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Foreword
A secure supply of energy is fundamental for modern society. One might therefore expect energy policy to
be the constant subject of intense public debate. The fact that, at least in the UK, it is not, may mean that on
the whole our energy policy works. We do not worry particularly about the lights going out.
But energy policy is both a long-term and a global issue. Society requires an energy supply that can meet
growing demand and that is reliable, economically affordable and sustainable in terms of its global and local
environmental impact. These are major challenges, and there is nothing inevitable about future success.
Energy does need to be centre stage in policy-makers’ minds.
The Royal Society and The Royal Academy of Engineering therefore set up a joint working group to examine
one aspect of energy policy where there is a powerful temptation to procrastinate: the role of nuclear energy
in generating electricity. This has been given extra prominence by the Kyoto commitments on emissions of
greenhouse gases in general and carbon dioxide in particular. Our aim has been to survey the full range of
current and potential technologies for generating electricity and, against that background, to form a view on
the future role for nuclear.
The CO2 issue is real and increasingly urgent; the many emerging forms of renewable energy do merit
substantial levels of R&D investment and could well become key parts of the UK strategy for sustainable
energy supply; initiatives to promote efficiency and conservation do have a part to play. But, in the light of
this study, the Royal Society and The Royal Academy are convinced that it is vital to keep the nuclear option
open. We view with great unease current policies that appear unperturbed by the prospect of all nuclear
capacity disappearing from the UK by the middle of the next century.
We commend this report to the careful attention of all concerned with energy policy. In order to make it
accessible to a wide readership, we are also publishing a shorter version for free distribution and placing it on
our web sites: royalsoc.ac.uk and raeng.org.uk. We look forward to a serious debate about its practical
recommendations on how to develop secure energy supplies in ways that are sustainable in the long term.

Sir Aaron Klug, OM, PRS
President
The Royal Society

Sir David Davies, CBE, FRS, FREng
President
The Royal Academy of Engineering

June 1999
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Summary
•

There is a strong case for acting to mitigate the threat of drastic climate change associated with
unrestrained increases in emissions of greenhouse gases, particularly CO2. Just waiting to see what
happens to the atmosphere if we persist with business as usual in electricity generation is not a sane
option.

•

We must consider exploiting all possible approaches, including using less electricity, using technologies
based on renewable sources, and finding ways to prevent CO2 reaching the atmosphere, as well as
exploring the nuclear option. It is not appropriate to dismiss an energy source on the grounds that it could
supply ‘only’ a few percent of need.

•

It is vital to keep the nuclear option open. We cannot be confident that the combination of efficiency,
conservation and renewables will be enough to meet the needs of environmental protection while
providing a secure supply of electricity at an acceptable cost.

•

We therefore endorse the 1998 recommendation of the Commons Trade and Industry Committee that: ‘a
formal presumption be made now, for the purposes of long-term planning, that new nuclear plant may
be required in the course of the next two decades.’ We would further urge that the timetable for such
considerations should allow a decision to be taken early enough to enable nuclear to play its full, longterm role in national energy policy. This is likely to mean early in the next administration if a damaging
decline in the role of nuclear is to be avoided.

•

The planned levy on the business use of energy is deeply flawed. Since the objective is to reduce CO2
emissions, the levy would be much more effective if it was based directly on net CO2 emitted rather than,
as proposed, on the amount of energy supplied.

•

There is a need for major investment in research and development in all energy sectors. Because of the
long-term and international nature of such work, we propose the formation of an international body
funded by contributions from individual nations on the basis of GDP or total national energy
consumption. The body would be a funding agency supporting research, development and
demonstrators elsewhere, not a research centre itself. Its budget might reasonably build up to the order of
$25 billion pa, roughly 1% of the total global energy budget.
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1 Introduction
Nuclear energy is perceived as an abundant source of clean and
non-polluting energy; or as a technological development that
threatens disaster and the long-term contamination of our
environment - a Janus god. Many of those who address the deity
are blind to all but one side.
Yet a balanced view of the future development of nuclear
energy is urgently needed. There is a growing understanding of
the fact that the burning of fossil fuel is having a significant
impact on global climate. What was a strong presumption1 in
the 1995 report by the Intergovernmental Panel on Climate
Change (IPCC)2, is now accepted as a near certainty by almost
everyone who has studied the facts - not least, the UK
government3. Taken together with the certainty of a large
increase in global population and a concomitant increase in the
use of energy, this implies a problem which, in the absence of
determined remedial policies, could prove damaging or even
catastrophic. It is a fact that gained recognition at the Kyoto
conference4 and indeed led many countries, including the UK, to
pledge a reduction in the emission of ‘greenhouse gases’ notably carbon dioxide. Following the Earth Summit in Rio de
Janeiro in 1992, this was a most encouraging first step - but it
amounts to no more than that.
Electricity generated with nuclear energy does not result in the
emission of carbon dioxide5. It is however by no means the only
way of addressing the problem. One can use wind, wave or solar
energy; one can increase the use of hydroelectricity; one can
burn plant fuel in a renewable manner - the biomass approach;
one can seek to prevent the carbon dioxide produced by burning
fossil fuel from entering the atmosphere, or remove it from the
atmosphere - the so-called ‘sequestration’ of carbon; and one
can increase the efficiency of energy usage in industry and
domestically - one can use less per person. The mix of methods
adopted will depend on technological, economic and
sociological factors. This report addresses the choices that will
have to be made.
The decision to embark on this study was taken jointly by the
Councils of the Royal Society and The Royal Academy of
Engineering. We decided to form a relatively small committee6.
It included two experts from the nuclear industry, one
economist, and six other members covering a variety of science
and engineering fields but without much prior specialist
knowledge of the nuclear industry. We hoped that a broadly
based group would be best placed to attempt the fiendishly
difficult task of arriving at rational conclusions.
Any study of the energy question involves attempts at
predicting futures - economic, sociological and technological. As
a reminder that prediction is one of the harder of the arts, we
have periodically looked at attempts to predict the price of oil at
various times over the last few decades - and what actually
1
2
3
4
5
6
7

happened (figure 1). It is not encouraging - yet all the same
prediction must be attempted. Many of the time constants
which feature in our analysis are very long. To give just two
examples - the growth of world population is largely set for one
generation and with reasonable precision for two. The second
example is what happens to carbon dioxide that is emitted into
the atmosphere. It hangs around for a period of the order of a
century. Just waiting to see what happens next is not, we
believe, a sane option7.
We have sought to compare the nuclear option with the
others. The current state of the nuclear industry is one in which it
is particularly hard to extrapolate to the future. Construction of
new power stations is largely confined to nations of the Far East.
In some of the Western developed countries there is a move,
engendered by the Green political parties, to reduce reliance on
nuclear energy - most recently in Germany. The energy field is
not one where consensus is a prize that will rapidly be won.
We are not the first to have attempted a projection for the
future of nuclear energy - and we will assuredly not be the last not even in this millennium. We have greatly benefited from
reading the previous integrating studies listed in Appendix 3.
The manner in which we have tackled the task was based very
largely on selective reading of the vast literature, the
development of position papers which we then debated, in the 9
meetings which we held and by correspondence. We have
however also had most helpful discussions with a number of
individuals, also listed in Appendix 3.
Right from the start we faced one dilemma. Global climate
change is a global issue! The nuclear energy industries in
European countries are coupled directly (e.g. the UK/France high
voltage DC interconnector), economically and inevitably on
safety issues. A report confined to UK parochial issues would be
of little value. Yet we did also want to look at the issues from our
UK perspective; we hope that some of our conclusions will be
helpful to Ministers who have the responsibility for formulating
UK policy and that we have succeeded in maintaining a balance
between local and global considerations.
The report begins in chapter 2 with an attempt to predict
energy demand, nationally and globally. We have sought
wisdom from many studies and attempted some weighted
averaging over the different scenarios. In chapter 3 we present
the current perceptions on the current and expected impact of
carbon dioxide emission on climate change. Chapter 4 addresses
the non-nuclear options for achieving a reduction in the
emission of carbon dioxide in the face of the expected increase
in global energy consumption. One of these, carbon
sequestration, is considered in detail in chapter 5.
The next five chapters deal with nuclear energy. Chapter 6
examines the current performance of the nuclear industry and

