encourage safer global standardised reactor designs;•	
facilitate the design reviews of new reactors in many countries, including •	
developing countries; and
further public understanding and acceptance of safety goals on an inter-•	
national basis.
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Opportunities for improved co-operation have been identified by the MDEP 
initiative in specific technical areas within existing regulatory frameworks. 
The programme has also identified areas where enhanced co-operation will 
be facilitated by establishing reference regulatory practices. The focus of the 
new programme will be on enhanced co-operation in design evaluations and 
inspections; successful implementation will result in tools that can be used 
to enhance the ability of regulatory bodies to co-operate in reactor design 
evaluations, vendor inspections, and construction oversight, leading to more 
efficient and more safety-focused regulatory decisions. The following acti-
vities have been identified as actions that are both beneficial and achievable 
in the near term, and will result in improved international co-operation. 

Share information and co-operate on specific reactor design evaluations •	
under current reviews.
Undertake a multinational vendor inspection programme.•	
Converge on codes and standards for pressure boundary components by •	
completing an evaluation of their similarities and differences.
Evaluate the similarities and differences in other codes and standards, •	
beginning with a comparison of the digital instrumentation and control 
standards. 
Complete the evaluation of the similarities and differences in the over-•	
all scope of the regulatory review and analysis for severe accidents, and 
develop a draft reference scope of review.
Compare how top-level safety goals are derived and expressed, and how •	
achievement is judged by the participating countries, and determine the 
extent to which they can be considered equivalent. 
Compare the approaches used for taking account of operating experience •	
in regulatory reviews for new reactors. 
Develop a programme to collect, share, and use construction experience •	
feedback in regulatory reviews. 
Establish a “library” to collect and share regulatory documents of common •	
interest describing design requirements and guidance, as well as review 
processes and inspection programmes for new reactors. 

These next generation designs require detailed evaluation of their 
vulnerability to accidents, as well as the development of inspections, tests, 
analyses, and acceptance criteria for their construction. In many cases, first-
of-a-kind construction, start-up and operation of newly designed power 
plants will occur outside the vendor country. Fabrication of a significant 
percentage of the major components both for these initial plants and for 
plants that may eventually be built in the world will be accomplished by 
manufacturers outside the vendor countries. Therefore, both regulators and 
industry representatives should actively engage with their counterparts in 
other countries, on bilateral and multilateral bases, to enhance the sharing 
of relevant information, experience and expertise.
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The Generation IV research and development programme is guided by 
a Technology Roadmap (GIF, 2002). This document identifies three specific 
safety goals for Generation IV systems :

Generation IV nuclear energy system operations will excel in safety and •	
reliability.

Generation IV nuclear energy systems will have a very low likelihood and •	
degree of reactor core damage.

Generation IV nuclear energy systems will eliminate the need for off-site •	
emergency response.

As new plants are built and new reactor designs come to market, opportu-
nities exist to further improve on what is already an excellent safety record 
for nuclear power in most countries. As a starting point, the level of safety 
that has been attained by Generation II plants – the vast majority of operat-
ing NPPs in most countries – is already very good. In parallel, the quantitative 
safety objectives applicable to the reactors of the Generation III and III+ (e.g. 
AP1000, EPR and others) are very ambitious and guarantee an improved level 
of protection, reducing the level of risk in a demonstrable way. This achieved 
level is excellent and can be kept as a reference for future reactors. Meanwhile, 
although not formally required, further safety improvement for Generation 
IV systems are possible through progress in knowledge and technologies and 
the application of a cohesive safety philosophy early in the design process. It 
is worthwhile and achievable to further improve what is already a very safe 
source of clean and reliable energy. Such improvements will, in particular, 
address the way to achieve the level of safety through the implementation of 
a safety approach that will be “built-in” to the fundamental design rather than 
“added-on” to the system architecture (GIF, 2008).

The Generation IV design process should be driven by a “risk-informed” 
approach (i.e. considering both deterministic and probabilistic methods 
of evaluating safety risks). Indeed, safety and economics of Generation IV 
designs can be positively impacted by formally adopting, as a complement of 
the deterministic approach, the use of PSA techniques and complementary 
tools as design drivers throughout the design process.

For Generation IV systems, in addition to prototyping and demonstration, 
modelling and simulation should play a large role in the design and the 
assessment. Sophisticated modelling and simulation tools are increasingly 
being used in the design and evaluation of complex technologies. Prototyping 
and demonstration systems are expensive and contribute to the long lead 
time associated with the development of new technologies. Making increased 
use of modelling and simulation can provide a means for more thoroughly 
evaluating a candidate design, thereby reducing uncertainties and improving 
safety. By focusing attention on those aspects of the design that are most 
critical to plant safety, development costs are reduced and safety enhanced.
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7.8 Interaction with society and stakeholder involvement

Effective communication as a key to public acceptance
Transparency is one of the keys to public acceptance of nuclear energy. Open-
ness and clarity in communication, using language that is comprehensible to 
the layperson, is the first step in creating credibility regarding nuclear opera-
tions. While this may seem obvious, both clear communication and transpar-
ency in discussing nuclear safety issues has at times proven to be a challenge. 
A particular challenge has been to convey accurately the safety significance 
of a given issue when communicating with the public and the press (NEA, 
2008c).

Transparency and effective communication on nuclear safety matters is 
the responsibility of both the operator and the regulator. Each has a defined 
function in communicating with the public. Typically it is the duty of the 
operator to communicate about what occurs in its facility and the safety 
measures that are taken, while the duty of the regulator is to communicate 
the results of its safety assessment. Ensuring appropriate openness explicitly 
recognises that the public must be informed about the regulatory process, 
and have a reasonable opportunity to participate meaningfully.   

Often the prime reason for communication with the public is about events 
related to malfunction or errors in a nuclear facility which may have con-
sequences outside the plant (IAEA, 2008). In this respect, it is of the utmost 
importance that communication is made by both the operator and the regu-
lator as promptly as possible, so that rumours or incomplete sets of facts do 
not give rise to media speculation.

The importance of nuclear communicator networks
Regulators have long understood the benefits of exchanging information 
through international working groups. Clearly, public communication is an 
issue of relevance to all countries. International co-operation is frequently 
essential, or at least useful, in addressing complex safety matters – particularly 
regarding those in which there is clear potential for public impact outside the 
originating country. There is significant value to be gained by society being 
acquainted with the nuclear safety framework.

Governments and regulatory authorities routinely identify areas that 
require additional public engagement and dialogue. This is achieved through 
independent surveys or other measurement instruments, and later vali-
dated by conducting timely, appropriate outreach with stakeholders. Sharing 
the results of these efforts can be invaluable for communicators on similar 
nuclear issues in other countries, in improving the quality of interactions 
with the public and members of the media, particularly in highly charged 
political environments. 

Networking and collaboration on communication activities have helped 
to identify a number of common principles and useful practices for public 
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communication among nuclear regulators. This has led to faster exchange of 
information between nuclear regulatory bodies, better use of the Internet for 
near real time communication and transmission of information, and increased 
trust in the information provided by nuclear regulatory bodies worldwide.

The NEA network of public communicators within regulatory bodies has 
also helped to improve international feedback on operating experiences. 
These public communicators are often the earliest interface between foreign 
regulators and their national technical staff in case of events with media 
impact. Significant efforts are being made by some operators to improve 
communications about licensee operating events and their significance, 
using easily understood risk comparisons, plant features, and regulatory 
controls to put situations in proper context. Guidelines are being developed 
and implemented that will improve the ability to communicate with stake-
holders regarding risk insights and other nuclear issues related to health, 
safety and security.

Future expectations
Members of the public characteristically will show increased interest in any 
important national decision concerning construction and maintenance of 
industrial facilities – including nuclear facilities – if they are well informed, 
with special attention being paid to the way in which hazards inherent to 
facility operation are controlled by the responsible safety authorities. 

Over the next several years, many regulators will receive licence applica-
tions for the construction and operation of a number of nuclear power plants, 
nuclear materials facilities, and geological repositories. In addition, there 
may be an increase in the number of applications to extend the licences of 
operating reactors. These activities will generate a great deal of public inter-
est (NEA, 2004). Public involvement is a key element in the application and 
licensing process, and stakeholders should have opportunities to participate 
in the regulatory process before issuance of a licence or permits.

As countries prepare for the next generation of nuclear facilities, the 
need to educate and inform the public about the processes and the safety 
and security goals will be critical. Both regulators and operators will need 
to communicate clearly and frequently on nuclear facilities and activities 
involving nuclear materials. Documents and correspondence related to licence 
renewals and licence applications, with the exception of certain security- 
related, proprietary and other sensitive information, will be made available. 
Public meetings, opportunities for hearings and other avenues for public 
involvement will be organised. In most countries, public enquiries are 
mandatory before a decision regarding an important investment for a nuclear 
activity can be taken and authorised. 

While these interactions are sometimes laborious and requiring great 
efforts by the regulator, experience has shown that they are well worth it. 
The more transparent the operation and regulation of a nuclear facility is to 
the public, the more credible assessments of safety performance will be.
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Key points

Technology for disposal of low-level and short-lived intermediate-level •	
waste is well-developed and all countries with major nuclear programmes 
operate corresponding waste disposal facilities or are in an advanced stage 
of developing them.

The great majority of the radioactivity produced in the nuclear fuel cycle •	
is contained in spent nuclear fuel or in high-level waste from reprocessing. 
SNF and HLW are currently stored either on-site at nuclear power plants 
or in centralised storage facilities. The approach being pursued worldwide 
for the disposal of SNF and HLW is that of geological disposal. 

The technological basis for implementing geological disposal is well-•	
established and numerous nations have active research, demonstration  
and devel op ment programmes in progress. A number of national 
programmes aim to have geological disposal facilities in operation between 
now and the year 2050. 

The successful implementation of geological repositories in these coun-•	
tries would provide disposal routes for about 75% of existing and projected 
volumes of SNF and HLW by 2050 in either the NEA low or high scenarios.

Decommissioning can be accomplished successfully. Experience has •	
already been acquired in decommissioning a broad variety of nuclear 
facilities, including 14 nuclear power plants that have been fully disman-
tled to “green field” state.  

Funding schemes exist to cover waste disposal and decommissioning •	
liabilities. Measures aimed at minimising waste will reduce decom mis-
sioning costs. 

Lifetime extension of the current fleet of nuclear power plants would •	
postpone their decommissioning, raising challenges in maintaining know-
how and transferring knowledge. Work on ongoing decommissioning 
projects and the decommissioning of facilities associated with former 
military activities will help bridge that gap. 
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8.1 Introduction
Radioactive waste is generated at each stage of the nuclear fuel cycle, which 
comprises mining and milling of uranium ore, uranium conversion and 
enrichment, fuel fabrication, the operation of nuclear reactors, the repro-
cessing of spent nuclear fuel (where this is undertaken), the decommission-
ing of nuclear power plants and the associated fuel cycle facilities, and the 
clean-up of sites. The great majority of the radioactivity produced during the 
nuclear fuel cycle is contained in the spent fuel. 

While the volume of radioactive waste is much smaller than that of many 
other hazardous chemo-toxic waste, it has some features which set it apart. 
In addition to risks from inhalation and ingestion (risks also associated with 
other hazardous wastes), radiation can also pose external risks, i.e. risks 
arising simply from being in proximity to the waste.  Because of this external 
hazard, radioactive waste is, in general, managed by the use of isolation and 
radiation shielding, which is not needed for protection against hazardous 
chemical waste. Another unique property of radioactivity is that it decays 
over time. Each radioactive substance decays at a rate (half-life1) that can be 
readily measured. For a given isotope, the level of radioactivity decreases by 
a factor of approximately 1 000 over a period equal to ten half-lives.

Radioactive waste produced during the nuclear fuel cycle contains a variety 
of radioactive substances having a wide range of half-lives from as short as 
tiny fractions of a second to as long as millions of years. This mixture of 
radioactive substances generally starts at a high value that decays relatively 
rapidly; the substances that persist have longer half-lives and can remain 
hazardous over very long timescales.

The fundamental safety objective in managing radioactive materials is to 
protect people and the environment, both at present and in the future, from 
the harmful effects of radiation (IAEA, 2006). The 1997 Joint Convention on 
the Safety of Spent Fuel Management and on the Safety of Radioactive Waste 
Management details the long-term aspects of the safety objectives for dis-
posal by demanding that “…individuals, society and the environment are 
protected from harmful effects of ionising radiation, now and in the future, 
in such a way that the needs and aspirations of the present generation are 
met without compromising the ability of future generations to meet their 
needs and aspirations” (IAEA, 1997). Because of the nature and longevity of 
radiation hazards, the fundamental strategy adopted for radioactive waste 
management in order to achieve the safety objective is to concentrate and 
to contain the wastes, and then to isolate them from the environment for as 
long as they remain hazardous. 

In the case of operating nuclear facilities, a small amount of radioactivity 
may be discharged directly to the environment in the form of gaseous or liquid 
effluents. This practice is subject to strict health, safety and environmental 
controls. The increasingly tight controls applied to releases of radioactivity 

1.  The half-life is the time required for half of the nuclei in a sample of a specific isotope to 
undergo radioactive decay.
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to the environment have led to a remarkable reduction in the amount of 
radioactive effluents (see Chapter 4) and practically all radio activity produced 
during the nuclear fuel cycle is now concentrated and contained as solid 
radioactive waste ready for disposal.

The responsibility for managing the radioactive waste produced at a 
nuclear facility lies with the producers, and the waste is initially stored at 
the facility where it has been produced. For all but the shortest-lived sub-
stances, this is only the first step in the management of the waste. All other 
types of waste are conditioned and subsequently disposed of in disposal 
facilities appropriate to the level of radioactivity and half-lives of the radio-
active substances they contain. In most countries, these disposal facilities 
are operated by national agencies that are independent from the producers; 
these agencies may be government agencies, commercial entities formed by 
major waste producers, or a combination of both. 

In addition to the radioactive waste produced by nuclear power programmes, 
in most countries there are also smaller quantities of radioactive waste 
produced from other uses of radioactivity, including research, industrial and 
medical uses. In countries with military nuclear programmes, there may also 
be large volumes of radioactive waste associated with these programmes. 
Although all radioactive waste is typically managed by the same national 
programme, this chapter will focus on waste from civilian nuclear power 
programmes.

8.2 Waste categories
In order to facilitate its safe and cost-effective management, radioactive 
waste is categorised according to the level and nature of its radioactivity and 
the implications of these properties for its safe handling, transport, storage 
and disposal. While the particular classification systems vary from coun-
try to country, general schemes for the classification of radioactive waste 
are recommended internationally (IAEA, 2007b). These take into account the 
most important radiological characteristics of radioactive waste – namely, 
the intensity of the radiation and the time needed for that radioactivity to 
decay to insignificant levels.

With respect to the time for decay, it is common to distinguish between 
short- and long-lived waste. Most of the radioactivity of short-lived (SL) waste 
(half-lives of up to approximately 30 years) will decay within a time period of 
a few centuries. Long-lived waste takes longer to decay, requiring thousands 
and, for some isotopes, millions of years.

Low-level waste (LLW) is generally defined as waste having sufficiently 
low radioactive content such that modest shielding precautions are adequate 
to give protection against the radioactivity emitted from the waste. LLW 
produced at nuclear power plants and in medical, industrial and research 
applications mainly contains short-lived radionuclides. Hence, most of 
its radioactivity will have decayed within about 300 years. Typically, this 
category of waste (LLW-SL) comprises materials such as paper, plastic and 
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scrap-metal items that have been contaminated during the handling of 
radioactive materials. Whereas this category of waste contains a minuscule 
proportion of the overall radioactivity produced from the nuclear fuel cycle, 
it represents the largest volume of waste that has to be managed apart from 
mining and milling waste.

Waste arising from the mineral extraction industry, including not only 
mining and milling of uranium ores but also mining and milling of other 
ores containing relatively high concentrations of naturally occurring 
radioactive material (NORM), is also classified as LLW. However, since most 
types of NORM have long half-lives, this category of waste falls in the long-
lived sub-category (LLW-LL). In those countries where radioactive ores are 
mined, LLW-LL usually represents the largest volume of radioactive waste. 
Because disposal methods that are acceptable for short-lived waste may not 
be appropriate for the management of such long-lived waste, the latter is 
often managed separately from LLW-SL.

Intermediate-level waste (ILW) has higher radioactivity levels and requires 
higher levels of shielding than LLW, but does not generate enough heat to be 
taken into account in the design of storage or disposal facilities. ILW arises 
mainly from general operations and maintenance at nuclear facilities, a good 
example being the radioactively contaminated sludges and resins resulting 
from the removal of radioactive materials from liquid effluents before 
their discharge to the environment. ILW can also be divided into two sub-
categories: long-lived and short-lived. 

Long-lived, intermediate-level waste mainly arises in the form of residues 
from the reprocessing of spent fuel (and from the processing of nuclear mate-
rials in military programmes). This waste is often referred to as transuranic 
(TRU) waste. Some components of decommissioned nuclear power plants 
(e.g. the reactor vessel and internals) and of fuel fabrication and reprocess-
ing plants are an additional source of long-lived ILW. 

Because of their high radioactive content, spent nuclear fuel designated 
for direct disposal and high-level waste from the reprocessing of spent 
nuclear fuel generate a significant amount of heat that has to be taken into 
account when designing storage or disposal facilities. Substantial shielding 
and remote handling are usually required for the safety of operations involv-
ing this category of highly radioactive waste. Although its volume is small 
compared with the volume of low- and intermediate-level waste, the spent 
fuel contains a very high proportion of the overall radio activity produced 
during the nuclear fuel cycle. When spent fuel is reprocessed to extract and 
to recycle the materials of value in energy production, the residual content of 
the spent fuel comprises HLW, which is typically embodied in a glass matrix 
to provide a stable, solid waste form.

A few countries have found it useful to introduce the category of very 
low-level waste (VLLW). This type of waste may be generated in relatively 
large volumes, notably from the decommissioning of nuclear facilities, but 
carries very low radiological hazards, to the point that it may be managed in 
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facilities that do not require a nuclear licence. The usefulness of introducing 
this category of waste comes from the fact that, while it may not be acceptable 
to dispose of it as industrial waste, it is neither economical nor necessary to 
dispose of it in LLW repositories.

A few countries have also found it useful to define special categories 
for certain other types of waste, such as graphite waste from the 
decommissioning of gas-cooled reactors. Because of their unique chemical 
and radiological properties, these special wastes may be managed separately 
from other waste streams.

8.3 Management of low- and intermediate-level waste
For the purposes of disposal, low- and intermediate-level waste are some-
times managed together, in which case they are often referred to as LILW. 
These wastes are produced during all stages of the nuclear fuel cycle and 
other applications of radioactivity, from the mining of ores to the decom-
missioning of facilities. LILW, and particularly the LLW component, makes 
up the vast majority of radioactive waste by volume, although it contains 
only a small fraction of the total radioactivity. The volume of LILW waste 
generated at power reactors varies widely for different reactor types, with 
averages from the early 1990s ranging between 250 m3 for pressurised water 
reactors and 500 to 650 m3 for boiling water reactors and other reactor types 
per GWe annually. Only RBMK and gas-cooled reactors produce much higher 
volumes: 1 500 and 5 000 m3, respectively (IAEA, 2008a). 

However, large reductions have been made in the generation of LILW in 
recent decades. For example, the volume of low-level waste (mostly short-
lived) produced annually in US nuclear power plants, research, medical and 
industrial facilities decreased by 96% between 1980 and 2001, even though 
the number of nuclear power plants increased by 50%. For the year 2000, the 
French utility EDF reported an average of 91 m3 per reactor (CEA, 2005). This 
reduction was achieved through a variety of measures, including segregation 
of radioactive from non-radioactive waste, incineration and compaction 
to reduce volume, storage of very short-lived wastes to take advantage of 
radioactive decay, and decontamination, reuse and recycling of materials.

Worldwide, the technology for disposal of short-lived LILW is well-defined 
and developed, and most countries with major nuclear power programmes 
operate repositories for this kind of waste. The majority of repositories world-
wide for short-lived LILW are near-surface, either simple near-surface facility 
landfills or more elaborate engineered near-surface facilities.

Long-lived ILW is typically intended to be disposed of in rock caverns or 
geological repositories, particularly in those countries where such facilities 
are planned for the disposal of HLW and/or spent fuel. The world’s only oper-
ating deep geological repository for radioactive waste, the Waste Isolation 
Pilot Plant at Carlsbad, New Mexico, was developed specifically for the safe 
disposal of the TRU waste generated by the US defence programme. Table 8.1 
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lists operating repositories and current projects for these types of facilities in 
OECD member countries.

Table 8.1: VLLW, LLW and LILW repository sites and projects 
in selected OECD member countries

Country Site (start year ) Waste category 
and capacity Type Status

Belgium Dessel and Mol area 
(TBD) LILW-SL ENSF Preparing license 

application

Canada Kincardine (TBD) LILW 160 000 m3 GR Under licensing

Czech Republic

Richard II (1964) LILW-SL 8 500 m3 RC Operating

Bratrstvi (1974) LILW-SL 1 200 m3 RC Operating

Dukovany (1994) LILW-SL 55 000 m3 ENSF Operating

Finland 
Loviisa (1998) LILW  RC Operating

Olkiluoto (1992) LILW RC Operating

France 

Centre de l’Aube 
(1992) LILW-SL 1 000 000 m3 ENSF Operating

Centre de la 
Manche (1979) LILW-SL 527 000 m3 ENSF Closed in 1994

Centre de 
Morvilliers (2003) VLLW 650 000 m3 SNSF Operating

Germany
Konrad (2013) LILW GR Under 

construction
Morsleben (1981) LILW GR Closed in 1998

Hungary
Bátaapáti (2009) LILW GR Under 

construction
RWTDF, 
Püspökszilágy (1976) LILW-SL 5 040 m3 ENSF Operating

Japan 
Rokkasho (1992) LLW-SL 80 000 m3 ENSF Operating

TBD LILW-LL RC Site-selection

Korea Wolsong, Gyungju 
(2010) LLW-SL 160 000 m3 RC Under licensing

Slovak Republic Mochovce (2001) LILW-SL 22 300 m3 ENSF Operating

Spain 
El Cabril (1992) LILW- SL ENSF Operating
El Cabril (2007) VLLW SNSF Operating

Sweden SFR (1988) LILW-SL RC Operating
United Kingdom Drigg (1959) LLW-SL 1 400 000 m3 E/SNSF Operating

United States

Barnwell, South 
Carolina (1971) LLW-SL 890 000 m3 ENSF Operating

Richland, 
Washington LLW-SL SNSF Operating

Clive, Utah (1988) LLW-SL and NORM SNSF Operating
Andrews, Texas LLW-SL and NORM SNSF Under licensing
WIPP (1999) TRU (LILW-LL) 175 000 m3 GR Operating

SNSF: simple near-surface facility; ENSF: engineered near-surface facility; E/SNSF: ENSF and SNSF; RC: 
rock cavern or intermediate-depth geological repository; GR: deep geological repository; TDB: to be 
determined.
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In some countries there are significant quantities of long-lived ILW that, 
because of the specific nature of its radioactivity, may be amenable to safe 
disposal without the need for a geological repository. A prime example of 
this kind of waste is the irradiated graphite resulting from the decommis-
sioning of gas-cooled reactors; repositories for this kind of waste are under 
consideration in France and the United Kingdom.

In order to get a sense of the types of waste that may be associated with 
a large nuclear programme, including their amounts and potential manage-
ment schemes, it is useful to consider the case of France. This country has a 
large nuclear infrastructure, including for reprocessing spent fuel, research 
and development, and operating waste disposal facilities.

Table 8.2: Projected radioactive waste types, 
amounts and management schemes through 2020 in France

Short-lived, 
half-life < 30 years 

for the main elements

Long-lived, 
half-life  > 30 years  

for the main elements

Very low-level 
waste

Facility: CSTFA, Aube district (operational since 2003)

Volume foreseen through 2020: 580 000 m3

41% of the volume of all expected wastes in France

Low-level waste
Facility:  CSFMA, Aube district 

(operational since 1992)

Volume foreseen through 2020: 
670 000 m3 

0.02% of total radioactivity and 
47% of volume of all expected 

wastes

Engineered near-surface 
disposal facility: TBD

Volume foreseen through 
2020: 105 000 m3 

0.01% of radioactivity 
and 7.4% of volume of 

all expected wastes 

Intermediate-level 
waste

Deep disposal facility: 
TBD (same as  HLW), 
Meuse/Haute-Marne 

Volume foreseen through 
2020: 55 000 m3 

2.9% of total radioactivity 
and 3.9% of volume of 

all expected wastes

High-level waste 

Deep disposal facility: TBD (same as  ILW-LL), 
Meuse/Haute-Marne 

Volume foreseen through 2020: 3 600 m3  

97.1% of total radioactivity and 
0.3% of volume of all expected wastes

CSTFA: Centre de stockage des déchets de très faible activité.
CSFMA: Centre de stockage des déchets de faible et moyenne activité.
Source: Andra (2006).
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With reference to Table 8.2, France has four categories of waste according 
to their radioactivity levels, covering all levels from VLLW to HLW. Two of 
these categories (low-level and intermediate-level) are further divided into 
two classes according to their life-span: short-lived and long-lived waste. 
The table shows that, by far, most of the radioactivity resides in the HLW 
(spent fuel is reprocessed and not considered as waste). Long-lived ILW ranks 
second, with roughly 3%. The three long-lived waste types of LLW, ILW and 
HLW represent, together, a fairly small volume compared with other types 
of waste. 

Finally, it is also interesting to know the surface area that may be needed 
for disposing of these wastes. Between 1969 and 1994, France operated a 
LLW-SL disposal facility, which has been fully filled and closed, the Centre de 
stockage de la Manche, which covers a surface of 0.12 km2. The Centre de stockage 
des déchets de faible et moyenne activité repository for LLW-SL has a surface of 
0.3 km2 and the Centre de stockage des déchets de très faible activité for VLLW 
0.45  km2. The proposed facility for LLW-LL will be a very compact one, as this 
waste can be stocked tightly.

8.4 Management of high-level waste and spent nuclear fuel

8.4.1 HLW/spent nuclear fuel inventory and arisings
The amount of SNF or HLW that arises varies according to the fuel cycle tech-
nology. For the most prevalent light water reactor type, spent fuel containing 
approximately 30 to 50 tonnes of heavy metal is produced annually per GWe 
(IAEA, 2008a).

The spent fuel is initially stored at the reactor site in water-filled cooling 
pools to allow time for the levels of radioactivity and heat to fall. In some 
countries, including the Netherlands, Sweden and Switzerland, after several 
years of storage at the reactor site, spent fuel is then collected and stored at 
a centralised national storage facility.

Total amounts of spent nuclear fuel in storage (both at the reactor site and 
elsewhere), annual arisings and storage capacity for OECD member countries 
are provided in Figure 8.1. Existing free storage capacity provides for about 
ten additional years of arisings at 2005 levels, with a shorter period available 
for the Pacific region (NEA, 2007); however, a storage shortage is not expected 
globally, as measures can be undertaken to increase the capacity of current 
storage facilities or new storage projects may be launched.

If spent fuel is to be reprocessed, after a period of cooling it will be transported 
to a reprocessing facility where the recyclable materials (which represent 
around 95% of the mass of the spent fuel) are separated from the remaining 
content of the fuel, which makes up the high-level waste stream. HLW from 
reprocessing is stored, usually in vitrified form, either at reprocessing plant 
sites or in purpose-built facilities in the country of origin of the reprocessed 
spent fuel.
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Figure 8.1: Spent fuel arisings, cumulative volume in storage
and storage capacity in OECD member countries in 2005
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With appropriate designs and operational controls, many such storage 
facilities are considered capable of holding the waste safely for at least 
100 years. However, they rely upon continued active control and maintenance 
and are potentially vulnerable to extreme natural events or malevolent 
attacks. It is therefore generally accepted that this is an interim management 
arrangement and that a long-term solution is required that does not rely 
upon continuing activities by society to provide the necessary isolation and 
containment of the radioactivity in these wastes (NEA, 2006b). 

8.4.2 Geological disposal of HLW and SNF
Disposal of long-lived HLW in deep geological formations affords a level 
and duration of passive protection of man and the environment that is 
superior to other potential options such as long-term storage or surface or 
near-surface disposal. This concept of protection takes advantage of the 
capabilities of both the man-made materials and the local geology to fulfill 
specific safety functions in complementary fashion and with redundancy 
of barrier roles. The concept of geological disposal, including its safety and 
ethical implications, has been debated and approved in many fora, including 
national legislatures; state, provincial and local discussions; peer-reviewed 
literature; international organisations; and national scientific bodies. A broad 
consensus on the concept of geological disposal of HLW thus exists, and has 
been achieved through open and participative processes.

Concepts for geological disposal
For long-lived, high-level waste the geological disposal concept involves the 
emplacement of the packaged waste in cavities excavated in a suitable rock 
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formation some hundreds of metres below the ground surface. The safety 
principle is that the rock will provide isolation and containment of the 
radioactivity in the waste, allowing time for radioactive decay such that any 
eventual release of radioactivity back to the surface environment will be at 
such a low level as to be comparable to releases from natural rock formations 
(see Figure 8.2), and insignificant in terms of potential effects on health and 
the environment.

The depth of a geological repository can ensure that the wastes, while 
remaining a significant hazard, will not be exposed at the surface as a result 
of erosion. At depths of hundreds of metres, the rock will also protect a 
repository from the impact of other natural processes such as earthquakes 
and from the potential effects of climate change (including erosion). Careful 
selection of the repository location and waste positioning will seek to reduce 
as far as possible the risks of perturbations from such processes. 

Typically, geological disposal concepts envisage the use of buffer or backfill 
around the waste when it is placed in the repository. Also, in some concepts, 
the wastes will be placed in highly engineered containers for their eventual 
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RTI: The radiotoxicity index is defined as the hypothetical dose resulting 
from the ingestion of radioactive material, made dimensionless by dividing
it by a reference dose – in this case the 0.1 mSv derived from the annual
dose limit given in the Swiss regulatory guideline.
Note: This figure shows the decrease of the radiotoxicity of typical spent
nuclear fuel (SNF) and of high-level waste (HLW) and intermediate-level
waste (ILW) from reprocessing, in a geological repository compared to  
natural uranium ore (highly concentrated and typical deposits).

Source: Nagra (2004).
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disposal, and full-scale trials have been undertaken of the engineered 
containment system. 

The combination of engineered waste containers, buffer and the rock for-
mation surrounding the repository provides a number of means to prevent or 
limit any release of radionuclides from the wastes and is often referred to as 
multiple-barrier containment. Typically, the disposal concept envisages that 
HLW, for example, will be emplaced within a leach-resistant waste matrix, 
long-lived canisters, and protective backfill/buffer materials, each of which 
acts to limit the migration of radioactive substances into the environment 
(see Figure 8.3).

By choosing an engineered barrier system that will perform well under 
known geological conditions, geological repositories can be developed for 
the safe disposal of radioactive waste in a wide range of geological settings. 
Suitable rock types have been identified such as crystalline rocks (e.g. 
granite), argillaceous rocks (e.g. claystones), evaporates (in particular salt 
formations) and volcanic tuffs. The different engineered systems that have 
been researched to date cover a wide range of groundwater and geochemical 
properties within these rock types such that there does not appear to be a 
significant constraint on the geological conditions that would be suitable for 
safe disposal. 

A common feature in all programmes is the expectation that a reposi-
tory will be designed, constructed, operated and sealed so that any eventual 
releases of radioactivity to the environment would be at a very low level and 
that any radiological exposure of members of the public would easily meet 
today’s radiological dose and risk standards for extremely long time frames. 
In demonstrating this, the evolution of a geological repository is modelled for 
very long times into the future. One part of this modelling is the calculation 
of releases from the repository under various scenarios, the estimation of 
resulting radiological doses, and the comparison of those doses with regula-
tory dose and/or risk criteria.

Because of the long timescales involved, these calculations are not 
considered to be predictions of actual doses that might be received by actual 
persons. Increasingly, the calculations are supplemented by a number of 
other lines of reasoning, which can play an equally important role in the 
acceptance and licensing process. Nevertheless, calculations of radiological 
impacts have demonstrated that repositories in a wide variety of settings 
can be designed such that the calculated dose figures are lower, often by a 
considerable margin, than the values that are defined as acceptable in the 
regulatory standards.

Implementation of geological disposal
The technical basis for implementing geological disposal is well established. 
It is available to support planning and concept development worldwide as 
a result of the open publication policies that have been adopted by many 
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Figure 8.3: Multiple-barrier system concept
for geological disposal

Note: based on the Swiss concept.
Source: Nagra.

of the most advanced programmes, and the arrangements put in place for 
international co-operation and information exchange.

Once a policy decision has been taken to pursue geological disposal, key 
implementation steps include feasibility studies, selection of an appropriate site, 
construction and operation of the geological repository. Site characterisation 
and engineering design processes must be undertaken – often entailing 
elaborate underground laboratories simulating repository conditions – to 
support these stages of development. Figure 8.4 provides an example of the 
estimated implementation time frames in the Swedish disposal programme, 
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demonstrating the steps between the concept approval in 1984 and its 
expected implementation in 2020. Based on an examination of the various 
stages in national programmes, the time necessary, from a primarily technical 
point of view, to move from deciding on a policy of geological disposal to the 
start of waste emplacement operations could be of the order of 30 years. This 
includes the time taken to make the various submissions and to receive the 
required approvals in respect of national and international policies, land-use 
planning, and safety and environmental regulation. 

Although some programmes that recently started or restarted may 
approach a similar timescale, experience to date in many countries has 
involved rather longer periods of time. The main challenges concern the 
socio-political aspects. Often this is because time has deliberately been taken 
to ensure the involvement of society and, in particular, the local commu-
nities that will be most affected by the repository development. This could 
be characterised as setting the pace of the implementation programme to 
that with which society is comfortable, rather than that which technology 
will allow. In a number of cases, much greater delays have occurred precisely 
because society has not been ready to take the next step. In some cases, such 
as in Canada and the United Kingdom, a comprehensive review of national 
policy has then been required before work could be restarted.

In a number of countries, the development of an environmental impact 
assessment (EIA) is now a legal requirement in respect of a repository programme. 
An EIA provides a formal framework for setting out the argumentation 
concerning a repository and typically requires formal consultations with 
 stakeholders on the various aspects that have to be considered. In many 

Figure 8.4: Time frame for the development and implementation
 of a deep geological disposal system in Sweden
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national programmes, this provides a valuable means of showing what 
alternatives to geological disposal have been considered for the long-term 
management of HLW and that this is indeed the best option.

Policy makers in many countries have shown increasing interest in the 
concept of reversibility or retrievability in respect of the waste disposal 
operation. This concept requires that flexibility should be built into the 
repository design to allow the relatively straightforward reversal of each step 
on the path towards final backfilling and sealing of the repository, without 
compromising either the safety of operating the repository or its long-
term isolation and containment performance. In France, the requirement 
of reversibility has become a key part of national policy, and the waste 
management organisation (Andra) has developed a design that shows how 
this could be achieved.

As a number of national geological disposal programmes approach 
industrial implementation, increasing importance is being attached to full-
scale demonstrations of repository technologies. This frequently involves the 
use of underground research laboratories (URLs) where tests and studies can 
be conducted under expected repository conditions on a range of subjects. 
Demonstrations can involve excavation methods, investigation methods, 
backfilling and sealing of disposal areas, waste handling and emplacement, 
and buffer emplacement. URLs have been developed and operated in a number 
of countries (see Table 8.3) and these facilities cover all the rock types that 
have been considered as suitable hosts for a repository. In a number of cases 
they are operated with an objective of promoting international co-operation 
and information exchange (e.g. the Äspö URL in Sweden and the Mont Terri 
URL and Grimsel test site in Switzerland). They thus represent valuable assets 
for making progress worldwide on implementing safe geological disposal.

8.4.3 Costs and funding
The costs of the technological steps in developing and operating waste 
management facilities, including geological repositories, are well understood 
and can be projected with a relatively high level of certainty. This is because 
knowledge and experience have been gathered worldwide over many 
decades in respect of each of the key steps involved in waste management, 
including the demonstration of industrial implementation of geological 
disposal for wastes other than HLW. The main cost uncertainties are related 
to uncertainty over implementing the planned programme; delays caused 
by socio-political issues can also lead to significant costs that are impossible 
to predict. 

Putting aside this latter potential cost element, a number of exercises have 
been carried out to evaluate the costs of geological disposal programmes 
in different countries. A recent study (EC, 2006) performed in the context of 
regional repositories compared cost estimates for several national programmes 
and found the disposal costs for one tonne of heavy metal to be in the order 
of EUR 300 000 to 600 000. For Sweden’s nuclear power programme – with 
a capacity of roughly 9 000 MWe – the cost of a repository to accommodate 
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Table 8.3: Underground research laboratories

Country Geological 
medium Site/status 

Belgium Clay (plastic 
Boom clay) 

Mol/Dessel. 
Specific research on site since 1984. 

Finland Granite 
Olkiluoto; research since 1992. 
ONKALO underground research laboratory 
under construction.

France 

Granite Fanay-Augères. Generic R&D. 
In service from 1980 to 1990. 

Clay Tunnel de Tournemire. 
Generic R&D. In service since 1992. 

Clay 

Bure-Saudron (Meuse/Haute-Marne). Formation-specific 
R&D. Fully operational for experiments since 2004, 
extensions under way mostly for new technological and 
demonstration experiments. 

Germany 
Salt (dome) Asse. Generic R&D. Closed in 1995.

Salt (dome) Gorleben. Specific research on site since 1985, suspended 
in 2000 (moratorium). 

Japan 
Granite Mizunami. Generic R&D since 1996. 

Tertiary 
sedimentary rock Horonobe. Generic R&D since 2001. 

Russian 
Federation

Hard rock 
(granite, gneiss)

Krasnoyarsk region. Planned underground research 
laboratory expected to start operation after 2015. Specific 
research for disposal of long-lived radioactive waste and 
untreated spent fuel.

Sweden 
Granite Stripa. Generic R&D. In service from 1976 to 1992. 

Granite Äspö. Generic R&D. Start of construction in 1990. 

Switzerland 
Granite Grimsel. Generic R&D. In service since 1983. 

Clay 
(Opalinus Clay) 

Mont Terri. Generic R&D. 
Started in 1995. 

United States 

Salt (layers) 

WIPP, Carlsbad, New Mexico. Specific research 
on site. In service since 1982. 
In operation as a geological repository for defence-related 
transuranic (TRU) waste since March 1999. 

Welded tuff 
Yucca Mountain. Specific research on site. Start of 
experiments in situ in 1996. Application for construction  
of a geological repository in June 2008.
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the SNF is estimated to be EUR 4.3 billion, including site characterisation 
and encapsulation of the spent fuel in protective disposal canisters (SKB, 
2007). Equivalent repository-related costs for all historical and anticipated 
HLW and SNF from the UK nuclear programme (with current generating 
capacity of 11 000 MWe) are estimated at EUR 6.3 billion (CoRWM, 2006). 
A repository represents only part of the cost of the nuclear fuel cycle and a 
fraction of the overall cost of nuclear electricity generation; an evaluation in 
the UK showed that all back-end costs, comprising waste management and 
decommissioning, represent just 3% of the overall cost (BERR, 2008).

The costs of waste management, including eventual disposal, are inter-
nalised in nuclear energy programmes (see Chapter 6). Disposal cost 
estimates prepared by nuclear facility operators are usually checked and 
audited by independent governmental bodies, and the appropriate funds are 
accumulated by the operators to cover the expenses in due course. The funds 
may be collected either as a direct surcharge on the price of electricity or by 
requirements on the power plant operator to set aside funds during operation. 
A number of different methods exist for the management of these funding 
provisions, variously involving the operator’s setting aside the amount or 
paying it into a fund that may be held directly by the waste management 
organisation or placed under State control.

8.5 Outlook on waste management

8.5.1 VLLW and LILW 
The technological requirements for safe disposal of short-lived LILW are 
well understood. Socio-political issues play an important part in successful 
implementation of disposal facilities and a number of models for successful, 
participative decision making are available to guide future projects.

An important trend that is likely to continue is the application of the 
“waste management hierarchy”, involving non-creation of waste wherever 
practicable; minimisation of arisings where creation of waste is unavoidable; 
recycling and reuse of the waste materials wherever possible; and, only then, 
disposal.

Nevertheless, the main issue to be faced in the future is the need for greater 
disposal capacity for these categories of waste, in particular in relation to the 
large volumes of very low-level waste resulting from the decommissioning of 
reactors and obsolete nuclear installations. In some countries, for example 
France and Spain, special disposal facilities have been developed to accom-
modate this type of waste and this is likely to be the case in countries with 
similar waste legacies in the future.

One additional challenge is identifying and developing the most accept-
able disposal option for long-lived LILW. The whole spectrum of disposal 
options is open to this type of waste: surface disposal, disposal in mined 
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cavities, as well as disposal in geological repositories, including co-disposal 
with other waste types.  

8.5.2  Geological disposal 
The technological requirements for safe geological disposal of long-lived and 
high-level waste are also well understood. Although there is limited experi-
ence in successfully licensing such facilities, this is an area that is likely to 
see further advances with the development of repository safety cases and 
the evaluation of these cases by regulatory bodies.

The national programmes for geological disposal are at very different 
stages around the world, as illustrated by Table 8.4. Some programmes (e.g. 
Finland, Sweden and the United States) are well advanced and have planned 
repository in-service dates before or around 2020. They are expected to be 
followed by France and Belgium, and then by Germany, Japan, Switzerland 
and the United Kingdom in the 2030s and 2040s. Several other countries have 
planned repositories with in-service dates before or around 2050. Other coun-
tries have R&D programmes, but have no firmly planned in-service dates.

The planned in-service dates depend on the completion of key milestones 
such as the confirmation of disposal concepts, site selection, the issuance 
of safety requirements and positive licensing decisions. In 2008, the US 
programme was the first to formally submit a licence application for HLW 
disposal, that for the proposed Yucca Mountain facility. Whether the 
proposed operational date can be achieved will depend on the outcome of 
the regulatory review, and also on possible legal challenges. Programmes in 
Finland and Sweden plan licence applications in several years, but the different 
legal situation and relationship with the potential host communities may 
provide a less contentious atmosphere within which the regulatory review 
can be accomplished. France should follow soon thereafter, and envisages 
significant further technical work as well as public debate as a precursor to 
submitting a licence application for the construction and operation of a deep 
repository. The experience of these various programmes at critical junctures 
in implementing disposal will be invaluable to the next wave of programmes 
pursuing operation beyond 2020.

A number of national programmes plan to have geological disposal faci-
lities in operation between now and 2050. These repositories are generally 
designed to provide disposal capacity for all the high-level waste resulting 
both from historic nuclear power generation and from the lifetime operation 
of the existing and planned nuclear fleet. Thus such repository programmes 
will be expected to provide a disposal route for all spent fuel and/or HLW 
from these countries until 2050, and most probably beyond. While the actual 
disposal of spent fuel and HLW in a geological repository depends on many 
parameters, in particular the need for considerable cooling times before 
emplacement, the availability of a licensed disposal route is an important 
factor for the future development of nuclear energy. 
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Table 8.4: Examples of high-level waste disposal strategies – 
Facilities and progress towards final repositories

Country Status
Estimated 
entry into 
operation 

Belgium There has been an underground research laboratory in Boom Clay at 
Mol since 1984. Several technology demonstration projects as well as 
safety studies of a conceptual site and design have been carried out. 
A final decision on ultimate disposal has not yet been made. It will 
be addressed in the waste management plan to be submitted to the 
government in 2010. 

2030

Canada The government selected an “Adaptive Phased Management” 
approach in June 2007 as Canada’s plan for the long-term 
management of spent fuel, to be implemented by the waste 
management organisation, NWMO. The design of a process for 
selecting a site is under way. The proposed siting process will be 
confirmed through public dialogue before it is initiated to identify an 
informed, willing host community.

>  2035

China Research for final disposal is under way. High-level waste is to be 
vitrified, encapsulated and put into a geological repository some 
500 m deep. Site selection is focusing on six candidate locations and 
will be completed by 2020. An underground research laboratory will 
then operate for 20 years and actual disposal is anticipated from 2050.

2050

Czech 
Republic 

Research is being carried out. Six potential areas for detailed 
characterisation have been identified. The national agency has 
suspended work at the sites until 2009 in order to allow for acceptable 
conditions to be worked out between the government and local 
communities. 

> 2050

Finland The government took a “decision in principle” in 2001 on a site for a 
geological repository. This was endorsed by Parliament and the local 
municipal council. The construction of an underground laboratory at 
the repository site is under way. The spent fuel repository is expected 
to start operation in 2020.

2020

France The planning act of June 2006 established reversible geological 
disposal as the reference solution for HLW and ILW-LL. Feasibility 
of geological disposal in argillite in the Meuse/Haute-Marne region 
was also confirmed. The URL is fully operational for experiments still 
under way. New developments have been undertaken primarily to 
launch new technological and demonstration experiments. The licence 
application for the geological repository is planned for 2015; the target 
entry into operation is 2025.

2025

Germany Since the early sixties there has been a federal government decision 
in place requiring that all types of radioactive waste (short-lived 
and long-lived) be disposed of in deep geological formations. The 
Konrad repository has been licensed (2002) for disposal of all types 
of radioactive waste (both short- and long-lived) with negligible heat 
generation; Conversion of the former iron-ore mine is under way; 
operation is planned for 2013. Underground investigation of the 
Gorleben salt dome for suitability as a geological repository for heat- 
generating waste has been halted until 2010 by a 2000 moratorium. 
Government policy is to have a geological repository in operation 
around 2035.

2035
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Table 8.4 Cont’d

Country Status
Estimated 
entry into 
operation

Hungary In 1995 Hungary launched a programme to provide a solution for the 
disposal of high-level and long-lived radioactive waste as well as spent 
fuel. The preliminary results of the investigations confirmed that the 
claystone formation (Boda aleurolite formation) in the area of the 
Mecsek Hill in south-west Hungary is potentially suitable for a high-
level waste repository. Explorations have been ongoing in order to 
select a site for an underground laboratory to be used for further 
in situ investigation of the rock. Owing to budgetary constraints, 
however, the project has slowed down in the past few years; 
only the monitoring activity is being maintained.