‘The balance of evidence suggests a discernible human influence on global climate.’
We will try to mitigate the burden of imposing alphabet soup on the reader by providing a glossary in Appendix 2.
In a recent speech (8 January 1999) the Minister for the Environment, Mr Meacher stated: ‘Climate change is one of the greatest environmental threats we face to-day.
Global temperatures will increase, sea levels will rise and droughts, floods and storms will become more severe.’
Third conference of the parties to the United Nations Framework Convention on Climate Change, Kyoto December 1997.
Discounting the not entirely negligible amount associated with the construction of reactors.
The membership is shown in Appendix 1.
All the same it is from time to time advocated. An example is the leading article in The Economist of 1 April 1995, which suggests that mitigating carbon dioxide
emission will be expensive, and nearer the end of the next century growth of the world GDP will make it much more affordable to tackle the problem then. It was not
intended as an April Fool.
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Figure 1 Prediction - and outcome - of oil prices (Source: Exploring Sustainable Development, WBCSD Global Scenarios
2000–2050). The actual price (green line) is compared with predictions (black lines) made throughout history.
the various types of nuclear reactor now operating, and chapter
7 looks at current options for nuclear fuel. Chapter 8 bears on
the problem of radioactive waste disposal. Here we lean on
several recent reports - including that published by the House of
Lords Science and Technology Select Committee in March 1999.
In chapter 9 we explore the possibility of radically different
technologies for nuclear fission energy - with a brief nod
towards fusion energy. A major concern about nuclear energy
and particularly its use on a much wider scale is that it could
provide a route for proliferation of nuclear weapons. This and
other safety issues are addressed in chapter 10.
Burning fossil fuel is cheaper than any of the alternatives on
offer8 - provided one treats the emission of carbon dioxide into
the atmosphere as a ‘free ‘ resource. It is widely accepted that
economic instruments must be devised in order to rectify this
deficiency in the energy ‘market’. We regard the development of
such instruments as the foundation for any of the proposed
remedies. These issues are addressed in chapter 11. Another
economic issue, the provision of research funding for

8

2

Other than in some situations enhancement of the efficiency of usage.
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development of non-fossil fuel energy, is the subject of chapter
12.
It is abundantly clear that energy policy, and particularly
nuclear energy policy, involves profound social and political
issues as well as presenting a challenging set of scientific,
technical and economic problems. Chapter 13 highlights the
importance of fostering communication between all the parties
involved to illuminate the different aspects of this complex and
vitally important issue.
Chapter 14 is devoted to our conclusions and
recommendations.
We have attempted to contain the main body of the report to
a size that might encourage reading. We have however felt it
desirable to make the whole report ‘free-standing’ so that a
reader starting at the same level of understanding with which
some of us embarked on this project would be able to follow the
arguments without resort to other material, albeit at times by
reference to the appendices.

2 Energy demand
The study of energy demand, supply and projection has become
a major field of research in its own right - the literature, already
very large, is enjoying a high rate of continuing growth. In
attempting to forecast future demand one has to consider many
interacting factors. The starting point is inevitably world
population growth. Then one needs to predict energy usage per
individual. But this immediately couples back to the population
growth on account of the well known (inverse) correlation
between energy usage and fertility. These factors can change
surprisingly rapidly. So, for example, the annual world growth of
population in the period 1975-1990 averaged 1.72% per
annum. In the period 1990 - 1995 this had decreased to 1.48% a very significant change, if it is maintained, since compound
interest applies.
Of the many analyses that have been carried out we have
found Global energy perspectives (GEP) [Ref. 1], produced by
the International Institute for Applied Systems Analysis (IIASA),
in conjunction with the World Energy Council (WEC),
particularly helpful. They postulate three main scenarios: A ,
‘high growth’, B ‘middle course’ and C ‘ecologically driven’. The
authors point out that the scenarios are ‘neither predictions nor
forecasts.......Each is based on internally consistent and
reproducible set of assumptions about key relationships...’ The
main parameters included in each scenario are reproduced in
Appendix 4.
Figure 2 shows the conclusions reached in this study for the
world total energy demand for the year 2020. The required
increase ranges from 71% for A to 27% for C. We have looked
at a number of other studies that also attempt to predict the
2020 scene [Refs. 2,3,4,5,6 ], each based on slightly different
scenarios. One of these - that from the US Department of Energy
[Ref. 5] - slightly exceeds scenario A, but the others all fall in the
A - C range, an encouraging degree of consensus.
But 2020 is the day after to-morrow. For our purposes we
must attempt to look further. The population figures shown in
Appendix 4 are based on a 1992 World Bank projection - 11.7
billion by 2100. Whilst forecasts range between 9 and 13 billion1
there is less uncertainty in this figure than in the energy that the
average individual in 2100 will require. The GEP scenario arrives
at an increase (over 1990) of a factor of 5 for scenario A, 4 for B
and 2.3 for C. Scenario C implies a fundamental change in
human behaviour that is not easy to imagine and certainly not to
be relied upon.
There is a simpler approach to forming an estimate of world
energy requirements which has been adopted by Morrison
[Ref. 7]. This is based on projections of the current energy
usage per individual in different parts of the world. Currently
Western Europe uses just under one half of the energy per
capita of that in the USA; China uses 8% and India 3%.
Morrison then postulates that by 2100, the developing nations
will have aspired to the same energy usage as now obtains in
Western Europe. This can barely be described as a ‘model’. It

1
2
3
4

certainly does not need a computer to arrive at an answer! But
in the face of the cumulative uncertainties that are embedded
in a more sophisticated model, perhaps the guess that the
affluence currently enjoyed by the developed nations will
prove an irresistible target for developing nations, might be an
equally valid approach. Morrison’s projection is based on a
growth rate in developing nations of 4% until 2026, 3% until
2050 and 2% for the second half of the century. They lie within
the range of A and B in the GEP prediction for 2050. For the
year 2100 they predict a factor of 6 over current energy usage,
which compares with the GEP figure of 5 for scenario A and 4
for scenario B.
Closer to home in space and time, there are continuing
efforts to predict the energy scene for the developed nations in
general, Europe and the UK in particular. It is not impossible that
the total energy consumption could rise slowly, or not at all, even
if the GDP continues to grow at what is believed to be a
sustainable rate of 2.5% pa. As noted in the Institution of
Mechanical Engineers document 2020 Vision [Ref. 8] ‘... annual
consumption has stayed close to the 1973 value and would be
deemed reasonably stable. The Nation’s GDP rose by 50% over
the same period’. This has been achieved by much enhanced
energy intensity2 in industry, and improved efficiency of
domestic usage. The counteracting upward driver is the
increased use of energy for transport - particularly private vehicle
usage3. The DTI predictions [Ref. 9] envisage an increase in
primary energy demand in the range 15-35% from 1990 to
2020. The GEP figures for the same period are 36% for scenario
A; 24% for B; -2% for the ecologically driven scenario C.

Conclusions
In attempting to distil conclusions from the mass of available
predictions, a key question is the measure of belief in scenario C
that one can muster. The GEP analysts describe C as
optimist about technology and geopolitics, assumes
unprecedented progressive international co-operation
focused explicitly on environmental protection and
international equity.
It is a projection devoutly to be wished. Nonetheless our reading
of the literature leads us to the belief that it would be unwise to
anticipate growth of the world primary energy requirements,
relative to 1995 figures, by a factor of less than
1.4
2
5

by 2020
by 2050
by 2100

For the UK and Western Europe4 and for 2020 we would
conclude that it would be unwise to anticipate a growth
factor of less than 1.25 by 2020.

A more recent UN projection tends towards the lower end of this range.
Energy intensity is defined as the energy per unit of GDP.
It has been suggested that, in time, the impact of enhanced and cheaper video communications might effect some restraint on growth.
The national differences are probably less than the uncertainties within each.
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Figure 2 Prediction of world energy consumption 2000–2100 (Source: Ref. 7)
References
1 Global energy perspectives, ed N Nakic’enovic’ et al. (IIASA and WEC
Cambridge University Press, 1998)
2 World energy outlook (International Energy Agency, Paris, 1998)
3 Die Energiefrage, Klaus Heinloth (Vieweg, 1997)
4 The global energy situation in the next century and its implications for
nuclear power (Royal Institute of International Affairs, London, 1998)
5 International energy outlook (US Department of Energy, 1998)
6 Energy and the environment on the 21st century, National
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Academies Policy Advisory Group (NAPAG) (The Royal Society,
London, 1995)
7 World energy and climate in the next century, Douglas R.O. Morrison
(to be published)
8 2020 Vision - the engineering challenges of energy, ed R.D.Vaughan
(Institution of Mechanical Engineers, London, June 1998)
9 Energy projections for the UK: paper 65, Department of Trade and
Industry (HMSO, London, 1995)

3 Fossil fuels - impact on climate
Burning fossil fuels results in the emission of CO2. An increase in
the percentage of CO2 in the atmosphere causes a larger portion
of the sun’s energy to be trapped near the surface of the earth the ‘greenhouse effect’. This is not a new discovery - the
Swedish scientist Svante Arrhenius explained the mechanism
involved as long ago as 1896 [Ref. 1]1. What is new is the
growing belief that human activities are leading to an observable
effect.
CO2 is not the only greenhouse gas - but it contributes about
80% of the impact from anthropogenic sources. It is therefore
the most important2. So what is the evidence for the charge that
fossil fuel combustion is affecting global climate? A number of
factors combine to build a convincing case:

•

•

•

Knowledge of the amount of CO2 emitted by the combustion
of fossil fuel. Recent data is good, but quite respectable
estimates can be made right back to the beginning of the
industrial revolution, Figure 3.
Knowledge of the percentage of CO2 in the atmosphere where we have reasonable estimates, based on the analysis
of gas bubbles trapped in polar ice, going back to 1750,
Figure 4.
There is much more direct data for the last half century and
this can be compared with the global emission of carbon
dioxide, Figure 5.

•

Records of the average global temperature since 1860,
Figure 6.

The percentage of CO2 has indeed risen - over the last half
century at the rate of about 0.5% per annum. Further, the
average temperature has risen over the last two decades by
about 0.6 K. But then we know that there have been much
larger fluctuations in temperature in the past. It is estimated that
during the last ice age average global temperatures were about
5 K cooler than now.
Is it possible that what we are seeing is just a natural
fluctuation? This is where we bring an additional powerful tool to
bear on the problem - science! Specifically the combination of
atmospheric physics and chemistry, oceanography, biology and
computer science which enables us to model the global climate
system3. Knowing the amount of CO2 emitted, how much should
we now find in the atmosphere? What should be the resulting
increase in global temperature? It is the general agreement
between observation and the results obtained from such models
that is the basis of our confidence that the greenhouse effect has
indeed been observed, and that we have some grasp on the
possible future development of the global climate.
Because of its key importance to our main mission we will
summarise the key facets of the global climate research project4.
The growth of CO2 in the atmosphere has been tracked since

Total production of CO2 (×106 tonnes of carbon)
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Figure 3 Estimate of total industrial emission of carbon dioxide since the beginning of the industrial revolution
1
2
3
4

He expected that the effect would be generally beneficial.
Water vapour is even more potent - it provides a global warming of about 18 K. But the contribution is not directly affected by human activity.
An account of the basis of such General Circulation Models of Climate (GCMs) is provided in Ref. 7.
The data presented and the implications for global climate all stem from the Hadley Centre’s climate model. Ref. 2 provides an excellent summary of the current state
of knowledge.
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Figure 4 Concentration of atmospheric carbon dioxide
1750 (Figure 4). In this century we have reliable direct
measurements [Ref. 3].
The observations as seen in Figure 5, are in good accord with
the known history of anthropogenic emissions. The model
results on temperature, Figure 7, provide less perfect agreement
- but do show qualitative similarities.
Figure 8 shows the key result from the Hadley Centre model the projection for the future. The assumption here is ‘business as
usual’ - i.e. no specific attempts, technological or by economic
instruments, to reduce the emission of CO2. The black line is a
control run, where it is assumed that the emission of CO2 is
stabilised at the value it had early this century; there is then no
indication of any global warming - an important ‘truth’ test .
In addition to the evidence of agreement between the model
and the observations, there are some more general facts that are
harder to evaluate quantitatively but that yet carry a measure of
persuasion.
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Figure 5 Concentration of carbon dioxide in the atmosphere measured at Mauna Loa compared with global emission
data. (Sources: Mauna Loa data; C.D.Keeling and T.P.Whorf, Scripps Institution of Oceanography, University of
California. Global emission data; G.Marland, T. Bowden, A. Bienkert, Carbon Dioxide Information Analysis Centre,
University of Alaska, Fairbanks.
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The cause of much misunderstanding between them, the media, and sometimes government.
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CO2 concentration (ppm) in Mauna Loa

Global production of CO2 (×106 tonnes of carbon)

..nine out of ten of the warmest years on record have
occurred in the past 15 years....1998 was the hottest on
record, exceeding 1997 - the previous hottest- by a
significant margin (Dr Peter Ewins [Ref. 5]).

Years that buck this trend often correlate with unusual volcanic
activity - for which the increase in dust concentration reduces
the solar energy input. In 1995 the IPCC concluded that ‘the
balance of the evidence suggests a discernible human influence
on global climate’. Is it now certain? Being certain is not a state
of mind that is open to scientists5 - but we do believe that the
phenomenon is established beyond reasonable doubt.
The Hadley model is one of the most complete that has been
devised - but as those who have built it point out it is a model,
which cannot adequately grasp all known interactions and
which no doubt is deficient in others that have yet to be
identified. So to what extent can we trust its predictions 50 or
100 years hence? The answer must of course be - with the
greatest circumspection!
However the main trends are robust - there are no reasonable
assumptions that do not result in a substantial increase in global
temperature. The prediction of an increase in the number of
severe storms and floods emerges equally clearly. If no major
changes in the development of global economics is achieved the ‘business as usual scenario’ - the best estimate does lead to a
predicted warming of 1.5 K by 2050 and rather more than
double that by 2100; and to a predicted rise in sea level of 21 cm
by 2050. Reference 2 summarises the results of coupling the
global climate model to the Edinburgh University ecological
model which predicts the impact on vegetation; the
Southampton University model which shows the impact on
water resources; and the Middlesex University model on the
impact on coastal communities. The damaging effects - and in
the main they are exceedingly damaging - are not by any means
uniformly visited on all parts of the globe. It is all to easy to
imagine geo-political consequences that could exacerbate the
direct stresses imposed on the population.
The case for acting to mitigate the threat of drastic climate
change seems to us convincing. Further, since at least some of
the deleterious effects of climate change are probably no longer
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Figure 6 Combined global land, air and sea surface temperatures, 1860–1998, relative to 1961–1990 average. The red
line gives the 10 year averaged trend. (Source: Ref. 2)
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Figure 7 The change in global mean temperatures since 1860 as simulated by the climate model forced with the
changes in natural and human-made factors since 1900 (green curve) and compared with observations (red curve)
(Source: Ref. 4)
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Figure 8 Change in global mean surface temperature from the new Hadley Centre model driven with changes in
greenhouse gas concentrations (red line, observed to 1995 and IPCC ‘business as usual’ scenario to 2100). The black
line shows the low climate drift of the unperturbed control model. (Source: Ref.4)
avoidable there is also a strong case for planning to enable
societies in different parts of the world to adapt to the climate
changes. Some of the ways in which this could be approached
have been discussed by Julian Hunt [Ref.8].