~ 2050

India Research on deep geological disposal for HLW is under way. –

Italy Activities in the field of HLW disposal have been deferred. –

Japan There is ongoing research into deep geological disposal. 
The siting approach has been to call for municipalities to volunteer 
as candidate areas for literature surveys, as the first step of the siting 
process which is underway.

~ 2035

Korea Disposal studies were started in 1997. Currently, Phase IV of the R&D 
is under way and will develop a Korean reference disposal system (KRS) 
to accommodate all long-lived and high-level waste from the advanced 
fuel cycle. A set of experimental investigations into the performance 
of the KRS and the establishment of in situ experimental techniques 
are being carried out in this programme. An underground research 
tunnel was constructed in 2006 for the validation of the KRS. Siting has 
not yet started.

–

Netherlands Interim storage of spent fuel/HLW is allowed for existing inventories for 
100 years. A study will be launched on a national disposal strategy for 
waste from the existing plant and any new plant. 
A decision is expected in 2016.

–

Russian

Federation
Research for a geological repository for long-lived waste 
and untreated spent fuel is under way in the Krasnoyarsk region 
in a hard rock host environment.

> 2025

Slovak 
Republic

Research on deep geological disposal started in 1996. 
Four areas have been proposed for detailed exploration.

> 2050

Slovenia The government has not yet decided on the long-term management 
strategy for spent fuel.  For planning and provisioning purposes, the 
reference national strategy is geological disposal in a hard rock host 
environment, with repository operation planned to begin in 2065.

> 2050

Spain Centralised interim storage of spent fuel/HLW is the preferred policy 
option for current management. A national disposal strategy is being 
studied. A decision on the final national waste management policy 
for HLW is expected after 2010.

–
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Country Status
Estimated
entry into 
operation

Sweden A programme has been operational since the late 1970s. 
Two sites are undergoing characterisation and the application for  
a waste encapsulation facility for spent fuel was submitted in 2006.  
Site selection for the final repository will be made in 2009 and 
the application for the repository system in one of the two current  
sites is expected in 2010. Operation is planned to start in 2020.

~2020

Switzerland The feasibility of HLW disposal has been proven and was accepted 
by the federal government in June 2006. The final site is 
to be selected according to the Sectorial Plan (2008), which defines 
a three-phased site selection procedure. The repository is expected 
to be operational by 2040.

2040

United 
Kingdom

In 2007 the UK government decided in favour of geological disposal 
as the national policy for managing high-level waste. The establishment 
of a siting process is expected in 2008, after which site selection and 
licensing may take up to two decades. No date for waste emplacement 
has been announced, but indications are that this will not begin until 
two to three decades from now. The design of new stores will allow for 
a period of interim storage of at least 100 years to cover uncertainties 
associated with the implementation of a geological repository.

~2040

United 
States 

The Nuclear Waste Policy Act of 1982, as amended, set forth a process 
for the US Department of Energy to identify and characterise 
a site for a permanent geological repository. In 2002, the US President 
and Congress designated Yucca Mountain, Nevada, as the site for 
development of the repository, subject to a licensing review and 
regulatory oversight of the US Nuclear Regulatory Commission. On 
3 June 2008, the DOE submitted a licence application to the NRC 
seeking authorisation to construct a repository at Yucca Mountain. 
The NRC licensing process, pursuant to US law and NRC regulations, 
is scheduled to take between three and four years. The start of 
operation is planned for 2017 (currently being re-evaluated).

2017

Figure 8.5 shows the amount of spent nuclear fuel that is expected to 
result from nuclear electricity generation until 2050, differentiating between 
spent fuel in countries with operating disposal facilities and those without 
disposal routes, at a given time. The amount of high-level waste generated 
until 2050 has been estimated on the basis of the NEA high and low scenar-
ios for future nuclear development, assuming current spent fuel generation 
patterns. 

The planned operation of repositories in Finland, Sweden and the United 
States by 2020, and in other countries in later decades, will provide disposal 
routes for the spent fuel generated in those countries; however, because of 
nuclear expansion in other countries, the worldwide inventory of spent fuel 
without a disposal route will further increase until 2040. It is not until the 
middle of this century that the major part of spent fuel will be designated for 
disposal in an operating repository.



260

Chapter 8: Radioactive Waste Management and Decommissioning

0

100

200

300

400

500

600

700

800

900

Available 

NEA NEA
low   high 

Not yet available

Disposal route
assumed to be

available in:

Belgium
France

Germany
Japan

Switzerland
United Kingdom

Canada
China

Hungary
Korea

Russian Fed.

Finland
Sweden

United States

20502040203020202010

To
ta

l s
p

en
t 

fu
el

 g
en

er
at

ed
 (1

 0
00

 t
H

M
)

Figure 8.5: Availability of disposal routes for HLW or SNF
from nuclear electricity generation

The difference in nuclear capacity growth under the NEA low and high 
scenarios does not significantly affect the waste management situation, as 
the “historic” spent fuel will dominate the worldwide inventory within the 
time frame under consideration. Under both scenarios, about one-quarter of 
all the spent fuel produced by nuclear electricity generation will be without 
an established disposal route in 2050. This waste would belong to countries 
that have chosen very long timescales for intermediate storage of their fuel, 
have not yet decided politically about waste management options, or whose 
waste management programmes are not mature enough to make any predic-
tions about their progress.

While most geological repositories’ capacity will be limited by the provi-
sions in their licence, conceptually there are no evident technical or safety 
obstacles that would prevent expanding proposed designs or locations to 
accommodate additional waste. Whether currently proposed disposal faci-
lities could accommodate such additional waste from new nuclear power 
plants depends mostly on political and societal acceptability.

The reprocessing of spent fuel may have an increasing role to play in 
the future in terms of reducing the volume of waste requiring disposal. 
However, the heat generated by HLW is an important consideration in setting 
the dimensions of underground disposal areas, and the more intense heat 
generation of HLW from reprocessing partly offsets the benefit of volume 
reduction. As shown in Chapter 14, only closed fuel cycles with multiple 
reprocessing of mixed-oxide fuel will have a significant influence on the heat 
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generation, which is a limiting feature in the design of geological repositories. 
The use of partitioning and transmutation as part of advanced nuclear fuel 
cycles would clearly result in different types of waste requiring disposal 
(NEA, 2006a), but industrial realisation of such technology is not expected to 
have a major impact on waste generation in the time frame covered by the 
NEA scenarios.

In countries with small nuclear power programmes, it may be economically 
and technically attractive to seek international solutions such as regional waste 
repositories. Some national programmes have contributed to efforts to further 
investigate the concepts and prospects for shared or regional repositories. The 
obstacles to such proposals are substantial – public opinion in most countries 
being against the importation of wastes from other countries. It may become a 
more practicable proposition once a number of countries have been operating 
national repositories for some while; the issue may then be less contentious in 
public and political circles. The concept of regional and international repositories 
for the disposal of high-level waste may also provide benefits from the point of 
view of non-proliferation (see also Chapter 9).

The 1997 Joint Convention on the Safety of Spent Fuel Management and 
on the Safety of Radioactive Waste Management, to which the majority of 
countries with nuclear energy programmes are signatories, provides for 
national policies and practices to be subject to international review. The 
development of coherent and comprehensive waste management policies 
and programmes in each of the signatory states has been one of the themes 
of the review meetings held under IAEA auspices, and would be expected to 
lead to further improvements in practices in the future.

8.6 Decommissioning

8.6.1 Decommissioning liabilities
The term “decommissioning” is used to describe all the management and 
technical actions associated with ceasing operation of a nuclear installation 
and its subsequent dismantling to facilitate its removal from regulatory 
control (delicensing). These actions involve decontamination of structures 
and components, demolition of components and buildings, remediation of 
contaminated ground and disposal of the resulting waste.

Worldwide, of the 563 commercial nuclear power plants that are or have 
been in operation (IAEA, 2008b), 119 plants have been permanently shut 
down and are at some stage of decommissioning, approximately two-thirds 
of which are located in the European Union (mostly in the United Kingdom, 
Germany and France), one quarter in North America, about 10% collectively 
in the Russian Federation, Ukraine, Armenia and Kazakhstan and 3% in 
Japan. About 10% of all shut-down plants have been fully decommissioned, 
including eight reactors of more than 100 MWe. 
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In addition to the nuclear power reactors, various types of fuel cycle and 
research facilities have been permanently shut down, including facilities 
used for the extraction and enrichment of uranium, and for fuel fabrication 
and reprocessing.

The cumulative nuclear-power-related decommissioning liabilities for all 
historic and currently operating facilities (IAEA, 2004) have been estimated 

at USD 266 billion (in 2004 dollars); these liabilities include USD 185 billion 
for nuclear power plants and USD 71 billion for fuel cycle facilities (see Figure 
8.6). While these liabilities are significant in absolute terms, they are relatively 
modest when considered in the context of the value of the world electricity 
contributed by nuclear power from its inception up through the projected 
lifetimes of the current fleet of nuclear reactors. Furthermore, it should be 
recognised that the estimated costs include all liabilities associated with the 
start-up phase of commercial nuclear power generation in the 1950s and 1960s 
as a new technology, including technology development and construction of 
prototype reactor plants.

While not related to the civil use of nuclear power, the decommissioning 
of military nuclear installations, mostly dating from the Cold War, provides 
important experience that can be applied to future civil decommissioning 
tasks. The amount of liabilities related to military production facilities is 
estimated to be USD 640 billion.

8.6.2 Decommissioning strategies
The strategy most widely applied for nuclear power plant decommission-
ing to date is immediate dismantling, commencing shortly after shut-down 
following a necessary transition period to prepare for implementation of 
the decommissioning strategy, and generally ending with the release of the 
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Other
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Figure 8.6: Estimated nuclear power-related decommissioning
liabilities worldwide

Source: IAEA (2004).

(in year 2004 billion USD)
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site from regulatory control. As an alternative strategy, dismantling may be 
deferred for as long as several decades during which a facility or site is kept 
in a safe condition. In that case, a surveillance and maintenance programme 
is implemented to ensure that the required level of safety is maintained.

The factors that affect the choice of decommissioning strategies are 
dependent on country- and facility-specific conditions. Apart from site 
reuse considerations, the availability of a waste management path, the 
desire to retain knowledge of the plant’s history and the availability of 
plant equipment needed for the plant’s dismantling are the main factors 
considered in selecting a decommissioning strategy. These technical factors, 
however, are complemented by socio-economic considerations regarding 
future regional development and local employment in the often remote site 
area. Inadequate funding potentially creates a major constraint, which may 
make some decommissioning strategies impracticable.

Germany and the United States are the only countries that have completely 
dismantled nuclear power plants of more than 100 MWe capacity. However, 
given the significant ongoing decommissioning activities on research reac-
tors and other research and demonstration facilities in these and other coun-
tries, it is evident that all types of nuclear installations can be fully decom-
missioned using present-day technology. In the case of light water reactors, 
full decommissioning can be achieved within a time span of approximately 
15 years, including a 5-year transition period after shut-down, during which 
the spent fuel and primary coolant are removed from the reactor.

In general, the sites of nuclear installations that have been fully decom-
missioned are being released for unrestricted public use, with the exception 
of dedicated fuel stores constructed on certain sites and in which spent fuel 
is being stored pending the construction of a final repository.

8.6.3 Decommissioning waste
The quantity of radioactive waste resulting from decommissioning can vary 
significantly from one site to another, reflecting, for example, the type and 
size of the reactors, the extent of supporting plant facilities and approaches 
to waste management and unrestricted release of materials (clearance). 
Some reactors use materials that may require special treatment, handling 
or disposal, e.g. heavy water, liquid metal coolant and graphite. Also, some 
reactor sites have accumulated operational waste on the site that will require 
retrieval, processing and packaging during the decommissioning period. 

Decommissioning light water reactors with an installed capacity of 
1 000 MWe will, on average, result in 5 000 to 6 000 tonnes of short-lived 
radioactive material, plus an amount of long-lived material (including HLW) 
that is usually less than 1 000 tonnes (IAEA, 2007a). The total amounts of 
radioactive material from gas-cooled reactors may be an order of magnitude 
larger because of the much larger amounts of steel and concrete that are 
irradiated during reactor operation, and the presence of substantial quanti-
ties of graphite.
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8.6.4 Decommissioning costs
It is widely accepted that the cost of decommissioning power plants should 
not be passed on to later generations, i.e. those who have benefited from the 
use of nuclear energy must ensure that sufficient resources are collected to 
allow the safe decommissioning of the relevant facilities in due course. In 
practice, this means that such costs should be borne by the plant owners, 
who in turn recover the costs as part of the price of nuclear electricity.

Robust cost estimates are essential as a basis for implementing the legal and 
regulatory requirements for the collection, holding and use of decommissioning 
liability funds. It is also essential to understand and to monitor decommissioning 
costs in order to develop a coherent decommissioning strategy that reflects 
national policy and ensures the workers’ and the public’s safety, while also 
being cost-effective.

Cost estimates for decommissioning, and for disposal of the associated 
spent fuel and waste, must be accurate and updated periodically to reflect 
changing price levels and any developments in the project scope, for example 
a new technology or changes in legal requirements. Decommissioning 
cost estimations vary significantly from one country to another because of 
differences in national regulations, in decommissioning policy, in waste 
management infrastructures, in the scope of decommissioning activities and 
in accounting methods (NEA, 2003).

Data collected in the early 2000 (NEA, 2003) showed that the average cost 
of decommissioning a 1 000 MWe water-cooled reactor could lie in the range 
of USD 300 million to USD 450 million (in 2001 values), depending on the 
reactor type (see Table 8.5).

With the exception of gas-cooled reactors, the type of reactor does not 
seem to affect decommissioning costs significantly on a unit cost per kWe 
installed basis. The decommissioning of gas-cooled reactors is more expen-
sive because of their large physical size and the need to dispose of large 
amounts of graphite, steel and concrete.  

Table 8.5: Average costs for decommissioning 
nuclear power plants

Reactor type
Average decommissioning 

costs (2001 values) 
(USD/kWe)

Pressurised water reactor 320

Russian pressurised water reactor 330

Boiling water reactor 420

Pressurised heavy water reactor 360

Gas-cooled reactor >2 500

Source: NEA (2003).
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The relative importance of the main cost elements is shown in Figure 8.7. 
Beyond project management and site-centered activities, waste treatment 
and disposal costs will usually represent a substantial proportion of the 
overall costs of decommissioning a nuclear power plant. These costs are par-
ticularly sensitive to the final material management route, which will usu-
ally involve some combination of clearance or recycling of LLW or disposal of 
VLLW in dedicated repositories; disposal of LLW in near-surface repositories, 
and disposal of long-lived ILW at intermediate depth or in deep geological 
disposal facilities.

8.6.5 Decommissioning funding
From the societal and governmental viewpoints, it is essential to ensure that 
funding for the decommissioning of nuclear installations will be available 
at the time it is needed, and that no “stranded” liabilities will be left to be 
financed by the taxpayers rather than by the original electricity consumers. 
In order to respect this principle, the funding for decommissioning must be 
sufficient, available and transparently managed.

Most decommissioning funds for nuclear power reactors are accumu-
lated from the revenues obtained from the electricity they generate. These 
dedicated funds can be either held and managed internally by the commer-
cial operator (as in France and Germany), or segregated from the financial 
accounts of the plant owner and managed externally (as in Finland, Sweden 
and the United States). Generally, decommissioning funding plans allow the 
build-up of funds over an extended period; a typical time frame would be 
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25 years for plants with a 40-year design lifetime. It is unclear today if the 
longer operating times currently being envisaged for power plants will affect 
this time frame. 

Following this approach, decommissioning and waste management costs 
are fully internalised and included in the estimates of nuclear electricity 
prices. However, there is a considerable variation in the level of funds 
currently accumulated and, for instance, in some cases within the European 
Union, existing provisions represent less than 50% of the total estimated 
decommissioning costs. This level of provisioning needs to be increased and 
active steps are being taken in this direction by the states concerned (EC, 
2007). 

In general, all countries with significant decommissioning liabilities are 
taking steps to ensure that any funding shortfalls for historical liabilities 
are redressed. Countries that envisage new nuclear power plants generally 
intend to put in place systems to establish segregated funds, managed exter-
nally from the commercial operators, with arrangements for external over-
sight to give assurance, on a regular basis, that financial provisions remain 
adequate.

8.6.6 Decommissioning outlook
As decommissioning experience has grown over the past two decades and the 
needs of utility owners/licensees have changed, there has been an evolution in 
the strategies being adopted for decommissioning. One of the most prominent 
changes has been a policy shift in some countries from deferred dismantling 
to immediate dismantling. An example of the change is the decision of the 
Nuclear Decommissioning Authority in the United Kingdom to abandon its 
earlier decommissioning strategy, for gas-cooled reactors, to defer dismantling 
for a nominal 100 years and instead to adopt a strategy of early dismantling, 
subject to the availability of waste disposal routes and funding.

One reason for this shift has been the recent worldwide successes of 
immediate dismantling of major nuclear power plants, together with signi-
ficant progress in the clean-up of former military sites such as that at 
Rocky Flats (Colorado) in the United States. Experience shows that current 
technology is sufficiently advanced to enable decommissioning objectives to 
be successfully achieved and, therefore, there is little technical reason to defer 
decommissioning. However, a lack of disposal facilities for decommissioning 
waste may be an important constraining factor for some countries because 
of the relatively large volumes of low- and intermediate-level waste produced 
during decommissioning. The availability of disposal routes favours imme-
diate dismantling and avoids the need for interim storage facilities on 
decommis sioned sites, thus removing an important element of cost.

The increasing value of well-characterised existing nuclear sites for new 
nuclear power plants may also be an important driver for immediate dis-
mantling in some cases. For example, in the last few years, US utilities have 
begun planning new NPPs, almost all of which are to be built on existing 
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NPP sites. The need to reuse certain sites for the construction of new nuclear 
power plants may be expected to accelerate the decommissioning of shut-
down plants.

Experience gained from decommissioning projects during the last decade 
or so has highlighted issues that should be taken into account by designers of 
new plants in order to facilitate and reduce the costs of decommissioning. Key 
design considerations include incorporation of modular concepts; innovations 
in equipment, materials and system layout; and measures to reduce potential 
levels of contamination, e.g. by use of fewer components, piping and control 
cable and through use of equipment with longer design life and thereby less 
need for replacement. Given that waste management and disposal can repre-
sent more than one-third of the total cost of decommissioning (see Figure 8.7), 
measures aimed at reducing the amount of material requiring treatment and 
disposal can also yield significant cost benefits. 

The trend in recent years towards extending the lifetime of currently 
operating reactors may have a considerable impact on the number of com-
mercial power plants being decommissioned in the coming decades. This 
situation is reflected in the NEA scenarios, in which final shut-down and 
decommissioning of the majority of the world’s current fleet of reactors are 
assumed to be postponed for a period of up to 20 years. Figure 8.8 shows the 
projected trends for the decommissioning of nuclear power plants assuming 
current standard operation times and the impact of potential lifetime exten-
sions. The result of such life extensions on the need for decommissioning is 
striking, with only a few reactors being shut down each year until 2030, and a 
consequently low demand for dismantling work on currently operating com-
mercial power plants until after that date.

Extending reactor lifetimes will provide additional opportunities for 
collecting decommissioning funds in those cases where current funding 
provisions do not fully meet the estimated cost of decommissioning. Further, 

0

2006
2010

2014
2018

2022
2026

2030
2034

2038
2042

2046
2050

50

100

150

200

250

300

350

400
450

N
um

b
er

 o
f 

re
ac

to
rs

Life time extension

Original design life time

Figure 8.8: Number of currently operating reactors (cumulative) 
expected to be decommissioned worldwide, 2006 to 2050 



268

Chapter 8: Radioactive Waste Management and Decommissioning

it will allow for greater feedback of decommissioning and dismantling 
experience to new decommissioning projects, including on regulatory and 
technical issues.

At a minimum, decommissioning activities will remain steady over the 
coming two decades – regardless of the trend to extend lifetimes for operating 
reactors. This is because ongoing decommissioning activities will continue at 
the substantial number of legacy sites from military and research applications 
and at the nearly 100 nuclear power plants that have already been closed 
and are currently in the early stages of decommissioning. The further 
closures of currently operating power plants will only add to the demand for 
decommissioning.

Decommissioning techniques and installations, as well as regulatory and 
policy frameworks, are largely equivalent for all types of nuclear installations, 
including research, non-energy industrial and military facilities. Many 
current decommissioning activities are concerned with non-nuclear-power 
liabilities, which contribute enormously to decommissioning experience. It 
may therefore be expected that decommissioning skills and knowledge can 
be retained even in the event of lifetime extensions of many of the nuclear 
power plants currently in operation, although such skills may become 
concentrated in those countries with substantial nuclear legacies.

Experience gained in recent years gives confidence that currently available 
technology – for the characterisation of materials; measurement of radio-
activity; decontamination, cutting and dismantling of plant components; 
and tools for remote handling – allows efficient dismantling and clean-up of 
all types of nuclear installations. This does not mean that further substantial 
improvements in technology should not be sought in the coming years. Such 
potential developments, for example in using robotic and laser technologies 
and new technologies for decontamination and cutting, may allow large 
reductions in the radiation doses received by workers in the decommissioning 
industry, reductions in the amount of secondary waste that is generated, 
and improvements in the duration and cost of decommissioning projects. 
Governments and relevant international organisations can play an important 
role in ensuring that appropriate research and development activities are 
undertaken over the next decade.
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Key points

The Treaty on the Non-Proliferation of Nuclear Weapons has been the •	
legal foundation of the international regime for restraining the spread of 
nuclear weapons for nearly four decades. Yet its future effectiveness and 
support could be weakened as a result of various political, legal and tech-
nological developments. To ensure its continued effectiveness, it needs 
to be preserved and enhanced. To that end, states are likely to adopt new 
approaches to its implementation and perhaps new interpretations of its 
existing provisions. They are also likely to continue strengthening asso-
ciated safeguards mechanisms.

Multilateral approaches to the nuclear fuel cycle have the potential to pro-•	
vide enhanced assurance to the international community that sensitive 
nuclear technology is kept contained while allowing the development of 
the peaceful use of nuclear energy. The fundamental non-proliferation 
benefit of such approaches is that a multilateral undertaking carried out 
by multilateral staff will place all participants under greater scrutiny from 
their partners and peers. 

Recent terrorist events have shifted the attention of the international com-•	
munity to nuclear security issues with the aim of preventing non-state 
actors (terrorists, criminal groups) from acquiring or using radio active 
materials for malevolent purposes. A number of both legally binding and 
non-legally binding instruments have been implemented in recent years 
to address this concern, and it is expected that these instruments will be 
strengthened and supplemented in the years to come.

9.1 Introduction
The peaceful uses of nuclear energy provide significant benefits at both 
national and international levels. Yet preventing weapons proliferation while 
allowing for the development of civil nuclear power programmes has always 
presented a challenge to the international community. The desire to prevent 
weapons proliferation is obvious in light of their destructive potential, but as 
long as a link between civilian and military uses of nuclear technology can-
not be effectively and permanently severed and given the anticipated expan-
sion of nuclear power generation in the near and medium terms, nuclear 
weapons proliferation will likely remain a key issue. 

The international legal framework for preventing the spread of nuclear 
weapons and ensuring the security of nuclear materials and facilities has 
evolved over half a century. In 1957-58, when the International Atomic Energy 
Agency and the OECD Nuclear Energy Agency were established, each was 
given a mandate that includes efforts to prevent the proliferation of nuclear 
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explosive devices1 and to ensure that nuclear materials are used only for 
peaceful purposes.2 Since then, the legal frameworks for nuclear non-prolif-
eration and security have expanded significantly. 

Although most countries have always been concerned with preventing the 
spread of nuclear weapons or explosive devices, recent terrorist events have 
shifted their focus towards nuclear security – preventing and responding to 
efforts by terrorist or criminal groups to acquire or use radioactive materials 
for malevolent purposes. Non-proliferation and security have important 
synergies. Measures focused on non-proliferation, such as controls on the 
import and export of radioactive materials, can be used to support security 
objectives, and security measures such as nuclear forensics3 can strengthen 
non-proliferation efforts. These synergies help ensure that nuclear materials 
and technology are used peacefully and securely.

Non-proliferation and security are governed by many instruments. This 
chapter describes those which are most significant while addressing three 
important issues for the future:

difficulties in applying and implementing these instruments;•	

current trends and issues likely to influence existing regimes for non-•	
proliferation and security;

efforts that could be made to strengthen those regimes, making them •	
more effective.

Table 9.1 shows the status of the major non-proliferation and security 
conventions and treaties. In addition to these instruments, there are a large 
number of bilateral agreements on peaceful nuclear co-operation which have 
been entered into by states to facilitate the transfer of nuclear material and 
technology. Most of them provide for the application of IAEA safeguards to 
transferred material. There is also a range of non-legally binding mechanisms 
that have been developed to assist countries in establishing national legal 
frameworks that reflect “best practices” in addressing non-proliferation and 
security. These mechanisms can be of great assistance in the fight against 
proliferation and nuclear terrorism by harmonising norms and procedures 
at an international level. 

1. Statute of the OECD Nuclear Energy Agency (NEA), as amended, Article 1(b); available at: www.
nea.fr/html/nea/statute.html. The system designed to prevent the proliferation of nuclear weap-
ons, provided for by the 1957 Convention on the Establishment of a Security Control in the Field 
of Nuclear Energy, was suspended in 1976 by the OECD Steering Committee for Nuclear Energy in 
order to avoid duplication with similar systems established by the IAEA and the European Atomic 
Energy Community.

2. Statute of the International Atomic Energy Agency, as amended, Articles III.A.5 and III.B.2; 
available at: www.iaea.org/About/statute_text.html.

3. “‘Nuclear forensics’ is the analysis of intercepted illicit nuclear or radioactive material… to 
provide evidence for nuclear attribution… (It) includes the characterization of the material and 
correlation with its production history.” IAEA, “Nuclear Forensics Support, Technical Guidance 
Reference Manual”, IAEA Nuclear Security Series No.2; available at: www-pub.iaea.org/MTCD/
publications/PDF/Pub1241_web.pdf.
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The distinction between legally binding treaties and conventions and 
non-legally binding instruments is really not as important as whether and 
how they are actually implemented. Countries often find it easier to agree to 
measures set out in “voluntary” (non-legally binding) arrangements simply 
because there are no legal constraints on the exercise of their national 
sovereignty over sensitive security matters and they are often simpler to 
implement from a legislative procedure perspective.

9.2 Nuclear non-proliferation regime and related treaties 

9.2.1 Treaty on the Non-Proliferation of Nuclear Weapons
For nearly four decades the Treaty on the Non-Proliferation of Nuclear 
Weapons (NPT, 1968) has been the legal and political keystone for preventing 
proliferation. The treaty is often described as having three pillars: non-
proliferation, the right to peaceful uses of nuclear technology and disarmament. 
It requires a commitment by nuclear weapon states (NWS) not to transfer 

Table 9.1: Status of major non-proliferation and security conventions 
and treaties (as of April 2008)

Instrument
Contracting 

states/
parties*

Entry 
into force 

Treaty on the Non-Proliferation of Nuclear Weapons (NPT) 191 05/03/1970

Convention on the Physical Protection of Nuclear Material 
(CPPNM)

136 08/02/1987

2005 Amendment to the CPPNM 16 Not yet in force

Treaty for the Prohibition of Nuclear Weapons in Latin 
America and the Caribbean (Tlatelolco Treaty) 

33 25/04/1969

South Pacific Nuclear Free Zone Treaty (Rarotonga Treaty) 13 11/12/1986

Southeast Asia Nuclear Weapon-Free Zone Treaty (Bangkok 
Treaty) 

10 27/03/1997

African Nuclear-Weapon-Free-Zone Treaty (Pelindaba Treaty) 26 Not yet in force

Central Asian Nuclear-Weapon-Free Zone Treaty 3 Not yet in force

International Convention for the Suppression of Acts of 
Nuclear Terrorism

29 07/07/2007

UN Security Council Resolution 1373 28/09/2001

UN Security Council Resolution 1540 28/04/2004

Comprehensive Nuclear Test Ban Treaty 
144 (including 
35 Annex 2 

states)
Not yet in force

* Statistics on the number of contracting states/parties to these instruments were accessed on 22 June 2008 
at the following websites: www.iaea.org/Publications/Documents/Conventions/cppnm_status.pdf; www.
iaea.org/Publications/Documents/Conventions/cppnm_amend_status.pdf; http://disarmament2.un.org/
TreatyStatus.nsf; and www.ctbto.org.
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nuclear weapons or other nuclear explosive devices to non-nuclear weapon 
states (NNWS) or to assist them in manufacturing or acquiring the same; 
and conversely, it requires a commitment by NNWS not to receive, acquire or 
manufacture nuclear weapons or other nuclear explosive devices or to seek 
assistance in their manufacture. The treaty also requires those same NNWS 
to accept IAEA safeguards verification measures and prohibits transfers of 
source or fissionable material, or equipment or material specially designed 
for the latter, without being subject to IAEA safeguards. At the same time, 
of course, the NPT confirms the “…inalienable right of all the Parties… to 
develop research, production and use of nuclear energy for peaceful purposes 
without discrimination…”.4 In Article VI, the treaty urges all parties, both 
NWS and NNWS, to negotiate “in good faith” and, among others, a treaty on 
general and complete disarmament under strict and effective international 
control.

The NPT entered into force in 1970 for a period of 25 years, and was indefi-
nitely extended in May 1995. Effective implementation of the NPT relies 
on three mechanisms: verification of the peaceful uses of nuclear energy 
through IAEA safeguards; controls on the transfer of nuclear material and 
technology not subject to IAEA safeguards; and regular assessment of the 
treaty’s operation through review conferences.

Notwithstanding its history, the treaty’s future effectiveness could be 
threatened by pressures resulting from current political and technological 
developments. One such development is the view that the treaty’s classi-
fication of countries into NWS and NNWS5 is sometimes perceived as no 
longer having the same importance or relevance it once did. The status of 
some countries as de facto nuclear weapons states outside the treaty raises 
a number of fundamental issues, not the least of which is how they might 
be integrated into the non-proliferation regime. In addition, many see the 
NPT as imposing unequal obligations on its parties, in particular the imposi-
tion of intrusive IAEA safeguards inspections on the nuclear programmes of 
NNWS.

Another factor that affects the NPT’s future effectiveness is the difficulty in 
interpreting certain of its provisions, such as that which precludes transfers of 
nuclear weapons or other explosive devices either “directly or indirectly”. Such 
imprecise terminology has generated debate over the legitimacy of controls 
over certain transfers, particularly of “dual-use” technologies. The absence of 
an effective compliance or enforcement mechanism is another factor which 
is seen as threatening continued support for the treaty. Furthermore, it is 
exceptionally difficult to amend the NPT to redress its perceived weaknesses, 
not only because of the challenge in reaching a political consensus on the 
changes needed, but because of a cumbersome amendment procedure. 
Amendment of the NPT is likely to be rare; improvements are more likely to 

4. Article IV.1 of the treaty.
5. Article IX.3 of the treaty.
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occur through reinterpretations found in review conference documents or in 
the adoption of ancillary legal instruments.

Lastly, the periodic review conferences at which these issues are frequently 
debated should be made more effective. The most recent conference held 
in 2005 was widely considered disappointing. Options for overcoming these 
problems have been discussed at length by the NPT parties concerned and 
solutions that might be adopted in the near or longer term future are referred 
to in Section 9.3.

9.2.2  IAEA safeguards agreements and the Model Additional 
Protocol

Safeguards are activities by which the IAEA, the world’s “nuclear inspectorate”, 
can verify that a country is complying with its commitments not to use 
its nuclear programme for nuclear-weapons purposes. The NPT makes it 
mandatory for all NNWS to conclude comprehensive safeguards agreements 
with the IAEA, thereby allowing for the implementation of IAEA safeguards. 
The IAEA has safeguards agreements in force with more than 145 states 
around the world,6 most of them being comprehensive agreements. There 
are also, however, a limited number of other safeguards agreements in place, 
such as voluntary offer agreements with NWS or agreements limited to 
specific materials or facilities with non-NPT countries.

Verification measures under a “comprehensive safeguards agreement” 
concluded between the IAEA and a particular country are aimed at permit-
ting the required verification of that country’s declared nuclear material and 
nuclear-related activities; measures include on-site inspections, visits, and 
ongoing monitoring and evaluation. Nevertheless, the failure of the non-
proliferation system to detect a covert nuclear weapons programme in Iraq 
led to more stringent measures being adopted. These are set out in the Model 
Additional Protocol (MAP, 1997) that seeks to verify not only the accuracy, 
but also the completeness of a country’s declaration of its nuclear activities. 
The protocol’s measures enable the IAEA not only to verify the non-diversion 
of declared nuclear material but also to provide assurances as to the absence 
of undeclared nuclear material and activities in a state. Under the terms of 
the protocol, more detailed information on a country’s nuclear programme 
is required, as are broader access to facilities at sites and expedited travel 
arrangements for inspectors.7

The Additional Protocol is in force for 87 countries, as well as for EURATOM 
(European Atomic Energy Community), all of which have concluded various 
safeguards agreements with the IAEA.8 However, it is a voluntary matter as to 
whether states agree an Additional Protocol and there are many with known 

6. The latest status on the number of IAEA safeguards agreements is available at: www.iaea.org/
OurWork/SV/Safeguards/sir_table.pdf.

7. Articles 2-12 of the protocol.

8. Status as of 25 April 2008 according to www.iaea.org/OurWork/SV/Safeguards/sg_protocol.
html.
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nuclear activities that have not. Of the twenty or so such NNWS, some have 
the capability to enrich uranium. Uranium enrichment is a dual-use tech-
nology since it can be used for either civil or military purposes, although 
the degree of enrichment for the latter is much higher and more demanding 
to achieve. Centrifuge enrichment is a particular concern as the facilities 
can easily be reconfigured to modify the enrichment level. It is important 
that the IAEA continues to make concerted efforts to persuade countries to 
adhere to this important instrument, although a positive outcome of those 
efforts is by no means certain.

9.2.3 EURATOM safeguards system
The EURATOM Treaty establishes a nuclear materials control system applica-
ble to all 27 member states, assigning to the European Commission the 
responsibility of satisfying itself that ores, source material and special fissile 
material are not diverted from their intended uses as declared by the users.9 
The EC may send inspectors into member states and those inspectors have 
generous access rights to places, data and persons who deal with materials, 
equipment or installations subject to treaty safeguards. The EC may also 
impose sanctions ranging from warnings to a partial or total withdrawal 
of source material or special fissile material. The EC is equally responsible 
for satisfying itself of compliance with safeguarding obligations assumed 
by the Community under an agreement with a third state or international 
organisation.10 

9.2.4 Regional nuclear weapon-free zone (NWFZ) treaties
Several arrangements have also been established with the aim of 

excluding nuclear weapons from specific regions. All are based on creating 
geographical zones free of nuclear weapons or weapons-related activities. 
These arrangements complement various arms-control treaties that ban 
nuclear weapons from areas considered to constitute the “global commons”, 
such as the Antarctic Treaty (1959), the Outer Space Treaty (1967) and the 
Seabed Arms Control Treaty (1971). 

Five regional NWFZ treaties exist, although not all of them are in force: the 
Tlatelolco Treaty (1967) for Latin America, the Rarotonga Treaty (1985) for the 
South Pacific, the Bangkok Treaty (1995) for South-East Asia, the Pelindaba 
Treaty (1996) for Africa and the Central Asia Treaty (2006). Each state party to 
one of these treaties adopts comprehensive safeguards administered by the 
IAEA which verifies that the state is not pursuing nuclear weapons illicitly. 
The treaties also include protocols pursuant to which non-regional states 
that have geographical responsibilities in the region, particularly NWS, may 

9. EURATOM Treaty, Article 77(a); available at: http://eur-lex.europa.eu/en/treaties/dat/12006A/ 
12006A.html.

10. An example of such an agreement is the “Agreement between the European Atomic Energy 
Community, the International Atomic Energy Agency and the European Union member states 
in implementing Article III(1) and (4) of the Nuclear Non-Proliferation Treaty”. IAEA document 
INFCIRC/193 plus Addenda 1-20, 1973-2008, IAEA, Vienna.
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provide legally binding assurances to respect the status of nuclear weapon-
free zones and not to use or threaten to use nuclear weapons against states 
parties to the NWFZ treaties. Interest has been expressed in establishing 
additional nuclear free zones in the Middle East, South Asia and Central and 
Eastern Europe, but these initiatives face significant political issues unlikely 
to be resolved in the foreseeable future.

9.2.5 The Comprehensive Nuclear Test Ban Treaty (CTBT)
The CTBT is yet another cornerstone of the international regime on the non-
proliferation of nuclear weapons. Its complete ban of any nuclear weapon 
test explosion is intended to constrain the development or improvement 
of nuclear weapons. The treaty was adopted by the United Nations General 
Assembly in 1996, and although it has achieved considerable support, it is 
still not yet in force.

Table 9.2: “Annex 2” states whose ratification is necessary  
for entry into force of the CTBT*

State Ratification State Ratification

Algeria 11 July 2003 Israel
Argentina 04 Dec. 1998 Italy 01 Feb. 1999
Australia 09 July 1998 Japan 08 July 1997
Austria 13 March 1998 Korea 24 Sept. 1999
Bangladesh 08 March 2000 Mexico 05 Oct. 1999
Belgium 29 June 1999 Netherlands 23 March 1999
Brazil 24 July 1998 Norway 15 July 1999
Bulgaria 29 Sept. 1999 Pakistan
Canada 18 Dec. 1998 Peru 12 Nov. 1997
Chile 12 July 2000 Poland 25 May 1999
China Romania 05 Oct. 1999
Colombia 29 Jan. 2008 Russia (USSR) 30 June 2000
Democratic People’s 
Rep. of Korea Slovakia 03 March 1998

Democratic Rep. of 
the Congo 28 Sept. 2004 South Africa 30 March 1999

Egypt Spain 31 July 1998
Finland 15 Jan. 1999 Sweden 02 Dec. 1998
France 06 April 1998 Switzerland 01 Oct. 1999
Germany 20 Aug. 1998 Turkey 16 Feb. 2000
Hungary 13 July 1999 Ukraine 23 Feb. 2001
India United Kingdom 06 April 1998
Indonesia United States
Iran Viet Nam 10 March 2006

* Preparatory Commission for the Comprehensive Test Ban Treaty Organisation at: www.ctbto.org. “Annex 2” 
states are those which participated in the June 1996 Disarmament Conference and which, at that time, 
possessed either a nuclear power or nuclear research reactor.
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Nuclear testing began in 1945 and continued, with more or less regular 
frequency, until 1998. Roughly 2 000 nuclear tests were carried out by NWS 
during that period, including atmospheric, underground and underwater 
testing. A few tests were also carried out by non-NPT countries (India and 
Pakistan). From 1998 until 2006, there was no recorded testing activity until 
the North Korean nuclear test which took place in October 2006.11 

The parties to the CTBT agree to prohibit nuclear explosions at any place 
within their jurisdiction or control, and not to encourage participation in 
any nuclear explosion, whether for military or civilian purposes. The treaty 
established a comprehensive verification regime to monitor compliance with 
its provisions, including an international network of monitoring stations, on-
site inspections and mutual confidence-building measures. It has been rati-
fied by 144 states, including 35 of the 44 “Annex 2” states whose ratifications 
are necessary for the treaty to enter into force (Table 9.2).

9.2.6 Nuclear supplier guidelines
Since the 1970s, several states exporting nuclear materials, equipment and 
technology have agreed to control such exports in order to restrain the 
proliferation of nuclear weapons. These commitments are set out in non-
legally binding arrangements, the first of which, known as the Zangger 
Committee, was developed in 1971 to implement the NPT requirement that 
certain materials and items “especially designed or prepared” for processing, 
use or production of special fissionable material would be exported only when 
covered by IAEA safeguards verification measures. A list of commodities that 
would “trigger” the application of IAEA safeguards was also developed (IAEA, 
1990). A second arrangement was established in the mid-1970s when the 
Nuclear Suppliers Group was formed to secure the participation of suppliers 
whose governments were not then parties to the NPT and to adopt controls 
going beyond especially designed or prepared items. In 1992, the NSG began 
requiring NNWS recipients to accept “full scope safeguards” over their 
nuclear fuel cycle in order to receive relevant exports.

9.3 Preserving and enhancing the NPT regime
The NPT has been the foundation of the international regime for restrain-
ing the spread of nuclear weapons for nearly four decades. It is now nearly 
universal. Yet its future effectiveness could be in jeopardy. To overcome this 
risk, it is likely that one or more of the following options will need to be 
adopted in the near to medium-term future.

A practical NPT agenda
NPT adherents realise that a practical agenda is necessary for addressing 
important issues in concrete terms. At the 2000 Review Conference, “thirteen 

11.  The Democratic People’s Republic of Korea had been a party to the NPT but withdrew its par-
ticipation in 2003.
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practical steps” were agreed upon for systematic and progressive efforts to 
implement Article VI of the treaty. These steps cover a number of key issues 
of concern to a broad spectrum of countries, such as a moratorium on nucle-
ar-weapon-test explosions and reaffirmation that the ultimate disar mament 
process objective is general and complete disarmament under effec tive 
international control. In the future, efforts should be made to develop a con-
sensus on a revised agenda, including other elements of the NPT such as 
safeguards and peaceful use commitments.

Limiting fissile material production
An obvious means of restraining the proliferation of nuclear weapons is to 
limit the production of the highly enriched uranium and separated weapons-
grade plutonium necessary for them. Despite substantial political will on the 
part of many countries, efforts to achieve this by means of a Fissile Material 
Cut-Off Treaty have so far been unsuccessful. It remains, however, an effec-
tive option for capping the production of fissionable material usable in weap-
ons and thus, negotiations may be revived at some point in the future.

Multilateral management of sensitive technologies
Serious thought is being given to limiting the number of states having con-
trol over sensitive enrichment and reprocessing technologies, and several 
options for multilateral management of fuel cycle facilities have been pro-
posed. While implementation of such options will not be easy, some antic-
ipate that there will be greater political (and possibly commercial) will to 
develop them in the coming decades.

Strengthening IAEA safeguards
Achieving broad adherence to the Model Additional Protocol would bolster 
the practical application of safeguards and the IAEA can be expected to con-
tinue working towards achieving that objective in the future. These efforts 
might be aided by the Nuclear Suppliers Group agreeing to export nuclear 
materials and technology only to states that have negotiated safeguards 
agreements under the Model Additional Protocol, a mechanism that should 
not be discounted for the future.

9.4 Multilateral nuclear management and non-proliferation
International co-operation in the peaceful uses of nuclear energy has thus 
far been premised on political commitments by states to use nuclear equip-
ment, materials and technology exclusively for peaceful applications, com-
bined with their acceptance of international safeguards. Non-proliferation 
policy clearly distinguishes between the peaceful and non-peaceful uses 
of nuclear energy and seeks to ensure that growing civil use of this energy 
source does not increase the risk of weapons proliferation. 
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As noted earlier in this chapter, a non-proliferation regime centred upon 
the 1968 NPT has been established as the principal mechanism to cope with 
nuclear technology’s dual nature of both peaceful (civilian) and non-peaceful 
(military) applications. The NPT obliges NNWS to refrain from attempts to 
develop or acquire nuclear weapons in exchange for assistance in exercising 
their inalienable right to develop, produce and use nuclear energy for peace-
ful purposes. From the very beginning, this was understood to encompass 
all nuclear fuel cycle activities, including having access to “sensitive nuclear 
technologies” such as uranium enrichment and spent nuclear fuel reproc-
essing. These technologies are critical from the non-proliferation viewpoint 
because they may be used to produce highly enriched uranium and sepa-
rated weapons-grade plutonium.

9.4.1 Initial multilateral nuclear approaches (MNA) to the fuel 
cycle

Multilateral nuclear approaches to the fuel cycle are not new to the field of 
non-proliferation. As early as 1946, the United States’ “Baruch Plan” called for 
states to transfer ownership and control over civilian nuclear activities and 
materials to an international agency. As a result of concerns about the use 
of nuclear technologies for non-peaceful purposes, largely fuelled by India’s 
nuclear test conducted in 1974, the first feasibility studies on multilateral 
approaches to the nuclear fuel cycle were undertaken: 

The Regional Nuclear Fuel Cycle Centres study in 1977 examined the •	
possibility of setting up multilateral fuel cycle centres at selected sites, 
focusing specifically on reprocessing and plutonium security. While 
the study came to encouraging conclusions regarding the technical 
possibilities of such centres, it also highlighted the problems of technology 
transfer and the difficulties of providing sufficient assurances of supply to 
all stakeholders. 

Similarly, positive technical conclusions were reached by the International •	
Nuclear Fuel Cycle Evaluation study carried out in 1980. Among other 
things, it addressed the possibility of regional fuel cycle facilities and 
prospects for multilateral co-operation on plutonium storage.

The focus of these initiatives was broadened by the IAEA Expert Group •	
on International Plutonium Storage which studied the prospects for IAEA-
supervised management, storage and disposal of spent nuclear fuel. Similar 
studies were undertaken in 1980 by the IAEA Committee on Assurance of 
Supply. In neither case could consensus be reached because states were 
unwilling to renounce sovereign control over nuclear technology and 
fuel. 

In terms of building confidence, multilateral approaches can provide fur-
ther assurances to other countries that sensitive elements of the civilian 
nuclear fuel cycle are only used for peaceful purposes. The fundamental non-
proliferation benefit of such approaches is that a multilateral undertaking 
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carried out by staff from many countries will place all participants under 
greater scrutiny from their partners and peers. 

9.4.2 IAEA Expert Group Report on MNA
In the early days of nuclear technology research, only very few countries 
possessed the capacity to develop nuclear fuel cycle technologies. Over the 
last several decades, however, access to sensitive nuclear technologies has 
significantly increased. Up to 40 countries are now believed to have the 
technical knowledge required to produce nuclear weapons, and the legal 
instruments in place have not managed to prevent the spread of this knowl-
edge. In addition to the continuous dissemination of nuclear technology, the 
emergence of clandestine activities outside the non-proliferation regime has 
brought a whole new focus to this issue. 