Conclusions
We believe that in general terms the impact of the greenhouse
effect on global climate is established beyond reasonable doubt.
Further, that there are strong indications that if too little is done
about it, the impact on human affairs would be drastic. Even if
the current targets are met in full there remain serious grounds
for concern.
So, what should be done? If we had a climate model on which
one could rely, in detail as well as in the prediction of trends, one
might be able to devise a sophisticated control strategy that would
minimise the damage whilst incurring minimal cost. It is not
impossible that one might eventually achieve a considerable
measure of control over the climate. If for example an ice age was
believed to be imminent6 one might deliberately increase the
percentage of CO2 in the atmosphere. It is however quite clear
6
7
8
9

8

that we are not within distant reach of such technological mastery.
We believe that the only course of action which can
responsibly be advocated is to depart from ‘business as usual’
with all the vigour and speed that can be brought to bear on the
problem. Here the series of World Climate Conferences starting
in 1979 have had a progressively increasing impact on world
opinion. A summary list of the conferences to date is provided in
Appendix 5. The United Nations Framework Convention on
Climate Change adopted at Rio de Janeiro in 1992 and
subsequently followed by the Kyoto agreement [Ref. 6] of
December 1997 were immensely important first steps. But even
though modest there must remain doubts7 as to whether the
main goals8 will be achieved.
It is of course extraordinarily difficult to find a consensus view
in a nation - let alone for the whole world - that would facilitate
a rapid change. In a democracy governments inevitably work
within a time horizon of a very few years9. Foregoing a portion
of present affluence in order to prevent problems 50 or 100
years hence is not an easy message to convey. Yet, we believe
that it is just this that has to be achieved.

Which on a scale of a few tens of thousands of years appears to be regarded as probable.
The experience of the Rio de Janeiro 1992 plan - to reduce emissions in the year 2000 to those that obtained in 1990 - is not encouraging. Best current estimates
suggest that the emission level will in fact be significantly higher.
Industrialised nations to reduce their emission of greenhouse gases by an average of 5.2% below the 1990 figure, by the year 2012.
And even dictators cannot plan on multiple decades.

| June 1999 | Nuclear energy - the future climate

References
1 Svante Arrhenius, ‘On the influence of carbonic acid in the air on the
temperature of the ground’, Philosophical Magazine, 41 (237-276),
1896
2 Climate change and its impacts (Meteorological Office, November
1998)
3 The CO2 emission graph, C.D.Keeling and T.P.Whorf (Scripps
Institution of Oceanography, March 1999)
4 Climate change and its impacts - a global perspective (Meteorolgical
Office, December 1997)

5 The truth about global warming, Peter Ewins (The Royal Academy of
Engineering, 13 January 1999)
6 Kyoto Protocol to the United Nations Framework Convention on
Climate Change FCCP/CP/1997/L.7/ADD.1
7 J.C.R.Hunt, J.F.B.Mitchel and S.F.B.Tett, ‘Mathematical and physical
basis of general circulation models of climate’, Z.Angew Math Mech,
76 (501-508), 1996
8 How cities will look in the 21st century, J.C.R.Hunt (Habitat II
Conference, Istanbul, 1996)

Nuclear energy - the future climate | June 1999 |

9

4 Strategies for reduced emission - the role of energy efficiency
and renewable energy technologies
The task is to provide the formidable expansion of total energy
that the future world population will require, whilst minimising
the damage to the global climate system that the emission of
CO2 engenders. One possibility - central to our study - is to resort
to an expansion of nuclear energy. The present chapter is
devoted to a number of other options, broadly1 described as
‘renewable energy technologies’. In addition we will briefly
discuss the contributions that might be derived by enhancing
the efficiency of end use and by improvements in electricity
generation, including in those stations using fossil fuels.
The use of renewables will of course be affected by the future
availability of fossil fuels. How long, given various scenarios, a
particular fossil fuel will last is a subject of almost continuing
analysis - juggling with the parameters of proven and expected
reserves, and the assumed growth of demand. At present global
usage rates and known reserves, oil should last 40 years, gas
maybe 100 and coal perhaps 200. The figures are reduced by the
growing demand, and increased, not only by new discoveries,
but also by improved extraction technology and by the use of
lower grade ores when rising prices make these economically
viable.
Fossil fuel is for the moment the cheapest commercial source
of energy2 - if one discounts the use of that ‘free’ resource, the
atmosphere used as a sink for CO2. Having recognised that it is
anything but free, one is faced with the task of how to overcome
the economic disadvantage of non-polluting energy sources.
Broadly there are two approaches: one can legislate, or one can
adopt economic instruments so as to make non-polluting energy
sources competitive with the burning of fossil fuel. There is a
growing conviction - which we fully share - that the latter is the
better approach. Economic instruments will be discussed in
chapter 11. Of course the actual cost of adopting any of the
non-polluting energy sources will remain a key factor in the
prospects for large scale usage.

processes in the UK, energy consumption in these sectors
could be reduced by 20% to 25% respectively, in costeffective ways.
Even for existing buildings it is believed that the investment to
achieve such substantial savings could have a 5-year pay-back
period. Similar figures are presented by the International Energy
Agency who launched the Energy Conservation Initiative in the
follow-up to the Kyoto conference [Ref. 2]. In this country the
Energy Savings Trust [Ref. 3] has led the way in implementing
domestic energy efficiency policies - by advocacy but also
supported by a grant system which currently dispenses about
£40 million per annum. The Trust predicts that by the year 2010,
the annual energy savings resulting from this programme3 will
reach 15%.
About 33% of final energy use is in the transport sector, with
three quarters of that being devoted to road transport. Major
efficiency savings in this area are technologically possible. Indeed
the simplest approach - to use smaller engines4 - would reduce
acceleration5 performance but have minimal effect on journey
times. However, any savings that could be effected by such
measures, or by the improvements in internal combustion
engine efficiencies, are likely to be outweighed by the expected
increase in car population. That is true in developed as in the
developing countries, with the main impact coming from the
latter. Morrison [Ref. 4] on the basis of current car population
per capita in the developed nations, suggests ‘ ... it would not be
surprising for car ownership in Asia to increase by 20 times
during the next century.’
The potential for energy conservation is very significant and
should be encouraged by all possible cost-effective means.
Whilst in the UK targets of 20% savings appear achievable and
even larger savings beckon, it is difficult to arrive at any hard
figures on what has been achieved so far. It is also not at all easy
to grasp at what rates conservation can be implemented in
developing nations.

4.1 Energy conservation
4.2 Electricity generation
It is hardly debatable that the best contribution to mitigating the
energy problem would be to use less energy. However in many
branches of industry and for the majority of domestic consumers
the cost of energy is not a dominant element of total costs. This
is the primary reason why there is a substantial degree of
wastage. A report produced by the National Academies Policy
Advisory Group (NAPAG) [Ref. 1] includes an excellent summary
of what could be done to rectify the wastage, and the role of
government initiatives towards this end. The report states that:
... by applying existing technologies to improving the enduse efficiency of domestic installations and industrial
1
2
3
4
5

An increasing proportion of global energy supply is in the form
of electricity. In OECD countries this amounts to 20% of the total
energy requirement, a figure that has grown monotonically
throughout the century and will undoubtedly continue to do so
in the next. The efficiency of electricity generation is therefore of
key importance.
Coal was the dominant fuel for electricity generation in the UK
until 1994 and nationally still contributes over 30% of the total
energy for electricity generation. The technology of coal
combustion has continued to develop during the last two decades
[Ref.5]. However, the simplest way of reducing CO2 emission for

Though not always accurately.
With the exception of hydroelectricity and photovoltaic solar energy in remote areas.
About half of this figure would be achieved as a direct result of the grant support schemes.
A move encouraged by appropriate tax changes in the March 1999 UK budget.
Much automobile advertising and journalism stresses how very few seconds it takes to reach 60mph.
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power stations is to switch from coal to gas as a primary fuel. This
at one blow reduces the emission by almost a factor of two for a
given energy output. It also happens to be the cheapest option
and, with combined cycle gas turbine (CCGT) technology6, the
most efficient. It is this that has led to the ‘dash for gas’ and has
incidentally, made a major contribution to UK efforts to meet and
perhaps better our Kyoto commitments. The trend for gas to
replace coal is likely to continue, though mitigated by the
government’s desire to avoid too sudden a downturn in the
demand for coal. Whilst North Sea gas supplies are limited (at
present rate of usage, and based on known reserves) to about 17
years, there are large reserves elsewhere, though their location almost three quarters in Russia and the Middle East - is not
generally regarded as ideal from a UK perspective.
Efficiency of electricity generation has progressively increased
over the whole of this century. Coal-fired plants can achieve in
excess of 40% efficiency, CCGT plants in excess of 50%. Further
progress depends on improved gas turbine materials capable of
withstanding higher temperatures. Whilst dramatic
improvements are not expected, there will be further modest
advances. Current projections [Ref. 6] suggest that over the next
two or three decades coal-fired steam plants might increase
their efficiency from 40% to 42% and CCGT plants from 52%
to 60% [Ref.7]. In this context it is worth noting that a 1%
increase in efficiency is not only of very significant economic
import but also implies a 2% reduction in CO2 emission for a
station with 50% efficiency. Further gains can be expected by
increased use of combined heat and power plants - where the
waste heat from the station is used for local domestic or
industrial heating requirements.

4.3 Renewable energy sources
Natural sources of energy are all around us. Our aspirations to
use what is available is of long standing. As noted by K.J.Brown
[Ref. 7] ‘The Domesday Book, compiled in the late 11th century,
records the existence of 5000 waterwheels in England alone’.
The problems associated with the burning of fossil fuel have led
to the rise of initiatives devoted to the harnessing of renewable
energy - with growing advocacy, and some economic support
from government.
Renewable energy is produced by natural forces, nearly all
driven directly or indirectly by the sun7. The main renewable
technologies are hydro, wind power, wave power, tidal power,
biomass, energy crops and biofuels, passive and active solar
heating and cooling, solar thermal electricity, photovoltaics and
geothermal power. In addition, the UK classifies several forms of
waste, such as domestic refuse, as a renewable resource. The
term ‘new renewables’ is used for those renewables (other than
large-scale hydro, above 5–10 MW) that have commercial
application or development potential.
Commercial use of the new renewables is still in its infancy,
but they are just starting to register on the pie charts of
commercial energy supply and consumption. Some renewables
(wind, hydro, photovoltaics) supply only electricity, some
6
7
8
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(passive solar) only heat, while others (biogas and biofuels) can
supply either heat or electricity, and transport fuels as well.
The main merits of renewables are their inexhaustibility and
very low CO2 emissions. Renewables contribute to CO2
abatement because some, like wind power, generate none, and
others, like biofuels, recycle it. Other advantages include
increased national diversity of energy sources, reduced
dependence on energy imports, injection of income into rural
areas and strengthening at the periphery of the national
electricity distribution system. Disadvantages include fluctuating
outputs, generally uncompetitive unit energy costs, market
unfamiliarity, visual intrusion and some adverse ecological
impacts (for example, of crop monocultures on local
biodiversity).
The UK government has recently issued a comprehensive
report on the prospects for renewable energies [Ref.22]. We will
comment on this at the end of this chapter. In the following
sections we will touch briefly on some of the prospects for
specific renewables and their potential role in reduction of fossil
fuel combustion. It is worth emphasising at the outset that there
are no ‘Eureka!’ answers to the energy problem - not even on
the horizon. A common critique of any specific approach,
particularly those involving renewables, is to show how difficult or impossible - it would be to assign the main responsibility for
solving the problem to that particular technology. Yet a limited
contribution from several different energy sources may turn out
to be the best available answer. It is also worth repeating that if a
renewable source replaces 1% of the fossil fuel powered
generating capacity this reduces the CO2 emission by about 2%.
Some renewable energy sources are intermittent - solar of
course, but also wind and tidal energy. Exclusive reliance on such
sources implies the need for energy storage. More often one will
plan on combining an intermittent source with one that is
controllable (fossil, hydro or nuclear). There is then however an
implication of higher system capital expenditure inasmuch as
some of the generating capacity will, of necessity, be underused. We will not in the following attempt to consider storage
costs or these additional capital costs - although they are
significant8. There are however some developments in storage,
in addition to established pumped storage technology, which
may prove to be important. We understand that National Power
is in the process of constructing a 100 MWh electrolyte flow
battery at the Didcot power station.
4.3.1 Hydroelectricity
Hydroelectricity supplies about 3% of the world’s energy. It is a
resource that is by no means exhausted - it has been estimated
that whilst in the developed countries about half of the
exploitable hydro resource has been used, for the world as a
whole the figure is only 14% [Ref. 8]. However, there is a major
cost - the large areas of land that need to be submerged. The
area needed of course depends on the geography of the region,
but a figure of 1000 km2 for 1 GWe generating capacity is not
untypical [Ref. 9]. This and above all the growing opposition
based on ecological damage has led to virtual cessation of hydro
schemes in some countries, Switzerland and Sweden being

‘Clean Coal Technology’ involving the gasification of coal can also benefit from the CCGT technology ( Ref. 6 K.K.Pillai).
In the case of tidal energy by the moon.
Additional stand-by capacity is also needed for un-anticipated interruptions of supply from nuclear and from fossil fuel plants. The percentage availability is much
higher, but the cost also depends on the size of the power unit concerned.
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examples. Amongst the current projects, the biggest is in China:
the Three Gorges of the Yangtse river will produce 18 GWe, but
the project requires the displacement of a million people.
There are major opportunities for expansion world wide of
hydroelectric power - notably in China and the former Soviet
Union. But the cost in land use, safety issues and, in democratic
countries, the opposition on the grounds of ecological damage,
present major restrictions. A possible scenario would be that for
the first half of next century hydroelectric will retain its present
3% share of primary energy, against the rise in total world
energy requirements.
4.3.2 Solar energy - thermal
The direct use of solar energy for domestic and commercial
building heating and hot water is common in countries with
suitable climates. One must distinguish between ‘active’ and
‘passive’ solar heating. The latter is concerned with designing a
building and the natural airflows within it to make maximum use
of solar heating in winter and minimise unwanted solar gain in
summer. Passive solar building techniques are cost effective even
in temperate climates such as that of the UK. Active solar
heating is concerned with the use of absorption surfaces
coupled to hot water and space heating systems. In parts of the
UK such an installation may approach but seldom achieves cost
effectiveness. In sunnier climates active solar heating is cost
effective. The barrier to wider adoption of both active and
passive solar heating is undoubtedly the fact that fossil fuel
power is so convenient and seen as inexpensive.
4.3.3 Solar thermal power
Solar thermal electric power - for use in thermal power stations is appropriate only in sunbelt regions. The largest working
system is the 350 MWth plant in the Mojave Desert, California. It
is a hybrid solar/gas plant in which the heat is collected from the
focal line of banks of east-west oriented parabolic trough
mirrors and augmented with heat from gas combustion where
necessary. Only in full sunshine does the plant operate purely in
solar mode.
Solar thermal power is an important factor in Egypt to
achieve their target of a 5% contribution from renewables to
primary energy demand by 2005. A pilot phase of a new solar
thermal plant will generate 18 MWe from solar energy, and, as
in the Mojave Desert scheme, this will be complemented by
natural gas combustion.
The Californian and Egyptian plants represent existence
proofs - but fall short of a demonstration of economic viability.
They indicate that there is a barrier to climb - but not one
necessarily out of reach of improved technology, particularly if
aided by the imposition of a carbon tax (cf chapter 11). But it
should also be appreciated that the areas of the world with the
most reliable solar radiation are not often close to the place
where the power is most needed.
4.3.4 Solar photovoltaic power
Individual crystalline silicon solar cells can achieve efficiencies