In response to a growing emphasis on international co-operation to cope 
with nuclear non-proliferation and security concerns, in June 2004 the IAEA 
Director-General appointed an international group of experts to consider 
possible multilateral approaches to the civilian nuclear fuel cycle. The 
expert group determined that whether for uranium enrichment, spent fuel 
repro cessing or spent fuel disposal and storage, MNA options span a wide 
spectrum between existing market mechanisms and complete co-ownership 
of fuel cycle facilities. According to their report (IAEA, 2005c), three types of 
multilateral approaches may be discerned: 

Assurance of services without ownership of facilities:•	  this could be accomplished 
by suppliers providing additional assurances of supply, or by a consortium 
of governments providing supplementary assurances of access to serv-
ices, or by an IAEA-related arrangement under which access to services 
would be assured.

Conversion of existing national facilities to multinational facilities.•	

Construction of new joint facilities•	 .

Applying this scheme to the various fuel cycle facilities, the expert 
group assessed specific options for uranium enrichment, spent nuclear fuel 
reprocess ing and spent fuel storage and disposal. Their conclusions are 
summarised below.

Uranium enrichment
The existing healthy commercial market at the front end of the fuel cycle 
means that for most countries assurances of supply can be largely fulfilled by 
that market. However, for countries where this assessment may not be valid, 
suppliers might provide additional assurances of supply or international 
consortia of governments could guarantee access to enrichment services. 
In either case, the advantages include avoiding the spread of technology and 
ease of implementation, but disadvantages could be the cost of maintaining 
idle capacity on reserve and a lack of perceived diversity on the supplier side. 
Another alternative would be an arrangement whereby the IAEA would act 
as a kind of “guarantor” of the supply of services to states willing to comply 
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with required conditions. This option would actually operate as a default 
mechanism, only to be activated where a normal supply contract has broken 
down for reasons other than commercial ones. Finally, an MNA might take 
the form of a joint facility, for which there are two ready-made precedents, 
the Anglo-Dutch-German company Urenco and the French EURODIF, both of 
which have been successful in restricting proliferation risks. 

Reprocessing of spent nuclear fuel
Given current capacity to reprocess spent fuel for existing light water reactors, 
it is expected that there will be sufficient reprocessing capacity globally to 
meet demands in the next two decades. Thus, the construction of new joint 
facilities will not be needed for some time. Furthermore, as the majority of 
reprocessing plants are state-owned at the moment, any additional supplier 
assurances would usually be supported by the corresponding government. 
Converting a national facility to international ownership and/or management 
would mean creating a new international entity that would operate as a 
competitor in the reprocessing market. While this option has the advantage of 
bringing together international expertise, it has non-proliferation disadvan-
tages deriving from an inevitable spread of the technology and the risks 
associated with the return of the separated plutonium.

Spent fuel disposal
Today, all spent fuel disposal services are strictly national. Multilateral 
approaches to spent fuel disposal may offer major economic and non-
proliferation benefits, but they would present legal, political and public 
accep tance challenges in many countries (see Chapter 8).

Spent fuel storage
Currently, spent fuel storage facilities are in operation (or under construc-
tion) at national level only, with no international market for services avail-
able except for the Russian Federation’s willingness to take back spent fuel 
from countries that it had supplied with Russian-fabricated fuel. As with 
spent fuel disposal, storage is also a candidate for multilateral approaches 
since storing special nuclear materials in only a few safe and secure facilities 
would enhance both safeguards and security.

9.4.3 Towards a possible new framework
Any assurance-of-supply mechanism needs to address nuclear fuel supply 
interruptions, due to political considerations, that might dissuade initiation 
or expansion of nuclear power programmes, as well as vulnerabilities that 
create incentives for building new national enrichment and reprocessing 
capabilities. From both economic and assurance-of-supply perspectives, two 
extremes are the least desirable: i) a multitude of national fuel cycle facilities; 
and ii) a few monopolistic fuel supply sources. The world would be better off 
with a limited number of strong but properly competitive multinational or 
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multilateral nuclear fuel suppliers, mirroring the supply of nuclear power 
plants themselves.

Since the publication of the IAEA Expert Group Report, a notable number 
of proposals have been brought forward: 

The offer from the United States in September 2005 (IAEA, 2005a) to set •	
aside up to 17.4 tonnes of excess high-enriched uranium for down -blending 
to low-enriched uranium “to support assurance of reliable fuel supplies 
for states that forego enrichment and reprocessing”. 

The Russian Federation initiative of January 2006/June 2007 (IAEA, 2007b), •	
to develop a Global Nuclear Power Infrastructure capable of providing 
secure and equal access to the benefits of nuclear energy, in compliance 
with non-proliferation requirements, to all interested countries. That ini-
tiative includes establishing an International Uranium Enrichment Centre 
in the city of Angarsk, “to provide guaranteed access to uranium enrich-
ment capabilities to the Centre’s participating organisations”.

The Global Nuclear Energy Partnership initiative to develop advanced •	
nuclear power technologies (see Chapter 13), proposed by the United 
States in February 2006, includes a programme to “ensure that countries 
who agree to forgo their own investment in enrichment and reprocessing 
technologies will have reliable access to nuclear fuel”. 

The proposal in June 2006 (IAEA, 2006a) from six countries with commer-•	
cial uranium enrichment supply activities – France, Germany, the Nether-
lands, the Russian Federation, the United Kingdom and the United States – 
for the concept of a Multilateral Mechanism for Reliable Access to Nuclear 
Fuel. The concept would comprise two levels of enrichment assurance, 
“basic” and “reserves”, beyond normal market operations.

In September 2006, an offer from the Nuclear Threat Initiative to contribute •	
USD 50 million to the IAEA to help create a low-enriched uranium stockpile, 
owned and managed by the Agency, that could be made available if other 
supply arrangements are interrupted. The offer is subject to the satisfaction 
of certain time-limited conditions. An additional USD 50 million allocation 
was granted by the United States towards establishing this nuclear fuel 
reserve. Norway added USD 5 million in February 2008.

The September 2006 Japanese proposal (IAEA, 2006b) for an IAEA Standby •	
Arrangements System for the Assurance of Nuclear Fuel Supply, which 
is essentially a system to disseminate information on uranium reserves 
and fuel fabrication capacities to help prevent the interruption of nuclear 
fuel supplies. It is designed to complement the Multilateral Mechanism for 
Reliable Access to Nuclear Fuel.

In May 2007, the German proposal (IAEA, 2007a) for “Multilateralising the •	
Nuclear Fuel Cycle”, under which a multilateral uranium enrichment centre 
with extra-territorial status would be established under IAEA control but 
operate commercially to provide enrichment services. 
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These proposals all seek, in one way or another, to provide an assurance 
of supply of low-enriched uranium (LEU) for commercial nuclear fuel. They 
present different options and their diversity illustrates the challenge of 
developing a global system. They address uranium enrichment services, as 
well as the supply of low-enriched uranium itself and of ready-to-use fuel 
assemblies. 

Any new system for assurance of supply will need to be formulated in 
a manner that ensures the supply mechanism is equitable and accessible 
to all users of nuclear energy. To be successful, it will need to have a high 
degree of flexibility since states may develop different policies and solutions 
to improve their fuel supply security, depending upon geography, resources, 
technical abilities, historical links, regional economic integration or other 
strategic factors. Participation in such a system would be voluntary, and no 
state’s right to use nuclear energy for peaceful purposes should be compro-
mised by its choice not to participate. Finally, any new system should consti-
tute only a “backup” to commercial markets.

While today’s initiatives all focus on the security of supply of nuclear 
fuel, similar principles could be applied to other “sensitive” aspects of the 
fuel cycle, including spent nuclear fuel reprocessing and recycling, and the 
management and disposal of spent fuel. Nevertheless, current thinking 
reflects the view that multilateral approaches focusing on the back-end 
of the fuel cycle should only be introduced at a later stage, once sufficient 
experience has been gathered and sufficient confidence gained from the use 
of multilateral systems for the assurance of fuel supply. 

Irrespective of the specific proposal adopted, the legal basis for all 
such undertakings would almost of necessity be a bilateral or multilateral 
arrangement under which the “fuel cycle” host country/site would need 
to be designated, the ownership of the facility determined (e.g. joint or 
co-ownership), qualifying criteria of the beneficiary established, assurance 
and conditions of supply clearly spelled out, allocation of responsibilities and 
liabilities clearly delineated and provisions specifying the consequences of a 
breach of the arrangement’s terms included. 

At the moment, there is no international legal framework covering such a 
comprehensive arrangement and until there is sufficient support for one or 
more of these initiatives on a global level, the current situation is not likely 
to change. It is true, of course, that certain provisions contained in already 
existing international instruments covering non-proliferation, nuclear secu-
rity, nuclear safety and radioactive waste management could be used as a 
basis for a new framework, but this could result in a patchwork of provisions 
that would not likely meet the required objectives. When there is sufficient 
international support for this type of initiative, it would then be timely to 
undertake negotiations to adopt a new international legal framework for the 
safe, secure implementation of such programmes.
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9.5 Nuclear security conventions and related instruments

9.5.1  The Convention on the Physical Protection  
of Nuclear Material: Recommendations,  
the Convention and its Amendment

The first recommendations to countries on the physical protection of 
nuclear materials were issued in 1974 (IAEA, 1999). They establish categories 
of nuclear material based on risk and suggest measures for their physical 
protection while in use, storage and transport, whether domestic or inter-
national, including protection from sabotage. Their implementation is one 
means of demonstrating compliance with many of the obligations in the 
Convention on the Physical Protection of Nuclear Material. The recommen-
dations were last revised in 1998 and they are very likely to be revised again 
to account for terrorist risks.

The Convention on the Physical Protection of Nuclear Material (CPPNM, 
1980), the first international nuclear security instrument, covers the 
protection of nuclear material as defined in the convention. Its primary focus 
is on material in international transport, but many of its provisions apply to 
nuclear material while in domestic use, storage and transport. The CPPNM 
is based on defining levels of physical protection to be applied to nuclear 
material during international transport and related storage and on describing 
the categories of nuclear material to which these levels should be applied, 
following an assessment of the risks associated with failure to protect such 
material. Countries which adhere to the convention are required to make a 
range of actions punishable offences under their national law.12

The 2005 Amendment to the Convention on the Physical Protection 
of Nuclear Material (CPPNM Amendment, 2005) is a clear reflection of the 
international community’s recent concern with increasing nuclear security 
risks. The amendment will significantly extend the convention’s scope to cover 
domestic nuclear activities and sabotage of nuclear facilities or material in 
use, storage or transport. It requires its adherents to maintain an appropriate 
physical protection regime against theft of relevant nuclear materials, 
recovery of missing or stolen material, protecting facilities and material from 
sabotage, and mitigating the radiological consequences of sabotage. Countries 
must also embody the regime in their legal system, including designating a 
competent authority responsible for implementing it.

9.5.2 The International Convention for the Suppression 
of Acts of Nuclear Terrorism

The latest multilateral instrument in the nuclear security field is the UN 
Nuclear Terrorism Convention (2005), which only entered in force as of July 
2007. As noted in its preamble, the convention results from an “urgent need 

12. Articles 1.a, 2.2 and 7 of the CPPNM.
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to enhance international co-operation between states in devising and adopt-
ing effective and practical measures for the prevention” of acts of nuclear 
terrorism. It defines a range of offences intended to cause death, serious 
bodi ly injury or substantial damage to property or the environment, includ-
ing terrorist acts associated with the development of nuclear explosives, 
radiological dispersion devices (“dirty bombs”) and damage to nuclear facili-
ties; additional offences are defined for threats, demands, attempts, partici-
pation as an accomplice, organisation or direction and contrib ution to acts of 
nuclear terrorism, all of which must be established as criminal acts under 
the national law of adhering countries.

The convention also contains obligations regarding counter-terrorism 
measures, exchange of information, and detection, prevention and response 
to nuclear terrorist acts. Finally, it incorporates by reference IAEA safeguards 
measures and physical protection recommendations.

9.5.3 The nuclear safety conventions
While the Convention on Early Notification of a Nuclear Accident (Early 
Notification Convention, 1986) and the Convention on Assistance in the 
Case of a Nuclear Accident or Radiological Emergency (Assistance Conven-
tion, 1986) both focus on accidents at nuclear facilities, their provisions are 
broad enough to cover incidents resulting from malevolent acts which might 
cause the transboundary release of radioactive materials that could cause 
injury or property damage. Each calls for co-ordinating assistance in the 
event of terrorist or criminal acts involving radiological consequences. Two 
further instruments, the Convention on Nuclear Safety (CNS, 1994) and the 
Joint Convention on Spent Fuel and Radioactive Waste Management (Joint 
Convention, 1997) also contain provisions mandating physical protection of 
nuclear materials and facilities as well as response measures in the event of 
a radiological emergencies. 

9.5.4  The United Nations Security Council resolutions 
on non-proliferation and security

An interesting development, and one that can be expected to continue into 
the future, is the recent promulgation of several United Nations Security 
Council resolutions aimed at combating terrorism. Acting in its “legis lative” 
capacity13 to create binding obligations for all UN member states, the Secu-
rity Council has adopted thirteen such resolutions, two of which are particu-
larly relevant for nuclear non-proliferation and security. 

The first, UN Resolution 1373 (2001), was in the wake of the 11 September 
terrorist attacks against the United States. It seeks to increase international 
co-operation and to enhance national measures “to prevent and suppress... 
the financing and preparation of any acts of terrorism”.14 By reaffirming that 

13. UN Charter, Chapter VII: Action with Respect to Threats to the Peace, Breaches of the Peace, 
and Acts of Aggression; available at: www.un.org/aboutun/charter.

14. Paragraph 8 of the Preamble to the Resolution. 
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“…such acts, like any act of international terrorism, constitute a threat to 
international peace and security”, the UN effectively makes the resolution 
mandatory for all member states. Measures required to be taken include 
preventing, suppressing and criminalising the financing of terrorist acts, 
freezing the funds and assets of terrorists, preventing the movement of 
terrorists and accelerating information exchange on terrorism. The resolution 
refers to nuclear materials, weapons of mass destruction that include nuclear 
weapons and other potentially deadly materials.15 

The second, UN Resolution 1540 (2004), was adopted to address the prolif-
eration of weapons of mass destruction. It focuses on preventing the acquisi-
tion of such weapons by terrorist or criminal elements (non-state actors).16 
The Security Council decided that “…all States shall take and enforce effec-
tive measures to establish domestic controls to prevent the proliferation 
of nuclear, chemical, or biological weapons and their means of delivery, 
including by establishing appropriate controls over related materials…”17 
Such measures include accounting controls for key items, adequate physi-
cal protection, border control and law enforcement mechanisms designed to 
combat illicit trafficking, and effective national export and trans-shipment 
controls such as end-user controls and enforcing penalties for violations of 
such controls. 

9.6 Outlook for the future
Predictions are always difficult. Nevertheless, certain issues have emerged 
with sufficient clarity to enable identification of a number of realistic trends 
for the future. 

Harmonised legal frameworks
Although proliferation and security threats are global in nature, measures to 
address them are the responsibility of national governments. Different legal 
systems, political structures and levels of development, however, necessar-
ily mean differences in national nuclear legislation. Not all governments will 
incorporate treaties, conventions and other instruments into their national 
legal frameworks in the same way; yet harmonised legal arrangements, par-
ticularly for addressing transboundary nuclear threats, could be very ben-
eficial. One can expect that in the future, national and international bodies 
will make concerted efforts to help in this harmonisation process, possibly 
through the development of model provisions for national legislation.

Co-ordination of co-operation and assistance
The number of entities involved in efforts to restrain nuclear proliferation 
and enhance nuclear security is large, as is the number of organisations and 

15. Paragraphs 4, 3(a) and Article IV of the Resolution.

16. Paragraph 1 of the Resolution. 

17. Paragraph 3 of the Resolution.
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governments providing co-operation or assistance.18 Some, such as Aus-
tralia, the European Union, Japan and the United States, are very active in 
providing anti-terrorism assistance to nuclear countries less experienced 
in this area, particularly those outside the OECD. The need for more effec-
tive co-ordination of these efforts is universally accepted and with sufficient 
political will, future assistance activities will be conducted jointly by several 
organisations or states, with greater information sharing to avoid both dupli-
cation and gaps.

Addressing weak enforcement and compliance
Nuclear non-proliferation and security norms are principally enforced 
through the national legislative process and in the criminal and civil justice 
systems of states. These enforcement mechanisms are not always reliable, 
however, and in the future it is likely that both national governments and 
international organisations will need to agree on the pressures that can be 
brought to bear on countries that have failed to adopt appropriate enforce-
ment legislation or to take effective remedial action where violations have 
occurred.

Transparency versus confidentiality
This issue is not unique to non-proliferation or security matters and is 
addressed in Chapters 10 and 12. Suffice it to say here that on the interna-
tional level, the current framework for exchanging nuclear security-related 
information between states could be improved in terms of its coherence, as a 
broad range of formal and informal arrangements have been adopted.

Response to a nuclear renaissance
Recent trend to a “nuclear renaissance” will have obvious implications for both 
non-proliferation and nuclear security. If more countries operate facilities 
using large quantities of nuclear materials, the possibilities of diversion to 
explosives development are increased, at least theoretically. Operating more 
nuclear facilities creates more targets for sabotage and increased movement of 
nuclear material creates vulnerabilities to theft or diversion. These issues are 
not insurmountable, but policy makers must anticipate them and treat them 
seriously. The lack of experience on the part of countries newly embarking on 
nuclear power programmes will make nuclear security a particular challenge, 
even if those programmes do not fully develop for another 15-20 years. 
Co-operation and assistance from more experienced nuclear national 
and multilateral organisations must be provided and countries which are 
significantly expanding their nuclear power programmes need to ensure that 
their own legal frameworks are adequate.

18. For example, the IAEA, the UN Global Counter-Terrorism Strategy, the Global Initiative to Com-
bat Nuclear Terrorism, the Proliferation Security Initiative, UNSC 1540 Committee, the Nuclear 
Suppliers Group and Interpol.
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Strong and coherent legal frameworks for non-proliferation and security, 
both on international and national levels, are vital to the maintenance of 
global peace and security. New and revised international instruments are 
continually being adopted while long-established regimes, such as the NPT 
and the IAEA safeguards agreements, are being subjected to new challenges. 
Yet uneven implementation of these instruments could affect efforts to 
enhance both non-proliferation and nuclear security, and this situation will 
clearly need to be rectified in the future. So far, approaches to resolve the 
diverse issues arising from this evolving environment have yet to produce 
a consensus, but at least there is political willingness to continue searching 
for new approaches and finding new solutions. Both states and international 
organisations will need to continue giving adequate priority to these issues 
in the years to come.
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Chapter 10: Legal Frameworks

Key points

Certain fundamental concepts or principles distinguish nuclear law from •	
other aspects of national law and they are reflected in both national and 
international legal frameworks governing nuclear activities. 

Whether at national or international level, legal frameworks must be suf-•	
ficiently flexible to adapt to future developments, including a significant 
increase in global nuclear energy production and use. 

The current international legal framework consists of a variety of legally •	
binding treaties, conventions, agreements and resolutions supplemented 
by numerous non-legally binding codes, guidelines and standards. The 
framework has undergone significant evolution over the last 50 years as 
a result of scientific and technological progress, national energy policies, 
economic forces, commercial considerations, environmental concerns, 
security risks and nuclear accidents.

One of the most important challenges for the future will be to persuade •	
countries with new nuclear power programmes to adhere to that inter-
national legal framework and to abide by the terms of its various instru-
ments. The same challenge will apply to those countries which have 
already established nuclear programmes but which have chosen not to 
“harmonise” their regimes with the existing international framework. 

Intergovernmental organisations must continue to provide extensive •	
assistance to their members in the development of national legal frame-
works for carrying out nuclear activities, and must continue to constitute 
important fora for the exchange of information and experience, and for 
the provision of guidance. 

National regulatory bodies, their responsibilities and attributes, are essen-•	
tial components of national legal frameworks. 

10.1 Introduction 
Legal frameworks in the nuclear field are sets of special, legally binding rules 
created to regulate the conduct of entities engaged in nuclear activities. 
Nuclear activities are those which relate to fissionable materials, ionising 
radiation and exposure to natural sources of radiation. The rules aim to 
ensure the protection of persons, property and the environment from the 
hazards associated with nuclear activities. Today, virtually all activities 
involved in the nuclear fuel cycle are subject to national and international 
legal frameworks to some degree. At the national level, a legal framework 
is normally founded on legislation (including regulations), while at the 
international level it is comprised of one or more legally binding international 
instruments such as treaties, conventions and agreements.
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Over the last 50 years, both national and international legal frameworks 
governing nuclear activities have undergone a major transformation as a 
result of many factors: scientific and technological progress, changing national 
energy policies, new economic forces, competitive commercial considerations, 
increased concern for the environment, national and international security 
risks, and the Chernobyl accident. These legal frameworks must be flexible 
enough to adapt to future developments, including a significant increase in 
the global production and use of nuclear energy and the implementation by 
certain countries of a nuclear power programme for the first time. 

Several fundamental concepts or principles are particularly characteristic 
of nuclear law and are reflected in legal frameworks governing nuclear 
activities: concepts such as safety, security, responsibility, permission, 
continuous control, compensation, sustainable development, compliance, 
independence, transparency and international co-operation. The expectation 
that nuclear energy production and use will increase in the future is not 
likely to lead to the creation of new concepts, but it will almost certainly 
result in greater importance being placed upon the existing ones.

10.2 The international legal framework

10.2.1 Origins
For the most part, international nuclear law has developed reactively to 
technological developments, major events and increasing public concerns 
with nuclear hazards. Although the international nuclear community was 
well aware of the transboundary impact that a nuclear accident could have 
on human health, property and the environment,1 it was the Chernobyl 
accident which triggered the subsequent adoption of international treaties 
and conventions to specifically address the safety of nuclear power plants, 
the safe management of spent nuclear fuel and radioactive waste, nuclear 
emergency notification and assistance, improved  compensation for nuclear 
damage and the international transport of radioactive materials. Similarly, 
terrorist or other criminal activities at the international level have motivated 
the international community to adopt new or strengthened legal instruments 
designed to improve nuclear security, the safety of nuclear trade and the 
non-proliferation of nuclear weapons. 

Multilateral instruments such as the Paris Convention (1960), the Nuclear 
Non-Proliferation Treaty (1968) and the London Convention (1972) consti-
tuted the first international legal frameworks in the nuclear field. It was only 
after the Chernobyl accident in 1986, however, that a comprehensive interna-
tional framework governing all aspects of nuclear energy production and 
use began to take shape. That framework now consists of a variety of legally 

1. As evidenced, for example, by the adoption in the early 1960s of the Paris Convention (1960),  
the Brussels  Supplementary Convention (1963) and the Vienna Convention (1963) on liability and 
compensation for nuclear damage and the Convention on the Physical Protection of Nuclear Mate-
rial (CPPNM) in 1980.
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binding treaties, conventions, agreements and resolutions, supplemented by 
numerous non-legally binding codes, guidelines and standards. Its objective 
is to ensure that nuclear activities will be carried out whenever, wherever 
and by whomever on a safe and secure basis.

10.2.2 International legal instruments
An international legal framework often aims to achieve harmonisation. This 
does not mean uniformity; it does mean consistency. Where the peaceful use 
of nuclear energy has the potential to cause serious harm to a neighbouring 
country, consistent management of the risks and the response to incidents 
lead to better understanding, appreciation and confidence between nations 
in the use of this technology. Tables 10.1, 10.2 and 10.3 illustrate the more 
important instruments which currently make up the international legal 
framework.

In addition, many non-legally binding instruments have been issued to assist 
those involved in peaceful nuclear energy use: policy makers, regulators, 
nuclear facility operators and suppliers of goods, services and technology. 
The best-known and most frequently used are the IAEA’s Safety Standards, the 
Code of Conduct on the Safety and Security of Radioactive Sources and the Code of 
Conduct on the Safety of Nuclear Research Reactors.

Table 10.1: International legal instruments governing safety, 
radiological protection and emergency response

Instrument Purpose Year of 
adoption

Convention on Early Notification of a 
Nuclear Accident (Early Notification 
Convention)

Creates a system for notifying the IAEA/neighbouring 
countries of a nuclear accident with potential 
transboundary consequences.

1986

Convention on Assistance in the Case 
of a Nuclear Accident or Radiological 
Emergency (Assistance Convention)

Sets up a framework for prompt assistance and support 
for nuclear accidents or radiological emergencies. 1986

Council Directive 89/618/EURATOM
Requires the general public to be informed of health 
protection measures and other steps to be taken in the 
event of a radiological emergency.

1989

Convention on Nuclear Safety 
(Nuclear Safety Convention)

An incentive convention* that aims to maintain a high 
level of safety at operating nuclear power plants (NPPs) 
by setting international benchmarks for nuclear safety 
practices and regulations.

1994

Council Directive 96/29/EURATOM
Sets out basic safety standards for protecting the health 
of workers and of the general public from the dangers of 
ionising radiation.

1996

Council Directive 2003/122/
EURATOM

Governs the control of high-activity, sealed radioactive 
sources and orphan sources.

2003

* An “incentive convention” is one which is not intended to ensure that its parties comply with their obliga-
tions thereunder by means of controls and sanctions, but rather on the basis of their common interest in 
achieving the stated goals of the convention. Will is developed and promoted through regular meetings of 
the parties. In the case of the Convention on Nuclear Safety, parties are required to submit reports on the 
implementation of their obligations for “peer review” at such meetings. 
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Table 10.3: International legal instruments governing liability 
and compensation for nuclear damage

Instrument Purpose Year of 
adoption

Paris Convention on Third Party 
Liability in the Field of Nuclear Energy

Establishes a nuclear liability and compensation 
regime to compensate victims of a nuclear accident 
(open to OECD member countries as of right and 
non-member countries with the consent of all 
Convention States).

1960

Brussels Convention Supplementary 
to the Paris Convention

Establishes a scheme to provide compensation 
supplementary to that required by the Paris 
Convention (open only to Paris Convention States).

1963

Vienna Convention on Civil Liability 
for Nuclear Damage

Establishes a nuclear liability and compensation 
regime similar to that provided for under the Paris 
Convention (open to any state).

1963

Joint Protocol Relating  
to the Application of the Vienna 
Convention and the Paris Convention

Acts as a bridge between the Paris and Vienna 
Conventions, effectively extending the benefits 
provided by one convention to victims in countries 
which have joined the other convention.

1988

Protocol to Amend the Vienna 
Convention on Civil Liability  
for Nuclear Damage

Improves the original regime by requiring that more 
money be made available to compensate more 
victims for a broader range of damages.

1997

Protocol to Amend the Paris 
Convention on Nuclear Third Party 
Liability

Improves the existing regime by requiring that more 
money be made available to compensate more 
victims for a broader range of damages.

2004*

Protocol to Amend the Brussels 
Convention Supplementary to the 
Paris Convention

Improves the existing regime by requiring that 
significantly more compensation be made available 
to supplement that which is to be provided under 
the Paris Convention.

2004*

Convention on Supplementary 
Compensation for Nuclear Damage

Provides for a global liability and compensation 
scheme which may supplement that called for 
under the Paris Convention, the Vienna Convention 
or Annex State legislation as defined by this 
Convention on Supplementary Compensation.

1997*

* Not yet in force.

Table 10.2: International legal instruments governing spent nuclear fuel 
and radioactive waste management

Instrument Purpose Year of 
adoption

Council Regulation (EURATOM) 
 No. 1493/93

Governs shipments of radioactive substances 
between European Union member states. 1993

Joint Convention on the Safety of 
Spent Fuel Management and on 
the Safety of Radioactive Waste 
Management (Joint Convention)

An incentive convention that aims to achieve 
and maintain a high level of safety through the 
enhancement of national measures and international 
co-operation.

1997

Council Directive 2006/117/EURATOM Addresses the supervision and control of shipments 
of radioactive waste and spent fuel. 2006
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Liability and compensation for nuclear damage
Governments have generally recognised the need to balance the benefits to 
society of a developed nuclear industry with protecting the public from the 
exceptional risks arising from nuclear energy production. For most nuclear 
power generating countries, attaining this balance has meant setting aside 
the basic rules of tort law in favour of new principles governing liability for 
damage suffered by third parties2 as a result of an accident occurring at a 
nuclear installation or during the transport of nuclear substances. These 
principles form the basis of most legislation at national level and the nuclear 
liability and compensation conventions at international level.3  

Strict liability: the operator of the nuclear installation is liable for damage, 
without proof of fault or negligence; only proof of a causal link between the 
damage and the nuclear accident is needed.4

 

Exclusive liability: with few exceptions, the operator of a nuclear installa-
tion is the only entity which may be held liable for damages, regardless of the 
actual cause of the accident.5  

Financial security: an operator must financially secure its liability to ensure 
the availability of compensation funds; private insurance is most commonly 
used. 

Liability limited in amount: an operator’s liability is limited in amount, a quid 
pro quo for the benefits of strict and exclusive liability and the result of limited 
insurance market capacity which largely determines the liability amount. 6 

Liability limited in time: an operator’s liability is limited in time, usually to 
ten years following the accident;7 again a quid pro quo for strict and exclusive 
liability and because financial security providers will not provide coverage 
for longer periods. 

Long before the Chernobyl accident, countries recognised that the con-
sequences of a nuclear accident would not stop at political or geographical 
borders. They agreed that an international convention would be desirable 
to ensure that claimants in countries party to it would have their actions 
judged by similar laws, regardless of where the accident took place or where 

2. A “third party” is anyone other than a nuclear operator or a supplier of goods, services or 
technology. 

3. Some countries have adopted many, but not all of these principles.

4. Under tort law rules, a claimant must prove the fault or negligence of the entity from which it 
is seeking compensation. As victims would have great difficulty establishing such proof after an 
accident’s occurrence, strict liability provides a large measure of equity to claimants. 
5. A claimant normally must pursue those parties potentially liable for the damage. As this 
would pose a major challenge to victims following a nuclear accident, exclusive liability consti-
tutes a significant benefit. In addition, goods, services and technology suppliers need not defend 
claims nor incur liability insurance costs.

6. Most governments recognise that for a major accident, the operator’s liability will not be suf-
ficient and state intervention, based on state responsibility for the protection and welfare of its 
citizens, will be necessary.  
7. Some countries have extended the period for instituting personal injury or death claims to 
30 years.
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the damage was suffered. An international convention could also lay down 
rules for cross-border legal actions, establish liability for damage arising 
from the transport of nuclear substances from one country to another, and 
determine which country’s courts should have jurisdiction to hear claims 
and which country’s laws should apply. As shown in Table 10.3, there are 
several such conventions in existence; the first to be adopted, under the aus-
pices of the OECD, was the Paris Convention. Operator liability amounts and 
supplementary state funding limits under these instruments are shown in 
Table 10.4 below:8

10.2.3 Intergovernmental organisations 
Today’s international framework was adopted under the auspices of several 
intergovernmental organisations which address nuclear issues, including the 
United Nations General Assembly and Security Council, the International 
Atomic Energy Agency, the OECD Nuclear Energy Agency, EURATOM and the 
International Maritime Organisation. The UN Environment Programme, the 

8. Where the unit of account under the instrument in question is other than the EURO or the 
US dollar, the liability amount has been converted to the EUR/$US equivalent as of 22 July 2008.

Table 10.4: Operator liability and compensation amounts 
and supplementary state funding

Instrument
Operator’s liability 

(provided by private funds 
unless otherwise noted)

Supplementary funding 
by state(s)

Paris Convention 

Maximum: EUR 15M/USD 24M 
with NEA Steering Committee 
recommendation: 
EUR 154M/USD 244M 
Minimum: EUR 5M/USD 8M

N/A

Brussels Supplementary 
Convention

As per Paris Convention 
(see above) 

Between EUR 5M/USD 8M and 
EUR 308M/USD 489M

Vienna Convention Maximum: none 
Minimum: USD 95M (approximate) N/A

Vienna Convention Protocol 

Maximum: none 
Minimum: EUR 308M/USD 489M 
Reduced liability: EUR 5M/USD 8M 
Operator/State may share liability;

N/A

Paris Convention
Protocol

Maximum: none 
Minimum: EUR 700M/USD 1.1Bn 
Reduced liability: EUR 70M for small risk 
facilities 
EUR 80M for transport

N/A

Brussels Supplementary 
Convention Protocol Maximum: EUR 700M Between EUR 700M/USD 1.1B 

and EUR 1.1B/USD 1.7B

Convention on 
Supplementary 
Compensation 

Maximum: none 
Minimum:  EUR 308M/USD 489M 
Reduced liability: EUR 5M/USD 8M 
Operator/State may share liability

EUR 308M/USD 489M 
(approximate, if all major 
nuclear power generating 
states join)
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Food and Agriculture Organization, the International Labour Organisation and 
the World Health Organization have also contributed through sponsorship of 
supporting instruments. These organisations provide extensive assistance 
to their members in developing national legal frameworks for carrying 
out nuclear activities and constitute important fora for the exchange of 
information and experience. 

United Nations 
A large number of treaties, conventions and resolutions have been adopted 
under the auspices of the United Nations. Those which are particularly rel-
evant are set out in this chapter or are referred to in Chapter 9. 

OECD Nuclear Energy Agency 
The NEA has played an important role in helping its member countries cre-
ate sound national and international legal regimes required for the peaceful 
uses of nuclear energy. This is particularly true in the field of liability and 
compensation for nuclear damage. It was under the auspices of the NEA that 
the 1960 Paris Convention and the 1963 Brussels Supplementary Convention 
were adopted, these instruments constituting the first international nuclear 
third party liability and compensation regime to be established. The NEA has 
also supported the recent amendment of these conventions as well as the 
adoption of the 1988 Joint Protocol which links the Paris-Brussels regime to 
an international nuclear liability regime later established by the IAEA.

International Atomic Energy Agency 
As part of the UN family, the IAEA is to be credited with having promoted the 
adoption of the largest share of the international legal framework. Its instru-
ments, both legally binding and otherwise, address every aspect of nuclear 
activity and, as with other intergovernmental organisations, national experts 
from IAEA member states work continuously to improve that framework. 
Much has been achieved, but much still needs to be done.

Safeguards systems
The most pivotal challenges will be to strengthen the IAEA’s safeguards sys-
tem (see also Chapter 9), to adopt effective enforcement measures, to strive 
for near-universal application and to ensure its full implementation. This 
will be particularly important for countries introducing a nuclear power pro-
gramme for the first time or located in politically less stable regions.

Non-proliferation initiatives 
The IAEA is now serving as a forum for discussion of multilateral approaches 
to the nuclear fuel cycle. Such approaches seek to internationalise or multi-
nationalise sensitive nuclear fuel cycle facilities and to strengthen non-
proliferation (see also Chapter 9). These approaches anticipate that countries 
with existing uranium enrichment and spent nuclear fuel reprocessing 
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capabilities will provide services to countries without such capabilities. In 
return, the latter countries would agree to forego having their own domestic 
facilities in the future.

Global nuclear safety regime
Increased nuclear energy production is an excellent reason to strengthen 
legal frameworks ensuring nuclear safety. The IAEA, the NEA and other 
international organisations must continue to promote adherence to inter-
national safety conventions as well as to codes of conduct, safety standards 
and safety practices in this field. 

EURATOM
European Union activities in the nuclear field are based on the 1957 EURATOM 
Treaty, under which competences have been introduced in the fields of R&D, 
radiological protection, nuclear fuel supply, non-proliferation and interna-
tional relations. Following debates on the security of future energy supplies, 
competitiveness, a single energy market and the EU undertakings under the 
1997 Kyoto Protocol,9 the European Commission has increased its initiatives 
in the nuclear field significantly. Among those that will play a major role in 
the future are the EC proposals presented in 2003 and amended in 2004 for 
Council Directives (EURATOM) on nuclear installation safety and the safe 
management of spent nuclear fuel and radioactive waste. 

10.2.4 Outlook for the future 

Adaptation, adherence and compliance
With a predicted increase in the number of nuclear power plants worldwide 
in the coming decades and a corresponding growth in related activity to 
enable that increase, the international community must be prepared to adapt 
the existing international legal framework to those new realities. Perhaps 
the most important challenge will be to ensure that countries with new 
nuclear power programmes adhere to the treaties, conventions, agreements 
and resolutions that comprise that framework and abide by their terms. The 
same challenge will apply in respect of countries with established nuclear 
programmes which have chosen not to harmonise their regimes with the 
international framework. 

The international nuclear community will thus be obliged to continually 
focus its attention on all instruments forming part of the framework. While 
specific issues may result from current events,10 compliance with the entire 

9. The EU15 undertook to reduce greenhouse gas emissions between now and 2008-2012 by 8% 
below 1990 levels. There is no collective target for EU27 emissions.

10. In the years following the 11 September 2001 terrorist attacks against the United States, for 
example, the international community turned its attention largely to nuclear security, strength-
ening non-proliferation mechanisms and protection against terrorism and acts of a criminal 
nature.
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framework will go far towards ensuring the future safety and security of the 
world’s population and its environment. Table 10.5 illustrates the challenge 
that lies ahead by indicating the number of countries which have adhered to 
the most important elements of that framework.

In addition, the full potential of existing instruments must be tapped before 
attempting to establish new ones. In the field of liability and compensation 
for nuclear damage, for example, there are eight international instruments. 
Each has benefits and drawbacks and countries must determine which, if any, 
best suits their political, economic, geographic and social needs. Given the 
renewed interest in nuclear energy production, it is remarkable that only 234 
of the 439 nuclear power plants in operation are covered by an international 
liability and compensation regime. This is not a matter of negotiating new 
instruments but of attracting adherence to existing ones. 

A similar situation exists with regard to the Joint Convention, the only 
legally binding instrument in the radioactive waste management field and 
an important mechanism to achieve worldwide understanding of the issues 
underlying the back-end of the nuclear fuel cycle. Yet only 46 states have 
joined this instrument. There is an urgent need for much broader participation 

Table 10.5: Number of contracting parties/states 
to the major international instruments in the nuclear field

International instrument Contracting 
parties/states*

Nuclear Non-Proliferation Treaty 191

Comprehensive Nuclear Test Ban Treaty 144

Convention for the Suppression of Acts of Nuclear Terrorism 29

Convention on the Physical Protection of Nuclear Material 136

Amendment to the Convention on the Physical Protection of Nuclear Material 16

Convention on Nuclear Safety 61

Joint Convention on the Safety of Spent Fuel Management and on the Safety of 
Radioactive Waste Management

46

Convention on Early Notification of a Nuclear Accident 102

Convention on Assistance in the Case of a Nuclear Accident or Radiological Emergency 100

Vienna Convention on Civil Liability for Nuclear Damage 35

Protocol to Amend the 1963 Vienna Convention on Civil Liability for Nuclear Damage 5

Convention on Supplementary Compensation for Nuclear Damage 3

Joint Protocol Relating to the Application of the Vienna Convention and the Paris 
Convention

25

Paris Convention on Third Party Liability in the Field of Nuclear Energy 15

Brussels Convention Supplementary to the Paris Convention 12

* Data available from the IAEA on 22 June 2008 at: www.iaea.org/Publications/Documents/Conventions/
index.html.
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in this convention, now and in the future, when increasing volumes of spent 
nuclear fuel and radioactive waste will need to be safely managed.

Trends in international law making
The international community will also be obliged to examine the effective-
ness of “incentive conventions” and non-legally binding instruments which 
provide for little or no recourse in the event of non-compliance. Immediately 
following the Chernobyl accident, considerable efforts were made in interna-
tional law making. By the end of the 1990s, however, this activity slowed and 
formal treaty making became rare. 

This slowdown could be troublesome in the future. Countries are often 
reluctant to assume legal commitments, including enforcement measures, 
preferring the “soft law” of non-binding codes and standards over the “hard 
law” of treaty obligations, particularly since “soft law” can be adopted, 
revised and revoked without lengthy implementation procedures. Yet soft 
law might not be enough. Nuclear materials and technology will continue 
to spread globally and it is unlikely that political “peer pressure” will prove 
to be a reliable enforcement measure for responsible use in all cases. While 
it may be attractive to some, to others it will exacerbate concerns about the 
safe exploitation of nuclear technology in politically less stable regions. 

Other pressing issues, such as management of the nuclear fuel cycle 
to address proliferation and security concerns, might lead to bilateral or 
multilateral co-operation projects for which appropriate international 
agreements would be needed, given that the Joint Convention is not designed 
to address these initiatives (see also Chapter 9). In addition, the international 
emergency and response systems established by the early notification and 
assistance conventions have not been updated and the call to initiate a code 
of conduct on emergency preparedness and response11 is a clear sign that 
these instruments need to be revised. 

Countries introducing a new nuclear power programme may adopt 
whatever legal framework they wish, but the international nuclear 
community will have a legitimate interest in ensuring that they at least meet 
minimum requirements. Legislative assistance programmes should be fully 
utilised for this purpose to ensure the adoption of frameworks that merit 
the endorsement of that community. Countries with existing programmes 
will need to demonstrate continued respect for the fundamental concepts 
referred to above in the face of pressing energy demands, economic interests 
and political pressures. 

Special waste management challenges
Laws governing the siting, construction, operation and closure of waste 
management facilities have already been adopted by most countries with 
civil nuclear power programmes – but the solution to waste management 

11. IAEA Resolution (2006), GC(50)/RES/1.
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challenges does not stop there (see also Chapter 8). Public acceptance will 
pose far greater obstacles than legal drafting.

10.3 National legal frameworks 
The responsible operation of a nuclear power programme requires a com-
prehensive legal framework at national level governing all activities forming 
part of the nuclear fuel cycle. Drafting or revising national legislation that 
establishes such a legal framework is not very different from law making 
in any other field of national interest, and like any other legislation, nuclear 
legislation must comply with a State’s constitutional requirements. While 
there is no such thing as a model nuclear energy law, several of the fun-
damental concepts or principles noted earlier in this chapter are reflected 
in the national legislation of many countries. They are briefly described in 
Table 10.6.

Most countries with established nuclear power programmes have adopted 
legislation that regulates the use of nuclear energy through a mandatory 
licensing system permitting nuclear activities to be carried out only in 
accordance with a licence issued by the responsible public authority for that 
purpose. Licensing systems normally include strong compliance and enforce-
ment mechanisms to ensure that all licence conditions and other applicable 
requirements are respected. Conditions and requirements normally address 
nuclear safety, radiological protection, waste management, non-prolifer-
ation, security, radioactive materials transport, radioactive sources, envi-
ronmental assessment/protection and liability for nuclear damage. Compli-
ance is verified through systematic inspections by the licensing authority 
and obligatory reporting by the licensee, and non-compliance can result in 
licence suspension or revocation, fines or even imprisonment. Countries 
introducing a nuclear power programme for the first time will be expected 
by the international community to follow this same path.

10.3.1 National regulatory regimes
A regulatory regime is one element of a legal framework and is considered by 
many to be the most important. Several international instruments provide cri-
teria or guidance on its establishment and operation (see also Chapter 7). The 
IAEA Fundamental Safety Principles, for example, stipulate that an “effective gov-
ernmental framework for safety, including an independent regulatory body, 
must be established and sustained”. The regulatory body must have “adequate 
legal authority, technical and managerial competence, and human and finan-
cial resources to fulfil its responsibilities”. It must be “effectively independent 
of the licensee and of any other body, so that it is free from any undue pressure 
from interested parties”. 

Article 8 of the Convention on Nuclear Safety and Article 20 of the Joint 
Convention are also relevant, but unlike the Fundamental Safety Principles, they 
are legally binding on their contracting parties. Each requires the establishment 
of a regulatory body, entrusted with implementing the framework referred 
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Table 10.6: Fundamental concepts of nuclear law

Safety 

Safety is the primary requisite for the use of nuclear energy and the applications of 
ionising radiation.i Priority is to be given to nuclear safety when engaging in activities 
related to nuclear installations.ii Legal controls should reflect the hierarchy of risk 
associated with various nuclear activities and facilities

Security Special legal measures are required to prevent the theft, misuse or sabotage of nuclear 
materials and facilities.

Responsibility The prime responsibility lies with the operator or licensee who has been granted the 
authority to conduct specific activities related to nuclear energy or ionising radiation.iii

Permission
As a consequence of the special risks associated with nuclear technology, nuclear law 
generally requires that prior authorisation be obtained for activities involving fissionable 
material and radioisotopes.iv 

Continuous control 
The regulatory body must retain a continuing ability to monitor activities which have 
been authorised so as to assure that they are being conducted safely and securely and 
in accordance with the terms of the authorisation.v

Compensation

The operator of a nuclear installation is generally held both strictly and exclusively liable 
for nuclear damage suffered by third parties as a result of a nuclear accident occurring 
at its installation or in the course of transporting nuclear substances to or from its 
installation.vi

Sustainable 
development 

Environmental law instruments have identified the duty for each generation not to 
impose undue burdens on future generations which has implications in the nuclear field 
because of the very long-lived character of some fissile materials and sources of ionising 
radiation.vii

Compliance To the extent a state adheres to regional and global, bilateral and multilateral 
instruments, its national nuclear law must reflect the obligations that they contain. 

Independence
Nuclear legislation must ensure the establishment of a regulatory authority which is 
not subject to interference from entities concerned with the promotion or utilisation of 
nuclear energy.viii

Transparency 
Public understanding of and confidence in nuclear technology require that the public 
and interested bodies be provided with the fullest possible information concerning the 
risks and benefits of nuclear energy.  

International 
co‑operation 

Users of nuclear technology and nuclear regulators need to maintain close relationships 
with counterparts in other states and in relevant international organisations, since the 
potential for transboundary impacts requires harmonised policies and co-operative 
programmes, and lessons learnt in one country may benefit others.

i. Article 1, Convention on Nuclear Safety; Article 1, Joint Convention.
ii. Article 10, Convention on Nuclear Safety.
iii. Article 9, Convention on Nuclear Safety; Article 21 (1), Joint Convention.
iv. Article 7 (2)(ii), Convention on Nuclear Safety; Article 19 (2)(ii) and (iii), Joint Convention.
v. Article 7 (2)(iii), Convention on Nuclear Safety, Article 19 (2)(iv), Joint Convention.
vi. These principles are fundamental to all international nuclear liability conventions.
vii. Article 1 (ii), Article 4 (vi) and (vii), Joint Convention.
viii. Article 8 (2), Convention on Nuclear Safety; Article 20 (2), Joint Convention.