well in excess of 20% in full sunlight. However the performance
in arrays is usually degraded to about 15%. A serious problem is
the area requirement - for 1 GWe one needs at least 200 km2 and unlike the case of wind power that terrain cannot then be
used for agriculture9. Estimates [Ref. 9] suggest that the cost of
the power generated would be at least an order of magnitude
higher than for fossil fuel power. There is also the additional fact
that for single or poly crystalline silicon, the energy required to
fabricate the cell would take at least 2 years in service to recoup.
However, both cost and embedded energy figures are more
favourable with amorphous silicon - which is now an established
technology. The efficiency, however, is considerably lower - of
the order of 9%.
There are hopes of further major advances - with different
materials, and novel growth and substrate technologies
[Ref.10]. But we can see little hope of direct competition with
fossil power, though with further reduction in costs this situation
could change. Where silicon photovoltaic technology comes
into its own is for supplying electricity in remote locations, where
the cost of supplying fuel for a diesel generator or connection to
a grid is prohibitive, or in ‘smart’ applications where the absence
of wires to a socket is advantageous. These are niche markets in
comparison with the electricity supply industry, but already
significant and growing at about 15% per annum.
4.3.5 Wind power
Wind energy is making a significant contribution to electricity
generation in a number of countries [Ref. 21] - currently the UK
has an installed capacity of 330 MWe, Germany 2.9 GWe and
Denmark 1.4 GWe [Ref.20]. By the end of 1998 the total
installed capacity for the whole of Europe was 6.3 GWe.
Allowing for the variability of the wind this is equivalent to a
source of about one third of the installed capacity - i.e. about
110 MWe for the UK and 2.1 GWe for Europe. As a percentage
of total electricity output, Denmark is the leading country at 7%,
with an expectation for 10% by 2000 and the ambitious plan of
reaching 50% by 2030.
Wind energy is proving to be relatively cheap - with some
indications that for on-shore sites it is approaching the point
where it might supplement fossil fuel energy without the need
for subsidy. However, it faces major obstacles on the road to
rapid expansion - at any rate in Europe. The first problem is that
it needs so much land. Unlike hydroelectricity however, the land
can still be used for agriculture. Sheep and wind turbines can
happily co-exist. Objections also stem from the visual
intrusiveness of a wind farm - especially on high ground, which
of course offers better wind conditions - and from the noise
produced10. Whatever the reasons, the opposition is formidable.
A recent article in The Times11 suggested that since 1994, 90%
of the wind farm projects in the UK have been rejected by local
planning authorities on environmental grounds. We have
sought to check the basic facts for the acceptance - and
rejection - of wind farms since 1991. The results12 are shown in
figure 9 - the rejection rate is nearer 50%.
An example of a recent rejection is that of a 15 MW scheme

9

Though for smaller installations, the array can be sited on the roof, walls or structural elements of buildings. Locations in desert regions obviously do not compete with
other land usage.
10 The noise problem has been considerably reduced in recent designs by the use of more flexible blades.
11 9 January 1999.
12 Obtained with the help of the British Wind Energy Associaton and (particularly for the rejections) from the Country Guardian Association.
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Figure 9 Cumulative wind energy of installed and rejected wind projects, 1991–1998 (Source: G.Sinclair Environmental
Information Services)
for High Moor, near Baringham, County Durham. The inspector
was quoted as saying
It seems to me that the individual contribution to energy
generation needs from High Moor would be insignificant
and unreliable and that pollution savings would be both
correspondingly small and uncertain. ... In a global context
its contribution may also be readily overwhelmed by
increased pollution originating in other countries.
We will return to - and oppose - the latter argument in a
concluding chapter.
Partly on account of the environmental objections to onshore windfarms, it is intended to pursue the possibility of offshore siting. This has the additional advantage that the average
wind speeds are higher than on flat terrain - comparable to that
experienced on high ground - and that the mechanism does not
have to be designed to minimise noise. Two off-shore windfarms
are operating in Denmark13, each of 5 MWe capacity. The
problem for the moment is economic - the civil engineering costs
are higher, as are the costs of retrieving the electrical energy.
However, the civil engineering costs for larger turbines do not
increase proportionally to their size. Whilst the penalty for offversus on- shore appears for the moment to be of the order of a
factor of two, this will be substantially reduced14.
Windpower is beginning to make a significant contribution,
with a total European installed capacity of 6.3GW, equivalent to
a continually operating power generator of about 2.1 GWe.
There are major obstacles to rapid growth - but a contribution to
generating capacity for Europe approaching 10% is a real
possibility.

4.3.6 Biomass
Biomass is an indirect route for the utilisation of solar energy15,
which does not lead to an increase in atmospheric CO2. It is
currently of great importance, contributing about 14% of the
world final energy consumption - which is more than the 12%
contribution from coal. The usage of biomass is however very
unequally spread across the world: in OECD countries it is 3%; in
developing countries 34%; in Africa 60%. In contrast, the UK
figure is just under 3% of final energy consumption, deriving
mainly from a combination of landfill gas plants and waste
incineration.
What is the world wide potential for increasing the use of
biomass? It has been estimated that the total annual biomass
created exceeds the primary world energy requirement by a
factor of 5. However the competition for suitable land is a major
inhibitor to a dramatic expansion. On a ‘business as usual’
scenario the International Energy Agency, in the 1998 edition of
the World Energy Outlook [Ref. 8], predicts an annual growth
rate of 1% in the period 1995-2020 against a total energy
growth of 1.9% p.a. - so that the share of biomass would fall to
about 11%.
But it will not in fact be a ‘business as usual’ world. There are
evident opportunities for an expansion of biomass which could
make a substantial contribution. K. Heinloth, in his book Die
Energiefrage [Ref. 12], provides a detailed analysis of what
might conceivably be possible in Germany. He assumes that
20% of the available agricultural land area might be turned over
to biomass production and concludes that the contribution to
the total primary energy requirement might reach 8%. However
he regards 5% as a more realistic target - with a similar figure for
Europe as a whole. In the UK the main opportunity is perceived
to come from coppiced willow and poplar plantations.

13 One at Vindby operating since 1991, the other at Tuno since 1996.
14 In the UK, for the first time the next Non-fossil Fuel Obligation (NFFO) is expected to include a substantial tranche for off-shore wind energy.
15 The term ‘biomass’ in this sense should of course only be used in the context of closed cycle systems - where the burned material is replenished by new growth.
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Considerations of biomass have so far been based on known
forest and other plant biotechnology. But we are facing a totally
new situation with the development of genetically modified
plants. These could lead to more intensive production of
biomass or to allowing the use of regions previously regarded as
unproductive. These possibilities are addressed in a forthcoming
paper by I.A.Shanks and M.Teh [Ref.11].
Biomass is of great importance world wide, currently
contributing 14% to final use energy requirements, mainly in
developing countries. The opportunity for major use of biomass
in developed countries exists - again though with major
obstacles with regard to competition for land use. A figure of
5% for Europe is however imaginable. There are exciting
opportunities for enhanced biomass systems using genetically
modified plants.
4.3.7 Tidal power
Extraction of energy from tidal flows seems like a natural
extension of hydro-electric power16. In practice one is confined
to sites with relatively high tide differences and suitable estuary
geography. Of course such schemes provide a varying output
with a period of 12 hours, unless also combined with a storage
system. It has been estimated [Ref.13] that in the UK if all
possible opportunities were exploited it might ultimately prove
possible to win 200 TWh per annum - corresponding to a
continuously operating 23 GWe station.
Only one major tidal generating station has been
completed - the 240 MWe installation at La Rance, on the
northern coast of France, which yields 540 GWh per annum. It
has been in operation since 1966 and has proved to be highly
reliable. Other major schemes are under discussion. In this
country the possibility of building a barrage across the Severn
Estuary has been discussed for many years [Ref.14]. It would
be rated at 8.6 GW and could provide 17 TWh per annum,
corresponding to a continuously operating 2 GWe station.
The construction cost has been estimated at £9 B, resulting in
a projected price of 3.4p/kWh. There is however still a good
deal of controversy about the possible ecological impact and
the economic viability.

essential function of natural photosynthetic organisms, namely
the conversion of simple, readily available chemical feedstocks
into high-energy products under the action of sunlight
[Ref.16,17]. This field of research has developed since the 1970s,
and includes the use of supramolecular donor-acceptor
assemblies to achieve long-lived photo-induced charge
separation, hydrogen production and water splitting by
photochemical or photo electrochemical means, destruction of
pollutants in air and water by photo-oxidation or photoreduction, the solar photochemical synthesis of useful
chemicals, and the reductive fixation of CO2 with irradiated
semiconductor suspensions. More broadly, the field may be
taken to include the generation of hydrogen by photosynthetic
microoganisms, sometimes genetically modified, and novel
devices such as ‘wet’ or all-organic photovoltaic cells. The most
substantial national photo conversion programme is run by the
US Department of Energy. Substantial scientific progress has
been achieved, and a number of devices with solar-to-electrical
conversion efficiency of 10–15% and solar-to-chemical-freeenergy efficiency of 5–10% have been made. Most suffer from
chemical fragility and limited lifetime although they have the
advantages of low materials costs and, in some cases, the
production of high value-added chemicals. The wet photovoltaic
cell of Grätzel et al. [Ref. 18,19], currently under commercial
development in Switzerland and Germany, is a device of this
type.