Source: Stoiber et al. (2003), pp 5-11.

to in the convention and provided with adequate authority and resources 
to carry out its responsibilities. Both also require an effective separation 
between the regulatory body’s functions and those of other bodies concerned 
with promoting or utilising nuclear energy, or at least effective independence 
of regulatory functions from management functions.
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A model regulatory body does not exist any more than a model nuclear 
energy law. Nevertheless, certain of the existing international conventions as 
well as non-legally binding documents produced under the auspices of vari-
ous international organisations refer to the following important attributes 
and functions.

The essential attributes of the regulatory body include:

adequate  authority, competence and financial and human resources to ful-•	
fil its responsibilities;
effective separation from any other body or organisation concerned with •	
the promotion or utilisation of nuclear energy or the effective independ-
ence of regulatory functions from other functions where one organisation 
is involved in both.
The responsibilities of the regulatory body include:
implementation of the appropriate legislative and regulatory framework •	
governing nuclear activities, including the establishment of a comprehen-
sive licensing system for undertaking nuclear activities;
establishment of applicable national safety requirements and regulations;•	
granting, amending, suspending, revoking and enforcing licences for nucle-•	
ar-related facilities and activities, including carrying out inspections and 
assessments of licence compliance;
monitoring radiation releases, co-ordinating emergency preparedness and •	
response plans and activities;
communicating information to stakeholders and the public about the safety •	
of nuclear installations and activities and regulatory processes;  
engaging in bilateral, multilateral or international co-operation.•	

10.3.2 Outlook for the future

Independence and separation of regulatory functions
The effective separation between regulatory functions on the one hand and 
promotional functions on the other will continue to play a crucial role, and 
the legal implications of this concept will not change fundamentally. On a 
more practical level, a regulatory body might require additional or strength-
ened mechanisms in place to maintain its neutrality vis-à-vis influential sup-
pliers, operators, politicians, pro- and anti-nuclear groups as well as other 
stakeholders and the general public. 

Countries establishing a regulatory authority for the first time will expose 
themselves to the critical eye of the international community which is 
likely to strongly discourage the same public or state-owned entities from 
involvement in both the regulatory and promotional aspects of nuclear 
energy production and use. Such cases can be cause for concern; a de jure 
and de facto separation of interests must be guaranteed through institutional 
and organisational measures as well as through the strict allocation of 
responsibilities to both the regulator and the regulated entity. 
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At the international level, there is good communication between national 
regulatory bodies. The NEA Committee on Nuclear Regulatory Activities 
(CNRA), for example, has been addressing nuclear regulatory issues on an 
in-depth basis for almost 20 years. Made up of senior representatives from 
regulatory bodies of NEA member countries, the CNRA promotes co-operation 
amongst members to enhance the efficiency and effectiveness of the regulatory 
process and to ensure that an adequate level of capability and competence 
is maintained. It reviews current practices and operating experience as 
well as developments which could affect regulatory requirements in the 
future. In addition, the International Nuclear Regulators Association has 
issued a statement strongly encouraging countries that are expanding their 
programmes for peaceful uses of nuclear energy and those developing new 
nuclear programmes to adopt strategies of continuous improvement in 
nuclear safety, noting that further enhancement of international co- operation 
and commitment of all nuclear power countries, both existing and future, is 
key to achieving high levels of nuclear safety worldwide. 

Transparency versus confidentiality 
There is an unavoidable tension between the need to communicate sufficient 
information to enable policy makers and the public to understand fundamental 
issues regarding nuclear technology, while protecting information that either 
contains commercially valuable proprietary information or that, if used in a 
malevolent manner, could pose additional risks to public health, safety and 
security. Legislators and regulatory bodies will face this dichotomy more and 
more frequently in the future and will need to find appropriate solutions. 
Transparency and public participation (see Chapter 12) are the “modern” tools 
for instilling confidence and trust in the proper conduct of administrative 
tasks, and yet there is a clear need to protect sensitive information which, if 
placed in the “wrong” hands, could pose serious security risks. A coherent 
approach to balance these trends will be required. 

One approach, closely resembling the “need to know” concept, envisages 
two levels of disclosure: the first involving information needed for the public 
to hold its government accountable and to participate meaningfully in gov-
ernment processes; and the second involving more detailed information from 
the regulated entities on their activities. This approach allows for disclosure 
of “generic” information on security policies and practices to provide a meas-
ure of transparency while limiting public release of specific information on 
facilities, transportation routes, and other technical and operational details 
to avoid compromising security.

Financial and human resources
With an expected increase in the number of applications to construct and 
operate nuclear power plants, many of which will eventually encompass 
new technologies, regulatory bodies are likely to face both legal and practical 
challenges in the future. The US Nuclear Regulatory Commission, for example, 
expects 27 combined construction and operation licence applications to 
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be submitted for 31 new units totalling 41 GWe over the next two years. 
Responding to that many applications requires an expansion of the NRC’s 
qualified workforce that is not simply a practical convenience but a legal 
necessity. Adequate financial and human resources are legal requirements 
under both the Convention on Nuclear Safety and the Joint Convention.12 
Safety and security concerns have to be addressed throughout the lifetime 
of a nuclear power plant, including its final shutdown and dismantling.

In some countries, sufficient scientific and technical knowledge can be 
found within the regulatory body itself; in others, that expertise is obtained 
from other government entities. In still other countries, that expertise may 
be commissioned from the private sector, but in that case it has to be ensured 
that the decisions are made by the regulators themselves.

Numerous workshops, conferences and legislative assistance projects 
organised by the NEA and the IAEA contribute to addressing the “resource” 
issue. The international nuclear community, and especially those involved 
with nuclear law, need to encourage and support initiatives to broaden 
human, financial and technical resources in this field. Regulators will be 
expected to make timely and scientifically-sound decisions. Yet the licensing 
process concerning a nuclear power plant is highly complex, requiring close 
co-operation between engineering, scientific, project management, financial 
and legal staff.

National perspective on multinational projects
One important initiative reflecting the desire for greater international 
co-operation in the regulatory field is the Multinational Design Evaluation 
Programme, set up to enable the sharing of resources and knowledge 
accumulated by national nuclear regulatory authorities during their 
assessment of new reactor designs, with the aim of improving both 
the efficiency and effectiveness of the regulatory process. Although its 
multinational dimension is one of its strengths, a key element of the MDEP is 
that it is intended that national regulators retain sovereign authority over all 
licensing and regulatory decisions.13 

A farther-reaching phenomenon which could have a significant impact 
on the functions and responsibilities of national regulatory bodies is 
the development of multinationally owned nuclear power plants. Small 
countries may not always be in a position to set up their own nuclear power 
programme, but they, as well as some larger countries, may well be interested 
in participating in the projects of neighbouring countries. In June 2007, for 
example, a law was adopted in Lithuania, providing for the legal, financial 
and organisational conditions for the construction and operation of a new 

12. Article 8(1) of the Convention on Nuclear Safety and Article 20(1) of the Joint Convention.

13. Ten countries are participating in the MDEP, of which seven are NEA members(*): Canada*, 
China, Finland*, France*, Japan*, the Republic of Korea*, the Russian Federation, South Africa, the 
United Kingdom* and the United States*. Further details are available at:  www.nea.fr/mdep/. 
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nuclear power plant at Ignalina.14 Although the plant is planned to be built 
and operated in Lithuania in accordance with national laws and regulations, 
foreign participation is permitted and a number of neighbouring countries 
have shown interest in the project.

10.4 Conclusion
The legal framework governing the peaceful uses of nuclear energy is well-
developed in most countries making use of nuclear power, and the foundation 
for its implementation in countries that have yet to establish nuclear power 
programmes is strong and supported by the international community. 
Frameworks, however, need to be flexible. They need to be able to adapt to 
technological developments, to economic changes, to major international 
events and to new and more innovative ways of doing business. To ensure 
that legislation evolves appropriately, governments must be committed to 
the process. The fundamental responsibilities of law makers and regulators 
to ensure the safe and secure use of nuclear energy for peaceful purposes 
will not change in the future, although the ways in which they accomplish 
that most certainly will.

14. Law on the Nuclear Power Plant of 28 June 2007 (No. X-1231); text reproduced in the NEA Nuclear 
Law Bulletin No. 80, Volume 2007/2, p 93. 
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Key points

The reduced number of nuclear power plants constructed worldwide since •	
the 1980s has led to a significant consolidation of the NPP construction 
industry with two major consequences: a current limited capacity to 
construct new NPPs and a focus on pressurised water reactors. It is likely 
to take several years to redevelop the capability to build significant 
numbers of NPPs simultaneously around the world, while maintaining 
the necessary high standards and the ability to keep projects on time 
and to cost. There is evidence that this redevelopment of capability has 
already started.

In the peak years of nuclear power growth, 33 nuclear power reactors were •	
connected to the grid in both 1985 and 1986. In the 1980s, an average of 
one reactor every 17 days was added to the world’s electricity supply sys-
tems, most of this in only three countries (France, Japan and the United 
States).

Extrapolation of historical experience from the 1970s and 1980s, taken •	
together with the growth in the world economy since that time, suggests 
that the capability could be rebuilt to construct 35-60 1 000 MWe reactors per 
year if demand called for it. By 2050, capability could grow to 70-120 reactors 
per year. Extrapolation of the French experience, where there was an 
intensive construction programme, shows even higher numbers. Hence, 
there should be more than enough capacity to build NPPs at a rate to meet 
the NEA high scenario, should there be a strong enough incentive for the 
market to respond. 

Because of the long timescales and requisite specialised skills, the nuclear •	
sector now faces shortages of human resources. These shortages are 
affected by the increasing liberalisation of electricity markets, resulting 
in pressure to reduce costs, and in a decrease in government funding for 
nuclear research. Most countries recognise the need to secure qualified 
human resources, and various recent international, regional and national 
initiatives have been undertaken to encourage more students to enter the 
nuclear field. This constitutes some progress, but more needs to be done.

Nuclear research will continue to be needed in a variety of areas, including •	
safety and radioactive waste management, as well as in nuclear science 
and technology development. Throughout the 1990s, most OECD countries 
with nuclear power programmes reduced their nuclear R&D budgets. This 
reduction in domestic resources for nuclear R&D reinforced the impor-
tance of international organisations, such as the Nuclear Energy Agency 
and the International Atomic Energy Agency, as focal points to pool the 
expertise and the resources of national laboratories, industry and univer-
sities. These organisations play an important role in activities related to 
the preservation of knowledge. 
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11.1  Industrial structure and capacity for the construction 
of new nuclear power plants
With limited numbers of nuclear power plants having been constructed 
worldwide since the peak years of the 1980s, the nuclear power plant 
construction industry has seen significant consolidation and retrenchment 
over the last 20 years. This has inevitably led to there being only limited 
capacity at present to construct new NPPs. Some of the major consolidations 
that have taken place include:

Combustion Engineering (C-E) of the United States was taken over by the •	
Swedish/Swiss group Asea Brown Boveri Ltd. (ABB) in 1990, resulting in 
the merger of the two companies’ nuclear operations.

The nuclear fuel and services activities of Babcock & Wilcox of the United •	
States were absorbed into the French company Framatome in 1992.

The nuclear divisions of Westinghouse Electric were sold by their parent •	
company to British Nuclear Fuels (BNFL) in 1999.

ABB also sold its nuclear operations (including those of the former C-E) to •	
BNFL in 2000; these activities were subsequently integrated into BNFL’s 
Westinghouse subsidiary.

Framatome merged its nuclear activities with those of Siemens of Germany •	
to form Framatome ANP in 2001, now AREVA NP, owned 66% by AREVA and 
34% by Siemens.

Westinghouse was sold by BNFL in 2006 to Toshiba of Japan, which now •	
retains a 67% stake. Minority stakes are held by Shaw Group of the United 
States (20%), Kazatomprom of Kazakhstan (10%), and Ishikawajima-
Harima Heavy Industries (IHI) of Japan (3%).

These takeovers and mergers have resulted in the emergence of two 
consolidated NPP vendors, Westinghouse/Toshiba and AREVA NP. Although 
both companies sell boiling water reactors (BWRs), their main focus is 
now on pressurised water reactors (PWRs). General Electric of the United 
States remains the dominant international vendor for BWR systems, in 
partnership with Hitachi of Japan. Mitsubishi Heavy Industries of Japan is 
also a potential supplier of PWRs to the US market, and has formed an 
alliance (known as Atmea) with AREVA NP to develop a new medium-sized 
PWR design for certain markets. In addition, the Russian nuclear company 
Atomenergoprom supplies PWRs to the international market, while Atomic 
Energy of Canada Limited specialises in pressurised heavy water reactor 
designs.

In some cases, a process of technology transfer is gradually leading to 
the emergence of new vendors. This process is well-advanced in the Repub-
lic of Korea, and is also under way in China. Several other countries have 
plans to adopt a similar approach. These new vendors may be restricted 
to certain markets by licensing agreements with the original technology 
holder, but by 2020 they could be making a large contribution to the over-
all global capacity to build NPPs. By definition, such technology transfer 
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agreements only take place in countries where the market for new NPPs is 
expected to be large.

11.1.1  Global nuclear power plant build rates
The NEA high scenario (see Chapter 3) implies a yearly NPP construction rate 
of about ten units of 1  000 MWe each on average until 2020, rising to an aver-
age rate of 20 units per year by the late 2020s (on the assumption that most 
existing NPPs will still be in operation beyond 2030). This suggests that only 
a gradual expansion of capacity to build NPPs will be required, even after 
2020. However, some expansion will be needed in the next few years to reach 
the capacity to build up to ten large NPPs per year (i.e. approximately 50 units 
at various stages of construction simultaneously) by about 2014-2015. At 
present 37 units are under construction, so the expansion is not large.

For the longer term, in the 2030 to 2050 period, a continued expansion of 
nuclear power will require a higher build rate as most existing plants are 
likely to retire in this time frame. New build will thus be needed to replace 
existing capacity as well as for capacity additions. The NEA high scenario 
implies an NPP construction rate of 40 to 50 units per year in the 2030s 
(assuming reactors of 1 000 MWe), rising to 50 to 60 per year in the 2040s. 
This would clearly require a much more significant increase in global capacity 
to build NPPs, as it implies the ability to construct simultaneously several 
hundred large NPPs at various stages of completion. In the peak build years 
of the 1980s, by comparison, approximately 150 reactors were simulta neously 
under construction.

If a more radical increase in the share of nuclear capacity were envisaged 
to meet growing demand for electricity while reducing CO2 emissions and 
increasing security of supply, an examination of experience with the rapid 
expansion of nuclear capacity in the 1970s and 1980s provides some indica-
tion of the rate at which nuclear capacity can be constructed. Figure 11.1 
shows that between 1974 and 1990, new nuclear plants added around 17 GWe 
every year to global electricity generating capacity. It is clear that the global 
build rate continued to accelerate until the Chernobyl accident occurred in 
1986. In the 1980s, 218 power reactors started up at an average of one every 
17 days, mostly in France, Japan and the United States. The average output of 
these new units was 925 MWe. In France alone, 54 units came into operation 
between 1977 and 1993, an average of 3.2 units per year. 

Figure 11.1 also shows the nuclear capacity that was ordered but subse-
quently cancelled. If all these units had been completed, between 1974 and 
1990 there would have been a further 11 GWe of nuclear generation com-
missioned every year. In the United States, 97 units, capable of generating 
108 GWe, were cancelled between 1974 and 2006 after construction permits 
had been granted. Worldwide, the total was 165 units, or about 185 GWe of 
nuclear capacity; of these, construction had started on 62. Although these 
plants were not completed, it is clear that both utilities and the nuclear 
industry were prepared to construct plants at this rate.
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Figure 11.2 shows the number of global annual new reactor grid connec-
tions from 1955 to the present day, together with a five-year moving average. 
Annual grid connections peaked in 1984 and 1985 at 33 units per year; the 
five-year moving average peaked at around 27 units in 1988.

0

100

1978
1974

1976
1984

1980
1982

1990
1992

1986
1988

1998
1994

1996
2004

2000
2002

200

300

400

500

600

Including cancelled capacity
Actual

G
W

e

Figure 11.1: Global nuclear generating capacity

0

5

10

15

20

25

30

R
ea

ct
o

rs
 p

er
 y

ea
r

35
Five-year moving average

2006
2003

2000
1997

1994
1991

1988
1985

1982
1979

1976
1973

1970
1967

1964
1961

1958
1955

Figure 11.2: Global annual grid connections and five-year moving average



320

Chapter 11: Infrastructure: Industrial, Manpower and R&D Capability

The size of the world economy roughly doubled in real terms between 1980 
and 2005 and it is expected to continue to grow over the coming 25 years and 
beyond. Current projections estimate growth at a further factor of two by 
2050. In approximate terms, the world’s industrial capacity should grow on 
scale with the size of the global economy. Between 1970 and 1990, 17 GWe/yr 
of nuclear capacity was actually constructed and around 28 GWe was ordered. 
The increase in the size of the global economy suggests that the world today 
could construct nuclear power plants at twice that rate – between 35 and 60 
1 000 MWe reactors per year. By 2050, this capacity should be 70-120 reac-
tors per year. Hence there should be more than enough industrial capacity to  
construct the required number of units, even in the NEA high scenario. 

But what if a more radical increase in the share of nuclear technology’s 
contribution to total primary energy supply was needed to combat climate 
change, to increase the percentage of nuclear electricity generation or to pro-
duce near CO2-free hydrogen, for example? The French nuclear programme 
which added 54 reactors between the late 1970s and the early 1990s was 
driven by a concern for energy security. The size of the world economy in 
2005 was about 30 times that of the GDP of France in 1985, suggesting that, 
with the appropriate dedication at world level, it could be possible to con-
struct roughly 100 reactors per year (160 GWe if these reactors were of the 
larger Gen III/III+ designs) and 200 reactors per year or more by 2050. In prin-
ciple this is feasible, but the industrial capability needs rebuilding. 

11.1.2  Developing global supply chains
There is no single company that can build a complete NPP by itself. NPPs are 
complex projects involving numerous contractors and sub-contractors in 
the supply chain, each of which must achieve the high manufacturing and 
construction standards required for a nuclear plant. Thus, NPP construction 
requires a depth and breadth of industrial expertise and experience which 
extends well beyond the vendor of the nuclear reactor system itself. The 
availability of the specialised engineering services and manufacturing 
facilities required is crucial for a successful nuclear project. These supply 
chain capabilities are considerably lower today in Europe and North America 
than they were in the 1980s, and there is concern about how quickly the 
necessary capacities could be built up in response to a rapidly increasing 
number of orders for NPPs.

In particular, the construction of most NPPs requires the manufacturing 
of several large forged steel components, including those for the pressure 
vessel, the vessel head and steam generators. The latest light water reactor 
(LWR) designs also make much more extensive use of forged components 
in order to reduce the amount of welding required. This could well lead to a 
bottleneck in the supply of some of these components.

It is already the case for some of the very large forgings needed in cer-
tain NPP designs. In 2007, they could only be manufactured by one supplier, 
Japan Steel Works. Some US companies have placed orders with Japan Steel 
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Works for such ultra-large forgings well in advance of the final decision on 
the construction of a new NPP to ensure their timely availability. However, 
not all reactor designs require such large forgings, and most NPP forgings 
can be manufactured at many facilities around the world. China and the 
Russian Federation have their own domestic forging facilities (which are not, 
however, currently certified to supply most markets). Thus, any constraint 
on the availability of ultra-large forgings would only affect the largest reac-
tor designs in the near term. An additional facility for ultra-large forgings is 
already being built in France, with others likely to follow once the level of 
future demand becomes clearer.

Often the main NPP vendors work with different sub-contractors in the 
given region or country in which they are constructing plants, in some cases 
to satisfy local content requirements. Thus, the first order for a new NPP in 
a country is likely to require a new supply chain to be developed with new 
partners. This is one reason why it will likely be faster and less expensive 
to build several plants successively, and is especially true where the local 
content requirements are more ambitious.

In addition to the nuclear-related components of an NPP (the reactor 
itself and associated systems), there are also the non-nuclear or conven-
tional aspects of the plant (including the turbine generator and associated 
systems). Although these are not specifically nuclear-related components, 
in many cases they have to meet different specifications and standards 
from those used in other types of power plant. Thus, they require contrac-
tors who are also qualified to work on nuclear projects. Furthermore, the 
expected upturn in power plant orders of all types in the coming years is 
likely to intensify demand for turbine generators and other components for 
which there is limited manufacturing capacity. It may take several years for 
capacity to respond. Steps are now being taken by the established nuclear 
plant vendors to build up their own supply chains, their networks of sub-
contractors and their in-house capabilities in anticipation of an increased 
number of orders in the coming years. 

While some of the necessary investment in additional capacity can be 
made immediately in anticipation of new orders, much will depend on a 
gradual build-up of capacity which can only take place in response to an 
increasing number of firm NPP orders. Such orders will enable NPP vendors 
and other companies in the nuclear engineering sector to justify making 
the large investments needed to support a higher NPP build rate. A gradual 
increase in supply chain capabilities will thus result from steadily rising 
demand. If an unexpectedly large number of NPPs were to be ordered 
in the next few years, it may be that not all will be able to go forward 
immediately.

However, by the 2030 and 2050 time frames considered in the NEA 
scenarios described in Chapter 3, it can be expected that NPP construction 
infrastructure and expertise will have become much more broadly based 
than today. In particular, new advanced reactor designs which are now under 
development will have reached the stage of commercial deployment, providing 
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opportunities for new entrants and additional capacities to emerge. These can 
be expected to play an important role in what will, under the assumptions of 
the NEA high scenario, become a rapidly expanding market for new NPPs.

11.2 Qualified workers, education levels and trends
The life cycle of most energy-industry facilities is long, whereas the nuclear 
energy sector is characterised by very long time scales and technical excel-
lence. The early nuclear power plants were designed to operate for 30 years; 
today the expected lifetime is 50 to 60 years. Taking into account decommis-
sioning and dismantling, the lifetime of a reactor from cradle to grave may 
be in excess of 100 years. 

As a result of this long timescale and the need for essential technical com-
petence, the nuclear sector now faces two related challenges:

How to retain existing skills and competencies for the long operating life •	
of a plant. A very large part of the current nuclear workforce received its 
education and started to work when nuclear development began in the 
1960s and 1970s. This means that these people are now close to retire-
ment. The US Nuclear Energy Institute (NEI), for example, has recently 
estimated that 26% of engineers working in US nuclear utilities will be 
eligible for retirement by about 2013.

How to develop and retain new skills and competencies, both in the area of •	
decommissioning and radioactive waste management, and in support of 
a nuclear power revival in countries with an ageing workforce and where 
programmes have been reduced over recent decades.

11.2.1  Present situation
These challenges are amplified by the increasing deregulation of electricity 
markets around the world and its subsequent pressure on cost reduction, as 
well as by the significant reduction in government funding of nuclear research 
in some countries as highlighted in Figure 11.3. The overall losses of technical 
competencies and skills vary from one country to another according to the 
strength of the nuclear power programme.

With the prospect of a revival of nuclear power programmes over the next 
decade and beyond, the question of availability of qualified manpower to 
meet the perceived needs is back on the agenda, not only for the construc-
tion and operation of new reactors, but also for the research and develop-
ment of improved or new concepts. Knowledge and experience is needed 
in the areas of plant design, component manufacturing, plant construction, 
operation and maintenance and fuel fabrication, as well as for nuclear physi-
cists and chemists performing research on advanced reactor and fuel cycle 
concepts.



323

11.2.2  Quantifying workforce needs
A precise estimate of the requirements for skilled manpower in the nuclear 
field is difficult to determine before the expected nuclear revival is quanti-
fied. However, even before then, governments and industry will have to con-
sider how to replace the current ageing workforce in order to continue to run 
and properly decommission existing facilities. An example of this is given in 
a study carried out in the United Kingdom (Cogent, 2006), which shows that 
the primary driver for recruitment over the next ten years will be to replace 
retiring staff. 

It should be noted, however, that the Cogent report was prepared well 
before the January 2008 announcement by the UK government of an energy 
bill that would “open up the way” to the construction of new nuclear power 
plants in order to help reduce the country’s carbon emissions at a time of 
growing uncertainty about energy supplies, and as part of the country’s wider 
“future energy mix” (Directgov, 2008). This may well alter the perspective 
of the negative expansion-related needs cited in the Cogent report. Indeed, 
there is already evidence that the nuclear industry in the United Kingdom is 
actively recruiting significant numbers of new graduates in anticipation of 
the possible construction of new power plants.

In the United States, the American Nuclear Society recommended that the 
US Department of Energy should undertake a detailed study on the need 
for nuclear science and engineering skills in the next five to ten years (ANS, 
2007). The report also notes that although reliable data are scarce, most actors 
in the field are currently experiencing or anticipating significant shortages of 
qualified nuclear science and engineering graduates. Another recent assess-
ment in the United States has highlighted the potential for bottlenecks in 
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the provision of a trained workforce that could affect the country’s ability to 
build several new nuclear power plants at one time (Reuters, 2007).

The situation in Korea was recently reviewed (KAERI, 2007) and it 
was concluded that human resource development schemes for nuclear 
energy should include a broad base of disciplines, addressing economic, 
environmental and social concerns. The medium- and long-term nuclear 
human resource projections presented for Korea up to 2030 were not firm 
projections, but rather scenarios of plausible ranges of future nuclear human 
resource requirements based on nuclear power generation projections and 
reflecting a variety of economic, social and environmental driving factors. 

Present nuclear research-related facilities are operated by competent 
and experienced scientists and technical staff who represent a significant 
source of knowledge and expertise. Examples from the past have shown that 
technologies that were abandoned may experience a revival; such is the case 
of the high temperature reactor (HTR), which is now one of the six systems 
selected by the Generation IV International Forum. This demonstrates the 
need to keep selected existing facilities operational and to preserve the body of 
knowledge formed. The next generation of qualified staff to be recruited in the 
nuclear industry will require introduction to these methods and techniques 
which have been built up over many years of experience.

11.2.3  Addressing the concerns
Several years ago, a number of studies were undertaken to examine the 
concern that nuclear education and training was decreasing, perhaps to 
problematic levels. An NEA report published in July 2000 quantified for 
the first time the status of nuclear education in member countries (NEA, 
2000). It noted that in most countries nuclear education had declined to 
the extent that expertise and competence in core nuclear technologies was 
becoming increasingly difficult to sustain. Although the overall situation 
appeared bleak, various initiatives held some promises. With the objective 
of building on these initiatives and stimulating new ones, the report made 
a number of recommendations to governments, universities, industry and 
research institutes.

In 2004, the NEA issued a report on Nuclear Competence Building, which 
addressed the question of infrastructure as a whole in order to identify 
good practices and to integrate nuclear R&D and education in an interna-
tional setting (NEA, 2004b). The report noted that publicly funded nuclear 
R&D had experienced a significant reduction in most countries. The need to 
maintain core skills and competencies was generally recognised, but given 
the decrease in public funding, this responsibility was increasingly falling 
on industry.

The reaction of governments to the manpower situation in nuclear energy 
has been varied. Some have launched or supported a variety of initiatives, 
often based on their own analysis of nuclear education and manpower 
requirements. Others have not taken any initiatives at all, perhaps because 
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they prefer to let the nuclear sector respond to market forces, or because 
there is a moratorium on nuclear power, or simply because their programmes 
are already adequate.

11.2.4   Statement by the OECD Steering Committee 
for Nuclear Energy

A general concern clearly prevails regarding the availability of adequate, 
skilled manpower in the nuclear energy field. This was highlighted by NEA 
member country representatives, who, in October 2007, unanimously adopted 
a statement on the need for qualified human resources. The adoption of this 
statement reflects their concerns about the difficulties nuclear institutions 
in many NEA member countries are experiencing in recruiting qualified spe-
cialists. Recent studies have also shown that nuclear education and train-
ing have been suffering declines of various degrees. If no action is taken on 
this issue, the nuclear sector risks facing a shortage of qualified manpower 
to ensure the appropriate regulation and operation of existing nuclear faci-
lities, or the construction of new ones. The last part of the statement adopted 
by the Steering Committee for Nuclear Energy is reproduced below.

Statement by the OECD Steering Committee for Nuclear Energy 
regarding a government role in ensuring qualified human resources 

in the nuclear field  (excerpt)

…Most countries have recognised the need to secure qualified human resources 
in the nuclear energy field, inter alia, due to the long lead time in existing 
programmes and consideration of new energy production options. Although 
some progress has been achieved, more needs to be done. Given that availability 
of qualified human resources is a prerequisite, inter alia, to the safe operation of 
existing nuclear power plants as well as to recourse to nuclear energy in general, 
the OECD Steering Committee for Nuclear Energy has agreed to convey to its 
member governments the following statements:

Governments should regularly carry out assessments of both requirements •	
for, and availability of, qualified human resources to match identified needs. 

Governments, academia, industry and research organisations should collabo•	
rate both nationally and internationally to enhance nuclear education and 
availability of nuclear expertise, including financial support to universities 
and scholarships to students. 

Governments, whether or not they choose to utilise nuclear power, should also •	
encourage large, highprofile, international R&D programmes which attract 
students and young professionals to become the nuclear experts required for 
the future. 

11.2.5  Examples of international and national initiatives
Below are a few examples of recent international, regional and national 
initiatives undertaken to encourage more students to enter the nuclear field 
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by facilitating their access and to retain them within the nuclear industry 
during the early years of their career: 

The World Nuclear University is a global partnership committed to enhanc-•	
ing international education and leadership in the peaceful applications of 
nuclear science and technology.1 The central elements of the WNU part-
nership are:

The global organisations of the nuclear industry: the World Nuclear a) 
Association and the World Association of Nuclear Operators.

The intergovernmental nuclear agencies: the International Atomic b) 
Energy Agency and the OECD Nuclear Energy Agency.

Leading institutions of nuclear education in some thirty countries.c) 

Department of Energy and Nuclear Regulatory Commission initiatives in •	
the United States: 

The University Reactor Infrastructure and Education Assistance a) 
Program, which had a budget of USD 27 million in 2006, was crucial 
in reviving the nuclear science and engineering (NSE) courses at US 
universities. Following the decline in the 1980s and 1990s in NSE 
education capacity, both the number of nuclear-related programmes 
and nuclear engineering degrees at US universities has since started 
to increase (see Figure 11.4). For fiscal year 2008, the funding for 
the university nuclear education assistance programme has been 
appropriated to the Nuclear Regulatory Commission.

Following the 2005 Energy Policy Act, the NRC, under the Nuclear b) 
Education Grant Program began funding grants to institutions of 
higher education to support courses, studies, training, curricula and 
disciplines pertaining to nuclear safety, security or environmental 

1. For further information about the World Nuclear University and its summer courses, see 
www.world-nuclear-university.org.
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pro tection, and any other fields that the Commission determines to 
be critical to its regulatory mission (US NRC, 2008). In 2008, it received 
an additional USD 15 million to support education in nuclear science, 
engineering and related trades to develop a workforce capable of the 
design, construction, operation and regulation of nuclear facilities and 
the safe handling of nuclear materials.

In Japan: •	

NES-net aims to achieve maximum effectiveness by combining the a) 
existing educational infrastructure at universities, research institutes 
and industrial facilities, other specialised facilities, and information 
technology in a programme to train nuclear experts, together with the 
creation of a training centre for skilled workers in maintenance and an 
education and training information centre (Mori et al., 2005).

In Europe:•	

Within the EURATOM 5a) th framework programme for research and 
training activities, the European Commission launched a project on 
nuclear engineering education, defining major elements of a Euro-
pean master of science degree in nuclear engineering. This initiative 
gave rise to the European Nuclear Education Network (ENEN)2, a non-
profit-making legal association, with the main objective of fostering 
high-level nuclear education. The association had 46 members from 
19 European countries in June 2008.

Within the EURATOM 6b) th framework programme (2002-2006), the 
European Commission supported the Nuclear European Platform for 
Training and University Organisations (NEPTUNO) project. Whereas 
the ENEN project concentrated on higher education, the NEPTUNO 
project focused on education and training from the perspective of con-
tinued professional development.

The European Training and Education in Radiation Protectionc) 3 platform 
has been established with the support of the European Commission 
Directorate-General of Transport and Energy. The objec tives of the 
platform are: 

To better integrate education and training into occupational  °
radiation protection infrastructures in the member, candidate 
and associated states of the European Union. 

To facilitate the transnational access to vocational education and  °
training infrastructures. 

To harmonise the criteria and qualifications for and mutual  °
recognition of radiation protection experts.

To remove obstacles to the mobility of these experts within the  °
European Union.

2. For more information about the European Nuclear Education Network, see www.enen- 
assoc.org.

3. See www.euterp.eu for further details.
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11.3 R&D structure and needs

11.3.1  Background
Over the half a century during which nuclear power has been developed for 
the production of electricity, there have been radical changes in the amount 
of R&D undertaken in the countries that have opted to use this technology. 
While lessons can be learnt from the experience of the past, decisions taken 
earlier are not necessarily an appropriate guide to a future in which eco-
nomic, political and environmental pressures will be significantly different.  

Factors that have influenced the shape of R&D structures within those 
countries using nuclear-produced electricity include:

electoral/political decisions on the future of nuclear energy within the •	
country;
governmental approach (illustrated by the contrast between countries •	
where centrally managed R&D programmes are the norm and those 
where R&D is primarily the responsibility of companies in a liberalised 
electrici ty market);
situations where decisions on the role of market forces are deemed to have •	
the greatest importance and those where national energy policies are the 
most influential factor;
reactions to world nuclear events such as the accidents at Three Mile •	
Island in the United States  and at Chernobyl in the former Soviet Union, 
which have had a negative impact on the use of nuclear power;
understanding of the effects of climate change, which generally tend to •	
have a positive influence on the perceived need to exploit nuclear power;
the growth of multinational programmes and co-operation;•	
in some cases, the early deployment of structures to develop military •	
applications of nuclear energy.

Spending on total nuclear R&D within OECD countries has changed 
markedly over recent decades as Figure 11.5 illustrates.

Recently nuclear R&D policies have focused more on supporting exist-
ing reactors and plant life extensions rather than on spending significant 
amounts on new or experimental designs as was the case earlier. There are 
nonetheless some anomalies, for example in Italy where the research and 
nuclear engineering education programme continues even though there 
has been no nuclear generation since the end of the 1980s. In contrast, in 
Germany where 27% of electricity is generated by nuclear power, nearly all 
nuclear research has ended in line with the country’s nuclear phase-out 
policy.

Nuclear research is a very wide field, ranging from fundamental research, 
for example in nuclear theory, to specialised application areas, such as medi-
cine, astrophysics and borehole logging. The rest of this chapter focuses on 
“nuclear energy research” relevant to fission reactors, namely research in the 
areas of safety, waste management, development and science.
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Source: based on IEA (2006).

When discussing nuclear research, and especially its funding, it is conve-
nient to distinguish between basic and applied research. Basic research is 
often characterised as research carried out with the objective of promoting 
knowledge, with no direct link to a given application. Apart from its role 
of providing knowledge, basic research is essential in the training of 
researchers, for example in university laboratories, where they acquire skills 
and competencies which they will use throughout their careers.

11.3.2  Role of governments in nuclear R&D
Nuclear R&D is an area in which the role of governments is important. One 
challenge is to define which programmes should be carried out by the com-
mercial nuclear sector, ultimately financed by the electricity consumer, and 
which should be funded by governments, in other words by the taxpayer.  
Since almost everyone is both an electricity consumer and a taxpayer, there 
might be little difference between the two approaches in terms of who pays, 
but some governments have taken different positions about which is more 
efficient.

The report on Government and Nuclear Energy examined the role of govern-
ments in energy policy making, including nuclear R&D (NEA, 2004a), and 
noted that governments have a role to play in compensating for the impacts 
of the short-term vision of competitive markets seeking high return rates 
on investment, through appropriate tax incentives or other mechanisms. In 
particular, the role of governments is to fund longer-term, fundamental R&D, 
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including, during the early stages, development of advanced reactors and 
their fuel cycle; industry should fund R&D that is more directly related to the 
market. Governments should also assess R&D on the basis of its contribution 
to achieving the three energy policy goals of adequate and secure supply, 
competitive markets and prices, and sustainable development.

However, the situation is not always clear-cut. The funding of nuclear R&D 
in support of current reactor systems (life extension, higher burn-up fuels, 
etc.) is mainly provided by industry, whereas the responsibility for research 
related to nuclear safety is split between the owners/vendors of nuclear 
power plants and regulators/governments. More application-oriented R&D, 
such as developing non-proliferation measures or dealing with military 
waste legacies, is normally seen as a legitimate charge on public funds.

In the same NEA report, it is also noted that governments currently often 
look cautiously at longer-term projects with risky or diffuse payoffs, mainly 
due to the fact that they are under financial pressures. They seek near-term, 
more direct boosts to the economy, which leads them back to nearer-term 
commercial developments and partnerships with industry.

11.3.3  Nuclear R&D programmes and funding choices
There is general consensus that R&D is an essential component of any 
successful programme in nuclear energy, as in other energy and industrial 
sectors. An active R&D programme, with researchers on the leading edge of 
key fields, can bring solutions to specific problems and generate results of 
direct use to continuing energy programmes. It can also influence overall 
energy policy decisions on priorities and directions, by identifying promising 
developments and trends of interest for the future.

Economic considerations are always an underlying factor; they need to be 
taken into account when weighing policy options and deciding on research 
programmes. In addition, research needs and safety issues associated with 
the introduction of nuclear power in smaller countries with limited infra-
structure and without access to a nuclear knowledge base are different from 
those of larger countries (or countries belonging to a group of countries as in 
Europe), with developed infrastructure and direct access to advanced knowl-
edge on nuclear energy. Energy needs are also often on different scales, 
requiring different solutions.

How can governments and research organisations be confident that they 
are selecting the most relevant research programme? If the decision is left 
to researchers, there is a risk that research programmes will be guided by 
the availability of expertise and experimental installations, rather than by 
governments’ strategic considerations. This risk was revealed when estab-
lishing a list of priorities based on requests for nuclear data measurements 
(NEA, 2003). It showed that a large number of requests for nuclear data origi-
nated from scientists in measurement facilities and not, as one would have 
hoped, from the users of the data, e.g. reactor physicists.
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In many member countries, special committees, comprising people with 
a wide variety of competencies, have been established to guide the govern-
ment in its selection of nuclear R&D programmes to fund. An example is the 
Nuclear Energy Research Advisory Committee (NERAC) in the United States 
which was established in 1998 to provide independent advice to the US 
Department of Energy and to assist in developing a long-term nuclear energy 
R&D plan, identifying priorities and possible programmes and assessing 
funding and infrastructure needs. The NERAC has also been asked to review 
the current limitations of university curricula in nuclear engineering and of  
research centres in light of the growing need for qualified human resources.

In addition to requirements for new nuclear research programmes, there 
is also a need to preserve knowledge and information from past experi-
ments. The results and techniques developed from these past experiments 
remain of value both for present-day needs and for the development of future 
nuclear energy systems. They provide the basis for the validation of methods 
and represent a significant source of knowledge.

11.3.4  R&D needs in nuclear safety
The risks associated with radioactivity are among those impacts of modern 
technology that have been the most thoroughly studied. In spite of this, 
nuclear power continues to cause concern and distrust among a significant 
number of citizens. The Chernobyl accident in 1986 is regarded as one of the 
most serious industrial accidents in history and continues to generate deep 
concern about its health consequences in contaminated areas.

However, there are few industrial areas where as many precautions are 
taken to avoid accidents and to protect the environment as in the nuclear 
field. In OECD countries, the level of nuclear safety is particularly high as 
the operation of nuclear power plants is monitored by experienced and inde-
pendent safety authorities, on the basis of solid legislation, regulations and 
standards.

Nuclear safety remains an absolute priority, as any serious accident would 
certainly compromise the future of nuclear power as did the Chernobyl 
accident. It is a wide subject area, that includes the prevention of accidents, 
the limitation of the consequences if any occurred, and the rigorous 
evaluation of the effects and risks for people and the environment. 

With the ageing of current reactors and the development of new techno-
logies, research becomes a vital part of nuclear safety, as it will provide the 
technical basis on which safety authorities will depend to fulfil their role. 
It is also through research that it will be possible to retain highly qualified 
specialists and to have laboratories and experimental installations available 
to deal promptly and effectively with new problems as they arise.

At a time when nuclear operators are confronted with increasing eco-
nomic pressure, it is important to ensure that research into safety is not 
compromised by the drive to reduce costs. It is the responsibility of govern-
ments to ensure that an adequate level of research is maintained through 
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well-planned collaboration between the safety authorities and the nuclear 
industry, as well as through international co-operation which enables the 
sharing of costs and installations. 

The NEA has undertaken a number of studies on nuclear safety research. 
In the last year, it published a report on support facilities for existing and 
advanced reactors (NEA, 2007), which builds upon and updates an earlier 
report on major facilities and programmes at risk (NEA, 2001), but also widens 
the scope to cover advanced LWRs. The 2007 report summarises current 
safety issues, assesses the status of safety-related research facilities, makes 
recommendations concerning important facilities in danger of premature 
closure and, finally, makes recommendations on the need for long-term 
nuclear safety research infrastructure and the preservation of the existing 
one.

In 2007, the NEA also organised a workshop on The Role of Research in a 
Regulatory Context (NEA, 2008), enabling an exchange of experience among 
regulators, research managers and industry on the needs, priorities and 
foreseeable trends for nuclear safety research in a regulatory context. It also 
addressed the means that are or can be used for effectively performing such 
research. The workshop highlighted priority safety issues, at present and 
in the near future, for operating plants and new reactors. The challenges 
that the nuclear community will face in the long term for performing safety 
evaluations of advanced reactor designs were also discussed, as well as the 
various avenues for organising the needed research and infrastructure.

11.3.5  R&D needs in the management of nuclear waste
The management of radioactive waste, in particular finding and implement-
ing acceptable solutions for the long-lived radioactive nuclides, is another 
object of public concern (see also Chapters 8 and 12). It concerns all countries 
that have nuclear facilities, whatever their policy on the future of nuclear 
energy may be. Solutions exist at the technical level and it is up to each 
country to put forward consensual solutions adapted to its particular cir-
cumstances. It is the responsibility of the current generation that benefits 
from the advantages of nuclear power to make progress in this area in order 
not to shift the responsibility on future generations.

Significant research has already been undertaken to study, evaluate and 
compare the various methods of radioactive waste management that mini-
mise, at any time, the potential harmful effects on people and the environ-
ment. Open research projects have been carried out with a broad range of 
solutions to be investigated, such as disposal in deep geological formations, 
long-term surface or near-surface storage, and partitioning and transmu-
tation of long-lived elements.

Disposal of radioactive waste in deep geological formations is the preferred 
technical solution for a large majority of nuclear countries. Researchers and 
experts consider that it will be possible to effectively isolate radio active 
waste from the environment until it becomes harmless, through the natural 
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decay of its radioactivity. Nevertheless, public confidence in this form of 
management is not commensurate with that of the scientific community. 
Public opinion, marked by uncertainties and projections far into the future, 
is not ready to subscribe to a technique whose consequences in the very long 
term cannot be fully assessed.

Underground research laboratories are thus important instruments in 
that they are the right environment for performing experiments under the 
very conditions of a real waste repository. Trials can be carried out over long 
periods of time in order to better test the assessment models used.

Some countries with nuclear power are also pursuing research on the par-
titioning and transmutation of the long-lived isotopes arising in spent fuel as 
a means of reducing the demands on geological repositories (see Chapter 14). 
Plutonium, minor actinides and some long-lived fission products are mainly 
responsible for the long-term hazards of radioactive waste. When these 
nuclides are separated from the waste (partitioning) and then transmuted, 
the remaining waste loses most of its long-term radiotoxicity. It has been 
shown (NEA, 2006) that the radiotoxicity inventory can be reduced by up to 
a factor of ten if all the plutonium is recycled and burned.  Reduction factors 
higher than 100 can be obtained if, in addition, the minor actinides are sepa-
rated and transmuted. A prerequisite for these reduction figures is a near-
complete burning of the actinides, which requires multi-recycling. Losses 
during reprocessing and refabrication must be well below 1% and probably in 
the range of 0.1% for this to be effective. Successful partitioning and trans-
mutation strategy allows a combined reduction of i) the radionuclide masses 
to be stored; ii) their residual heat, and, as a consequence, iii) the volume and 
cost of the repository.

The transmutation of minor actinides can be performed most efficiently in 
reactors with a fast neutron spectrum or in accelerator-driven systems (ADS). 
R&D efforts on ADS are mainly concentrating on non-energy-producing 
devices dedicated to transmuting minor actinides. The transmutation of 
minor actinides is described in more detail in Chapter 14.

11.3.6  R&D needs for advanced reactor concepts
In terms of security of supply, one of the advantages of nuclear energy is the 
small quantity of raw material needed to produce large quantities of elec-
tricity, as well as the wide geographical distribution of the resources and 
uranium production capacities (see Chapter 5). However, it should be noted 
that thermal light water reactors, the large majority of existing reactors, con-
sume only about 0.6% of the energy potential of the natural uranium used to 
produce the fuel. 

As current reactors’ utilisation of the energy potential of uranium has little 
scope for drastic improvement, renewed interest is being shown in reactors 
with a fast neutron spectrum, capable of breeding fuel by producing more 
fissile material than they consume.
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Several international R&D initiatives have been launched on more advanced 
reactor systems. One such initiative is the Generation IV International Forum 
which brings together 12 countries plus EURATOM fostering collaborative 
R&D aiming at developing the next generation of nuclear energy systems. 
Six innovative concepts have been identified as the most promising for 
meeting the goals of increased competitiveness, enhanced safety and 
reliability, more efficient use of natural resources and minimisation of the 
waste produced as well as improved proliferation-resistance and physical 
protection. Among these six concepts, four feature reactors with a fast 
neutron spectrum and five a closed fuel cycle.