4.4 UK Government renewables policy
Very recently the DTI has published a consultation document
New and renewable energy prospects for the 21st century [Ref.
22]. It provides a useful summary of the current situation and
aspirations in the UK. Key conclusions are:

•
•

4.3.8 Wave power
Waves result from the interaction of winds with the surface of
the sea. The UK Atlantic coastline experiences high waves for a
large percentage of the time. The potential is there. A variety of
ingenious devices have been proposed and to some extent
tested [Ref. 15]. However so far there has not been a
demonstration project at significant power levels which could
provide a basis for future projections.
4.3.9 Artificial photosynthesis
The terms ‘artificial photosynthesis’, and its alternative
‘photoconversion’, denote the attempt to mimic in vitro the

•

We are working towards the target of producing 10% of our
electricity from renewables (as compared with 2% to-day).
The Government hopes that it will be possible to achieve its
target by around the year 2010, but it will wish to gauge the
precise level of support needed in the context of its overall
climate change programme and the other measures
introduced in that context as well as the rapid market
changes currrently under way.
Government’s support for renewables means that, by 2003,
5% of our electricity should be generated from renewables.

It should be appreciated that the dominant part of the 2%
referred to is represented by hydro, waste incineration and landfill gas.
The paper discusses the excess cost of renewables and how
they could best be supported. It includes some interesting
projections on the total amount of electricity which might be
generated from renewables, as a function of the price per kWh.

16 A thought which occurred, no doubt amongst many others, to George Bernard Shaw. The following is an extract from a letter to The Times of 14 February 1947,
entitled ‘Power from the Tides’ :
..... When at last I got back I explored the coast along to the west and found there several flumes like the Kyle of Tongue, ready-made by Nature, through which the
tide rushed, twice a day carrying thousands of tons of sheer power both ways. But nobody was doing anything about it. When I asked the engineers why, they said
they did not know how to capture more than a negligible percentage of water power. I told them they had better find out ...... But they went on grubbing for power in
coal mines; and now that the atomic bomb and Mr Shinwell’s prayers have woken them up they are dreaming of nuclear energies, frightfully dangerous and
enormously expensive.....
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One of these projections is for the year 2010 and assumes an
8% discount rate. The results show that at a price of 2p/kWh the
contribution from renewables would be about 20 TWh per
annum; at a price of 3 p/kWh this figure rises to 170 TWh per
annum. The enhanced economic viability for renewables
produced by a price increase of one penny per kWh is dramatic.
We will return to the significance of this result in chapter 11 on
economic instruments.
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4 .5 Conclusions
We have described a wide range of technologies for generating
electricity from renewable sources. They all have some potential,
and some limitations, according to the context in which they
might be exploited. There is one specific advantage of electricity
generation using renewables: they encourage decentralised
generation, and hence reduce the need for further transmission
lines.
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5 Carbon sequestration
A main objection to the use of fossil fuels would disappear if only
we could catch the CO2 that is generated on combustion - and
then hide it! In order for this to help our problem the hiding - the
‘sequestration’ - of the CO2 has to be for a prolonged period.
The danger we face from global climate change is likely to
increase at least until the middle of the next century. If we have a
means for sequestering the carbon so that half of it is re-injected
into the atmosphere in say, 50 years, we will have achieved very
little. Our interest must focus on possibilities that offer the
prospect of sequestration for a century or more.
The concept of sequestration is encouraged by the fact that
we know that the quantities of carbon naturally enmeshed in
the surface of the earth are very large by comparison with the
total anthropogenic emission of about 6 gigatons of carbon
(GtC) per annum. The entire recoverable global fossil fuel
amounts to about 4000 GtC whilst the total dissolved inorganic
carbon in the oceans is about 40,000 GtC.

5.1 Sequestration in trees
Trees convert atmospheric CO2 to stored biomass; as long as they
live, they sequester the carbon1. After a period of rapid growth
we can use the trees for fuel - the biomass approach (see section
4.3.6). This process also includes an element of sequestration.
Whilst any individual tree will sequester the carbon only until it is
harvested2, there will be an average amount of carbon in the
growing trees which can be regarded as a genuine contribution
to sequestration. One can also envisage planting trees primarily
for carbon sequestration. Here one would be concerned with
the average absorption of carbon over the lifetime of the trees
which would need to be in excess of a century.
Qualitatively it sounds promising - but when we insert
numbers it looks much less so. Herzog et al [Ref. 1] gave the
following example: assume one can find and then reforest a
tropical area of 3.7 million km2 ( roughly half the size of the
Amazon basin). They then calculate that over 100 years the
forest could sequester between 0.3 and 0.9 Gt of carbon per
annum. The mean of these figures amounts to about 10% of
the current anthropogenic global emission. The calculation
ignores some re-emission from the forest during the century and
particularly re-emission from the carbon deposited in the soil.
Heinloth [Ref. 2] goes through a similar calculation and arrives at
an even more negative verdict for carbon sequestration in
forests - ‘ wholly illusionary’.
Nevertheless the possibility of making some contribution by
afforestation should not be ignored. The deliberate use of
transgenic trees for sequestration is a rather new thought. It is
not inconceivable that by genetic modification [Ref. 3] one could
win a significant factor in the annual sequestration rate, or in the
use of otherwise unproductive land. But before we can
anticipate any help from this quarter we have to recognise that
the current reality is that annually about 0.2 million km2 of

tropical forest is being felled and burned. This releases about 2.4
GtC per annum to the atmosphere as well as reducing the
sequestration capacity of the depleted tropical forest. This
descent has to be arrested before we can contemplate any net
help from this quarter.

5.2 Capture and sequestration in geological or ocean sites
This concept stems from a 1977 paper by Marchetti [Ref.4] in
which he postulated the capture of CO2 from flue gases or from
natural gas and their subsequent disposal in the deep sea. Since
then the possibilities have been examined in a number of
countries, with the greatest commitment in Japan and the USA.
A 2-page article in Science [Ref. 5] ‘Fossil fuels without CO2
emissions’ provides a helpful summary of the present situation.
We have found a comprehensive report from the MIT group
[Ref.1] and the IPCC 1996 assessment of CO2 sources and sinks
[Ref. 6] particularly helpful.
5.2.1 Capturing the CO2
The challenge is to abstract as much of the CO2 as possible, at
minimum cost with an affordable degradation in efficiency of
the power plant. The most developed technique involves the
chemical reaction with the CO2 in a solvent3 from which the gas
is subsequently stripped and collected. However a variety of
other different approaches, including the use of selectively
permeable membranes, are being investigated [Refs. 6,7,8]. At
present the best that can be achieved in a coal fired plant is to
separate the CO2 whilst incurring a penalty of a reduction in
energy output by about 20%. However it is expected that within
one or two decades advanced coal technology could bring this
down to 9% [Ref 9], with similar figures for gas. There is nothing
fundamental that limits progress to these levels; looking ahead
over many decades the possibility of greater success with
different solvents or with radically different separation methods
cannot be dismissed. The problems associated with the capture
of CO2 need not in the longer term amount to a show stopper.
5.2.2 Storage in geological formations
Oil and gas wells, depleted or still active, provide one option for
sequestration. Indeed CO2 injection is actually used to enhance
oil recovery in active fields - though the quantities involved are
not large. It has been estimated that, in principle, existing wells
and those for known reserves of oil and gas fields in the USA
could hold about 60 years’ worth of current USA emissions. But
the difference between in principle and what is practically and
economically achievable is likely to be large.
Deep aquifers present another possibility - and here we have
an existence proof: the Norwegian company Statoil produces
natural gas from North Sea gas fields and separates the CO2
before delivery to the user [Ref. 10]. Rather than venting the CO2
into the atmosphere they pump it into deep submarine saline

1

Though decay reverses this process, and for a mature forest the net take-up of CO2 can be zero or even negative.