Materials science will be at the core of these developments, which also 
pose challenges in terms of reactor physics and fuel cycle physics and 
chemistry. The reactors of the future will require major innovations in 
structural materials, cladding materials and nuclear fuels, innovations that 
will often constitute considerable technological leaps. It will be essential to 
develop reliable predictive models, based on good scientific foundations, and 
to validate these models against experimental data. 

The many and interesting scientific challenges raised by the development 
of next-generation reactors require efficient international co-operation in 
order to progress within a reasonable time frame. It is also important that 
the international community provides an adequate infrastructure to support 
the necessary research.

11.3.7  Role of international co-operation
In the past, governments set up national or quasi-national nuclear R&D 
laboratories and employed thousands of people. They often maintained 
close contacts with reactor vendors and electricity utilities, and sometimes 
owned them. They also organised co-ordination between R&D, industrial 
development and electricity generation. Throughout the 1990s, most OECD 
countries with nuclear power programmes reduced their nuclear R&D 
budgets, both in absolute terms and as a proportion of energy R&D budgets, 
which were themselves declining (see Figure 11.5). 

This reduction in domestic resources for nuclear R&D increased the impor-
tance of international organisations as focal points to pool the expertise and 
the resources of national laboratories, industry and universities, especially 
for those countries which decided to keep the nuclear option open. Enhanced 
international efforts would allow more efficient work by sharing activities 
and costs between several countries. The NEA intervenes at different levels 
to help maintain, develop and disseminate the common core of scientific 
and technical knowledge needed by the different players involved in nuclear 
technology utilisation and development. International organisations, such 
as the NEA and the IAEA, also play an important role in activities related to 
the preservation of knowledge, mainly because of their long-term stability 
and their role as fora for sharing information. 
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The NEA has considerable experience in preserving information in areas 
such as nuclear reaction and chemical thermodynamic data, as well as 
from integral experiments performed in the fields of nuclear safety, nuclear 
criticality, reactor physics, fuel behaviour and radiation shielding. Most of 
this work is performed by the NEA Data Bank in close co-operation with other 
NEA technical committees. The different technical committees ascertain the 
needs and make recommendations on the information worth preserving. 
The role of the Data Bank is then to compile, preserve and disseminate the 
information.
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Key points

Several factors are currently having an effect on public perceptions of •	
nuclear energy: 1) the increasing political pressure to ensure security of 
energy supply; 2) the urgent need to address climate change concerns by 
reducing greenhouse gas emissions; 3) the economics of energy; 4) the 
strong, steady safety performance of nuclear power plants in recent 
years; and 5) the development of good governance in the nuclear energy 
arena, inter alia by strengthening legal frameworks, improving public 
communication and encouraging greater public participation. These 
factors will continue to have considerable influence over the way nuclear 
energy will  be considered by society in the coming years.

Variations among countries highlight the importance of cultural differences •	
and the complexity of the image nuclear energy conveys to society. A 
dynamic mixture of political, economic, social and environmental factors 
affects the way nuclear energy is perceived, and each of these factors can 
evolve over time.

While the provision of valuable information about nuclear risks is impor-•	
tant, it is knowledge – meaning a more in-depth comprehension of the 
issues at hand, acquired through citizens’ direct involvement and com-
mitment – that is essential to building public trust.

Good governance principles play a key role in ensuring that risk commu-•	
nication is effectively carried out. The further development and implemen-
tation of good governance is a necessary step towards educating, 
empowering and engaging society in the policy-making process of deciding 
on and shaping the future of nuclear energy. For this to happen, it requires: 
1) a legal framework that will support transparency of information and 
stakeholder involvement; and 2) effective mechanisms for stakeholder 
participation.

Nuclear safety and radioactive waste management are routinely raised •	
as public issues of concern. Governments, regulators, reactor vendors 
and utilities are making considerable efforts to achieve a more balanced 
public perception of risks in these areas through closer stakeholder 
participation.

It is clear that advances in nuclear technologies are making nuclear energy •	
even safer. Acceptable long-term solutions for high-level waste manage-
ment could change public perception for the better. New reactors in the 
market place as well as Generation IV nuclear technologies, once fully 
developed and deployed, should further alleviate many safety, waste and 
proliferation concerns. 
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12.1 Attitudes towards nuclear energy – setting the scene
While the use of nuclear energy has sometimes triggered considerable public 
opposition over its nearly 60-year history, it was strongly supported by 
governments in the 1950s, 60s and 70s. With high rates of economic growth 
after World War II, the demand for energy – and especially for electricity 
– increased rapidly in OECD member countries. Governments and much of 
society came to perceive nuclear power as a viable option that would enhance 
energy security. This resulted in a high rate of construction of nuclear power 
plants, as illustrated in Chapter 1.

However, a general slow-down in the construction of NPPs occurred in 
European and North American OECD member countries in the 1980s and 
1990s. This slow-down can be attributed to two accidents: one at Three Mile 
Island in the United States, in 1979; and one in Chernobyl, Ukraine, in 1986. 
These accidents were watershed events in nuclear history – not least because 
of the sweeping changes in nuclear safety they prompted – but more directly 
because they generated intense international concern about nuclear power, 
and greatly undermined public and political support for nuclear energy 
in many countries. Moreover, in the same year as the Chernobyl accident, 
prices of fossil fuels, especially oil and gas, fell to low levels, where they 
remained for the following 15 years and more, making it very difficult for 
nuclear energy to compete economically with fossil alternatives.

Several other factors contributed to the slow-down in OECD member 
countries: 

More than adequate supplies of nuclear-generated electricity curbed the •	
need for the construction of new plants (see Chapter 1).

High interest rates during the widespread economic recession of the 1970s •	
and 1980s discouraged investors from taking out large loans to finance 
NPP construction.

The Green political movement began lobbying strongly against nuclear •	
energy, eventually prompting phase-out policies in countries such as 
Belgium, Germany and Sweden.

Despite these factors, the construction of NPPs continued in some coun-
tries, reflecting differences in their social and cultural backgrounds and 
outlook as well as different economic and energy circumstances. Japan 
and Korea, for example, proceeded with their nuclear energy programmes 
throughout the 1980s and 1990s in order to meet rising energy demands.

The influence of public opposition to or support for nuclear energy is often 
difficult to distinguish from other factors. Public opposition alone does not 
in all cases result in nuclear slow-down or phase-out. A dynamic mixture of 
political, economic, social and environmental factors affects the way society 
perceives nuclear energy from one country to another. 

Opinion polls suggest that, at least in Europe, energy issues do not rate 
high on the list of public concerns. Society in recent years has generally been 
more concerned with problems such as unemployment, crime, economic 
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well-being and healthcare (see Figure 12.1). Nonetheless, nuclear energy is 
not a neutral issue. In many cases, it appears to be tolerated, rather than 
accepted, largely for lack of better alternatives to safe, reliable and affordable 
electricity.

12.1.1 Current public perceptions
Despite previous fuel shortages, pollution concerns and high prices, the 
public has traditionally viewed the use of coal, gas and oil as necessary to 
meet energy demands. While the perception of nuclear energy is improving, it 
continues to be viewed with scepticism (see Figure 12.2), especially in Europe. 
In contrast, according to a May 2008 poll conducted in the United States 
(Zogby International, 2008), there is now strong public support for nuclear 
energy: the survey indicated that 67% of Americans support the construction 
of new NPPs.

In fact, considerable variation exists from country to country regarding 
public perceptions of the acceptability of nuclear energy. As illustrated in 
Figure 12.3, some people accept the continued use of existing nuclear facilities, 
but would be opposed to having new nuclear power plants built. Some 
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populations also are far more polarised than others. It should be remembered 
that variations also occur over time – globally, regionally or even within a 
given country – with perceptions evolving because of economic or political 
changes, the occurrence of specific events and the development of new 
technologies.

The public perception of nuclear risks, as compared to the risks from other 
energy sources, does not correlate well with the actual risks in terms of fatal 
accidents. When compared to other sectors, such as coal, gas, oil and hydro, 
very few people have died from nuclear power accidents (see Figure 12.4 and 
Appendix 4).

12.1.2 What is changing?
Security of energy supply and climate change mitigation are now among the 
top priorities on policy agendas; but they are also practical considerations 
for many local communities and households directly affected, for example, 
by droughts, electricity blackouts or high fuel prices. As new technologies in 
all energy sectors make it increasingly possible to realign the energy supply 
mix towards more energy security, reduced greenhouse gas emissions, 
and increasing cost-effectiveness and safety, some sources of energy are 
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becoming more attractive to society than others. As a result, energy issues are 
becoming more prominent topics in societal discourse, and increasingly are 
the target of policies of OECD member countries. Energy options (including 
nuclear) are being debated at all levels.

In parallel, there is a growing trend towards employing principles of good 
governance in OECD member countries – in particular, better public com-
munication and participation in decision-making procedures, which in turn 
can instil greater trust (see Section 12.3). Policy makers should see this as an 
opportunity to facilitate education and understanding about energy issues, 
in order to promote an informed and constructive public debate.

12.1.3 Risk communication
Despite the large differences among countries, as illustrated in Figure 12.3, 
all societies should be better informed about nuclear risks through public 
dialogue (NEA, 2002). Information must be illustrated, explained and related 
to everyday life if risks and benefits are to be clearly understood (Rogers 
et al., 2006). Increased transparency and public outreach activities by nuclear 
energy actors (via town meetings, reports, press releases, journals, exhibi-
tions and the Internet) are essential to that effect. As witnessed in Finland, 
when a decision had to be taken about the storage of high-level radioactive 
waste and the construction of NPPs, an extensive dialogue with all stake-
holders led to a successful and constructive conclusion.

In this context, it is important to distinguish information from knowledge. 
Experience has shown, particularly in the cases of radioactive waste man-
agement and the selection of radioactive waste disposal sites, that despite 
efforts to make information available to stakeholders – through advertising 
campaigns, for instance – little difference may result in the public perception 
of the risks and benefits of building a waste repository. In contrast, increasing 
knowledge – in the sense of building a more in-depth understanding acquired 
through citizens’ direct involvement and commitment – has proven to be 
highly effective. Still, risk communication about nuclear energy is unlikely 
to be successful without public trust. Public trust is particularly important 
when complex technical matters, such as nuclear power, evoke exposure to a 
risk. Governments, as well as industry, non-governmental organisations and 
other actors, must therefore ensure that the information they communicate 
on nuclear energy is credible (Rogers et al., 2006).

Just as public perceptions of nuclear energy vary significantly from one 
country to another, levels of public trust in sources of information also vary 
distinctly. As shown in Figure 12.5, in the European Union, scientists have 
the highest level of credibility, followed by environmental protection organi-
sations or consumer associations, with both enjoying far more public trust 
than national governments and representatives of industry. This is particu-
larly significant given that industry and government are generally the main 
communicators on nuclear energy issues. Leaders in government and indus-
try should therefore devote more time, resources and thoughtful preparation 
towards proactively earning public trust.
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12.1.4 Changes in investor perceptions
Governments, utilities and investors have to take a number of factors into 
account when they decide to commit to a nuclear power programme. One 
such key factor is cost (see Chapter 6). Will nuclear energy be competitive 
with electricity generated from other sources? For example, if the price of 
natural gas were to drop back to its year-2000 level, some might see it as a 
cheaper alternative, and therefore be less inclined to pursue nuclear power. 
But in today’s environment, the improving cost-efficiency of nuclear power 
plants has been coupled with rising costs of oil1 and other fuels – making 
nuclear power cost competitive, despite being capital intensive.

 Potential investors are key stakeholders in the nuclear energy enterprise, 
especially now that there is a renewed interest in the construction of new 
nuclear power plants. When cost considerations are factored into the weight-
ing of nuclear power risks and benefits, the exercise becomes even more 
complex.

Potential risks

Regulatory constraints and licensing procedures:•	  Licensing procedures 
can be time-consuming and costly, and additional uncertainty is added 
when new safety regulations are introduced that are still untested.

1. USD 147/barrel in July 2008.
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Figure 12.5: Public trust in sources of information about energy issues
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Long construction lead times:•	  Investors prefer projects that have a quick 
rate of return. Nuclear power plants take longer to build than other 
power plants, and long lead times make a project more vulnerable to cost 
overruns.

Lack of political will: •	 Policy makers have a leading role, and changes in 
political leadership or shifts in policy can prompt significant fluctuations 
in public opinion. 

Nuclear taxes:•	  For example, Sweden established a nuclear energy tax in 
2000 to compensate for the industry’s possible environmental impact. The 
tax revenue is not used for any nuclear purpose, such as potential third-
party damage costs or costs for managing radioactive waste; it is chan-
nelled into the general government budget. This tax has of course a nega-
tive impact on the competitiveness of nuclear power in Sweden.

Strong public opposition:•	  Public opinion influences investor confidence, in 
part because shifts in public opinion can affect political will.

Potential benefits

Competitiveness:•	  Currently, capital markets are favourable to nuclear 
energy and will likely remain so if the price of coal and natural gas does 
not drop significantly. In countries with emissions trading schemes, 
nuclear energy is even more competitive.

Strong utilities:•	  Provided electric utilities have strong balance sheets and 
good credit ratings – which is currently the case with a level of debt lower 
than many industries – capital markets will be able to support nuclear 
energy projects. Investor confidence has been boosted by the generally 
good performance of electric utility stocks over time.

Financing mechanisms:•	  This could include loan guarantees and/or tax 
credits.

Carbon tax:•	  Such a tax would favour nuclear energy as it does not emit any 
CO2 at the power plant.

Stakeholder perceptions change slowly, but they do evolve over time. The 
next section of this chapter focuses on how such universal challenges as 
security of energy supply and mitigation of climate change are perceived by 
society, and how growing concerns on each of these fronts are affecting per-
ceptions of nuclear energy. The final section explores the influence of good 
governance principles in ensuring that, with effective risk communication 
and public involvement, a more enlightened society will be better able to 
express its views, whether for or against the use of nuclear energy.
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12.2  The effect of global energy challenges on public 
perceptions

12.2.1 Security of supply
Security of energy supply is described by the International Chamber of Com-
merce as the biggest energy challenge faced by the EU and OECD member 
countries this century (ICC, 2003).  In fact, it is a concern shared by many 
energy-consuming countries in all parts of the world.

What role can nuclear power play in securing energy supply? Chapter 5 
describes the opportunities nuclear energy offers for diversifying supply and 
thereby enhancing security. The diverse and geopolitically stable distribution 
of uranium resources offers assurance of a reliable supply chain, thus 
enhancing energy security. With the sharp rise in world electricity demand 
forecast between 2010 and 2050, many countries will feel increased pressure to 
use nuclear energy unless commercially viable baseload alternatives quickly 
emerge. Public discourse focused on nuclear energy and energy security will 
therefore be important to enable society to make informed decisions.

But political debates are often muddled by the differences between expert 
and public perceptions of risk, coupled with different levels of understand-
ing. One key problem is how to reconcile these differences. Polls suggest that 
when the economic and security facts are openly and clearly communicated, 
the public becomes more favourable to nuclear as a source of energy. 

Consider the case of Sweden. In a 1980 referendum, the Swedish pub-
lic voted to phase-out nuclear plants. But several consecutive years of dry 
weather ensued, resulting in low water levels (decreasing the output of 
hydropower, which provides much of the remainder of the country’s elec-
tricity) – combined with cold winters. As a result, demand for energy and 
electricity shot up. And today, Sweden continues to generate almost 50% of 
its electricity from nuclear power plants. Figure 12.6 shows that according 
to polls conducted over a two-year period (June 2006-June 2008), over 80% of 
Swedes are in favour of the continued use of nuclear power.

However, energy shortages do not in all cases lead to more support for 
nuclear energy, at least not immediately. In January 2006, just after the Russia-
Ukraine gas crisis, which briefly affected supplies to Germany (a country 
heavily dependent on Russian gas), a strong majority of Germans felt that the 
phase-out of nuclear power plants in Germany should continue as planned 
and should not be reconsidered.2

This creates a complex challenge for policy makers. As energy security 
becomes a growing concern, public dialogue is needed to explain the poten-
tial risks and benefits of new and existing technologies, and to set them in 
the context of the overall energy mix – including oil, gas and coal supplies. 

2.  The poll is still ongoing. In January 2006, 40% of  respondents were favourable to overturning 
the decision to phase out nuclear energy in Germany versus 58% against, whereas in July 2008, 
the numbers were 22% and 67% respectively with 18 324 respondents.
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This should include information on the relative abundance of various energy 
supplies, their carbon emissions and other environmental impacts, and costs 
based on the entire life cycle. Only within this type of broad-based, informed 
debate can the public acceptance of or opposition to nuclear power be for-
mulated on good grounds (Rogers et al., 2006). To that effect, the provision 
of objective information programmes on all the aspects of energy supply 
and their social, economic and environmental implications should become a 
public policy priority (Laughton, 2003).

12.2.2 Climate change
Climate change is another major policy concern in OECD member countries. 
Nuclear energy ranks with the best of the renewable energies in terms of GHG 
emissions, with only hydropower having lower specific life cycle emissions, 
as described in Chapter 4. The use of nuclear energy can therefore appear 
attractive to policy makers as a means to reduce national GHG emissions. 
As with energy security, the public should understand the issues at stake, 
and should be participating in the debates on climate change and the role of 
nuclear energy in mitigating climate change.
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Yet, although populations are now more aware of the problems, some 
believe that climate change will probably not become a serious public concern 
until its effects are experienced directly. The shrinking natural habitat and 
possible extinction of polar bears and other species are matters of growing 
public awareness, but Hurricane Katrina in August 2005, which devastated 
the US State of Louisiana and neighbouring states, had a far greater impact 
on the public consciousness in the United States and the rest of the world.3 
Similarly, the 2003 heat wave in Europe that resulted in many deaths, 15 000 
in France alone (INSERM, 2004), brought the climate change issue nearer 
home for most Europeans. As the severity of such occurrences becomes more 
strongly linked to climate change in the public view, it will have a direct 
effect on public support for or opposition to energy policies related to climate 
change (Hatch, 1986).

Most people recognise the risks associated with climate change, but 
are reluctant to abandon their current lifestyles. Personal circumstances – 
health, family, personal safety, comfort, and financial considerations – come 
first. The issue of what choices people are willing to make to preserve their 
lifestyles – to maintain current levels of energy consumption, while reducing 
environmental impact – remains multifaceted and complex. But a key ques-
tion will be: how willing are members of society to accept nuclear power 
generation as an option for reducing CO2 emissions?

The answer to this question will depend heavily on the degree to which 
people are informed. According to several polls, a large percentage of 
respondents are actually convinced that nuclear power plants contribute to 
global warming. Even in France, where nearly 80% of electricity is produced 
from nuclear sources, many persons believe that nuclear energy contributes 
significantly to climate change (IFOP 2006, BVA/EDF2007).4 This and other 
misunderstandings are likely to distort the debates on nuclear energy and 
climate change. 

Once people are informed about the environmental benefits of nuclear 
energy, they tend to change their opinion in favour of the use of nuclear 
electricity generation. Figure 12.7 clearly shows strong increases in support 
across 14 countries after an introductory statement about the environmen-
tal benefits of nuclear power. The same is true in Sweden, where nearly 20% 
of the public feels that information about climate change has made them 
change their minds in favour of nuclear energy use (Synovate, 2007). Such 
studies demonstrate that increasing public understanding of nuclear power – 
whether in terms of its environmental benefits or other aspects – will play a 
vital role in judgements regarding its future in the global energy mix.

3.  According to the Intergovernmental Panel on Climate Change, Third Assessment Report, 
there is a likely increase in tropical cyclone intensity due to climate change.

4. Two separate polls report that respectively 51% and 66% of respondents hold this belief.
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12.3 The influence of good governance
The OECD subscribes fully to the benefits of good governance: “Good, effective 
public governance helps to strengthen democracy and human rights, promote 
economic prosperity and social cohesion, reduce poverty, and enhance 
environmental protection and the sustainable use of natural resources. It 
can also deepen confidence in government and public administration.” 
(OECD, 2007). 

The further development and implementation of good governance in 
the nuclear sector is a necessary step towards informing, empowering and 
involving society in the decision on whether or not nuclear energy will be part 
of a country’s energy mix. If nuclear is to expand as in the NEA high growth 

Figure 12.7: The impact of the climate change argument on public support
for nuclear power in 2005
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scenario (see Chapter 3), two aspects of good governance will be especially 
crucial: 1) legal frameworks that will support transparency of information 
and stakeholder involvement; and 2) effective mechanisms for stakeholder 
participation.

In both of these aspects, much has changed in recent years. Conventions 
and other legal frameworks have emerged to support public access to infor-
mation, and to ensure the public right to participate in decision making on 
key nuclear issues. Legal rulings and national legislation have also played a 
key role in enhancing nuclear governance. The narrative that follows traces 
the coherent thread of progress that runs through this evolution.

12.3.1 Public rights to information and participation
Laws on the public’s right of access to information and participation in 
government decision-making processes were almost non-existent in the early 
days of nuclear energy development and production. Governments did not 
feel obliged to inform the public about the potential risks of nuclear power, 
nor to invite participation in nuclear policy or project decisions because of 
the complexity of the subject as well as potential security issues.

In the 1970s and 1980s, however, as people became aware of the harmful 
effects of certain industrial products (such as asbestos and toxic chemicals), 
their concern for the environment increased. After the 1986 Chernobyl acci-
dent, many OECD member countries concurred that the public had the right 
to be better informed about the benefits and risks of nuclear energy. Legal 
instruments were seen as the best means of permitting debate on proposed 
nuclear projects by all stakeholders, to ensure that potentially adverse envi-
ronmental consequences were either prevented or acceptably mitigated. 

Not all OECD member countries have encouraged public participation in 
nuclear decision making at the same pace because of differences in their 
political, economic, social and cultural circumstances. While Canada and 
the United States have granted the public extensive rights to have access 
to information and to participate in nuclear project decision making, such 
rights are relatively new in many European countries where public partici-
pation has historically been limited to voting in elections. In Central and 
Eastern Europe, where countries were emerging from the rule of communist 
governments, the concept of “public” stakeholders was barely existent until 
the 1990s.

Public access to nuclear information
Access to information is a prerequisite for effective public participation. Over 
the last three decades, OECD member countries have largely moved from 
a process known as “decide, announce and defend” to a process whereby 
the public is informed about the risks and opportunities of nuclear energy 
production and is allowed to participate in the decisions concerning specific 
projects.
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At the international level, the United Nations’ 1972 Stockholm Declaration 
on the Human Environment5 and later its 1992 Rio Declaration on Environment 
and Development6 were driving forces in the creation of international and 
national legal instruments on access to information and public participation 
in decision making. However, it was not until 1997, with the adoption of the 
Joint Convention on the Safety of Spent Fuel Management and on the Safety 
of Radioactive Waste Management (the “Joint Convention”), that informing 
the public about the safety of spent nuclear fuel and radioactive waste 
management facilities became mandatory. Parties to the Joint Convention 
must make such information available to and consult with the public, and 
must provide general information to other convention parties in the vicinity 
of a facility, insofar as they are likely to be affected by it.7 Most OECD member 
countries8 are parties to the Joint Convention – as are the Russian Federation 
and China.9 

The Joint Convention has nevertheless been criticised for its “incentive” 
nature. It is designed to provide incentives for states to improve safety per-
formance, rather than to impose severe sanctions for non-compliance. The 
incentives derive mainly from peer pressure by other convention parties that 
verify compliance on the basis of the national implementation report to be 
submitted by each party. Critics have argued that this peer review mechanism 
does not effectively guarantee adequate access to nuclear information.

The 1998 Aarhus Convention on Access to Information, Public Participation 
in Decision Making and Access to Justice in Environmental Matters (the 
“Aarhus Convention”), to which almost two-thirds of OECD member countries 
are parties, is another important international instrument in this area. It 
grants the public10 three rights: the right to environmental information from 
public authorities; the right to participate in environmental decision making 
by public authorities; and the right to judicial redress when the two previous 
rights or national environmental law have been violated.

Requests for information on nuclear projects are often covered by the Aarhus 
Convention because the information sought is classified as “environmental”. 
Requests may range from information on radiation levels in the neighbourhood 
of a nuclear facility to details of the safety features of a nuclear power plant. 

5. Principle 1 of the Declaration states: “Man has the fundamental right to… an environment 
of a quality that permits a life of dignity and well-being, and he bears a solemn responsibility to 
protect and improve the environment for present and future generations …”

6. Principle 10 of the Declaration states: “Environmental issues are best handled with partici-
pation of all concerned citizens… At the national level, each individual shall have appropriate 
access to information concerning the environment that is held by public authorities… and the 
opportunity to participate in decision-making processes… Effective access to judicial and admin-
istrative proceedings… shall be provided.”

7.  See Articles 6 and 13 of the Joint Convention.

8. As of 12 December 2007, 25 out of 30 OECD member countries are parties to the Convention. For 
a complete list, see www.iaea.org/Publications/Documents/Conventions/jointconv_status.pdf. 

9.  India is not yet a party to the Joint Convention.

10. The public is defined as natural or legal persons, and, in accordance with national law or 
practice, their associations, organisations or groups.
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The Convention stipulates that, in the event of an imminent threat to human 
health or the environment, all information held by a public authority that 
would enable the public to take preventive or mitigation measures against 
harm from that threat must be disseminated.

There is thus a growing trend in OECD member countries to grant broader 
public access to information on nuclear energy projects. However, there is 
debate in some countries regarding the extent to which nuclear information 
should be disclosed – for example, on whether nuclear power plant safety 
inspection reports should be disclosed on request or only in cases of immi-
nent threat to human health or the environment.11

France has gone even further than required under the Aarhus Convention, 
with the 2006 French Law on Transparency and Security in Nuclear Affairs 
providing that not only the authorities but also nuclear operators must grant 
access to nuclear information. 

Public participation in nuclear decision making
In recent years, public participation in nuclear decision making has increased 
in most OECD member countries. Public consultation is now considered criti-
cal when national authorities propose a nuclear policy or make decisions on 
nuclear projects requiring permits or licences. A recent illustration of this 
point took place in the United Kingdom, where, in February 2007, Greenpeace 
won a High Court ruling on the UK government’s consultation process.12 Con-
sultation helps to build public trust and confidence in the decision-making 
process, which, in turn, reduces the risk of “decision deadlock” due to what 
are sometimes referred to as “locally-unwanted-land-use” (LULU) or “not-in-
my-backyard” (NIMBY) syndromes.

The extent of public participation in nuclear decision making varies 
considerably from one OECD member country to another. Legislation in 
countries such as Finland requires very broad consultation,13 and such 

11.  In France, public authorities do not automatically grant access to safety reports. If the 
information in the report relates to environmental aspects of the area surrounding the nuclear 
installation (e.g. potential for flood risk or seismic risk), the document is communicated; if it 
relates to a description of the weaknesses of a nuclear installation, it is not communicated, based 
on the potential public security risk. On the other hand, in Spain, after two judicial decisions that 
gave an environmental NGO access to nuclear safety inspection reports, the Spanish Nuclear 
Safety Authority began granting access to nuclear safety inspection reports via the Internet.

12.  A 2003 Energy White Paper issued by the UK government had noted that, before any 
decision was taken to build more nuclear power plants, there would be the fullest possible public 
consultation. In January 2006, the government published a report announcing that it favoured 
new nuclear build. Greenpeace argued in Court that the government had reneged on its promise 
to carry out the fullest public consultation before making its decision. The High Court agreed and 
granted an order quashing the government’s decision.

13.  Finland’s legislation requires extensive public consultation for new nuclear power plants. A 
nuclear operator must obtain: (i) a ministerial statement of Environmental Impact Assessment 
(EIA) compliance with regulatory requirements; (ii) a “decision in principle”; (iii) a construction 
licence; and (iv) an operating licence. During the procedure, public authorities and relevant NGOs 
can express their views; during the decision in principle procedure, the Council of State consults  
the public and municipalities in the plant vicinity, and can only make a decision if there is support 
from the local municipality, if no safety issues have been raised in the regulator’s report and if the 
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processes will likely suffice for the foreseeable future, even with increase 
production of nuclear energy. Additional countries will probably adopt com-
prehensive legislation allowing for public participation in nuclear decision 
making in the near to medium term.

The 1991 Espoo Convention on Environmental Impact Assessment in 
a Transboundary Context is the primary international legal instrument 
addressing public participation in nuclear decision making. The Convention 
has been ratified by many OECD member countries and, of those which have 
not ratified, several have adopted national legislation reflecting the conven-
tion’s requirements.14 Under its terms, states must ensure that environmen-
tal impact assessments are undertaken with public participation, before 
authorising activities that are likely to cause a significant adverse effect on 
the environment of other parties. They must also ensure that these other 
parties are notified, and that they and their public constituencies are invited 
to participate in the EIA procedure until it is completed. Due account must be 
taken of the EIA in the final decision on the proposed activity.

The Chernobyl accident in 1986 left no doubt that major nuclear events can 
cause significant transboundary damage. It is not surprising, therefore, that 
the Espoo Convention applies to all major nuclear facilities and activities.15

In 2003, the Espoo Convention was supplemented by the Protocol on Stra-
tegic Environmental Assessment (the “Kiev Protocol”) – which, once it enters 
into force,16 will require the parties to evaluate the consequences of any plans 
and programmes likely to have significant environmental effects. The Kiev 
Protocol covers a broad range of sectors, including nuclear energy. It requires 
public participation17 at a very early stage in the decision-making process, 
when all options are still open.18 Parties planning to develop a nuclear power 
programme or to dismantle a nuclear power installation must ensure that 
all relevant stakeholders are consulted: the public, national environmental 
and health authorities, and other Protocol states likely to be affected by the 
transboundary impacts of the plan.

plant is considered in line with the public interest. Once Parliament endorses the decision, the 
nuclear operator may apply for a construction licence, at which time there is consultation with 
various ministries, experts, NGOs and the public. If granted, the operator may then apply for an 
operating licence.

14.   See for example, the United States National Environmental Policy Act (NEPA) of 1969.

15.  A 2004 amendment (not yet in force) extends the scope of the Convention to include the 
dismantling or decommissioning of nuclear power stations and other nuclear reactors, as well as 
installations for the processing, storage and final disposal of irradiated nuclear fuel. 

16.  Although not in force, the Protocol’s principles are being applied in the European Community 
under Directive 2001/42/EC on the assessment of the effects of certain plans and programmes on 
the environment.

17.  The Kiev Protocol contains a broad definition of “public”, including natural and legal per-
sons and, in accordance with national legislation or practice, their associations, organisations or 
groups.

18.  See Article 8 of the Kiev Protocol.
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The Aarhus Convention also contains provisions on public participation in 
decision making. It grants to the public concerned19 the right to participate in 
environmental decision making on a wide range of activities, including the 
construction, operation and decommissioning of NPPs, reprocessing facilities, 
enrichment facilities, radioactive waste storage and final disposal facilities. 
This right also applies to any change to the facility, such as a reactor lifetime 
extension. Unlike the Espoo Convention and the Kiev Protocol, the Aarhus 
Convention does not specifically address transboundary impacts, but where 
a proposed activity could affect a neighbouring country, the public in that 
country may be entitled to participate in the decision-making process.20

Outlook for public involvement
The current trends in most OECD member countries towards increasingly 
comprehensive and proactive public information and participation pro-
grammes, and towards outreach to an ever widening range of nuclear energy 
stakeholders, are likely to continue. Countries can be expected to adhere in 
increasing numbers to the international conventions and protocols designed 
to protect these public rights, and may adopt or improve national laws in this 
regard. However, the pace of progress will be influenced by political, eco-
nomic, social and cultural factors, and some will certainly take more time to 
provide legal guarantees of such rights than others.

With the forecast increase in demand for nuclear power, stakeholders are 
likely to lobby for more comprehensive and definitive international conven-
tions regarding public participation. Alternatively, under public pressure, the 
Aarhus Convention could be broadened to cover all types of nuclear informa-
tion and all types of nuclear activities, or the Espoo Convention and Kiev 
Protocol could be extended to cover nuclear policies and legislation. Harmo-
nising the categories of nuclear information to be shared with stakeholders 
in different countries would be desirable, as would be a code on the exchange 
of nuclear information.

Of course, this participative approach does not mean that governments 
cannot take decisions without the agreement of stakeholders. This would 
be an abdication of the responsibility given to democratic governments, and 
would undermine the public trust – which in turn would negatively influence 
the confidence of investors and other stakeholders. Legislators are more likely 
to ensure that stakeholders gain increasing rights to participate in the nuclear 
decision-making process through established legal procedures, recognising 
that stakeholder involvement will lead to more effective implementation of 
nuclear safety and environmental policies, thereby further enhancing public 
confidence in nuclear activities.

19.  Under the Aarhus Convention, the “public concerned” means the public affected or likely 
to be affected by, or having an interest in, the environmental decision making. NGOs promot-
ing environmental protection and meeting national law requirements are deemed to have such 
interest.

20.  See Articles 2.5 and 3.9 of the Aarhus Convention.
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The trend towards increased legal access to information on nuclear energy 
is likely to engender increased tension between the objectives of “openness” 
and “confidentiality”. “Openness” could be misused as a means for gather-
ing commercial information about competitors which, in turn, could lead 
nuclear operators to avoid providing information, or to qualify more and 
more information as “confidential”. In the interest of security, governments 
will want to ensure that sensitive nuclear information does not fall into the 
“wrong” hands. The aim must be to strike an appropriate balance between 
the government’s duty to secure its citizens’ well-being and to uphold their 
right to know, while also honouring the industry’s right to protect commer-
cial information. 

12.3.2 Stakeholder participation
Nuclear safety and radioactive waste management are frequently raised by 
the public as issues of concern. Governments, regulators, reactor vendors 
and utilities have made significant efforts to better address possible risks in 
these areas while effectively increasing stakeholder participation. 

Several countries are currently implementing partnerships with local 
communities. These may be formally constituted, or de facto. The partnership 
process may be initiated by the implementer (as in Belgium, for the siting of a 
low- and intermediate-level radioactive waste repository), or by the munici-
pality (as in Sweden, for the siting of a high-level waste repository). In each 
case, there is an agreement that the various stakeholders should co-operate 
to assess the technical and social conditions under which a community can 
accept the new facility, and to examine the best way to realise those condi-
tions. Implementers agree to respond to all technical questions asked, and to 
finance the community’s studies on the proposed facility. Both the Belgian 
and Swedish processes were aided by the power given to the local authority 
to veto or withdraw from the partnership.

Safety and security
“Safety” is a complex concept. Achieving an acceptable level of safety is 
based on compliance with technical safety regulations related to radiation 
levels and plant operation. But there also is an implied need for the public 
(and plant workers) to feel confident with such standards. Therefore, nuclear 
safety is both a technical and a societal issue. When nuclear incidents 
occur, even where the actual risk to public health and to the environment is 
extremely low, the potential exists for a public relations disaster. Experience 
has proven that poor public communication about nuclear incidents – and in 
particular a real or perceived lack of transparency on the part of the operator 
or regulator – provokes and amplifies public concern and mistrust.

Nuclear operators and regulators have come to realise that quick, proactive 
and unbiased communication on nuclear safety issues is key to reassuring 
the public. In addition to carrying out more frequent public opinion surveys, 
regulators are also developing and implementing guidelines that will improve 
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the ability to communicate with stakeholders regarding risk insights and 
other health, safety and security concerns.

According to both the NEA high and low growth scenarios (see Chapter 3), 
regulators will receive an increasing number of licence applications for 
the construction and operation of NPPs, nuclear materials facilities, and 
geological waste repositories. But even in a zero-growth scenario, regulators 
expect licence applications for the decommissioning of nuclear facilities, the 
construction of nuclear waste repositories, and lifetime extensions.

There are three foreseeable consequences of these scenarios that relate 
directly to both nuclear safety and stakeholder engagement:

A significant increase in licence applications may compel regulators to expand •	
their trained staff and resources in order to continue to act as effective and cred-
ible safety watchdogs. Improvements in efficiency will lead to greater public 
confidence in the nuclear regulator.

An increase in applications is likely to generate a greater degree of public interest.•	  
The need to inform the public – not only about the processes and the safety 
and security measures, but also about cost, security of supply and climate 
change – will therefore be critical.

Some countries currently not using nuclear energy will probably want to launch •	
nuclear power programmes (see Chapter 2). They will therefore need to rely 
on the expertise and experience of the international nuclear commu-
nity in terms of technical safety standards, communication and public 
participation.

In addition to nuclear safety issues that pertain to the safe operation of 
nuclear facilities, security, meaning the protection from malevolent acts, is 
currently a major social concern. An IAEA poll across 18 countries conducted 
in 2005 shows that 54% of respondents believe that the risk of nuclear ter-
rorist attacks is high because of insufficient protection at nuclear sites, com-
pared to 28% who believe that the risk is low (Figure 12.8).

The events of 11 September 2001 not only put terrorism high on the list 
of public fears, but also fuelled concern about “nuclear terrorism”, with 
many people dreading the possibility of a “dirty bomb” or an aeroplane being 
directed into a nuclear power plant. These perceptions, often not balanced 
by sufficient and clear information from governments, could justify, in the 
public mind, the opposition to the continued use of nuclear energy and/or 
to new nuclear power plant construction. The perceived vulnerability of 
nuclear materials to misuse (Traynor, 2007) and the risk of certain materials 
being diverted further fosters such concerns. Given the belief that the 
number of nuclear reactors in the world will increase, clear communication 
will be essential to increase public understanding regarding these risks, and 
thereby to reduce or alleviate associated fears with nuclear material security 
and nuclear fuel fabrication (see Chapter 9).
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Waste
With respect to its management, radioactive waste has the advantage 
that most radioactivity decreases over time (see Chapter 8). However, 
some isotopes remain active for thousands of years, necessitating long-
term stewardship and control. Technically, this longevity is not unique for 
radioactive waste; some toxic wastes are completely non-degradable and 
last for an infinite lifetime.

While the scientific and engineering issues associated with waste disposal 
have been thoroughly addressed, a permanent geological repository for high 
level waste has yet to be constructed. As a result, the issue of nuclear waste 
disposal has had a significant impact on public acceptance of nuclear energy. 
Several polls, including these conducted in Australia in 2006 (Roy Morgan 
International, 2006) and Europe in 2008, illustrate this point. In fact, 39% of 
European citizens responded that a permanent safe solution for radioactive 
waste management would make them change their opinion about nuclear 
energy (European Commission, 2008).

As with any operation involving nuclear or radioactive material, safe radio-
active waste management requires a combination of effective regulatory 
oversight, economically optimised technical approaches, and a commitment 
to safe operation and maintenance of the facility. Safety on these terms is a 
mandatory basis for acceptance; yet agreement on safety measures (protect-
ing human health and the environment) is generally not enough to obtain 
local acceptance of a waste management facility. Communities will rarely 
consider hosting such a facility without some benefits to themselves, usually 
of an economic nature. Incentives and compensation packages have thus 
been offered to the communities concerned. Local populations need to be 
thoroughly informed about all aspects of waste management, including the 

Figure 12.8: Views on nuclear security
Total: 18 countries
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levels of risk involved, the potential impact on future generations and the 
technological processes and safety measures in place (Rogers et al., 2006).

Research into stakeholder involvement, or “democracy in practice”, has 
proposed solutions for combining qualitative and quantitative, societal and 
technical concerns in an iterative, deliberative process. Components of such 
a process could include:

The opportunity for stakeholders to identify their own concerns about •	
potential risks and to clarify risk management goals with reference to 
their own social values.

The provision of factual information to provide answers to stakeholder •	
concerns, and to guide decision making.

The establishment of an agreement among stakeholders in order to iden-•	
tify the individuals or organisations capable of providing the factual 
information.

Reaching today’s degree of stakeholder involvement in nuclear waste man-
agement has been an intensive (and sometimes expensive) effort. Experi-
ments in stakeholder dialogue, deliberative democracy, and participatory 
technology assessment have taken place on a variety of levels.

If partnership approaches can foster trust and confidence over time, 
what can be done in contexts where trust has been lost, or where conflicts 
have arisen? Stakeholder involvement can still take place in such cases if a 
number of conditions are fulfilled. For instance, mediation or arbitration may 
be needed to facilitate dialogue among stakeholders. In other cases, it may be 
necessary to withdraw from a situation of conflict and start anew (e.g., siting 
the waste facility in a new location).

What are the implications through 2050? If the current trend of socio-
technical co-operation continues, trust and confidence in the ability to 
manage waste will continue to build. Knowledge and experience also will 
grow worldwide, through the continued use of integrative approaches such 
as those discussed above. Communities will view themselves as active, 
respected participants in a fair and judicious process.

The power of the Internet
The importance of simple human contacts and traditional communication 
methods should not be underestimated in the context of stakeholder dia-
logue. Yet, with increasing globalisation, the flow of information is moving 
faster and farther than ever before. While radio and television broadcasts, 
newspaper articles, brochures and exhibitions all play a role in the nuclear 
sector becoming familiar to the public, the Internet has firmly established 
itself as a leading communication platform. Actors in the nuclear energy sec-
tor are therefore under pressure to keep pace with new technologies and 
innovations in order to be able to communicate effectively with one another 
and with society.



361

In 2001, the OECD launched its E-Government Project. It is designed to 
explore how governments can best use information and communication 
technologies to improve governance principles and practices. In 2002, the 
NEA publication Society and Nuclear Energy: Towards a Better Understanding 
stressed the importance of the Internet as a powerful communication tool 
that encourages open governance and trust, and informs users about nuclear 
issues (NEA, 2002).

However, the Internet has evolved considerably even in the few years since. 
From being a medium to inform society generally, it has now become, through 
online technology, a means of empowering Internet users. As Figure 12.9 
shows, the number of people using official organisations’ websites to interact 
with them (through downloading and returning official forms, as opposed to 
simply website browsing) is small but increasing quickly. In parallel, website 
creators are developing more and more e-tools. Users, whether individual 
citizens or members of the nuclear industry, regulators, government, NGOs 
or any other such groups, can now make use of blogs, wikis, podcasts, social 
network sites, file-sharing sites, and virtual worlds. The Internet is therefore 
increasingly becoming a platform of interaction among users, rather than 
being a simple one-way flow of information from provider to user. This is 
what the OECD calls the “participative web” (OECD, 2007b).

In light of these new technologies, the NEA Forum on Stakeholder 
Confidence held a session on Internet-based communication in 2006. The 
session revealed that many nuclear-sector actors are moving from simple 
Internet-based communication to participative communication and dialogue. 
Nuclear energy actors urgently need to harness the intellectual outputs 
of the participative web, thereby increasing the number and diversity of 
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stakeholders and gathering expertise and coverage on issues that otherwise 
may not be discussed. The Internet thus can increasingly be used as a 
communication and engagement tool applied to a variety of issues relevant 
to the nuclear industry, for example in decision making about nuclear safety, 
radioactive waste management, and radiological detection. This Internet-
based involvement of stakeholders will make the entire public participation 
process more inclusive, more efficient and more democratic. 

Many regulators provide information on their websites that can be directly 
accessed by the public, allowing for rapid and widespread dissemination. In 
addition, the NEA, the IAEA and the World Association of Nuclear Operators 
have opened several online databases on significant nuclear safety events to 
facilitate the sharing of information among all nuclear regulators and opera-
tors worldwide. Most of these databases are for restricted use, but one can be 
accessed by the public. The Nuclear Events Web-based System (NEWS), an 
NEA and IAEA initiative that provides rapid information about nuclear safety 
incidents, is mainly for national experts in government and industry, but it is 
also open to the public (IAEA and NEA, 2001).

12.4 Outlook 
The scenarios in this Nuclear Energy Outlook project a significant increase in 
the use of nuclear power by 2050. However, such an increase will only come 
about with sufficient political and public support based on a better under-
standing of the risks and benefits of all energy options. 

Public perceptions of nuclear energy across OECD member countries and 
beyond are likely to remain highly variable in future years, given the number 
of political, economic, social and environmental factors that could have a 
significant impact. One should not underestimate cultural differences; what 
is significant in one country may not be in another. The global challenges 
of security of energy supply and climate change will remain high on policy 
agendas for the foreseeable future and are expected to become particularly 
influential factors in determining public opinion towards nuclear energy.

It is clear that advances in nuclear technologies that increase safety and 
security, while ensuring acceptable solutions for the disposal of waste, are 
likely to change public perceptions significantly. As described in Chapters 13 
and 14, Generation IV nuclear technologies could help alleviate many safety, 
waste, and proliferation concerns. Advances towards the commercial use of 
nuclear fusion, while still highly uncertain, could also make nuclear energy 
more acceptable in view of its advantages.

Yet, predicting the ways in which global energy challenges and new 
technologies will influence public perceptions remains a highly uncertain 
exercise. Policy makers and nuclear energy actors should work towards 
building up stakeholder involvement so that society can take part in the 
decision making that will determine to what extent nuclear energy should 
be used. This trend towards the implementation of good governance is 
conspicuous in many OECD member countries, in the form of improving legal 
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frameworks and efforts to promote stakeholder dialogue, communication, 
transparency and public understanding. 

Implementation of good governance principles will become increasingly 
important in OECD member countries as society directly experiences the 
effects of global energy challenges. If effectively implemented, public trust in 
government and nuclear industry actors can be expected to grow. Similarly, 
generating public understanding about the possible role of nuclear energy in 
the overall energy mix will enhance public confidence. These trends should 
therefore lead to an informed and increasingly democratic interaction among 
all nuclear energy actors, in which society itself becomes a valued actor.
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Key points

Advanced light water reactors (LWRs)
There have been several generations of nuclear energy technology. Most •	
currently operating plants use Generation II reactors. Advanced reactor 
designs available today are Generation III/III+; Generation IV systems are 
being developed for use after 2030.

Around 80% of today’s nuclear power plants use Generation II LWRs and •	
these will dominate nuclear power generation until the middle of the 
century.

Future LWRs are likely to be Generation III+ designs; four are already •	
operating and several more are being constructed. These designs offer 
improved safety characteristics and better economics than Generation II 
LWRs.

Advanced high-temperature reactors that could produce 
hydrogen

Generation III+ high-temperature gas-cooled reactors will be able to pro-•	
duce temperatures sufficient for hydrogen production, for use as a trans-
port fuel, and other process heat applications. They could be commercially 
available after 2020.

Globally, there is significant R&D investment in hydrogen production from •	
nuclear energy, driven by a desire to reduce dependence on imported oil, 
with commercial exploitation expected around 2020.

Generation IV energy systems
There is considerable international co-operation on Generation IV energy •	
systems. At least three initiatives are in progress globally that aim to 
support the safe, sustainable, economic and proliferation-resistant use 
of nuclear technology: the Generation IV International Forum, for which 
the NEA acts as Technical Secretariat; the US-led Global Nuclear Energy 
Partnership; and the IAEA-led International Project on Innovative Nuclear 
Reactors and Fuel Cycles.

Six systems, including their fuel cycles, have been chosen by GIF for •	
detailed R&D; most of them are fast reactors with closed fuel cycles.

Small- (less than 300 MWe) or medium- (300 to 700 MWe) sized 
reactors

Although most OECD countries require 1 000 to 1 600 MWe reactors, SMRs •	
could be important sources of electricity in small grids or isolated areas, 
particularly if the plants also produce heat and/or potable water.

Many SMR designs are being developed, about half without on-site •	
refuelling capability to reduce capital costs and allow easier non-
proliferation assurances. SMR designs aim for inherent and passive 
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approaches to safety; they are especially advantageous in countries 
with limited nuclear experience. However, SMR technologies are not yet 
commercially established.

Fusion
Artificial production of fusion energy has been established, although •	
only for a few seconds. The technology is inherently far more complex 
than fission and its economics are very uncertain. Commercial electricity 
production from fusion is very unlikely until at least the second half of 
the century. 

Cadarache in France has been chosen as the location of the EUR 5 billion •	
International Thermonuclear Experimental Reactor project.

13.1 Introduction
Advanced reactors are those in Generations III, III+ and IV. To explain what 
this means, this chapter first classifies nuclear reactors by generation, then 
presents an overview of the Generation III and III+ systems (some of which 
are already operational or under construction) that are expected to be the 
cornerstone of nuclear electricity production for the next 50 years. There 
is extensive international co-operation to develop Generation IV systems, 
expected to be available from 2030, to enable expanded use of carbon-free 
nuclear energy, while strengthening physical protection and proliferation 
resistance. These initiatives are discussed in Section 13.4.

While the size of reactors has grown over the past half century, from typi-
cally 50 MWe prototypes to the 1 600 MWe plants currently being built, there 
is a recognition that countries without extensive electricity distribution 
grids would benefit from modern small- or medium-sized reactors. These 
are discussed in Section 13.5.

Almost all nuclear energy is currently used for electricity production. 
However, nuclear energy generates heat that can be used for desalination, 
district heating and, perhaps most importantly, for production of hydrogen. 
Industrial uses of heat generated by nuclear systems, one of the most far-
reaching aspect of the nuclear energy debate, are discussed in Section 13.6.

Finally, Section 13.7 presents an overview of nuclear fusion, outlining 
progress so far and the roadmap to potential commercialisation.

13.2 Reactor generations
What are “advanced reactors” and how do they relate to the nuclear power 
plants that currently operate around the world? Nuclear reactors are classified 
in part by reactor generation:
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Generation I reactors were the prototypes and early commercial plants •	
developed in the 1950s and 1960s; very few are still operational.

Generation II reactors were built in the 1970s and 1980s as commercial •	
power plants, mostly with a small number of broadly fixed designs. Most 
of them are still operating today, often with licences for life extension to 
typically 60 years.

Generation III reactors were developed in the 1990s with a number of •	
evolutionary designs that offered advances in safety and economics. 
Generation III+ reactors have been developed recently with even more 
advanced features. Only a small number of Generation III/III+ reactors 
have been built. 

Generation IV reactors offer the prospect of further enhanced safety and •	
economic advantages, whilst minimising waste production and improving 
physical protection and proliferation resistance. International collaborative 
programmes aim to have them available for commercial deployment by 
2030.

This chapter considers Generation III, III+ and IV reactors, which are those 
generally considered as advanced reactor systems. The main types of cur-
rently operating plants, mainly Generation II, are described in Appendix 5.

Figure 13.1, adapted from the Generation IV Roadmap,  shows one interna-
tional view of the relationship between the various generations of reactors. 

Of the Generation II plants in operation today, around 80% use ordinary 
(light) water as both moderator and coolant). Other reactors use heavy water 
as moderator and coolant, primarily in Canada and India. There are 18 gas-
cooled reactors, all operating in the United Kingdom. 

It is very likely that LWRs will continue to represent the primary form of 
nuclear power generation until at least the middle of the century. Between 
2010 and 2020, nuclear power could expand significantly, with the adoption 
of Generation III/III+ LWR designs, which are described in Section 13.3 below. 
Such plants are in operation in Japan and others are in construction in Chinese 
Taipei and in Europe. These designs offer improved safety characteristics and 
better economics than the many Generation II LWRs currently in operation.

There is renewed interest in developing high-temperature gas-cooled 
reactors; these operate at sufficiently high temperatures that the coolant 
(helium) can directly drive a gas turbine. In addition, their high temperature 
can provide process heat, for example to generate hydrogen. High temperature 
gas-cooled reactors have some inherently better safety characteristics and 
higher thermal efficiencies than LWRs. Generation III+ gas-cooled reactors 
are expected to become available in the next decades.

Fast neutrons reactors have been developed to the large prototype level 
but have never been commercially deployed. They are attracting new interest 
mainly because of their potential to operate as breeder reactors. In this mode, 
they can produce more fuel than they consume, thus extending significantly 
the energy available from each tonne of uranium. They also have the potential 
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to reduce significantly the radioactivity of the waste for ultimate disposal. 
Commercial fast reactors will be Generation IV designs.

An important aspect of Generation IV advanced reactor designs is improved 
proliferation resistance and physical protection (PR&PP) against terrorist 
threats. There is global co-operation on initiatives that aim to increase the 
assurance that future reactors represent a very unattractive and the least 
desirable route for diversion or theft of weapons-usable materials, and that 
they provide increased physical protection. 

13.3 Generation III and III+ reactors
The vast majority of reactors operating in the world today are Generation II 
designs. A Generation III reactor is typically a development of a Generation II 
design that incorporates evolutionary improvements such as improved 
fuel technology, enhanced safety systems and standardised design leading 
to reduced construction and operating costs. Generation III+ designs are 
generally extensions of the Generation  III concept that include additional 
improvements and passive safety features. These designs can maintain the 
reactor in a safe state, in particular during an unplanned event, without the 
use of active control components.

The boundary between Generation III and III+ is nevertheless imprecise, 
the dates of the first licence or construction being sometimes considered. 
The NEA suggests that the difference between the two should be defined 
as the point where improvements to the design mean that the potential for 
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Figure 13.1: Reactor generations
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significant off-site releases has been reduced to the level where an off-site 
emergency plan is no longer required. Some examples of Generation III and 
Generation III+ plants are described below. 

General Electric-Hitachi ABWR and ESBWR
General Electric-Hitachi’s advanced boiling water reactor (ABWR) design 
includes internal recirculation pumps (inside the reactor pressure vessel) 
eliminating large diameter external recirculation pipes. It has a net output 
of about 1 350 MWe. Four ABWRs are in operation in Japan, some after con-
struction times of only 46 months. Completion of another two is expected in 
Chinese Taipei during 2009 and 2010, and one more is under construction in 
Japan. The economic simplified boiling water reactor (ESBWR) takes passive 
concepts further. In an abnormal event, the core is cooled by condensers that 
take steam from the pressure vessel or the containment by natural circula-
tion, condense it by transferring the heat to a water pool, and then put the 
water back into the vessel. The reactor is designed to produce 1 550 MWe and 
is undergoing US Nuclear Regulatory Commission design certification; two 
US utilities have already filed applications for combined construction and 
operating licences.

AREVA NP EPR 
The European pressurised reactor, also called the evolutionary pressurised 
reactor for the US-specific model, has been designed and developed by 
AREVA NP.1 As of May 2008, two units are under construction, one in Fin-
land and one in France. Two units are included in China’s tenth economic 
plan, with construction to start in 2009. The EPR design provides evolution-
ary improvements to previous pressurised water reactor designs, scaled up 
to an electrical power output of 1 600 MWe. One US utility has filed a COL 
application in spring 2008 for the US-EPR, and others have announced plans 
to do so. The reactor is in the design certification review process at the US 
NRC since December 2007.

Westinghouse AP1000 
Westinghouse Electric Company’s AP600 PWR design was the first next-
generation reactor to receive final design approval from the US NRC in 1999 
and was followed by the larger AP1000 in 2006. The AP1000 is a two-loop 
PWR that will produce 1 117 MWe. The design uses existing technology but 
significantly reduces the number of components compared to Generation 
II PWRs. In 2007, Westinghouse agreed a contract to build four AP1000s in 
China. As of the end of March 2008, five US utilities had filed for COLs for 
AP1000s, and two engineering, procurement and construct (EPC) contracts 
have subsequently been signed.

1. AREVA NP is a joint subsidiary of AREVA, which has a 66% stake in the company, and 
Siemens AG, which has a 34% stake.
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AECL ACR-1000 
Atomic Energy of Canada Limited (AECL) is developing the advanced CANDU 
reactor (ACR-1000), a 1 200 MWe heavy water reactor. Planned for a 2016 
in-service date, the design has had extensive pre-licensing review from the 
Canadian regulators. The ACR-1000 differs from previous CANDU designs 
in that it uses light, rather than heavy, water as coolant. This results in 
fewer systems for heavy water clean-up and recovery and simplification of 
containment atmosphere clean-up systems. Heavy water is retained as a 
moderator, operating at low temperature and pressure. Another difference 
from the existing CANDU family is that the design uses low-enriched uranium 
fuel, which will allow much more energy to be extracted from each tonne 
of uranium. It can use mixed uranium/plutonium oxides and thorium fuels. 
Like its predecessors, the advanced CANDU design can be refuelled on line 
and the reactor building and plant can be accessed for on-load maintenance. 

13.4 International collaboration on advanced reactor designs
Around the world, a large number of reactor designs are under development 
and it is clear that considerable international co-operation is required to 
maximise the outcome of scarce R&D funding. At least three initiatives are 
in progress globally:

the Generation IV International Forum (GIF);•	

the Global Nuclear Energy Partnership (GNEP);•	

the International Project on Innovative Nuclear Reactors and Fuel Cycles •	
(INPRO). 

The GIF and the GNEP are aimed at developing advanced designs for future 
plants, whereas INPRO brings together technology holders and users to 
consider jointly the international actions required to achieve innovations in 
nuclear reactors and fuel cycles. In addition, there is significant international 
collaboration on the development of small- and medium-sized reactors, 
primarily aimed at those countries without widespread power distribution 
infrastructures. This section describes the aims of each of these initiatives.

13.4.1 The Generation IV International Forum
Thirteen countries and organisations – Argentina, Brazil, Canada, Euratom, 
France, Japan, the People’s Republic of China, the Republic of Korea, 
the Republic of South Africa, the Russian Federation, Switzerland, the 
United Kingdom and the United States – have joined together to form the 
Generation IV Interna tional Forum (GIF), the Technical Secretariat of which 
is provided by the NEA. The GIF aims to develop a future generation of nuclear 
energy systems that will provide competitive and reliable energy while 
satisfactorily addressing the issues of improved nuclear safety, radioactive 
waste minimisation, improved physical protection and proliferation 
resistance. Generation IV systems are intended to be responsive to the needs 
of a broad range of countries and users.
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In the first phase of its work, the GIF collaborated on a comprehensive 
evaluation of nuclear energy concepts and selected the most promising ones 
as candidates for Generation IV nuclear energy systems. The report entitled 
A Technology Roadmap for Generation IV Nuclear Energy Systems (NERAC/GIF, 
2002a) documents this evaluation process and identifies the six Generation IV 
systems that were selected in 2002. For these systems, detailed research and 
development plans were elaborated for establishing scientific and technical 
viability and assessing performance before a potential industrial scale 
demonstration. The GIF members believe that developing these concepts will 
lead to long-term benefits for nuclear energy worldwide. The term “system” 
refers to the reactor and its complete fuel cycle. Assessing the complete fuel 
cycle is essential in determining PR&PP performance in particular.

The Generation IV systems selected in 2002 were: 

the very-high-temperature reactor (VHTR): a graphite-moderated, helium-•	
cooled reactor with a once-through uranium fuel cycle;

the supercritical water-cooled reactor (SCWR): a high temperature, high •	
pressure, water-cooled reactor that operates above the thermodynamic 
critical point of water;

the gas-cooled fast reactor (GFR): a fast neutron, high temperature helium-•	
cooled reactor with a closed fuel cycle;

the lead-cooled fast reactor (LFR): a fast neutron, lead or lead/bismuth •	
eutectic liquid metal-cooled reactor with a closed fuel cycle for efficient 
conversion of fertile uranium and management of actinides;

the sodium-cooled fast reactor (SFR): a fast neutron, sodium-cooled reactor •	
with a closed fuel cycle for efficient management of actinides and high 
conversion of fertile uranium;

the molten salt reactor (MSR): a system producing fission power in a •	
circulating molten salt fuel mixture in an epithermal neutron spectrum 
reactor with full actinide recycling.

Focus has now moved away from the technical assessment (or roadmap) 
phase to implementation of the detailed R&D programmes (GIF, 2008).

In 2006, the US Senate Appropriations Committee encouraged the US 
Department of Energy (US DOE) to give priority consideration to fast reactor 
technologies and requested a report on the progress of fast neutron reactor 
technology development. The US Generation IV Fast Reactor Strategy was issued 
in 2006 (US DOE, 2006). It includes a comparative analysis of the GFR, LFR and 
SFR systems in the areas of technical readiness and operating experience. 
This analysis resulted in the selection of the SFR as the most viable option 
for near-term deployment of a fast reactor. Large-scale prototype SFRs have 
been constructed; two are operating, in France and the Russian Federation, 
and one is expected to restart in Japan by the end of 2008.

An important aspect of advanced reactor designs is improved PR&PP. GIF 
proliferation resistance and physical protection goals state that Generation 
IV nuclear energy systems will “…increase the assurance that they are a very 
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unattractive and the least desirable route for diversion or theft of weapons-usable 
materials, and provide increased physical protection against acts of terrorism.” (GIF, 
2006). Proliferation resistance aims to impede covert or overt diversion of 
declared materials, covert or overt misuse of declared facilities and construc-
tion of clandestine facilities by states seeking to acquire nuclear weapons or 
other nuclear explosive devices. Physical protection aims to impede theft 
and transportation of materials suitable for nuclear explosives or radiation 
dispersal devices, and sabotage of facilities. The technical characteristics of 
the Generation IV systems are designed to enhance both their resistance 
to proliferation threats and their robustness against sabotage and terrorism 
threats.

13.4.2 The Global Nuclear Energy Partnership
In February 2006, the United States launched the Global Nuclear Energy 
Partnership (GNEP), which seeks to enable global expanded use of economical, 
carbon-free nuclear energy to meet growing electricity demand while reducing 
the risk of nuclear proliferation. It is based on the belief that providing 
operators of nuclear power plants in all countries with a reliable supply of 
nuclear fuel at a reasonable price is the best approach to eliminating the 
need for most countries to develop enrichment or reprocessing capabilities.

It would achieve its goal by having countries with existing secure, advanced 
nuclear capabilities providing fuel services – supply of new fuel and recovery 
of spent fuel – to other countries that agree to employ nuclear energy for 
power generation purposes only. The closed fuel cycle model envisaged by 
this partnership requires development and deployment of technologies that 
enable recycling and consumption of some long-lived transuranic isotopes. 

The partnership would demonstrate the critical technologies needed to 
change the way spent nuclear fuel is managed, developing recycling tech-
nologies that enhance energy security in a safe and environmentally respon-
sible manner, while simultaneously promoting non-proliferation. It has the 
following objectives:

Expand nuclear power to help meet growing energy demand in a sustaina-•	
ble manner and in a way that provides for safe operation of nuclear power 
plants and management of waste.

In co-operation with the International Atomic Energy Agency (IAEA), •	
continue to develop enhanced nuclear safeguards to monitor nuclear 
materials and facilities effectively and efficiently, ensuring that nuclear 
energy systems are used only for peaceful purposes.

Establish international supply frameworks providing options for fostering •	
development while reducing the risk of nuclear proliferation by creating a 
viable alternative to the acquisition of sensitive fuel cycle technologies.

Develop, demonstrate and in due course deploy advanced fast reactors •	
that consume transuranic elements from recycled spent fuel.
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Promote the development of advanced, mo•	 re proliferation-resistant, 
nuclear power reactors appropriate for the power grids of developing 
countries and regions.

Develop and demonstrate advanced technologies for recycling spent •	
nuclear fuel with the long-term goal of ceasing separation of plutonium 
and eventually eliminating stocks of separated civilian plutonium.

Assuring maximum energy recovery from valuable spent nuclear fuel, •	
reducing the number of required US geological waste repositories to one 
for the remainder of this century.

As of June 2008, the countries that have joined the GNEP with the United 
States are Australia, Bulgaria, Canada, China, France, Ghana, Hungary, Italy, 
Japan, Jordan, Kazakhstan, Korea, Lithuania, Poland, Romania, the Russian 
Federation, Senegal, Slovenia, the Ukraine and the United Kingdom. The 
GNEP concept is set out in Figure 13.2.

The relationship between the GNEP and GIF initiatives has been set out by 
the US DOE as follows:

GNEP has commonality with the GIF mission. However, the GNEP focus is on 
waste management and non-proliferation, rather than on long-term sustainability 
and economics, which are the primary goals of GIF. In addition, the GNEP schedule is 
compressed, using available technology wherever possible, while GIF inevitably has a 
long timescale given the requirement to develop advanced technology. 

Fuel suppliers

Expand nuclear power

Recycle
nuclear fuel

Enhance
nuclear safeguards

Develop advanced
burner reactors

Minimise
nuclear waste

Establish
reliable
fuel services

Design and deploy
appropriately
sized reactors

Fuel users

Figure 13.2: The Global Nuclear Energy Partnership process

Source: US DOE (2008).
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The largest technology gap for GNEP is the development of recyclable fuel for the 
advanced burner reactors (ABRs) needed to deal with long-lived actinides to reduce the 
chances of proliferation. GNEP also needs small modular reactor designs with long-
life cores. GIF can support the GNEP goals through collaboration on non-proliferation 
sensitive R&D, particularly sodium-cooled fast reactor technology improvements 
applicable to ABRs and provision of small modular reactors with long-life cores, for 
which many concepts already exist.

(Savage, 2006)

13.4.3  The International Project on Innovative Nuclear 
Reactors and Fuel Cycles

The International Project on Innovative Nuclear Reactors and Fuel Cycles 
(INPRO) operates under the auspices of the International Atomic Energy 
Agency. Its objective is to support the safe, sustainable, economical and 
proliferation-resistant use of nuclear technology to meet the global energy 
needs of the 21st century by bringing together technology holders and users so 
that they can consider jointly the international and national actions required 
for achieving desired innovations in nuclear reactors and fuel cycles. As of 
December 2007, the following 28 countries and organisations were members 
of INPRO: Argentina, Armenia, Belarus, Brazil, Bulgaria, Canada, Chile, China, 
the Czech Republic, France, Germany, India, Indonesia, Japan, Kazakhstan, 
Korea, Morocco, the Netherlands, Pakistan, the Russian Federation, the 
Slovak Republic, South Africa, Spain, Switzerland, Turkey, the Ukraine, the 
United States and the European Commission.

INPRO’s mission is to:

Provide a forum where experts and policy makers from developed and •	
developing countries can discuss technical, economic, environmental, 
proliferation resistance and societal aspects of nuclear energy planning 
as well as the development and deployment of innovative nuclear energy 
systems (INS) in the 21st century.
Develop the methodology for assessing INS and establish a set of recom-•	
mendations for such assessments (IAEA, 2003).
Analyse on a global, regional and national scale the role and structure of •	
INS capable of meeting energy demands in a sustainable manner (IAEA, 
2004).
Facilitate the co-ordination of international co-operation for INS develop-•	
ment and deployment (IAEA, 2007a).
Pay particular attention to the needs of developing countries interested •	
in INS.

The project is co-ordinated and implemented by an international 
co-ordinating group (ICG), comprising experts from participating member 
states. The ICG seeks input from and interacts with national and international 
stakeholders, in particular with the NEA and the GIF.
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13.5 Small- and medium-sized nuclear power plants
The principal drivers behind the projected large increase in global energy 
needs are population growth and economic expansion in today’s developing 
countries. Most currently available reactor designs have large power outputs, 
typically 1 000 to 1 700 MWe. A notable exception is India, a developing country 
that has successfully adopted nuclear power with domestically produced 
200 and 490 MWe pressurised heavy water reactors. Large reactors are 
unsuited to many developing countries, or isolated communities, where there 
is limited or localised electric grid capacity with few interconnections. Two-
thirds of the Russian Federation’s territory is off-grid and can be expected to 
remain so for decades. Worldwide thousands of centres of population may 
be identified that are likely never to be connected to the grid. In addition, 
current nuclear power plants have a large capital cost relative to fossil power 
plants.

Consequently, some 60 different small- or medium-sized reactor (SMR) 
designs are being considered globally (IAEA, 2007b). It should be noted, how-
ever, that none have yet been commercially established. The IAEA classifies 
small-sized reactors as having a power output of less than 300 MWe and 
medium-sized reactors as having a power output of 300 to 700 MWe. They 
are expected to be available for commercial deployment between 2010 and 
2030. Their reduced size and complexity mean lower capital cost (although 
probably higher overall cost per unit of electricity generated) and shorter 
construction times. This is especially important for developing economies, 
where capital funds may be limited. SMRs allow flexibility to install gen-
erating capacity in small increments to match increasing power demand. 
Some SMRs have reduced specific power levels (i.e. power per unit reactor 
volume) that allow plant simplifications, enhancing safety and reliability. 
This is especially advantageous in countries with limited nuclear experience 
and allows plants to be sited closer to population centres, reducing the need 
for long transmission lines. In many countries, SMRs are also an option con-
sidered for non-electric applications that require proximity to the customer 
such as desalination, district heating and, eventually, hydrogen production.

SMR designers aim for inherent and passive approaches to safety, for 
example providing very small reactivity margins (IAEA, 2005). Many of the 
water-cooled SMRs being considered have integral primary circuits built 
within the pressure vessel.

Half the SMR designs under consideration are planned without on-site 
refuelling (IAEA, 2007b). These SMRs would be factory fuelled. Other designs 
have extended refuelling intervals with vendor-supplied fuel services. 
Current reactor designs could achieve infrequent refuelling through reduced 
core power density and use of burnable poisons, boosted by higher fuel 
enrichment. One alternative to higher enrichment is a design where fresh 
fuel particles or pebbles are stored outside the core (but inside the pressure 
vessel) and gradually moved into the core to compensate for reactivity 
reductions. The potential benefits of SMRs without on-site refuelling include 



381

reduced operator obligations for spent fuel and radioactive waste management, 
and easier non-proliferation assurances to the international community. 
SMRs without on-site refuelling would be compatible with future fuel cycle 
facilities centralised at only a few locations worldwide. Accountancy could be 
performed on entire cores during shipment and operation under international 
safeguards oversight.

Some SMR designs targeted for near-term deployment are described 
below. 

Eskom PBMR 
The South African PBMR (pebble bed modular reactor) being developed by a 
consortium led by the utility Eskom, will be 165 MWe units. The PBMR will 
have a direct-cycle gas turbine electricity generator with helium coolant at 
900°C giving a thermal efficiency of about 41%. Up to 450 000 fuel pebbles of 
60 mm diameter will be cycled through the reactor continuously, each pebble 
being used during a six-month period, after which it is exhausted. This sys-
tem of on-load refuelling will provide a high capacity factor. Power density 
in the core will be about one-tenth of that in a LWR; if coolant circulation 
ceases, the fuel will survive temperature excursions while the reactor shuts 
itself down, giving inherent safety.

The prototype is planned to be on line in 2014 and the South African 
Minister of Public Enterprises has stated an intention to eventually build 
20 to 30 PBMRs. The South African government has already allocated initial 
funding for the project, and orders for some lead components have been 
placed. Contracts have recently been awarded relating to the construction of 
a pilot plant for production of PBMR fuel.

IRIS 
IRIS (international reactor innovative and secure) is a small-scale design 
for a PWR with an integral reactor coolant system layout, so that the steam 
generators, pressuriser, control rod drive mechanisms (CRDMs) and reactor 
coolant pumps are all located within the reactor pressure vessel. This causes 
it to have a larger pressure vessel than an ordinary PWR despite a lower power 
rating. The design is not yet specific to reactor power output. The reactor is 
being designed by an international consortium led by Westinghouse that 
includes 21 industrial and academic organisations from Brazil, Croatia, Japan, 
Italy, Lithuania, Mexico, the Russian Federation, Spain, the United Kingdom 
and the United States. The integral concept and shape of the pressure vessel 
are designed to reduce the consequences of accidents caused by loss of 
coolant. IRIS is considered eventually capable of operating with one core for up 
to eight  years and a 48-month maintenance cycle, allowing a capacity factor 
of over 95%. IRIS is in the pre-certification process in the United States.

SMART
The Korean SMART (system integrated modular advanced reactor) is another 
integral reactor design with the steam generators and coolant pumps inside 
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the pressure vessel, so that no primary circuit piping is required to connect 
the components. The reactor is totally factory-built with a construction 
period estimated to be less than three years. Its lifetime is estimated to 
be 60 years. An international co-operative programme involving Korea, 
Indonesia and the IAEA examined the economic feasibility of constructing 
a nuclear desalination plant in Indonesia. Two units of the SMART nuclear 
power plant would supply 200 MWe and 40 000 m3/day of potable water. A 
demonstration plant is expected to confirm the integrated performance of 
the reactor and desalination plant, with commercial operation in Indonesia 
targeted for 2018. 

KLT-40S
Construction of the world’s first floating nuclear power plant, based on the 
KLT-40 (kontejnerovoz ledokol tanker) PWR design, started in April 2006 at 
Severodvinsk in the Russian Federation. The plant will have two 35 MWe reac-
tors, based on proven ice-breaker technology, and the construction period 
is estimated to be five years (IAEA, 1998a). It will be towed to the deploy-
ment site, as it does not have propulsion capabilities; every 12 years it will be 
towed back to its construction site for maintenance. The plant is capable of 
supplying a varying combination of electricity and heat, some of which can 
be used for the production of potable water. A lifetime core option is under 
consideration, but the plant currently being built will be refuelled every year, 
the two reactors allowing continuous plant operation. The concept is aimed 
at providing an effective solution to energy supply problems specific to the 
north of the country, and similar regions, at minimum expenditure (Kostin 
et al., 2007).

CAREM
CAREM (central Argentina de elementos modulares) is another example of an 
integral PWR with in-vessel CRDMs, aimed at long-life core operation with-
out on-site refuelling. CAREM is in a formal, preliminary licensing process.

4S
The Toshiba “Super Safe, Small and Simple” (4S) design is a very small size 
(10 MWe) sodium-cooled reactor which could be cost-effective in remote 
locations where it would operate during its design lifetime of 30 years with-
out refuelling. The US town of Galena, Alaska, granted initial approval for 
Toshiba to investigate building a 4S reactor.

13.6 Industrial uses of heat provided by nuclear systems
The Intergovernmental Panel on Climate Change suggests that nuclear 
power, which currently provides about 6% of total primary energy could, in 
the future, make an increasing contribution to carbon-free heat as well as to 
electricity production (IPCC, 2007). So far, nuclear power has been applied 
mostly to the production of electricity; less than 1% of the heat generated 
in nuclear reactors is used for other applications. However, there are 
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other potential uses and the extent to which they become important may 
significantly affect the future expansion of nuclear energy programmes. Two 
industrial uses for heat produced by nuclear systems already exist, albeit on 
a relatively small scale: district heating and desalination. Other potentially 
more significant uses include fuel synthesis, particularly production of 
hydrogen for transport applications.

Currently, about 40% of the world’s primary energy is used for electricity 
generation; the remainder is mainly used for transport and heat for house-
hold and industrial use. In 2004, electricity generation produced about 10 Gt 
of CO2 (IPCC, 2007), over 27% of the world’s anthropogenic CO2 emissions. 
Road transport in 2004 was responsible for around 13% of global anthropo-
genic CO2 emissions. It is clear that increased use of nuclear power for elec-
tric and non-electric applications, particularly in a hydrogen economy, could 
play a significant role in reducing CO2 emissions over the coming decades. 

As large distribution grids for heat supply do not exist, small- or medium-
sized modular reactors are likely to be more suitable for industrial uses of 
heat. In many cases, co-generation is most likely, combining industrial heat 
applications with electricity generation. Co-generation is not a new concept; 
some of the first civilian reactors in the world were used to supply heat as 
well as electricity. The United Kingdom’s first reactor, at Calder Hall, provided 
electricity to the grid and heat to a fuel reprocessing plant in 1956; Ågesta 
in Sweden provided hot water for district heating of a suburb of Stockholm 
in 1963; and the first nuclear power plant in Russia provided electricity 
and heat to the city of Obninsk, near Moscow, in 1954. Table 13.1 shows the 
temperatures required for some industrial heat applications.

Approximately 85% of the industrial sector’s energy use in 2004 was in the 
energy-intensive industries of iron and steel, non-ferrous metals, chemicals 
and fertilisers, petroleum refining, minerals (cement, lime, glass and ceramics) 
and pulp and paper. Reliable data for associated global CO2 emissions  

Table 13.1: Temperatures required for some industrial 
heat applications

Process Approximate 
temperature range (°C)

Home and building heating (district heating) 100 - 170
Desalination 100 - 130
Paper and pulp production 200 - 400
Petroleum refining 300 - 400
Oil shale and oil sand processing 300 - 600
Steel making via direct reduction 500 - 1 000
Hydrogen production by thermo-chemical 
reaction 600 - 1 000

Cement manufacture 1 100 - 1 600
Glass manufacture 1 300 - 1 600

Source: based on data in NERAC/GIF (2002b).
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(IPCC, 2007) are available for iron and steel (6% of total emissions), cement 
(5%), pulp and paper (1%) and non-ferrous metals (0.35%). No data are available 
for the chemical and petrochemical industries because of their diverse and 
complex nature.

13.6.1 Temperature capabilities of current and future reactors
If heat from nuclear systems is to be used for industrial applications, it must 
be available at the required temperatures (see Table 13.1). Water-cooled 
reactors have coolant outlet temperatures of around 300°C: for these reactors, 
district heating and desalination can be practical, large-scale, current-day 
applications. High temperature gas-cooled reactor (HTGR) systems are the 
most likely immediate candidates to produce temperatures suitable for most 
other industrial heat applications, except cement and glass manufacture 
where the temperatures required are too high. HTGR designs such as the 
PBMR can produce heat at around 850°C, and a Generation IV reactor design 
with gas outlet temperatures above 1 000°C is being considered (NERAC/
GIF, 2002b). The thermal efficiencies of these systems, producing electricity 
through a gas turbine, are expected to be around 48% and 60% respectively. 

HTGRs are not new. Peach Bottom and Fort St Vrain in the United States 
and the thorium high temperature reactor (THTR) in Germany were HTGRs 
that operated at temperatures around 750°C with almost 40% efficiency. 
Fort St Vrain in particular was a large, utility-operated power station. These 
plants did not need coolant outlet temperatures higher than 750°C because 
a steam turbine cycle was used rather than a gas turbine to generate elec-
tricity. Commercial HTGR designs currently being considered for near-term 
deployment are limited in temperature to about 850°C, mainly because of the 
temperature capabilities of the metallic components.

Recent prototype HTGR operating experience has been gained in China and 
Japan. Japan has a 30 MWth HTGR, with a prismatic block core. This reactor 
achieved an outlet coolant temperature of 850ºC in 2001 and, after several 
operation cycles, a temperature of 950ºC in 2004. In China, a 10 MWth PBMR 
(HTR-10) started up in 2000. It reached full power in 2003 and has an outlet 
temperature of up to 950°C. Initially, the HTR-10 was coupled to a steam 
turbine power generation unit, but there are plans to operate at 950°C and to 
drive a gas turbine.

The HTR-10 and the Japanese HTGR have been tested for intrinsic safety 
with success. Those two test reactors are primarily intended to develop 
industrial heat processes, initially nuclear hydrogen production, which is 
expected within the present decade.

Experience from Peach Bottom, Fort St Vrain and the German THTR, 
together with the South African PBMR development programme, suggest 
that the technology may be available in the near term to construct commer-
cial reactors capable of producing heat at temperatures required by many 
industries. 
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In summary, current designs of water-cooled reactors can be used for district 
heat ing and desalination and it is likely that HTGRs capable of producing 
industrial heat will be constructed in the next two decades. The extent to 
which reactors will be used for direct heat applications by the middle of 
the century will depend on the economics of heat transport, international 
pressure to reduce global CO2 emissions and national desires to reduce 
dependence on imported oil for transport. 

13.6.2 Nuclear desalination
It is estimated that one-fifth of the world’s population does not have access 
to safe drinking water and three-fifths lack access to adequate sanitation 
for lack of water (ICFW, 2001). Where drinking water cannot be readily 
obtained from streams and aquifers, desalination of seawater or mineralised 
groundwater is required. Most desalination today uses fossil fuels. Total 
world capacity is approaching 36 million m³/day of potable water, in some 
12 500 plants; half of these are in the Middle East and the largest produces 
454 000 m³/day (PI, 2007). As the global population increases, demand for both 
energy and water is also increasing and development of co-generation water 
desalination technologies could help significantly. Desalination of water is 
energy-intensive but, as shown in Table 13.1, it can be done at relatively low 
temperatures. Nuclear power could play a significant role, particularly in 
a co-generation plant, by providing potable water in addition to electricity 
virtually free of greenhouse gas emissions. The feasibility of integrated 
nuclear desalination plants has been proven with over 150 reactor-years of 
experience, mainly in India, Japan and Kazakhstan.

A fast reactor at Aktau in Kazakhstan produced up to 80 000 m³/day of 
potable water over 27 years (IAEA, 1998b). In Japan, around ten desalination 
facilities linked to pressurised water reactors, operating primarily for 
electricity production, have yielded 1 000 to 3 000 m³/day each of desalinated 
water, which is used to feed the steam cycle. The Diablo Canyon nuclear power 
plant in the United States also produces 4 500 m³/day of fresh water from the 
sea for steam cycle use. India has been engaged in desalination research 
since the 1970s and in 2002 set up a nuclear desalination demonstration 
project in Kalpakkam with 6 300 m³/day capacity. France and Libya signed 
a memorandum of understanding in July 2007 to co-operate on a pro ject to 
build a nuclear-powered desalination plant in Libya.

Large-scale deployment of nuclear desalination on a commercial basis 
will depend primarily on economic factors. The IAEA is fostering research 
and collaboration on the issue, and more than 20 countries are involved 
(IAEA, 1997). Economic studies performed by the IAEA indicate that nuclear 
energy can be competitive for desalination compared with fossil-fuelled 
energy sources (IAEA, 2000a). The estimated desalination costs range from 
USD 0.40 to USD 1.90 per m³ of fresh water produced. There has been no 
incidence of radioactive contamination of any nuclear desalinated water.

Nuclear desalination is a relatively mature technology that could be 
installed in many nuclear plants to provide fresh water to solve regional 
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water shortage problems. Figure 13.3 shows that the desalination capacities 
of the world have been roughly doubling each decade and hence there is 
significant potential for nuclear desalination through this century as the 
global population expands. Efforts are now primarily directed towards 
reducing the production cost of desalinated water through innovations and 
technological enhancements.

13.6.3 District heating
One application of nuclear energy that has existed from the outset is the use 
of reactor heat, via hot water or steam, for residential heating purposes – 
usually, but not always, in conjunction with the generation of electricity. 
Significant experience has been gained in this use of nuclear energy in many 
countries worldwide, although it is estimated that less than 1% of reactor 
heat is currently used in this way. 

District heating has been used in some countries for decades. District heating 
networks using heat provided by nuclear systems have been constructed in 
Bulgaria, Canada, China, Hungary, the Russian Federation, the Slovak Republic, 
Sweden, Switzerland and the Ukraine, and several other countries (notably 
Denmark and Finland) have district-heating networks. The power capacity 
of heat networks is estimated to be about 600 to 1 200 MWth in large cities 
and 10 to 50 MWth in small communities (Csik and Kupitz, 1997). There are 
188 000 district heating plants in the Russian Federation, most with capacities 
less than 23 MWth (UR, 2004). Clearly, district heating provided by a nuclear 
system would be most likely to develop in countries that already have heat 
distribution networks. The technical viability of using nuclear energy for the 
supply of hot water and steam for district heating has been demonstrated, 
particularly in the Russian Federation, both in dedicated plants and in heat 
and power co-generation plants (IAEA, 2000b). Worldwide, some 46 reactors 
have been connected to district heating systems (Csik and Kupitz, 1997). Steam 
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extracted from high- and/or low-pressure turbines is fed to heat exchangers 
to produce hot water/steam, which is delivered to consumers. Steam from 
low-pressure turbines is usually used for the base heat load, while steam from 
high-pressure turbines is used, as needed, to meet the peak heat demand. 

Depending on the transportation distance and the number of consumers, 
there are usually several pumping stations between the heat source and 
end-users. Heat transport pipelines have been installed both above and 
below ground. Design precautions to prevent the transfer of radioactivity 
into the district heating grid network have proved to be effective in many 
years of safe and reliable operation. These design features include one or 
more barriers to radioactive contamination of the network, for example a 
leak-tight intermediate heat transfer loop at a pressure higher than that of 
the steam extracted from the turbine cycle of the nuclear plant. These loops 
are continuously monitored, and isolation devices are provided to separate 
potentially contaminated areas. During about 500 reactor-years of operational 
experience, no incidents involving radioactive contamination have ever been 
reported for any heat-supplying reactor.

The market potential for district heating has been estimated to be up to 
7 600 GWth (Majumdar, 2002). Currently nuclear power provides only about 
4.4 GWth. In cold climates, extremely high availability is required for district 
heating to avoid the life threatening consequences of failure, implying a 
need for significant redundancy. This increases capital costs which, coupled 
with the seasonal variation in heat requirement, may make nuclear plants 
that only supply heat uneconomical except in special circumstances. Small- 
or medium-sized reactors operating as co-generation plants with inter-
connected district heating grids are the more likely way forward to reduce 
carbon emissions from building heating systems. The extent to which nuclear 
energy will be used in the future for district heating is therefore likely to 
depend on the economics of constructing large area grid networks for heat 
transport.

13.6.4 Industrial process heat
Industry uses process heat for a variety of applications with different 
temperature ranges. As with district heating, a common feature of practi-
cally all industrial users is the need for assurance of uninterrupted energy 
supply with a high degree of availability, approaching 100% for large 
industrial installations and energy-intensive processes like steel and glass 
making. However, here the consequences of failure are economic rather 
than life-threatening. Unlike district heating, demands of industrial users 
do not depend on climatic conditions and large industrial users usually have 
baseload characteristics. Industrial process heat is mainly used in the form 
of steam at appropriate temperature and pressure conditions. Clearly, the 
source must be near the process as heat loss in transit is considerable: this 
is more of a concern for industrial heat transmission than for district heat 
transmission because of the higher temperatures involved. This implies 
that heat provided by nuclear systems is most likely to be used on a newly 
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built large industrial complex where heat transmission systems can be built 
in from the start. In addition, public opinion may allow siting closer to an 
industrial complex than to a large residential area.

In most industrialised countries, about half of industrial users require less 
than 10 MWth and another 40% between 10 and 50 MWth. Exceptionally, 
individual large users with energy-intensive industrial processes have 
requirements up to 1 000 MWth. This shows the highly fragmented nature 
of the industrial heat market. There are three examples of commercial 
use of nuclear systems to produce process heat: in Canada (5 350 MWth), 
Germany (30 MWth) and Switzerland (25 MWth) (Majumdar, 2002). The 
application to the heavy water production facility in Bruce, Canada was the 
largest use of process heat provided by a nuclear system and it operated 
successfully for over 20 years. Six other industries were also provided with 
process heat by the Bruce complex: plastic film manufacturing, ethanol 
production, apple juice concentration, alfalfa dehydration, cubing and pellet 
formation, a greenhouse and an agricultural research facility. The Swiss 
plant manufactured cardboard and the German plant was a salt refinery.

A small HTGR could be used to supply process heat to a range of small and 
medium-sized users on an industrial complex without significant change to 
the processes themselves. However, using nuclear systems to provide the 
heat for some industries would require a different process approach from 
that currently used in most of the world. An example is steelmaking. Steel is 
by far the world’s most important metal, with a global production of 1 129 Mt 
in 2005, of which China produced 26%. Global CO2 emissions from the steel 
industry are estimated to be about 6% of global anthropogenic emissions 
(IPCC, 2007).

In the 1970s and 1980s, considerable R&D was carried out in Germany and 
Japan on nuclear systems for process heat applications. The first step towards 
applying the concepts in Japan was an R&D programme to address direct 
steelmaking using high-temperature reducing gas (Matsui and Kunitomi, 
2007). The most viable concept for applying nuclear energy to steelmaking 
combines two processes: direct reduction in a furnace and refining in an 
electric furnace. Direct reduction of iron ore (DRI) is well-developed and in 
commercial use in those parts of the world where low-cost natural gas is 
available. However, only 5% of the world’s steel is made in this way despite 
the fact that, even using fossil fuels, DRI creates 50% less CO2 than blast 
furnace processes (IPCC, 2007). In the DRI process, iron ore is reduced in 
the solid condition to a product known as sponge iron by a synthesis gas 
(CO+ H2) derived from steam reforming of natural gas. The reaction requires 
temperatures between 800 and 1 000°C. Nuclear energy could be used to 
provide the heat needed to produce the reducing gas for DRI and the electricity 
needed to refine the resulting sponge iron to steel in an electric-arc furnace, 
a long-established commercial technology. In 1977, an Oak Ridge National 
Laboratory report estimated that the operating cost of nuclear steelmaking 
using DRI was similar to the cost of conventional blast furnaces, and the 
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capital cost was estimated to be lower (United Engineers, 1977). However, no 
demonstration plants have been built and none is currently planned.

The total potential market of industrial process heat is large and of the 
same order of magnitude as district heating (Majumdar, 2002). However, the 
demand in terms of size varies; very few applications need the large amount 
of process heat used in the Bruce example in Canada or the quantity of heat 
that would be provided by a heat-only commercial HTGR. The market is also 
very competitive as small fossil fuel units can (and usually do) provide the 
necessary heat. Again, this suggests that small- or medium-sized reactors 
operating as co-generation plants, with interconnected heat supply grids, are 
the more likely way forward to increase nuclear energy role in this field and 
reduce carbon emissions from industrial heat production processes.

13.6.5 Production of fuel for transport and industry
Gas-cooled reactors can generate high temperatures that could be used to 
produce fuels, including hydrogen, for transport. Other applications include 
oil extraction and production of synthetic natural gas (SNG) from coal. This 
would be an innovative application of nuclear energy, considerably expanding 
its use, particularly for the road transport sector, which is responsible for 13% 
of global CO2 emissions (IPCC, 2007). Currently, the transport energy market 
is almost entirely supplied by oil; nuclear power could penetrate this large 
market through use of hybrid electric cars (through baseload recharging of 
batteries) and through production of fuels such as methanol, ethanol, SNG 
and hydrogen. Technology is available, and widely used, for electric trains, 
trams and trolley buses. There is clearly a significant potential for extending 
the part that electricity, and therefore nuclear energy, could play in providing 
CO2-free public transport. Hydrogen has the potential to be a major transport 
fuel in the future; however, hydrogen distribution networks would first have 
to be constructed. Nuclear energy can be used today to make hydrogen 
electrolytically and, in the future, high temperature reactors may be used to 
make it thermochemically. Future energy demand for hydrogen production 
could be significant.

It would be possible to use heat from nuclear systems to produce gas 
from coal. Coal gasification (conversion of solid coal into methane, i.e. SNG) 
requires very high temperatures. It could however be attractive because the 
infrastructure for distributing natural gas already exists, and there are large 
deposits of coal in the world. Another possible use of nuclear energy might be 
oil extraction from oil and tar sands, and enhanced oil recovery operations, 
particularly from depleted oil deposits. Canada and Venezuela have large 
resources of oil and tar sands. Steam injection is used for these extraction 
applications and steam can be used for processing the oil after extraction. 
The feasibility of using nuclear systems for production of more organic fuel 
depends, of course, on the economics of the process relative to extraction 
from more conventional oil and gas deposits.

World hydrogen consumption for fertiliser production and oil refining is 
about 50 Mt per year, with growth rates estimated at 4% to 10% per year 
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(Forsberg and Peddicord, 2001). Most of the growth in hydrogen demand is 
to convert heavy crude oils to petrol and jet fuel. Light crude oils can be 
converted to petrol without the use of hydrogen; however, the world is 
rapidly exhausting such supplies. Heavy crude oils, including Canadian tar 
sands and Venezuelan crude oils, are abundant but require large quantities 
of hydrogen for conversion to clean petrol. It has been predicted (Ibid, 2001) 
that, within decades, the energy that will be required to produce hydrogen 
for use in refineries and other facilities is likely to exceed the energy output 
of the existing nuclear plants in the United States. This growing worldwide 
market would alone justify the development of nuclear energy systems 
specifically for hydrogen production, without accounting for a potential 
hydrogen market for transport.

The hydrogen economy has received renewed interest because of new 
developments in HTGR technologies that can produce the required tempera-
tures. While the infrastructure for distributing hydrogen as a transport fuel 
is being created, the evolution of nuclear energy’s role in hydrogen produc-
tion over perhaps three decades (NEA, 2004) is seen to be: 

electrolysis of water, using off-peak electricity from nuclear plants; •	

high-temperature electrolysis of steam, using heat and electricity from •	
nuclear reactors;

high-temperature thermochemical production using heat from nuclear •	
systems.

In 2003 the United States announced a USD 1.2 billion hydrogen fuel 
initiative to reverse its growing dependence on imported oil by developing 
the technology needed for commercially viable hydrogen-powered fuel 
cells. This would make it practical and cost-effective for large numbers of 
Americans to choose to use fuel cell vehicles by 2020 (US DOE, 2003b). The 
US government has announced a timetable for first commercial hydrogen 
production from nuclear power by 2019 (US DOE, 2003a). The Japan Atomic 
Energy Agency and the French Commissariat à l’énergie atomique (CEA) are also 
developing a hydrogen production process with a view to using HTGRs.

Hydrogen can be burned in an internal combustion engine, and some 
test cars are so equipped. In the immediate future, the internal combustion 
engine is the only affordable technology available for using hydrogen as a 
transport fuel. However, eventually the main use of hydrogen for transport is 
likely to be in fuel cells. Conceptually, about ten HTGR plants with a rating of 
200 MWth per reactor using a methane steam reforming process would pro-
duce enough hydrogen to fuel 5 million fuel cell cars (NERAC/GIF, 2002b).

13.7 Fusion
Fusion is a nuclear process that releases energy by joining light elements, 
essentially the direct opposite of fission. It potentially offers a long-term, 
sustainable, economical and safe energy source for electricity generation with 
widely available and relatively inexpensive fuel. In contrast to fission, fusion 
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both avoids any possibility of a reactor accident with off-site consequences 
and does not produce actinides and long-lived fission products, the most 
challenging aspects of managing radioactive waste from fission reactors. 
However, the technology is inherently far more complex than fission and the 
economics of fusion are very uncertain.

13.7.1 The fusion process
The process is based on fusing two isotopes of hydrogen, deuterium and 
tritium (ITER, 2008b). Fusion has an abundant fuel supply as deuterium can 
be readily extracted from seawater, and excess tritium can be made in the 
fusion reactor itself from lithium, which is readily available in the Earth’s 
crust.

Deuterium-tritium fusion requires temperatures of about 100 million °C, 
about six times hotter than the Sun’s core. At these temperatures, the deu-
terium and tritium fuel changes state from a gas to a plasma, a high-energy 
state of matter where electrons are stripped from atoms. The residual nuclei 
are put under high pressure, as they must be within 1×10-15 m of each other to 
fuse and produce energy. One way to achieve these conditions is to contain 
the plasma using superconducting magnets. The understanding and control 
of plasma, particularly its containment, continues to be a major challenge in 
the development of fusion power.

13.7.2  Progress so far and the roadmap to potential 
commercial operation

Over the past two decades, the operation of a series of experimental devices 
has enabled considerable advances in understanding fusion (Llewellyn Smith 
and Ward, 2007). Artificial production of fusion energy has been established, 
although only for a few seconds. While it is theoretically possible to produce 
electricity by this process, it has never been demonstrated, even on a small 
scale. Fusion is not likely to be deployed for commercial electricity production 
until at least the second half of the century. The cost of fusion electricity will 
depend upon the extent to which fusion physics, technologies and materials 
are further optimised in the next few decades. Fusion is being developed in 
the context of a long-standing international co-operation programme and 
significant fractions of energy R&D budgets are allocated to researching its 
feasibility and potential.

Experiments in fusion continue to be conducted and several test facilities 
exist around the world. Nevertheless, although progress has been considerable, 
many decades of further research will be needed before a viable electricity 
production system could be available. Existing major facilities include the 
European Union’s Joint European Torus (JET) located in the United Kingdom, 
Tore Supra in France, the Princeton Plasma Physics Laboratory in the United 
States, and the JT-60 Tokamak at the Naka site of the Japan Atomic Energy 
Agency.
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The next-generation fusion test reactor – the International Thermonuclear 
Experimental Reactor or ITER – is also being built with international 
co-operation. Cadarache in France has been chosen as the location of 
this project. The overall aim of ITER (ITER, 2008a) is to show that energy- 
producing, thermonuclear burning plasmas can be created, controlled and 
sustained for long periods of time compared with the basic physical timescales 
involved. There are seven partners: the European Union, China, India, Japan, 
Korea, the Russian Federation and the United States. ITER is designed to 
demonstrate the scientific and technological feasibility of fusion energy 
and aims to provide the know-how to build the first electricity-generating 
power station based on magnetic confinement of high temperature plasma. 
It will test the main features needed, including high-temperature-tolerant 
components and large-scale, reliable superconducting magnets. 

ITER’s operating conditions will be designed to be close to those required 
in a fusion power-generating system. The project aims to show how these can 
be optimised, and how design margins can be reduced to increase efficiency 
and control cost. The construction costs of ITER are estimated at EUR 5 billion 
over 10 years, with another EUR 5 billion foreseen for the 20-year operational 
period. The first plasma should be possible in ITER by the end of 2016.

13.7.3  Comparison between fusion and fission as sources 
of energy

Both fission and fusion are nuclear sources of energy. There are, however, 
significant differences between the systems that harness this energy to 
produce useable power:

Currently the main difference between the technologies is that fission •	
exists now as a developed process, with 439 electricity-producing reactors 
in operation around the world. It will be decades before the first fusion 
plant is available to generate electricity on a commercial basis. Although 
recent results from experimental facilities suggest that fusion is feasible, 
plasma confinement has only been achieved for seconds rather than 
the many months that would be required for a commercially operating 
electricity generation plant.

Fusion reactors will not produce the long-lived radioactive waste •	
generated by fission power plants in spent fuel. Some fuel reprocessing is 
still required to extract tritium from irradiated lithium, but reprocessing 
and radioactive waste disposal facilities would be simpler to construct. 
However, fusion is a nuclear process and the structure of a commercial 
fusion reactor, like a fission reactor, will become radioactive in use. This 
material will require disposal in a radioactive waste facility.

Neither technology contributes to climate change, and both offer security •	
of energy supply advantages over fossil fuels like gas and oil.

The fusion reaction is inherently safe: the plasma system disrupts and •	
terminates the process in any abnormal event. However, the Generation III 
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and III+ fission reactors now in operation or being constructed have very 
low core failure probabilities.

The ultimate costs of fission- and fusion-generated electricity are currently •	
judged to be similar. However, fusion has not yet demonstrated feasibility 
for sustained operation, nor has the means to transfer fusion energy to 
electricity been demonstrated. It is possible that costs for this technology 
will escalate sharply in the next few decades if prototype electricity 
production plants are built, and hopefully decline towards the end of the 
century as the technology develops and matures.

While fusion has long-term potential advantages over fission in terms of 
radioactive waste arisings and non-proliferation, it is important to remember 
that the technology has not yet been, and perhaps may never be, demonstrated 
as a means of producing electricity commercially. The world must not back 
away from using nuclear fission to help mitigate climate change or to provide 
increased energy security, while anticipating a potentially better fusion 
solution that may never be physically possible or may prove too complicated 
to be practical. 

Fusion offers a possible, vast energy source at some time in the 
future. Fission technology is in place and demonstrably works safely and 
economically.
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Key points

A nuclear reactor fleet which incorporates both thermal and fast reactors •	
and is coupled with the reprocessing of spent fuel (the latter of which 
contains some 95% of the original uranium and over half of the original 
energy content) offers the opportunity to gain the full energy potential of 
the initial fuel.

The reprocessing of the existing stock pile of spent fuel could provide fuel •	
for about 700 reactor-years, assuming 1 000 MWe light water reactors  oper-
ating at 80% load factor. Additional potential fuel resources that exist, such 
as depleted uranium stocks and uranium and plutonium from ex-military 
applications, could provide nuclear fuel for about another 3 100 reactor-
years.

The introduction of fast reactors with closed fuel cycles, such as the ones •	
considered by the Generation IV International Forum, would also allow a 
reduction of the volume and radiotoxicity of nuclear waste sent to geological 
disposal by recycling and burning long-lived elements (including toxic 
minor actinides), and transmuting long-lived and heat-generating fission 
products.

Alternative fuel cycles, such as the one based on thorium, are of interest, •	
but several challenges remain and significant R&D still needs to be per-
formed, especially for the back-end of the fuel cycle. Thorium-based fuel 
cycles have the potential to strengthen the sustainability of nuclear energy 
and could become significant in the long term.

14.1 Introduction
This chapter outlines currently deployed nuclear fuel cycles and the additional 
fuel resources that can be obtained from these cycles, before describing 
advanced fuel cycle options. The status of nuclear fuel cycle facilities 
worldwide is given in Chapter 1, and natural uranium resources are described 
in Chapter 5.

The nuclear fuel cycle covers all operations associated with nuclear fuel, 
from the uranium mine to the ultimate disposal of the waste. The fuel cycle 
can be separated into three main stages: 

the front-end, covering the operations from mining to the delivery of •	
fabricated fuel assemblies to the reactors; 

the fuel use in the reactor; •	

the back-end, from the unloading of the reactor fuel assemblies to the •	
reprocessing and/or disposal of the irradiated fuel.
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14.2 Current fuel cycles
Two major options are currently used for irradiated fuel management: the 
once-through cycle and the partial recycling option where plutonium and 
some of the separated uranium are recycled in light water reactors). The 
current choice between these two options made by the nuclear countries 
having more than fifteen reactors in operation is given in Table 14.1.

14.2.1 The once-through fuel cycle
In a once-through cycle, the irradiated fuel is considered as waste and 
treated as such. After unloading from the reactor, it is stored in the reactor 
pool where it is cooled for several years. It can then be sent to a facility for 
extended storage pending conditioning and emplacement in deep geological 
disposal. With this policy, the fissile material remaining in the spent fuel is 
not separated, which is sometimes considered favourable in terms of non-
proliferation. As no removal of the more radioactive components takes place, 
this results in a large volume of high-level waste.

This strategy, however, does not take advantage of a significant part of 
the energy potential of the fuel, since the remaining fissile plutonium and 
uranium-235, together with the fertile uranium-238, are left in the fuel and 

Table 14.1: Current fuel cycle options in selected countries

Country Number 
of reactors Material Destination

United States 104 in operation

 1 under 
construction

spent fuel deep geological disposal

France 59 in operation

1 under construction

vitrified HLW

separated U and Pu

deep geological disposal

recycling

Japan 55 in operation

3 under construction

vitrified HLW

separated U and Pu

deep geological disposal

recycling

Russian 
Federation

31 in operation 
7 under construction

vitrified HLW

separated U and Pu

deep geological disposal

recycling

Korea 20 in operation

6 under construction

spent fuel deep geological disposal

United 
Kingdom

19 in operation vitrified HLW

separated Pu and U

deep geological disposal

to be determined

Canada 18 in operation spent fuel deep geological disposal

Germany 17 in operation vitrified HLW (past)

separated U and Pu (past)

spent fuel (future)

deep geological disposal

recycling

deep geological disposal

HLW: high-level waste.
U: uranium.
Pu: plutonium.
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sent to geological disposal. In addition, the radiotoxicity of the waste is 
particularly high as a result of the presence of plutonium and other actinides. 
The amount of fuel in storage will become significant in countries with a 
large nuclear programme. 

The once-through fuel cycle is usually selected by countries with a small 
nuclear power programme, but there are some notable exceptions. For exam-
ple, Belgium, the Netherlands and Switzerland have opted for reprocessing 
contracts with other countries’ facilities and recycling of the fissile material 
as mixed oxide (MOX) fuel.

Other countries, where the reactors are loaded with natural, non-enriched 
uranium, such as Canada, have also selected once-through cycles since the 
fissile content in the irradiated fuel is considered too low for recovery to be 
economically attractive. 

Finland and Sweden have selected to dispose of the spent fuel in copper-
coated canisters and surrounded by layers of bentonite placed in cavities in 
crystalline rock. The expected start of operation for the Finnish repository 
is 2020.

The country with the largest number of reactors, the United States, is 
currently favouring a once-through cycle. US policy since 1977 has been 
to ban reprocessing of irradiated fuel in an effort to discourage the spread 
of technologies which were considered to increase the risk of nuclear 
proliferation and to treat all irradiated fuel as high-level waste. However, 
following a comprehensive discussion initiated in recent years, this policy 
was reviewed in the context of a new initiative, the Global Nuclear Energy 
Partnership, launched in 2006.  GNEP is aiming, inter alia, at recycling the 
used nuclear fuel to minimize waste while developing new technologies to 
reduce the proliferation concern. 

14.2.2  Improvement of reactor operation and higher fuel 
burn-up

At the end of 2006, it was estimated that the 435 reactors operating in the 
world required about 66 500 tonnes of uranium each year (NEA and IAEA 
2008).  Reactor and fuel designs have progressively evolved with the aim of 
optimising fuel utilisation in the core. For instance, for an average fleet of 
reactors, it is considered that:

extending the burn-up and fractional loading allows resource savings of •	
about 5%;

improving the reactor performance (heavy reflector, thermal efficiency) •	
allows resource savings of an additional 5% to 10%; 

improving the conversion ratio in LWR reactors allows resource savings of •	
5% to 10% (NEA, 2007b); 

improved availability factors also contribute to slightly reducing uranium •	
consumption in current LWR reactors. 
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Collectively, these developments have resulted in a total saving of more 
than 25% in natural uranium requirements per unit of electricity produced 
when compared to 30 years ago, and a significant reduction of fuel cycle costs. 
In France, for instance, EDF has increased the average fuel discharge burn-up 
from about 33 to 45 GWd/tHM (gigawatt-days per tonne of heavy metal) over 
ten years. At the same time, the fuel energy yield (expressed as the amount 
of material needed for a given energy production) decreased from 3.4 g/MWh 
in 1995 to 2.8 g/MWh in 2006. However, the resulting increased burn-up of 
the fuel discharged from the reactors has implications on the composition 
of the irradiated fuel as illustrated in Table 14.2 (note that burn-up relates to 
thermal power whereas TWh relates to electrical output).

This change in irradiated fuel properties for higher fuel burn-up must be 
accounted for in the design and operation of processing and storage facili-
ties. For instance, the changes in uranium isotopic composition will require 
an increased enrichment in the future fuel and increased shielding provision 
in the processing, enrichment and fuel fabrication facilities. The plutonium 
content in future MOX fuel will increase, and therefore requirements for 
additional shielding and criticality safety provisions for the future MOX fuel 
facilities, transport and storage will have to be reassessed. The composition 
of the fission products and minor actinides to be immobilised in glass will 
change, a fact which must be accounted for in the formulation of the glass 
matrix.

14.2.3 Reprocessing of spent fuel
An important option for spent fuel management is the separation of reusable 
material (uranium and plutonium) and its recycling in current reactors. 
This option has been selected by a number of countries, particularly those 
with large and well-established nuclear power programmes, as indicated 
in Table 14.1. One of the first short-term advantages of this option is the 
reduction in the volume of spent fuel to be stored on site or in centralised 

Table 14.2: Impact of increasing burn-up 
on the back-end of the fuel cycle

Burn-up (GWd/tHM) 33 45 60

Fission products (kg/TWhe) 140 140 140

Cladding and structural material (kg/TWhe) 1 210 890 660

Recyclable uranium (kg/TWhe) 3 830 2 810 2 100

Minor actinides (kg/TWhe) 4.3 4.5 4.7 

Recyclable plutonium (kg/TWhe) 37 32 27

GWd: gigawatt-days.
tHM: tonnes of heavy metal.
TWhe: terawatt-hours of electricity.
Source: Debes (2006).
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facilities as illustrated in Table 14.3, which lists the annual spent fuel arisings 
and the amount of fuel in storage in OECD countries. Countries engaged in 
spent fuel reprocessing are given in Table 14.4. Table 14.5 shows the global 
inventory of fissile materials which can be recycled. 

Reprocessing of spent uranium- or plutonium-based fuels is the term used 
for chemical treatment of the spent fuel to enable separation of:

unused uranium, both uranium-235 and uranium-238;•	
inbred plutonium together with any original plutonium;•	
fission products and higher actinides resulting from neutron capture.•	

Worldwide, the reprocessing of spent fuels, mainly from LWRs, but also 
from advanced gas-cooled reactors (AGRs) in the United Kingdom, has 
produced 45 000 tonnes of reprocessed uranium in the form of uranium 
oxide. This reprocessed uranium oxide must be re-enriched to fabricate new 
LWR fuel. Since reprocessed uranium contains other, neutron-absorbing 
uranium isotopes such as uranium-232 or uranium-236, it is necessary to 
slightly increase the enrichment level when compared to use of fresh natural 
uranium, in order to obtain the same equivalent enrichment.1 

1. The typical isotopic composition of reprocessed uranium is: 0.1-0.3 ppm 232U, 0.01-0.03% 234U, 
0.5%-1.0% 235U and 0.4 -0.7% 236U.

Table 14.3: Spent fuel arisings and their cumulative storage 
in OECD countries in 2006

Country Arisings (tHM/yr) In storage (tHM)

Belgium 134 2 478

Canada 1 587 36 912

Czech Republic 69 1 033
Finland 67 1 510
France 1 100* 10 710
Germany 410 4 160
Hungary 44 1 138
Italy – 237
Japan 960 12 294*
Korea 710 8 670
Mexico 22 427*
Netherlands 12 485
Slovak Republic 51 1 131
Spain 128 3 497
Sweden 310 4 598
Switzerland 68 924
United Kingdom 630* 393*
United States 2 306 54 126

* Provisional data. 
Source: NEA (2007c).



403

Significant amounts of reprocessed uranium have already been recycled 
in several countries. In Belgium, the Doel-1 reactor has operated for several 
years with fuel derived exclusively from re-enriched reprocessed uranium. 
In Sweden, 136 tonnes of reprocessed uranium were recycled in LWRs during 
the years 2000 and 2001. The French utility EDF has demonstrated the use 
of reprocessed uranium fuel in 900 MW reactor cores and plans to re-enrich 
about one-third of the uranium derived from the reprocessing of 850 t/y of 
spent LWR fuel, keeping the remainder as a reserve. The planned rate of 
recycling of uranium in France amounts to 20 t/y to 40 t/y of fuel (Debes, 
2006), to be loaded into two reactors as full core. 

14.2.4 Mixed-oxide (MOX) fuel
A typical commercial reactor discharges up to 28 kg of plutonium per TWhe 
for a discharge burn-up of 45 GWd/t. The isotopic quality of this plutonium 
varies with the discharge burn-up, but typically about two-thirds of the 
discharged plutonium consists of the fissile isotopes plutonium-239 and 
plutonium-241. To recycle this plutonium, it is possible to fabricate MOX 
fuel whereby the plutonium oxide is mixed with depleted uranium oxide 
to form fresh fuel. MOX fuel, containing about 7% to 9% plutonium mixed 
with depleted uranium, is equivalent to enriched uranium fuel at a level of 
about 4.5 % uranium-235. This MOX fuel can be used in conventional LWR 
reactors. 

Table 14.4: Civil reprocessing facilities

Countries Operators / sites

China CNNC / Gansu province

India

BARC / Trombay

Tarapur

Kalpakkam

Japan
JAEA / Tokai-mura

JNFL / Rokkasho-mura
France AREVA / La Hague

Russian Federation
Mayak RT-1

Zheleznogorsk RT-2 (planned)

United Kingdom
BNFL / Sellafield Magnox

BNFL / Sellafield Thorp

BARC: Bhabha Atomic Research Centre.
BNFL: British Nuclear Fuels Limited.
CNNC: China National Nuclear Corporation.
JAEA: Japan Atomic Energy Authority.
JNFL: Japan Nuclear Fuel Limited. 
Sources: NEA (2007c) and NEI (2007).
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The currently existing MOX fuel fabrication capacities are limited: the 
only existing commercial plants for LWR MOX fuel are a French plant, whose 
licensed capacity has been recently increased from 145 to 195 t/y, and a British 
plant for which operational difficulties limit the capacity to about 40 t/yr 
(NDA, 2006). Operation of the Belgian plant, which is able to fabricate 40 t/yr 
of MOX fuel, has recently been stopped. Japan is planning to commission 
a 130 t/y plant by 2011. MOX production worldwide since 1963 accounts for 
the utilisation of over 400 tonnes of plutonium, with between 12 tonnes and 
14 tonnes being used in 2005 for production of 200 tonnes of MOX fuel.

In the past, the output of reprocessing plants has exceeded the rate of 
plutonium usage in MOX, resulting in the build-up of inventories of civil 
plutonium in several countries. These stocks are expected to exceed 
250  tonnes before they start to decline after 2010 as MOX use increases, 
with MOX then expected to supply about 5% of world nuclear reactor fuel 
requirements (Hore-Lacy, 2007). 

At present, around 30% of irradiated fuel arisings are covered by long-
term reprocessing contracts. The main goals of this recycling are a better 
utilisation of the energy content of natural resources, especially for those 
countries which do not have abundant domestic resources, and the reduc-
tion of the volume and toxicity of the waste. Recycling of enriched uranium 
and plutonium would allow a saving of about 20% of the available resource 
(NEA, 2007b).

In 2003, there were a total of 39 LWRs (37 PWRs in Belgium, France, Germany 
and Switzerland and 2 BWRs in Germany) operating with part-MOX loading 
(NEA, 2003). Japan also plans to use MOX in up to 20 of its nuclear reactors. 
By 2010 it is expected that MOX fuel will be used by 45 reactors in Europe, 
together with 16 to 18 in Japan, and possibly five in the Russian Federation and 
six in the United States, i.e. some 15% to 20% of the world’s power reactors. 
A number of the new Generation III power plants are specifically designed to 
take either fully or partially loaded MOX cores.

Modern uranium-fuelled thermal reactors generally have the ability to 
substitute up to one-third of their core by MOX fuel, with some accepting 
substitution of up to half their core. In France, the intention is to have at 
least one-third MOX core fuel in its fleet of 900 MWe reactors; its new EPR 
will accept a full MOX core loading. Japan is following with plans to have a 
third of its reactors partially MOX-fuelled by 2010 and to introduce a new 
fully MOX-fuelled reactor.

Another significant use of the MOX fuel concept is for dealing with the 
peaceful use of weapons-grade  plutonium, declared as excess by both the 
Russian Federation and the United States. The material is fabricated into 
MOX fuel and used in civil LWRs, thus producing energy while being irre-
versibly altered and made unsuitable for weapons fabrication.

Compared to exclusively uranium-based irradiated LWR fuel, irradiated 
MOX fuel contains a higher amount of long-lived heat-generating isotopes, 
which must be taken into account when, for example, designing storage 
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facilities. Irradiated MOX reprocessing has been demonstrated since 1992 at 
the La Hague nuclear facility in France. This industrial demonstration gave 
assurance that MOX fuel can be reprocessed and its useful content recovered 
for future use. However, because of the isotopic degradation of the pluto-
nium during irradiation of MOX fuel, multiple recycling in LWR reactors is 
usually not practical.

14.3 Additional fuel sources
The use of uranium resources is strongly affected by overall management 
policies, as sources of re-usable materials can be identified over the whole 
fuel cycle. Sources of fissile materials, apart from the uranium and thorium 
found in nature and described in Chapter 5, may be summarised as follows:

Uranium enrichment tailings (depleted uranium), which typically still •	
contain 0.2 to 0.4 % uranium-235.

Uranium from the reprocessing of irradiated fuel, with uranium-235 •	
contents typically in the range 0.4% up to around 1%, with some 
contamination by neutron-absorbing isotopes such as uranium-236. Part 
of this material is currently being re-enriched and recycled in reactors.

Plutonium from the reprocessing of irradiated fuel, with isotopic compo-•	
sitions that can vary according to the type of fuel and conditions of fuel 
irradiation in the reactor. Part of this material is currently being recycled 
in reactors as MOX fuel.

Unused fissile content of irradiated fuel held in storage, recoverable •	
through reprocessing.

Military material that has been declared surplus. The highly enriched •	
uranium (HEU) contains more than 90% uranium-235 and the plutonium 
material is also very rich in the fissile plutonium-239. The “Megatons to 
Megawatts” programme is actually making use of HEU in civil reactors 
since more than a decade, and MOX plants are in construction in the 
United States and planned in the Russian Federation. 

The inventories of these materials and the potential energy savings iden-
tified at the end of 2005 are summarised in Table 14.5.

The largest potential lies in the depleted uranium tailings which are 
predominately composed of uranium-238 but with around 0.2 to 0.4% 
uranium-235. The ex-military HEU could provide a significant proportion 
of the world’s demand for low enriched uranium (LEU). For example, twice 
the annual world demand for LEU could be supplied from the conversion of 
500  tonnes of Russian weapons HEU to LEU. Plutonium from reprocessed, 
or stored non-reprocessed, spent fuel could also contribute significantly to 
resource savings.

The Russian Federation and the United States have agreed to process most 
of the HEU no longer needed for military purposes so that it can be reused 
to produce electricity in conventional reactors. Technically, the operation of 
down-blending HEU cannot be performed in the current commercial fuel cycle 
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facilities, since it requires plants able to address the criticality safety aspects 
and to comply with physical protection and safeguards requirements. 

It has been agreed between the US and Russian governments that most 
of the excess weapons-grade plutonium would be converted to MOX fuel in 
order to be used for power generation in dedicated reactors. Two MOX plants 
of similar technology need to be built in the two countries and the United 
States and the Russian Federation have agreed to commit 34 tonnes each of 
weapons-grade plutonium to use as MOX fuel in existing civil power plants.

14.4 Advanced fuel cycles
The Generation IV International Forum concludes in its roadmap of 2002 that 
the benefits of meeting sustainability goals include “…extending the nuclear 
fuel supply into future centuries by recycling used fuel to recover its energy content 
and by converting uranium-238 to new fuel” (GIF, 2002). 

The design of closed fuel cycles, coupled with various types of advanced 
reactors, aims to achieve this ambitious sustainability goal. The energy 
potential of natural uranium could be fully used by irradiating fertile material 
in fast reactors, for example by converting fertile uranium-238 into fissile 
plutonium-239 and thus making the natural resource virtually inexhaustible. 

At the same time, in order to reduce the volume and radiotoxicity of the 
waste, more selective separation of the various long-lived elements from 

Table 14.5: Inventory of recyclable fissile materials 
at the end of 2005

Supply source Quantity (tHM) Natural U equivalent 
(ktU)

Potential supply 
(reactor-years)*

Ex-military HEU 230** 70 420

Ex-military Pu 70 15 90

Pu from reprocessing 320 60 380

U from reprocessing 45 000 50 300

Enrichment tailings 1 600 000 450 2 650

Stored irradiated fuel
≈ 200 000 

(≈ 1 700 Pu) 
(≈ 190 000 U)

Potential to provide 
enough fuel to 

operate all NPPs in 
service worldwide 
during 7.5 years. 

  * Based on 1 000 MWe LWR operating at an 80% load factor.
  ** Remaining inventories.
  Source: NEA (2007b).
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spent fuel would allow their fabrication into fuel or targets to be irradiated in 
specifically adapted reactors where they would be transmuted into shorter-
lived elements while contributing to power production. Numerous interna-
tional and national efforts are now under way to design advanced fuel cycles 
and reactors that would become commercially available between 2030 and 
2040. 

In future advanced fuel cycles, uranium consumption could be driven 
essentially by the number of fast reactors and the fact that the uranium 
needed in these reactors, in addition to the fissile plutonium-239, does not 
have to be enriched; it may even contain uranium-235 levels lower than in 
natural uranium. Fuel cycle schemes based on fast reactors could decrease 
the requirement for fresh uranium by a factor of up to 60. 

14.4.1 Recycling strategies using fast reactors
The separated plutonium from reprocessing of spent fuel could be used in 
fast breeder reactors. This would significantly increase the energy extracted 
from natural uranium as compared with LWRs in a once-through cycle. The 
multiplication factor would depend on many factors including the breeding 
ratio of the fast reactors and losses in the fuel cycle processes (NEA, 2007b).

According to the French utility EDF, the initial load in a 1 000 MWe fast 
reactor would require about 14 tonnes of plutonium from used MOX fuel 
(equivalent to 10 tonnes of plutonium-239), which is the amount of plutonium 
produced by a LWR of the same capacity during its lifetime. Furthermore, 
the uranium derived from the reprocessing of irradiated fuel from one LWR 
reactor would be sufficient to operate fast reactors for several thousands of 
years. 

The ultimate goal of a fully-closed fuel cycle is also to recycle transuranic 
elements. Figure 14.1 illustrates a closed cycle concept with a fast reactor in 
which transuranics are burnt or transmuted.

Thus the use of fast reactors in a closed cycle would allow a dramatic 
reduction in uranium demand. In addition, since the fast neutrons which 
dominate the spectrum in fast reactors are much more suited to destroy 
minor actinides than the slow neutrons in thermal reactors, this cycle would 
also allow a considerable decrease in both the volume and radiotoxicity of 
waste sent to geological disposal. This is illustrated in Figure 14.2 (Nakajima, 
2006), which compares the long-term radiotoxicity of the high-level waste 
from the fast reactor and the LWR once-through cycle schemes, normalised 
to 1 for LWR spent fuel after one year. 

In Figure 14.2, the dotted line indicates the radiotoxicity of natural uranium 
needed to fuel a 1 GWe LWR for one year. If all actinides can be recovered to 
99.9% in the fuel reprocessing phase, then, after 1 000 years, the radiotoxicity 
level of the waste in the fast reactor cycle is approximately 240 times lower  
than that of a LWR once-through cycle, and several times lower than the 
natural uranium used to provide the fuel.
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Figure 14.1: Closed fuel cycle concept
with recycling of transuranic elements

Figure 14.2: Relative radiotoxicity of high-level waste
for LWR once-through and FR fuel cycle options

Source: Nakajima (2006).
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Plutonium recycling programmes were first developed with the breeder 
cycle in mind. There have been active fast breeder reactor research and 
demonstration programmes in Belgium, France, Germany, Japan, the 
Russian Federation, the United Kingdom and the United States. However, the 
commercial development of fast reactors was put on hold in the 1980s and 
1990s for numerous reasons, but primarily because they were projected to 
be uncompetitive at the low price of uranium at the time. If nuclear energy 
continues to make a significant contribution to world electricity production 
and particularly if the nuclear contribution increases, plutonium could 
become an energy source as significant as uranium is today.

In conjunction with the reconsideration of current nuclear fuel cycles and 
the development of advanced fuel cycles, some countries are now reactivating 
fast neutron reactor programmes in the context of a long-term perspective 
of energy sustainability and security of energy supply. Examples of countries 
active in fast reactor R&D are:

In France, a pilot sodium-cooled 233 MWe fast reactor, Phénix, is in •	
operation at Marcoule and used for R&D activities regarding transmutation 
and materials testing. The 1 200 MWe French fast breeder reactor at Creys-
Malville (SuperPhénix) began power production in 1985 and was closed in 
1997. In January 2006, the French President announced that the CEA was 
to begin designing a prototype Generation IV reactor to be operational in 
2020. In December 2006, the CEA decided to proceed with a Generation IV 
fast reactor prototype whose design features are to be decided by 2012 and 
whose start-up is targeted for 2020. A new generation of sodium-cooled 
fast reactors is the reference approach for this prototype. A gas-cooled fast 
reactor design is to be developed in parallel as an alternative option. The 
prototype will also have the mission of demonstrating advanced recycling 
modes intended to minimise the high-level and long-lived waste. The 
prototype rating will be 250 MWe to 800 MWe. 

Japan plans to introduce fast breeder reactors commercially and is accel-•	
erating efforts in that direction. The Joyo experimental FBR has been oper-
ating since 1977 and the fast reactor Monju is expected to restart by the 
end of 2008. Mitsubishi Heavy Industries was commissioned by the Japa-
nese government in July 2007 to design a prototype fast reactor by 2015 in 
order to start tests by 2025.

The Russian Federation is currently very active in fast reactor develop-•	
ment and has long-term plans to build a new generation of fast reactors 
fuelled with MOX. A fast breeder reactor, the 600 MWe BN-600, is currently 
operating. A larger reactor, the 800 MWe BN-800, is under construction at 
Beloyarsk and is due to start up in 2012 to replace the BN-600. A future 
BN-1800 is planned for operation around 2020. 

In the United Kingdom, several test and prototype fast reactors have •	
been operated by the UK Atomic Energy Authority (UKAEA), including the 
sodium-potassium alloy-cooled 15 MWe Dounreay fast reactor (DFR) from 
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1959 to 1977 and the 250 MWe prototype fast reactor (PFR) at Dounreay 
from 1974 to 1994. 

In the United States, several prototypes have also been operated. The United •	
States is now engaged, through the Global Nuclear Energy Partnership, 
in the study of a full nuclear cycle involving an advanced burner reactor 
(ABR) able to burn the plutonium and the minor actinides separated from 
the commercial fuel.

14.4.2 Partitioning
The implementation of nuclear fuel reprocessing, combined with the recycling 
of fissile material in thermal and/or fast breeder reactors would improve the 
utilisation of natural uranium resources by avoiding the waste of valuable 
material. Such a policy would also have a very favourable impact on radioactive 
waste management, by decreasing both the volume and radiotoxicity of the 
waste to be disposed of in a deep geological repository. 

A further step in reducing the amount of radioactive waste that needs 
geological disposal is to selectively separate the very long-lived waste isotopes 
and to treat them in a manner that reduces the hazard. This is the object of the 
“partitioning and transmutation (P&T) path”, where the separated nuclides 
are destroyed in specially designed reactors or where they are immobilised in 
specific, very durable matrices. 

The prime target nuclides for these options are the actinides neptunium, 
americium and curium, and the long-lived fission products iodine, technetium 
and caesium. The aim of these operations is to significantly decrease the 
time period over which the radioactive waste will constitute a significant 
hazard (reducing it to a few hundred years) and also to optimise the disposal 
concepts since the heat output from some isotopes determines how tightly 
the waste can be packed in the deep geological repository. 

The term “partitioning” applies to the processes which allow the target 
radionuclides to be separated. These processes must be very efficient, both 
to avoid unacceptable amounts of these nuclides in the waste conditioned 
for geological disposal and to avoid leaving too much fertile material (such 
as uranium) in the separated streams that are to be made into transmutation 
targets, since they would interfere with the transmutation operation. A US 
study (Laidler, 2007) showed that the removal of 99.9% of the transuranic 
elements and caesium results in a substantial increase in effective repository 
capacity, nearly a factor of 200 times greater than for the direct disposal of 
spent fuel. 

There are in principle two processes used in partitioning: aqueous (wet) 
and pyrochemical (dry) processes. The most common aqueous process is the 
PUREX process. Its variants are well-understood and have been the basis for 
commercial reprocessing operations for many years. Other aqueous processes 
are the COEX process, developed in France, the UREX+ process, being devel-
oped in the United States, and the DIAMEX-SANEX process, which can be an 
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add-on to the standard extraction process to separate the minor actinides 
from the fission products. 

Radioactive pilot-scale continuous operation testing in the CEA Atalante 
laboratory at Marcoule, France, has confirmed the feasibility of adapting the 
PUREX process to recover 99% of neptunium and iodine, and more than 95% 
of technetium. In order to recover americium and curium, it has been neces-
sary to develop new extractants which will allow the recovery of 99.9% of 
both curium and americium. Another new extractant allows the removal 
of 99% of caesium from the fission product solution (Courtois, 2006). A legal 
requirement to investigate these separations exists in France, originally by 
the Bataille Act of 1991 which has since been superseded in June 2006 by a 
more detailed act. The advanced partitioning processes should be assessed 
by 2012, with a longer-term goal to validate a technology for the industrial 
development of Generation IV fast reactors by 2040, at which stage the 
La  Hague reprocessing facility in France will be due for replacement.

Pyrochemical separation techniques began to be seriously investigated 
at the Argonne National Laboratory (ANL) in the United States in 1952, the 
driver being the reprocessing of the metallic breeder fuels under development 
at that time. Since 1990, renewed interest in partitioning and transmutation  
studies for waste management led to increased R&D activities in pyrochemical 
separation techniques since they could have a number of advantages over 
aqueous-based processes in that they employ smaller plants, are well suited 
to treat recycled materials in the form of targets rather than standard 
fuel elements, and could potentially deal with high burn-up, short-cooled 
materials. 

Pyrochemical processes fall into two main groups: processes which rely on 
differences in physical properties, such as volatility, and processes relying on 
differences in chemical reactivity, for example electrowinning. Pyrochemistry 
should be regarded as complementary to aqueous techniques for reprocessing 
since the application fields are different. Pyrochemical technologies should 
be used where they are seen to be advantageous in giving the required result, 
for example for short-cooled fuels, for fuels which are difficult to dissolve 
in nitric acid, or for integrated reactor-reprocessing-recycle fuel fabrication 
units.

14.4.3 Transmutation
Transmutation is the transformation of one radionuclide into another, 
mainly by neutron bombardment. The objective of transmutation in the fuel 
cycle is to change a long-lived actinide or fission product into shorter-lived 
nuclides, so that the waste sent to disposal becomes innocuous after only 
a few hundred years. The required neutron flux may be produced in a nuclear 
reactor (preferably a fast neutron reactor) or in an accelerator-driven system. 
In a reactor, the neutrons are produced by the self-sustaining fission of fissile 
elements once the criticality threshold has been reached in the core. In an 
ADS, a high-energy proton beam, produced in a particle accelerator, hits a 
heavy metal target to produce a shower of neutrons by spallation. These 
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neutrons can then be multiplied via fissions in a sub-critical reactor. However, 
once the accelerator is turned off, fission ceases. The transmutation fuel can 
be uranium-, plutonium- or thorium-based, possibly mixed with long-lived 
radioactive waste from conventional reactors. 

Table 14.6 illustrates the transmutation potential of thermal and fast 
reactors for the four most important minor actinides.

For these reasons, the nuclear industry considers transmutation of minor 
actinides to be performed almost exclusively in fast neutron reactors. Since 
minor actinide nuclides have an impact on the neutronic parameters of the 
reactors, their content in the fuel must be limited (around 3% to 5 % in fast 
reactors).

Two recycling options are being studied for the transmutation of minor 
actinides: homogeneous and heterogeneous recycling. In homogeneous 
recycling, the minor actinides are mixed with plutonium in the fuel. In this 
configuration, and considering a 100% fast reactor fleet, the equilibrium 
concentrations of minor actinides in the fuel would be about 1% (0.8% 
americium and 0.2% curium).

In heterogeneous recycling, the minor actinides (americium and curium 
in particular) and plutonium are handled separately in the cycle and in the 
reactors. For this option, two possibilities exist. The first consists of recycling 
americium and curium in specific targets placed in fast reactors. The second 
involves recycling minor actinides in dedicated reactors (the “double strata” 
strategy) in which the minor actinides are handled in a cycle which is com-
pletely independent of the fleet of power-generating reactors. Such special 
fuels, which would contain more than 50% minor actinides together with 
plutonium, would be used in a sub-critical reactor of the ADS type with an 
external neutron source. 

Table 14.6: Transmutation potential of PWR and fast neutron reactors

Concept

PWR – MOX Fast reactor
Moderated targets

in fast reactor

Φ = 2.5 1014 n/cm²·s
T = 1500 ENPD*

Φ = 3.4 1015 n/cm²·s
T = 1700 ENPD*

Actinides Transmutation Transmutation Transmutation

237Np 46% 63% ≈ 100%

241Am 70% 69% ≈ 100%

243Am 65% 63% ≈ 100%

244Cm 44% 50% –

* Equivalent nominal power days (for a nuclear reactor).
Source: Garzenne (2006).
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ADS systems are still in the conceptual or feasibility demonstration 
stage with ambitious R&D programmes, for example within the European 
Framework programmes. The research activities concentrate on the fuel 
(with high levels of americium and curium), the reliability of the accelerator 
and the design and performance of the spallation neutron source. The 
relative impact of the various recycling schemes on the fresh and irradiated 
fuel characteristics is illustrated in Table 14.7.

Table 14.7: Impact of recycling schemes on fresh and irradiated fuel 
characteristics, by comparison with standard MOX fuel cycle

Type of 
reactor PWR Fast reactor (EFR) ADS

Recycling 
options

Pu 
(MOX)

Pu + minor 
actinides 

(MIX)
Pu

Pu + 
minor 

actinides

Minor 
actinides 
(targets)

Minor 
actinides

Irradiated fuel (for reprocessing)

Decay heat 1 x 2 ≈ 1 ≈ 2 – x 70

Neutron
source 1 x 130 ≈ 1 x 2 – x 200

Fresh fuel (fabrication)

Decay heat 1 x 3 0.5 x 2.5 x 80 x 90

Neutron 
source 1 x 8 000 1 x 150 x 5 000/ 

x 10 000 x 20 000

Source: Garzenne (2006).

The transmutation of long-lived fission products have been found to be 
much more difficult. By specific design it is possible to reduce the half-lives 
to about 20 years for technetium and 30 to 40 years for iodine. However, in 
order to reduce the level of these fission products by 90%, it would be neces-
sary to recycle these targets several times, with at least three reprocessing 
steps, and a total irradiation time of between 60 and 120 years. These results 
suggest that practical transmutation of long-lived fission products will not 
be easy to achieve. 

14.4.4 DUPIC concept for CANDU fuel
Although the majority of the nuclear power plants are LWRs fuelled with 
enriched uranium, a significant number of reactors are built according to the 
CANDU design, using natural uranium as fuel. These reactors could then, in 
theory, be fuelled with spent LWR fuel. 

The DUPIC concept (direct use of used PWR fuel in CANDU reactors) pro-
poses to dismantle the spent LWR fuels (after some cooling) and to fabri-
cate new assemblies compatible with the CANDU geometry. The neutron 
economy in a CANDU reactor is sufficient to use this DUPIC fuel. One of the 
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major advantages of this concept is that it is not necessary to separate the 
irradiated fuel constituents. The spent DUPIC fuel would then be cooled for 
50 years prior to geological disposal.

The advantages are balanced by the fact that spent LWR fuel is very radio-
active, thus requiring heavily shielded, remotely operated facilities. The han-
dling of irradiated fuel powders could generate contamination problems and 
require specific provisions for the recycling facilities. In the end, since these 
elements are as radioactive as spent LWR fuel, this has to be accounted for in 
the design of the transport and core loading operations. 

Canada, where the CANDU reactor was developed, and the Republic of 
Korea which operates 4 CANDU units, initiated in 1991 a joint research 
programme to develop the DUPIC concept. A fuel fabrication campaign was 
initiated in Korea in January 2000 with fuel irradiated in 1986 at 35.5 GWd/t. 
The first 12 small-size elements fabricated by the Korea Atomic Energy 
Research Institute (KAERI) are now being irradiated in the HANARO research 
reactor, and full-size DUPIC elements have been fabricated.

14.4.5 Thorium cycles
Thorium is a naturally occurring mineral, more abundant than uranium in 
the earth’s crust. The currently estimated resources are about 2.5 million 
tonnes considered extractable at less than USD 80/kg (WNA, 2007). Some 
additional resources are known, but there is very little effort to evaluate 
them due to the lack of market and demand. Natural thorium contains only 
one isotope, the fertile thorium-232, which can absorb slow neutrons to pro-
duce the fissile isotope uranium-233.

Basic R&D of thorium-based fuel cycles has been conducted in Germany, 
India, Japan, the Russian Federation, the United Kingdom and the United 
States. Irradiation of thorium fuel to high burn-up has been conducted and 
several test reactors have been partially or completely loaded with thorium-
based fuel. Some experience has also been gained with thorium-based fuel 
in power reactors, some using highly enriched uranium as the main fuel. 
Most projects using thorium in their fuel cycles were terminated by the 
1980s, with the notable exception of India which plans to take benefit of its 
domestic thorium resources in the long term. 

While core management of a thorium-fuelled reactor is as easy as an LWR 
and the thorium fuel allows higher burn-ups and longer core lifetime, the 
thorium-based systems show a reactivity increase in the core well after reac-
tor shutdown and the fuel has a higher decay heat production than uranium-
plutonium fuels. Various studies have demonstrated that the global radio-
toxic inventory of spent fuel from a thorium cycle appears significantly lower 
than for the standard uranium-plutonium cycle under the same conditions.

However, reprocessing of thorium-based spent fuel is more difficult than 
standard uranium-plutonium spent fuel, and the demonstration of the 
feasibility of a closed thorium fuel cycle has still to be made at an industrial 
scale.
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14.4.6 Implications for radioactive waste management
Recently, the NEA published a report comparing the influence of 15 fuel 
cycle options on nuclear waste management and disposal (NEA, 2007a). The 
various fuel cycles considered represent a wide spectrum of options using a 
once-through cycle for a PWR (an EPR type pressurised water reactor using 
uranium oxide fuel) as the basis. The results show that the radioactivity of 
the waste is very sensitive to the removal of actinides and some cycles allow 
its reduction by almost two orders of magnitude.

Spent fuel decay heat is a major parameter that determines the allowable 
waste density in geological repositories. The decay heat of high-level waste 
arising from fully closed cycles involving recycling is considerably lower than 
that of the spent fuel from a LWR once-through cycle, allowing significantly 
smaller disposal galleries. After 50 years of cooling time, the difference in 
decay heat does not exceed a factor of four for any of the fuel cycles consid-
ered. However, after 200 years of cooling, this difference can reach a factor 
of 30 for cycles where the minor actinides are destroyed when compared to 
the once-through cycle. As a result, extending the cooling time to 200 years 
would decrease even further the required disposal space. Another factor 
that determines the size of a repository is of course the physical volume of 
the waste. This volume decreases significantly when recycling schemes and 
closed cycle schemes are considered. Reduction in radioactive waste volume 
and heat output together will have a large impact on the cost of disposal, 
since, for fully closed cycles with minor actinide burning, a given repository 
may be able to host waste resulting from the generation of a much larger 
amount of electricity.

The radiation doses resulting from the disposal of high-level waste from 
fuel cycle schemes with reprocessing are almost a factor of eight lower than 
those from the reference once-through cycle. These lower doses come from 
the fact that, during reprocessing, iodine is separated from the waste. If 
iodine were to be conditioned and disposed of in the same facility, the doses 
resulting from all the scenarios would be roughly equal in the short term. 
Since the waste from fully closed cycles contains a much lower actinide 
burden, the total dose would be lower in the very long term.

As the waste disposal cost is only a small part of the total fuel cycle cost, 
it does not have a high impact on the overall levelised nuclear electricity 
generating cost, where the capital cost of building reactors dominates, 
followed by operation and maintenance costs. The total fuel cycle costs, 
including waste disposal, only represent some 15%. 
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Concluding remarks

Energy is essential for our quality of life. Demand for energy continues to 
climb unabated as populations increase and standards of living improve. 
Projections by authoritative organisations specialising in the energy field 
suggest that by 2050, based on current government policies, energy demand 
will have risen to around 2.5 times today’s level. The demand for electricity, 
the most flexible and refined form of energy, is expected to rise at least at 
the same rate. The great majority of these demands are expected to be met 
by fossil fuel sources, a path which is now almost universally recognised as 
unacceptable, for reasons of climate change, security of energy supply and 
escalating prices in a world competing for energy resources. 

Authoritative assessments of what needs to be done to manage the threat 
of climate change have shown just how challenging it will be to deal with 
the problem; carbon releases need to be reduced to half or less of today’s 
emissions by 2050, at a time when total energy demand may well have more 
than doubled. Clearly all available means of reducing carbon emissions will 
be needed.

There is no doubt that nuclear energy could help with all three of the 
issues of climate change, security of supply and the cost of energy. It has 
the merits of being almost carbon free on a total life cycle basis, as good as 
or better than most renewable sources; it uses a fuel that is available from a 
diverse range of countries, with major producers located in politically stable 
areas; the cost of nuclear electricity production is relatively insensitive to 
the price of uranium, providing a stabilising influence on energy prices. Yet 
despite these benefits nuclear energy remains contentious and in much of 
the debate, both for and against, emotion competes with fact. 

This book has explored nuclear energy’s current and likely near-term 
contribution and its potential up to 2050, the current and future challenges 
that nuclear energy faces, how these challenges are being addressed and how 
the technology could develop in the future. The intent is to provide a factual 
analysis and to put contentious issues into a balanced perspective, from 
which policy makers can make their own judgements.

In many circumstances nuclear energy is competitive with other sources 
of generation and will become more so if mechanisms for penalising carbon 
releases are established. However, in liberalised markets, investors remain 
cautious. The high capital cost is a discouragement. Investor risk is seen 
in uncertainties inherent to many government’s policies, uncertainties 
on future carbon cost mechanisms and price, uncertainties in changing 
regulatory requirements, uncertainties in the time and cost of construction 
and uncertainties in the impact of public attitudes. 

Changes in the market place, technology and regulation have taken 
place around the world. Progress towards more certainty in regulations, 
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international co-operation in design evaluation and more predictable 
planning processes will help to reduce project implementation timescales 
and risks, and encourage investment. An optimum path towards an expanded 
contribution from nuclear energy will require collaboration at industrial, 
regulatory and policy levels in recognition of the increasingly international 
nature of nuclear technology. The NEA is well placed and well suited to 
continue its leading role in this global approach.

What can governments do to make progress? Probably first and foremost 
is to enact “The Polluter Pays Principle” and to establish realistic means of 
internalising the costs of carbon dioxide releases in the cost of energy. These 
mechanisms need to be established and set for the long term, or they will 
not provide the certainty necessary for investment decisions in electricity 
generation, or indeed, for other large capital investments related to energy. 
Reasonable certainty on at least a floor price for the future value of carbon 
will also be necessary. This will facilitate development of all sources of 
alleviation of greenhouse gas emissions, energy efficiency, nuclear energy, 
renewables, as well as technologies such as carbon capture and storage and 
hydrogen production from non-CO2 emitting sources. The follow-on to the 
Kyoto Protocol is clearly a key part of the overall process. The current protocol 
flexibility mechanisms exclude major base load electricity generation 
technologies such as carbon capture and storage and nuclear energy. Future 
flexibility mechanisms should also recognise those technologies that can 
make the bigger contributions in reducing carbon emissions. 

In many developed economies, scientific and technical training in general 
has fallen well below the desired level. The nuclear industry has not escaped 
unscathed; with an ageing workforce the skills needed are in short supply. 
Means to encourage the necessary training are required. International 
efforts to reinforce the mechanisms that have largely been successful so far 
in preventing the misuse of technologies and materials from being diverted 
to military or terrorist purposes need attention. Governments have a clear 
role to play in these issues. They are also key players in achieving progress 
in the disposal of high-level waste.

Industry also has a role to play. Continued safe operation of nuclear facili-
ties is essential. The media and public sensitivity is such that any moderately 
significant event at any location has an impact on the international industry. 
Safety performance must be impeccable even if, as illustrated in this book, 
public concern about the relative risks of nuclear energy compared to other 
sources of electricity generation is misplaced. The industry’s transparency 
has not always been adequate in the past and this has led to a loss of trust; 
policies of probity and transparency must be reinforced and maintained. 
Regulators have a role to play here; as the public’s independent experts, 
they have a duty to explain the true significance of any events in a fair and 
balanced way. Public attitudes are also influenced by the failure thus far to 
implement high-level waste disposal facilities; progress must be made.

The issue of public perception is more complex. The public does not have 
an especially high appreciation of the merits of nuclear energy and, as long 
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as the merits are not understood, the public is unlikely to be tolerant of the 
drawbacks, perceived or real. This is particularly challenging since evidence 
shows that, in many countries, neither industry nor government is trusted 
to provide reliable information. If nuclear energy is to expand in response to 
the serious energy issues facing the world, an ongoing relationship between 
policy makers, the industry and society that develops knowledge building 
and public involvement will become increasingly important. 

Those bodies which claim that the solution to the world’s energy problems 
is easy (be it a vast increase in energy efficiency, a massive expansion of 
renewable energy production, massive reliance on nuclear energy or any 
other means), must be challenged to provide transparent facts supporting 
their arguments. It is not sufficient to have hope that any of these on their 
own will resolve the issues; if we wait until it is proved otherwise it will be too 
late. The public must demand authoritative demonstration that the claims 
of political and lobby groups are sound and will deliver real solutions. The 
reliable and environ mentally responsible supply of energy at affordable cost 
is too important to our societies to rely on chance or prejudice.

Nuclear energy could have a large part to play in the resolution of these 
energy issues. It is a mature technology, providing 16% of the world’s electri-
city and 23% in the more developed economies of the OECD countries; it is 
not waiting for a technological breakthrough. Today’s reactors are more than 
adequate and those of tomorrow promise to be better still. It could also do 
much more, expanding to satisfy more energy needs than the provision of 
electricity. The uranium and technology are available to provide very large 
quantities of energy, largely CO2-free and for very long periods of time, which 
can be used to provide heat, supply potable water and produce hydrogen for 
transport. It is a technology that cannot be ignored in present circumstances. 
It will not be for every society, in every situation but, when the contribution it 
could make is not adopted, this should be on demonstrably rational grounds. 
How the alternatives will fill the need and are better are valid questions that 
deserve valid answers. This book is intended to provide a lasting, quality 
resource to inform that debate; a fitting celebration of the 50th anniversary 
of the NEA.
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This appendix provides information on the world’s reactors. It is divided into 
reactors that are operational, that are under construction and that have been 
permanently shut down.

Table A1.1: Operating reactors

Country/ 
economy

Reactor type Total 
units

Total  
(MWe net)PWR BWR PHWR GCR LWGR FBR

United States 69 35 104 100 582
France 58 1 59 63 260
Japan 23 32 55 47 587
Russian Federation 15 15 1 31 21 743
Germany 11 6 17 20 470
Korea 16 4 20 17 451
Ukraine 15 15 13 107
Canada 18 18 12 589
United Kingdom 1 18 19 10 222
Sweden 3 7 10 9 014
China 9 2 11 8 572
Spain 6 2 8 7 450
Belgium 7 7 5 824
Chinese Taipei 2 4 6 4 921
India 2 15 17 3 782
Czech Republic 6 6 3 619
Switzerland 3 2 5 3 220
Finland 2 2 4 2 696
Slovak Republic 5 5 2 034
Bulgaria 2 2 1 906
Hungary 4 4 1 829
South Africa 2 2 1 800
Brazil 2 2 1 795
Mexico 2 2 1 360
Romania 2 2 1 300
Lithuania 1 1 1 185
Argentina 2 2 935
Slovenia 1 1 666
Netherlands 1 1 482
Pakistan 1 1 2 425
Armenia 1 1 376
Total 265 94 44 18 16 2 439 372 202

Notes for Tables A1.1, A1.2 and A1.3: 
CANDU reactors are included under PHWR; RBMK reactors are included under LWGR.
BWR: Boiling water reactor.
GCR: Gas-cooled reactor.
LWGR: Light water-cooled graphite-moderated reactor.
PWR: Pressurised water reactor.
PHWR: Pressurised heavy water reactor.

Appendix 1: World Reactors
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Table A1.2: Reactors under construction

Country/ 
economy

Reactor type Total 
units

Total 
(MWe net)PWR BWR PHWR GCR LWGR FBR

Korea 6 6 6 540
China 6 6 5 220
Russian Federation 5 1 1 7 4 724
India 2 3 1 6 2 910
Chinese Taipei 2 2 2 600
Japan 1 1 2 2 186
Bulgaria 2 2 1 906
Ukraine 2 2 1 900
Finland 1 1 1 600
France 1 1 1 600
United States 1 1 1 165
Iran 1 1 915
Slovak Republic 2 2 870
Argentina 1 1 692
Pakistan 1 1 300
Total 31 3 4 0 1 2 41 35 128

Note: Data for the Russian Federation include two small units of 32 MWe each.
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Others reactor types included above are: 

 

Table A1.3: Reactors permanently shut down

Country/ 
economy

Reactor type Total 
units

Total 
(MWe 
net)PWR BWR PHWR GCR LWGR FBR Others

United States 12 10 1 2 1 2 28 9 764

Germany 9 5 1 2 1 1 19 5 879

France 1 8 1 1 11 3 798

Ukraine 4 4 3 515

United 
Kingdom 23 2 1 26 3 324

Bulgaria 4 4 1 632

Italy 1 2 1 4 1 423

Sweden 2 1 3 1 225

Lithuania 1 1 1 185

Russian Fed. 2 3 5 786

Spain 1 1 2 621

Slovak Rep. 1 1 2 501

Canada 2 1 3 478

Armenia 1 1 376

Japan 1 1 1 3 297

Netherlands 1 1 55

Kazakhstan 1 1 52

Belgium 1 1 10

Total 33 21 5 38 8 6 8 119 34 921

Reactor type Total units

Heavy water-moderated gas-cooled reactor 3

Heavy water-moderated boiling light water-cooled reactor 3

Organic moderated Reactor 1

Liquid metal-cooled graphite-moderated reactor 1
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Appendix 2: Definition of World Regions

The regions in this book have been defined by the NEA to be consistent with 
the IEA’s World Energy Outlook, with the exception that India and the Russian 
Federation are treated independently here and that those countries not 
covered by the first seven groups are categorised as the “Rest of the world”. 
The eight regions considered by the NEA are:

OECD North America
Canada, Mexico, United States.

OECD Europe
Austria, Belgium, Czech Republic, Denmark, Finland, France, Germany, 
Greece, Hungary, Iceland, Ireland, Italy, Luxembourg, Netherlands, 
Norway, Poland, Portugal, Slovak Republic, Spain, Sweden, Switzerland, 
Turkey, United Kingdom.

OECD Pacific
Australia, Japan, Korea, New Zealand.

India

China

Russian Federation

Transition economies
Armenia, Belarus, Bulgaria, Croatia, Estonia, Georgia, Kazakhstan, Latvia, 
Lithuania, Romania, Slovenia, Ukraine.

Rest of the world
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Appendix 3: Further Details on the Assumptions  
and Outcomes of Selected Scenarios

As noted in Chapter 3, the likely pattern of future total primary energy sup-
ply (TPES) and global electricity demand has been modelled extensively. 
The models generally cover the period to 2030, and in some cases to 2050. 
Most produce a baseline or reference scenario for future global energy use, 
assuming that the existing government policies remain broadly unchanged. 
Baseline scenarios therefore represent “business as usual”. The models then 
assess the impact on this baseline of potential changes to current policies, 
usually by developing a series of “what-if?” scenarios. These scenarios gen-
erally represent sets of different, discrete assumptions rather than a con-
tinuum of change. 

The NEA has chosen to use the outcomes of six of these sets of scenarios. 
Those selected are:

 
Assessments to 2030

International Energy Agency (IEA) •	 World Energy Outlook 2006 (WEO).

US Department of Energy, Energy Information Administration 2007 •	
(EIA).

International Atomic Energy Agency 2005 (IAEA).•	

World Nuclear Association 2005 (WNA).•	

Assessments to 2050
International Energy Agency (IEA) •	 Energy Technology Perspectives 2006 
(ETP).

Intergovernmental Panel on Climate Change 2000 (IPCC).•	
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This appendix provides more information on the assumptions that under-
pin the scenarios and their outcomes. The scenarios are defined in Tables 3.3 
and 3.4, except for EIA 3 and EIA 4 included here for comparison, which 
assume low (USD 34 per barrel) and high (USD 100 per barrel) oil prices 
respectively in 2030.

The tables of assumptions and outcomes that follow use the abbreviations 
listed in Table A3.1.
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Table A3.1: Abbreviations and units

Macroeconomics

GDP Annual global gross domestic product in trillions (1012) 2000 USD, 
purchasing power parity

GDP AGR Annual growth rate of GDP (% per annum)

Oil price Crude oil import price in 2005 (USD per barrel)

Population Global population in millions

Pop AGR Annual growth rate of population (% per annum)

Technological innovation

Tech progress General speed and degree (incremental, radical) of technological 
progress

CCS and/or Ren Success of carbon capture and storage technology and/or renewable 
energy technology

Adv nuclear Success of advanced nuclear technology systems

AGR of EI Annual growth rate of energy intensity (% per annum)

AGR of CI Annual growth rate of CO2 intensity (% per annum)

Environment

Climate CC Socio-political concern on climate change

CO2 penalty Global institution of penalty for CO2 emissions

CO2 EM World energy-related CO2 emissions (Gt)

Energy

Energy SC Socio-political concern on energy security

P-Energy DM World primary energy demand (Mtoe)

Elec DM World electricity demand (TWh)

Nuclear energy

Nuclear track record Success of R&D, and construction and operational experience of nuclear 
energy systems

PA for NPPs Political and public acceptance for nuclear power plants

Projections for nuclear energy

Np Nuclear demand expressed as primary energy (Gtoe)

Ne Nuclear electricity generation (TWh)

Nc Nuclear capacity (GWe) for electricity generation
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Appendix 4: Comparative Analysis 
of Severe Accidents Risks in the Energy Sector

Keeping in mind that no human activity can be carried out with zero risk, 
policy makers and other stakeholder groups very often request comparisons 
of the risks associated with different sources of energy. This is a very difficult 
question, especially since data regarding catastrophic events and their 
effects remain heterogeneous, and there is little or no historical experience 
of severe accidents in some energy sectors such as hydro or nuclear in OECD 
countries.

One of the most comprehensive approaches to this question was developed 
by the Paul Scherrer Institut (PSI) in Switzerland since the early 1990s built 
on the database ENSAD (Energy-related Severe Accident Database). This 
Appendix provides a brief overview of the PSI analysis of severe accident 
risks in the energy sector. The scope of this analysis is not restricted just to 
accidents occurring in power and heating plants, but covers the complete 
energy chains because accidents can take place in every stage from exploration 
to extraction, refining, storage, distribution, and finally waste disposal. Such 
a broader perspective is essential because for the fossil chains, accidents 
at power plants play a minor role compared to the other chain stages, i.e. 
analyses based on power plants only would radically underestimate the real 
situation.

In the literature no commonly accepted definition can be found of what 
constitutes a severe accident. In the ENSAD database, an accident is considered 
severe if it is characterised by one or more of the following consequences: 
5 or more fatalities, 10 or more injured persons, 200 or more evacuees, release 
of more than 10 000 tonnes of hydrocarbons, enforced clean-up of land and 
water area greater than 25 km², extensive ban on consumption of food, or 
economic losses over USD 5 million (at 2000 values). The number of fatalities 
is generally considered as the most reliable indicator and results presented 
below focus on this indicator.

In the case of nuclear power, application of probabilistic safety assessment 
(PSA) was necessary because of lack of statistically relevant historical records. 
In OECD countries there was not a single accident in the severe category, and 
in non-OECD countries, only one (Chernobyl). Consequences of hypothetical 
nuclear accidents were analysed using PSA techniques (see box).

Nuclear regulators generally consider PSA as a powerful tool to assess 
the impact on safety of changes in a given design; however they give 
little consideration to the absolute values themselves resulting from PSA 
techniques.
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Probabilistic Safety Assessments

Probabilistic safety assessment (PSA) is a systematic and compre-
hensive technique used to evaluate risks associated with complex 
systems such as nuclear power plants. It is also used in other 
industries that use complex technologies like the chemical industry, 
commercial airline operation and aeroplane construction. PSA is used 
during both the design and the operating stages of a nuclear plant 
to identify and analyse conceivable faults and sequences of events 
that might result in severe core damage and releases of radioactivity. 
PSA looks at three questions:

What are the initiating faults and sequences of events that could •	
lead to core damage? 

What are the consequences of core damage and potential •	
radioactivity release? 

How likely are these events to occur? •	

A PSA numerically assesses the probability and consequence of all 
foreseeable faults, and determines risk for each. Analysis of potential 
system faults includes assessment of human reliability and common 
mode failure (which looks at effects that could cause simultaneous 
failures across several systems). PSA considers both internal and 
external events, in both operational and shutdown conditions. 
Internal events include component failure and human error; external 
events include natural hazards like seismic events and man-made 
events like aircraft crash. Given that the output relies on input 
reliability data and the comprehensiveness of the faults considered, 
the results should not be considered as an exact prediction of the 
event probabilities.
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A4.1 Contents of ENSAD
The ENSAD database currently contains 18 706 accident records of all kinds, 
of which 88.4% occurred in the years 1969-2000. Within this period, 
6 995 accidents resulted in five or more fatalities, of which 39.5% were natural 
disasters and the other 4 233 (60.5%) were man-made accidents. The latter can 
be further divided into 1 870 energy-related accidents (44.2%) and 2 363 other 
man-made accidents (55.8%).

Figure A4.1 shows fatalities in all categories of severe (≥ 5 fatalities) man-
made accidents and natural disasters from 1969 to 2000, amounting to 
about 3.4 million fatalities. Of these, more than 90% were victims of natural 
catastrophes and about 10% of severe man-made accidents; 37% of the latter 
were killed in energy-related accidents.

The largest non accident disasters were a storm and flood catastrophe in 
Bangladesh in 1970 (300 000 fatalities), the Tangshan earthquake in China 
in 1976 (290 000), and a drought and civil war in Sudan in 1983 (250 000). In 
contrast, the largest man-made accidents resulted in fatalities one to two 
orders of magnitude lower. The top-ranked energy-related accidents include 
the Banqiao/Shimantan dam failures in China in 1975 (26 000 fatalities), the 
collision of the tanker “Victor” with the Ferry “Doña Paz” off the Philippines 
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Figure A4.1: Number of fatalities for severe ( 5 fatalities)
natural disasters and man-made accidents, 1969 to 2000

Note: Arrows indicate the three most deadly accidents per category, which are also described
in the text.
Source: based on slightly updated data from Burgherr et al. (2004).

Natural disasters Man-made, energy-related accidents
Man-made, non-energy-related accidents
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in 1987 (4 386), and a tank truck collision with another vehicle in the Salang 
tunnel in Afghanistan’s Parvan province in 1982 (2 700). Large non-energy-
related severe accidents include the accident at a pesticide plant in Bhopal 
in India in 1984 (5 000 fatalities), the sinking of the ferry “Neptune” near the 
coast of Haiti in 1993 (1 800) and the failure of the Gouhou dam (the primary 
purpose of which was irrigation and water supply) in China in 1993 (1 250).

The ENSAD database includes 1 870 severe accidents for the various energy 
chains in the period 1969-2000, amounting to 81 258 immediate fatalities 
(Table A4.1). The coal chain accounted for 65.3% of all accidents, with oil a 
distant second at 21.2%. Contributions by the natural gas (7.2%) and liquefied 
petroleum gas (LPG) (5.6%) chains were much smaller, while both hydro 
and nuclear account for less than 1% each. This dominance of coal-chain 
accidents is fully attributable to the release of detailed accident statistics 
by China’s coal industry, data that were not previously publicly available. 
Altogether, 819 of the 1 044 accidents collected for the Chinese coal chain 
occurred in the years 1994-1999, implying substantial under-reporting before 
the release of the annual editions of the China Coal Industry Yearbook.

Fatalities were clearly dominated by the Banqiao/Shimantan dam failures, 
which together resulted in 26 000 deaths. As a consequence, the hydro chain 
accounts for 36.8% of all fatalities. Among the fossil chains, coal accounted 
for most fatalities, followed by oil, LPG and natural gas.

a. First line: Coal non-OECD w/o China; second and third line: Coal China 1969-2000, and in parentheses 
1994-1999. Note that only data for 1994-1999 are representative because of substantial under-reporting in 
earlier years.
b. Only immediate fatalities.
Source: based on slightly updated data from Burgherr et al., 2004.

Table A4.1: Summary of severe (≥ 5 fatalities) accidents 
that occurred in fossil, hydro and nuclear energy chains in the period 1969-2000

Energy chain
OECD Non-OECD World total

Accidents Fatalities Accidents Fatalities Accidents Fatalities

Coal
75 

  
2 259 

  
102 

1 044  
(819)a

4 831 
18 017 

(11 334)a

1 221 25 107

Oil 165 3 713 232 16 505 397 20 218

Natural gas 90 1 043 45 1 000 135 2 043

LPG 59 1 905 46 2016 105 3 921

Hydro 1 14 10 29 924 11 29 938

Nuclear 0 0 1 31b 1 31

Total 390 8 934 1 480 72 324 1 870 81 258
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A4.2 Comparative analysis of major energy chains
Aggregated indicators were calculated as fatalities per GWyr, differentiating 
between OECD and non-OECD countries. It should be noted that the statistical 
basis for the indicators for individual energy chains may differ radically. For 
example, there are 1 221 severe accidents with at least five fatalities in the 
coal chain and only one in the nuclear chain (Chernobyl). Figure A4.2 shows 
the significant differences between the aggregated, normalised fatality rates 
assessed for the various energy chains. Generally, OECD countries exhibit 
significantly lower fatality rates than non-OECD countries. Among the fossil 
chains, LPG is most accident-prone per GWyr, followed by oil and coal, whereas 
natural gas performs best. Western style nuclear and hydropower plants 
have the lowest fatality rates. The recent experience with hydro in OECD 
countries points to very low fatality rates, comparable to the representative 
PSA-based results obtained for nuclear power plants in Switzerland, whereas 
in non-OECD countries, dam failures can pose a much higher risk. The figure 
also shows that the Chinese coal chain should be treated separately as its 
accident fatality rates are about ten times higher than in other non-OECD 
countries and about forty times higher than in OECD countries. 

1.E-3 1.E-2

6.169

1.957

1.349

0.048
(no severe accident with at least 5 fatalities)

0.003

0.597
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0.085
0.111

0.897

1.E-1 1.E+0 1.E+2 1.E+3
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OECD
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Non-OECD w/o China
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Source: based on slightly updated data from Burgherr et al. (2004).

Figure A4.2: Comparison of aggregated, normalised,
energy-related fatality rates

for OECD and non-OECD countries, 1969 to 2000

Note: based on historical experience of severe (≥ 5 fatalities) accidents that occurred
in OECD and non-OECD countries in the period 1969-2000, except for coal China
where complete data from the China Coal Industry Yearbook were only available for
the years 1994-1999. Note that only immediate fatalities were considered. 
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The above discussion was restricted to immediate fatalities; however, in 
the case of the nuclear chain, latent fatalities dominate total fatalities. For 
the only severe (≥ 5 fatalities) nuclear accident with an impact on human 
health (Chernobyl), then estimates of latent fatalities would range from 13.9 
to 51.2 deaths per GWyr (for non-OECD countries). However, applying these 
estimates for nuclear energy in OECD countries is not appropriate, because 
current OECD plants use other, safer technologies which are operated under 
a strict regulatory regime. This is also predominantly true for the current 
situation in non-OECD countries. In the OECD, latent fatality rates based 
on PSA are therefore generally significantly lower, around 0.02 fatalities 
per GWyr.

Frequency-consequence (F-N) curves shown in Figure A4.3 retain the 
ranking of energy chains derived from aggregated indicators, but provide 
additional insight on chain-specific maximum damages and on the probability 
of an accident exceeding a specified consequence threshold.

Figure A4.3: Comparison of frequency-consequence curves
for full energy chains

Based on historical experience of severe accidents in OECD and non-OECD countries for the
period 1969-2000, except for China 1994-1999.
Source: based on slightly updated data from Burgherr et al. (2004).
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(b) Non-OECD

For OECD countries, fossil energy chains clearly exhibited higher 
frequencies of severe accidents than hydro and nuclear (Figure A4.3a). 
Among fossil chains, LPG exhibits the worst performance and natural gas the 
best, whereas coal and oil chains are ranked in between. When comparing 
maximum consequences, there is only one data point for hydro, followed 
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by natural gas (109 fatalities), and other fossil chains having 2.5 to 4.5 times 
higher values compared to natural gas. 

For non-OECD countries (Figure A4.3b) the ranking of F-N curves was 
comparable to that for OECD countries, except for the Chinese coal chain that 
showed a significantly worse performance than other non-OECD countries. 
Furthermore, frequencies at corresponding numbers of fatalities were 
generally higher for non-OECD compared to OECD; for LPG and coal China 
(1994-1999) chain frequencies at lower death tolls were even greater than 
10-1. Regarding chain-specific maxima, non-OECD values of coal (without 
China), oil and LPG were substantially higher than the corresponding 
OECD values. In addition, the range in observed maximum fatalities among 
individual chains was larger in non-OECD, particularly because the oil chain 
historically shows maximum numbers up to one order of magnitude higher 
than other fossil chains.

For nuclear energy, immediate fatalities play a minor role, whereas latent 
fatalities clearly dominate. Expectation values for severe accident fatality 
rates associated with the nuclear chain in OECD countries are very low, but 
the maximum credible consequences may be large because of the dominance 
of expected latent fatalities, i.e. for large events, comparable to the Banqiao/
Shimantan dam accident that occurred in China in 1975. Results concerning 
Chernobyl were published in Hirschberg et al., (1998). Earlier studies by EC/
IAEA/WHO and UNSCEAR formed the main basis for the numerical estimates 
of total latent fatalities associated with Chernobyl, supported by numerous 
sources including Russian ones. Estimated latent fatalities range from 9 000 
(based on dose cut-off) to 33 000 (entire northern hemisphere with no dose 
cut-off) over the next 70 years, indicating that the upper range in estimates 
used here is conservative (as intended) because it was not limited to the most 
contaminated areas. 

While the risk to individuals receiving very small doses is equivalently 
very small, a huge number of people in space and time are affected. When 
the large collective dose (resulting from summing millions of very small 
doses) is combined with a linear dose response function with no threshold 
(i.e. the probability of a fatal cancer in the long term is directly related to 
the dose received, even down to infinitesimal doses) for the individual 
exposure, the thus estimated health effects may become dominant. To put 
this in perspective, the global effective dose of 600 000 person-Sieverts from 
the Chernobyl accident is equivalent to only 5% of some 13 000 000 person-
Sieverts estimated to be annually delivered to the world population from 
natural sources. For the 70 years over which the above fatality figures were 
calculated for the accident, the collective dose from natural sources would 
be 910 000 000 person-Sieverts (assuming a constant population), some 
1 500 times larger, therefore theoretically causing 1 500 times as many 
fatalities due to exposure to natural background radiation.

Some further perspective can also be gained by considering the latent 
health effects of fossil fuel burning, the main alternative for baseload 
electricity production, as discussed in Chapter 4. The OECD Environmental
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Outlook (OECD, 2008) reports that outdoor air pollution due to fine particulates 
(≤ 10 microns) is estimated to have caused approximately 960 000 premature 
deaths in 2000 and 9 600 000 years of life lost worldwide. The OECD 
Environmental Outlook baseline estimate is that, by 2030, this will rise to 
3 100 000 deaths per annum and 25 400 000 years of life lost. While not all of 
this can be attributed to electricity generation, the same source reports the 
European Environment Agency estimate of 30% due to energy production in 
Europe, where emission standards will be more demanding than in many 
other countries of the world. 

In September 2005, a new report on the consequences of the Chernobyl 
accident was released by the Chernobyl Forum (2005) consisting of a number 
of professional organisations of the United Nations (IAEA, WHO, UNDP, 
FAO, UNEP, UN-OCHA and UNSCEAR) as well as the World Bank and the 
governments of the Russian Federation, Belarus and Ukraine. This report 
reflects the findings of a large team of natural scientists, economists and 
health specialists. One of the conclusions of the report is that in the areas with 
high contamination, up to 4 000 people could eventually die from radiation 
doses from the Chernobyl accident, most of them among the so-called 
“liquidators”. This is significantly lower than the previously mentioned 
values because of the more limited area considered. Nevertheless, the report 
emphasises the large scale of economic and social consequences, which 
manifest the catastrophic dimension of the Chernobyl accident beyond what 
is expressed by fatality rates only.

Finally, the large differences between Chernobyl-based estimates and 
probabilistic plant-specific estimates for a Swiss nuclear power plant 
(Figure A4.3a,b) illustrate the limitations in applying past accident data 
to cases that are radically different in terms of technology and operating 
environment. 

A4.3 Conclusions 
The ENSAD database provides a well-founded basis for technical 

comparisons of severe accident risks in the energy sector. However, analyses 
should be complemented by a PSA approach when full chain risks are 
dominated by the power plant stage or when availability and applicability of 
historical experience is strongly limited, as is the case for OECD hydro and 
nuclear power plants.

Comparative analyses confirmed substantial numerical differences 
between the different energy chains as well as country groups. Hydropower 
in non-OECD countries and upstream stages within fossil energy chains are 
most accident-prone, whereas the natural gas chain exhibits the lowest risks 
among the fossil chains. When comparing country groups, energy-related 
accident risks are distinctly lower in the OECD countries than in other 
countries. 
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Consideration of regional differences is particularly important for the 
nuclear and hydro chains, where expected values for fatality rates due to 
severe accidents are lowest for OECD power plants. 

The choice of technology for electricity production is affected by many 
factors, one of which may be the perceived level of associated risk. The 
analysis presented here indicates that, contrary to that which many people 
would expect, nuclear power is a very safe technology because of the exacting 
standards to which it is designed, operated and regulated (see Chapter 7).
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Appendix 5: Reactor Types and Technologies

A5.1 Reactor types
This appendix presents an overview of the main reactor types and tech-
nologies currently used around the world to generate nuclear electricity. 
These are primarily Generation II reactors built in the 1970s and 1980s as 
commercial power plants. Very few Generation I reactors, the prototypes and 
early commercial plants developed in the 1950s and 1960s, are still operat-
ing. A small number of Generation III/III+ plants are already operational and 
more are currently being built; these are described in Section 13.3.

Nuclear reactors that operate by fission are classified by neutron energy 
(thermal or fast), by coolant fluid (water, gas or liquid metal), by moderator 
type (light water, heavy water, graphite, or none in fast reactors) and by reac-
tor generation. Reactor generations are described in Section 13.2.

Of the Generation II plants in operation today, around 80% use ordinary 
(light) water as both moderator and coolant. These are light water reactors 
(LWRs). There are two types of LWRs: pressurised water reactors (PWRs) and 
boiling water reactors (BWRs). Other reactors use heavy water as modera-
tor and coolant, primarily in Canada and India; these are pressurised heavy 
water reactors (PHWRs). There are two types of graphite-moderated reac-
tors, cooled either by light water (LWGRs or RMBKs) or by carbon dioxide gas 
(GCRs). Fast breeder reactors (FBRs) have no moderator and those operating 
today use liquid sodium as coolant. Table A5.1 shows the numbers and global 
power outputs of these reactor types (IAEA, 2008). Further details of opera-
tional reactors by country, and of reactors shutdown and under construction, 
are given in Appendix 1.

Table A5.1: Numbers of reactor types worldwide

Type Number 
of units

Total 
MWe

Neutron 
energy

Coolant  
fluid

Moderator

PWR 265 243 429 Thermal Light water Light water

BWR 94 85 287 Thermal Light water Light water

PHWR 44 22 358 Thermal Heavy water Heavy water

LWGR 16 11 404 Thermal Light water Graphite

GCR 18 9 034 Thermal CO2 Graphite

FBR 2 690 Fast Sodium None

Total 439 372 202

Source: IAEA (2008).
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Each of the main types of commercial reactor is briefly described below. 
Within each basic type, there are different designs resulting from different 
national, manufacturer and operator requirements.

A5.2 Reactor technologies

A5.2.1 Pressurised water reactors (PWRs)
There are 265 PWRs operating worldwide, of which 150 are in France, Japan 
and the United States (see Appendix 1). Ordinary (“light”) water is used as 
both coolant and moderator in these plants. The technology was originally 
developed for submarine propulsion. The coolant is kept at high pressure 
(about 15.5 MPa) to keep it liquid during operation, and is retained within a 
pressure boundary comprised of the reactor pressure vessel and the primary 
cooling system piping. The coolant is circulated using powerful pumps so that 
the heat is transferred from the core to boil water in a separate, secondary 
loop in steam generators. The steam thus produced drives the electricity-
producing turbine generators. A schematic of the process is shown in 
Figure A5.1 (NEA, 2005).

PWRs require enriched fuel, usually ceramic uranium dioxide with 
a melting point around 2 800°C. Fuel pellets (typically 1 cm diameter and 
1.5 cm long) are placed in an alloy tube, usually made of zirconium, to make 
a fuel rod. A fuel assembly consists of a square array of 179 to 264 fuel rods, 
and 121 to 193 fuel assemblies 3.5 to 4.0 metres long are loaded into an 
individual reactor (Mitsubishi, 2006). The fuel assemblies form the reactor 
core contained within the thick steel pressure vessel. Surrounding the 
pressure vessel, steam generators and other primary circuit components 
is the containment structure, designed to protect the reactor (for example 

Figure A5.1: Pressurised water reactor system
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Source: NEA (2005).
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from an aircraft crash) and to prevent escape of radioactivity to the outside 
environment in the event of any major malfunction inside. It is a concrete 
and steel structure, about one metre thick.

VVERs are the pressurised water reactors developed initially by the former 
Soviet Union. They are currently used in the Russian Federation and other 
countries including Bulgaria, the Czech Republic, Finland, Hungary, the 
Slovak Republic and Ukraine. VVER is an abbreviation of the Russian for water-
cooled, water-moderated energy reactor. Like their Western counterparts, 
the VVERs have been developed from early prototypes, but only the latest 
version – the VVER 1000 – has the massive containment structure typical of 
a LWR designed in the OECD countries. 

A5.2.2 Boiling water reactors (BWRs)
There are 94 BWRs operating in nine countries, mostly in Japan and the 
United States (see Appendix 1). In a BWR, ordinary water again acts as both 
coolant and moderator. The coolant is kept at a lower pressure than in a 
PWR (about 7 MPa) allowing the coolant to boil as it transfers heat from the 
reactor core. The resultant steam is passed directly to the turbine generators 
to produce electricity without an intermediate steam generator. While the 
absence of a steam generator simplifies the design, as compared with PWRs, 
the electricity-generating turbine becomes contaminated, to a low level, with 
radioactivity. A schematic of the process is shown in Figure A5.2 (NEA, 2005). 
Like PWRs, BWRs use enriched fuel and have a thick steel pressure vessel 
and massive containment structure. 

Both PWRs and BWRs have to be shut down to refuel, because the pres-
sure vessel has to be opened. Refuelling is done every one or two years, when 
between a quarter and a third of the fuel assemblies are replaced with new 
ones.

Figure A5.2: Boiling water reactor system
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A5.2.3 Pressurised heavy water reactors (PHWRs)
There are 44 PHWRs operating worldwide in seven countries, of which 18 
are in Canada, and 15 in India (see Appendix 1). CANDU (short for Canadian 
deuterium uranium) reactors are PHWR designs. Generation II PHWRs use 
heavy water (D2O, water formed with deuterium, a heavy isotope of hydrogen), 
as both coolant and moderator. The heavy water moderator allows natural 
uranium to be used as the fuel, thereby eliminating the need for, and the cost 
of, enriching the uranium. On the other hand, the production of heavy water 
requires a dedicated plant to separate the D2O from ordinary water, raising 
the concentration of D2O from its natural concentration of less than 0.1% to 
the 99% used in a PHWR. 

Figure A5.3 shows a schematic of a PHWR (British Energy, 2006). This type 
of reactor does not have a large pressure vessel like a PWR or BWR. Instead, 
pressurised heavy water is pumped through a large number of horizontal 
fuel tubes (the calandria) and heated by the nuclear reaction before being 
passed on to a steam generator. As in a PWR, the coolant is passed through 
a steam generator to boil ordinary water in a secondary loop. An advantage 
of the PHWR design is that the fuel is contained in a series of pressure tubes 
rather than in a single pressure vessel, which allows refuelling to take place 
during operation, whereas PWRs and BWRs must be shut down to refuel. 
This feature allows high availability but also increases the complexity of the 
design.

A5.2.4 Gas-cooled reactors (GCRs)
There are 18 gas-cooled reactors in operation, all in the United Kingdom. 
There are two types, Magnox reactors (named after the magnesium alloy 
used to clad the natural uranium metal fuel elements), of which only four of 

Figure A5.3: Pressurised heavy water reactor system
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the original fleet of 26 remain operational, and advanced gas-cooled reactors 
(AGRs). The AGRs have a gas outlet temperature of around 600°C, which 
allows thermal efficiencies of about 42% compared with typically 33-36% 
available from a water reactor. Both use carbon dioxide as the coolant and 
graphite as the moderator. The gas coolant transfers heat from the reactor 
core to a set of steam generators that produce steam to drive the electricity-
producing turbines. The Magnox reactors use natural uranium in metallic 
form as fuel and the AGRs use enriched uranium as uranium dioxide, like 
the LWRs. Like PHWRs, these GCR designs can be refuelled on-load.

Figure A5.4 shows a schematic of an AGR (British Energy, 2006). Both the 
AGRs and the still operating Magnox reactors have pre-stressed concrete 
pressure vessels several metres thick that contain the reactor core, the steam 
generators and the gas circulators.

A5.2.5  Light water graphite-moderated reactors  
(LWGRs or RBMKs)

There are 16 LWGRs, or RBMKs, in operation, 15 in the Russian Federation, 
and one in Lithuania due to close in 2009. RBMK is a Russian acronym mean-
ing high power channel reactor. Ordinary water is used as the coolant and 
graphite as the moderator. Pressure tubes containing the fuel run through 
the graphite core; water is pumped through these tubes. As with a BWR, 
the coolant boils as it passes through the reactor and the resultant steam is 
passed directly on to turbine generators. Like the PHWR design, RBMKs can 
be refuelled while at power. Pressure tube designs allow reactors to be built 
in areas where it may not be possible to fabricate the large pressure vessels 
required for a LWR. Figure A5.5 shows a schematic of the RBMK or LWGR 
system (British Energy, 2006).

Figure A5.4: Advanced gas-cooled reactor system
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The RBMK is an early design and does not have some of the inherent safety 
features of reactors built elsewhere in the world. Unlike other reactor types, 
power output from the RBMK increases when cooling water is lost. The physics 
of RBMK reactors is very complex and it was this complexity, plus numerous 
breaches of safety procedures, which led to the major accident at Chernobyl 
in 1986. After the accident, extensive safety improvement programmes have 
been implemented.

A5.2.6 Fast breeder reactors (FBRs)
The reactor types described above are all thermal reactors, where most of the 
fission is caused by neutrons slowed down by a moderator (water or graphite) 
to near-thermal energy. In fast reactors, fission is caused by neutrons that 
have not been slowed down, and so are “fast”. On average, FBRs create more 
neutrons per fission than thermal reactors, so there is an excess of neutrons 
over the number needed to maintain the chain reaction. These additional 
neutrons can be used to produce more fuel than the reactor consumes, hence 
the name breeder reactor. FBRs can potentially increase available world 
nuclear fuel resources up to sixty-fold and are thus a key element in the sus-
tainability of nuclear energy in the long term. Around 20 fast reactors have 
been built and operated in a number of countries, though in May 2008 only 
two were in operation, in France and the Russian Federation (Appendix 1). 
China, India and Japan are developing them. 

A fast reactor core, since it has no moderator, is very compact; the 250 MWe 
prototype fast reactor in the United Kingdom had a core the size of a large 
dustbin (British Energy, 2006). They require plutonium fuel or uranium fuel 
that has around four times the enrichment of typical LWRs. These reactors 
have usually been cooled by liquid sodium, which is very efficient at removing 
heat. Sodium can be heated to 500-600°C without being pressurised, so the 
reactor does not need a pressure vessel. Fast reactors can maintain cooling 
by natural convection should the cooling pumps fail. 

Figure A5.5: Light water graphite-moderated reactor system
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Appendix 6: Abbreviations, Acronyms and Units

Abbreviations and Acronyms

A

ABB Asea Brown Boveri

ABR advanced burner reactor

ABWR advanced boiling water reactor

ADS accelerator-driven system

AGR advanced gas-cooled reactor

ALARA as low as reasonably achievable

APWR advanced pressurised water reactor

ATR advanced thermal reactor

B 

BNFL British Nuclear Fuel Limited

BWR boiling water reactor

C

CANDU Canada Deuterium Uranium

CCS carbon capture and storage

CDM Clean Development Mechanism

C-E combustion engineering

CEA Commissariat à l’énergie atomique (France)

CER certified emission reduction

CNNC China National Nuclear Corporation

CNRA Committee on Nuclear Regulatory Activities

COL combined construction and operating licence

COP Conference of the Parties

CPPNM Convention on the Physical Protection of Nuclear Material

CRDM control rod drive mechanism

CTBT Comprehensive Nuclear Test Ban Treaty

D

DOE  Department of Energy (United States)

DTI  Department of Trade and Industry (United Kingdom)
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E

EC  European Commission

EDF Électricité de France

EIA  Energy Information Administration

EIA  environmental impact assessment

ENEN  European Nuclear Engineering Network

EPR European pressurised reactor

ESBWR economic and simplified boiling water reactor

EU  European Union

EURATOM  European Atomic Energy Community 
 (EAEC or Euratom) 

F

FBNR fast bed nuclear reactor

FBR fast breeder reactor

G

GCR gas-cooled reactor

GDP gross domestic product

Gen-III generation III reactor

Gen-III+ generation III+ reactor

Gen-IV generation IV reactor

GEH General Electric – Hitachi Nuclear Energy

GFR gas-cooled fast reactor

GHG greenhouse gases

GIF Generation IV International Forum

GNEP Global Nuclear Energy Partnership

H

HDI Human Development Index

HEU highly enriched uranium

HLW high-level waste

HTGR high-temperature gas-cooled reactor

HTR high-temperature reactor

I

IAEA International Atomic Energy Agency

ICRP International Commission on Radiological Protection
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IDC interest during construction

IEA International Energy Agency

IGCC integrated gasification combined cycle

ILW intermediate-level waste

INPRO International Project on Innovative Nuclear Reactors   
 and Fuel Cycles

INS Innovative Nuclear Energy Systems

IPCC Intergovernmental Panel on Climate Change

ISL in situ leaching

ITER international thermonuclear experimental reactor

K

KBS-3 Kärnbränslecykelns slutsteg (Swedish concept for deep   
 disposal of spent nuclear fuel)

L

LEU low-enriched uranium

LFR lead-cooled fast reactor

LILW low- and intermediate-level waste

LLW low-level waste

LLW-LL low-level waste long-lived

LLW-SL low-level waste short-lived

LPG liquefied petroleum gas

LWGR light water-cooled graphite-moderated reactor

LWR light water reactor

M

MDEP  Multinational Design Evaluation Programme

MIT Massachusetts Institute of Technology

MNA multilateral nuclear approaches

MOX mixed oxide (fuel)

MSR molten salt reactor

N

NEA Nuclear Energy Agency

NEPTUNO Nuclear European Platform for Training and University   
 Organisations

NGO non-governmental organisation

NNWS non-nuclear weapon state
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NORM naturally occurring radioactive material

NPP nuclear power plant

NPT Treaty on the Non-Proliferation of Nuclear Weapons

NRC Nuclear Regulatory Commission (United States) 

NSG Nuclear Suppliers Group

NWFZ nuclear weapon-free zone

NWS nuclear weapon state

O

O&M operation and maintenance

OECD Organisation for Economic Co-operation and    
 Development

OSPAR Convention for the Protection of the Marine    
 Environment of the North-East Atlantic

P

PBMR pebble bed modular reactor

PHWR pressurised heavy water reactor

PM particulate matter

PRIS Power Reactor Information System

PSA probabilistic safety assessment

PSR periodic safety review

PV photovoltaic

PWR pressurised water reactor

Q

QA quality assurance

R

RAR reasonably assured resources

R&D research and development

RBMK Reaktor Bolshoy Moshnosty Kanalny (high power    
 channel-type reactor)

S

SCWR supercritical-water-cooled reactor

SFR sodium-cooled fast reactor

SMR small or medium reactor

SNF spent nuclear fuel
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SRES Special Report on Emissions Scenarios

T

THTR thorium high-temperature reactor

TPES total primary energy supply

TRU transuranic

U

UCTE Union for the Co-ordination of Transmission    
 of Electricity

UN United Nations

UNFCCC United Nations Framework Convention     
 on Climate Change

UNSCEAR United Nations Scientific Committee     
 on the Effects of Atomic  Radiation

V

VHTR very high-temperature reactor

VLLW very low-level waste

VVER Vodo Vodianoy Energetichesky Reaktor (water-cooled,  
 water-moderated power reactor)

W

WANO World Association of Nuclear Operators

WNA World Nuclear Association

Units 
billion 1 000 million

G Giga = 109

k kilo = 103

M Mega = 106

m milli = 10-3

T Tera = 1012

GWyr gigawatt x year

GW/yr gigawatt per year

GWd/t gigawatt-days per tonne 

kWh kilowatt-hour

man-Sv man sievert
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MPa megapascal

MSWU million separative work units 

Mtoe million tonnes of oil equivalent

MWe megawatt electric 

MWth megawatt thermal

ppm parts per million

t tonne 

t/yr tonne per year

TBq terabecquerel

tHM tonne of heavy metal

tU tonne of uranium
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