2

Cycle times of 5 years are appropriate for some species, although others may maintain growth over many decades.

3

Monoethanolamine - ‘MEA’.
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aquifers, at a current rate of 300 ktC per annum. Very significant
here is the Norwegian carbon tax of $170/tC, so that the process
yields an annual financial benefit of $50M. A much larger
scheme is planned in Indonesia, by the Exxon and Pertamina
companies, where the sequestration of the CO2 will amount to
30 MtC per annum - approximately 0.5% of the current total
global emission.
In all underground deposition there is of course the primary
question as to whether the gas will stay there for the minimum
period of a century that we have specified. It is believed that for
many geological formations such retention can be predicted.
There is one additional issue that has to be faced - the remote
possibility that in a natural disaster such as a major earthquake
there could be a sudden release4 of the stored CO2.
5.2.3 Ocean storage
There is a great deal of CO2 already dissolved in the oceans some 140 Gt. Presumably before the industrial revolution the
CO2 in the atmosphere, at 285 ppm, was in equilibrium with that
dissolved in the oceans. But currently combustion of fossil fuel
results in an annual emission of 22 Gt of CO2 (corresponding to 6
GtC) into the atmosphere; the concentration has increased to
350 ppm. The ocean will therefore be absorbing more CO2 than
it is emitting - some 8 Gt annually. The distribution of dissolved
CO2 is far from uniform, being a function of temperature,
pressure and salinity. The question that Marchetti [Ref. 4]
addressed was whether one could introduce additional CO2 into
the sea in such a way that it would be adequately sequestered.
The basic concept is to liquefy the gas which, at a sufficiently
high pressure, can be done at ambient temperature, and then
pump it to a depth of 1 to 3 km where it will remain in liquid
form. In the boldest form of this technology [Ref. 11] one would
pump the liquid CO2 to a depression in the ocean floor to a
depth of some 4 km where it would then form a stable ‘lake’.
How long would the liquefied gas stay near the bottom of the
oceans? Models suggest that the latency time would be of the order
of 1000 years, which seems comfortably long. The estimates of
costs that have been made do not look prohibitive. There is always
of course, the question of possible environmental damage. The CO2
would lead to the formation of bicarbonate ions - the local acidity
would be enhanced. The change in acidity would take place in the
immediate neighbourhood of the injection depth, and there is little
indication that there would be any damage to marine organisms.
Nothing in this scenario looks impossible; none of it looks
easy. There is however insufficient data to estimate the probable
costs. Only further research, some of it on a large scale, will
provide the needed answers.

5.3 Conclusions
Carbon sequestration is already making a modest contribution
to reducing the rise in atmospheric CO2 and could conceivably
be a significant part of the answer. The prerequisite is that the
latency period must be as long as possible.

4
5
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Sequestration in forests is currently negative - as a result of
the continuing destruction of tropical rainforests. If this could be
reversed there are some possibilities. However, to make a
significant contribution one is looking for massively increased
planting regimes or possibly a breakthrough in discovering
genetically modified species that would perform, both
physiologically and economically, in otherwise inhospitable
places.
This assessment also has a bearing on various proposals for
trading permit schemes that seek tolerance for emitting carbon
dioxide, by planting trees.5 The first question should be whether
this is for biomass or for sequestration. Very careful analysis is
needed in either case to establish that a balance of advantage
has been achieved.
The capture of CO2 from flue gases is technically feasible but
in most current cases falls short of economic viability. There is
however no basic reason why technological advances - some of
which are apparent - could not transform this situation. In the
case of natural gas we have an important successful example in
the Statoil gas scheme in Norway and a much larger scheme
planned in Indonesia.
There are some prospects for sequestration of CO2 in
geological storage sites - though in the absence of large scale
experiments major uncertainties remain. Ocean storage appears
to have the greater potential - though answers to many
questions must await definitive and large scale research.
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6 Nuclear reactors - the current situation and the immediate future
Over the last quarter of a century, nuclear energy has made a
progressively increasing contribution to the generation of
electricity. The current situation is shown in Figure 10.
At present 31 countries make some use of nuclear energy for
electricity generation. Of these 17 rely more than 25% on
nuclear energy. Averaged over these countries, nuclear energy
might amount to perhaps 1% of the GDP. By any standards
nuclear energy must rate as a very large industry1. It will remain
so for several decades at least - even if there should be a move2
to reduce our reliance on this energy source.
Nuclear technology has developed over half a century. We
will discuss a number of possibilities for the future in Chapter 8.
But to understand the present scene one needs little more than a
familiarity with the state of nuclear scientific and engineering
knowledge in the mid-seventies. The basics have not changed,
as is inevitable in an industry with large capital costs and long
construction times. The rate of change in the underlying science
has been relatively slow - though the engineering elements have
advanced continually and have led to progressively improved
performance.
The Flowers report of 1976 [Ref. 1] remains an excellent
guide to the underlying principles and the various types of
nuclear reactor that have been developed. The developments
since then relate to very significant improvements in fuel
technology, the controls, the safety features, the sophisticated
electronics and software. In Appendix 6, we provide a summary
of the key elements of modern nuclear reactors. For the

purposes of this chapter, we need bear only the following basic
facts in mind.

•

•
•
•

•
•

Nuclear energy is derived from the fission of uranium by an
incident neutron. The summed mass of the fission components
is less than that of the uranium atom - the deficit being the
source of the energy - about 200 MeV per fission.
Natural uranium consists mainly of the isotope 238U with
about 0.7% 235U.
A fission event initiated by one neutron generates more than
two neutrons. This is the basis of the chain reaction on which
the operation of a reactor depends.
The chance of a 235U atom being split is greatly enhanced if
the incident neutron is slow. But the neutrons produced by a
fission event are fast. By slowing them down to thermal
velocities their ability to induce further fission events is
enhanced. This thermalisation is effected by means of a
‘moderator’ which, by successive collisions, progressively
reduces the speed of the neutrons; it must feature a low
absorption of neutrons.
Moderators used in current reactors may consist of graphite,
water or ‘heavy water’, i.e. D2O.
In some reactors, the uranium fuel must be enriched - the
percentage of 235U has to be increased above the natural
level of 0.7% - in order to reach a self-sustaining reaction.
This is the case for the most commonly used reactors - the
light water3 pressurised water reactor (PWR).
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Figure 10 Percentage of electricity generated from nuclear energy in different countries (Source: BNFL)
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Though structurally its activities are spread over several other industries - civil engineering, boiler makers, process industry, control industry. Rather few companies are
really specialised nuclear enterprises.
As suggested by a recent, though perhaps not permanent, decision by the German government.
I.e. ordinary water. ‘Light’ is used to distinguish it from heavy water - D2O.
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In the UK nearly all our reactors have used a graphite
moderator and CO2 as a coolant (Appendix 6). The earlier version
- the Magnox4 series - was able to work with natural uranium as
the fuel was enclosed in a metal alloy which absorbed very few
neutrons. But the use of this special casing limited the
temperatures that could be attained and hence the overall
efficiency of the system. The later advanced gas cooled reactors
(AGRs) encased the fuel in steel. This required the fuel to be
enriched to 2.0 %, but allowed higher temperature and hence
higher efficiency operation. The last of the AGRs was
commissioned in 1989. The only other reactor built in the UK
since then is the pressurised water reactor (PWR), Sizewell B,
which came into operation in 1996 [Ref. 2].
Throughout the period there have been significant advances
not only in the basic engineering of new nuclear plants but also
in retrofitting of improvements into older plants and in
operational practice, procedures and training. The advances in
fuel technology are particularly important - the total output per
kg of fuel has more than doubled during the course of the last
20 years.
Of the 428 reactors currently operating in the world, 80%
use light water both as a moderator and as a coolant. Of these,
three quarters are PWRs, in which the heat is extracted by means
of a heat exchanger, the water being kept under sufficient
pressure to avoid boiling. The other quarter are boiling water
reactors (BWR), in which the generated steam is fed directly to
the turbines.
There are two other reactor types that we must note at this
stage. The first are the Canadian heavy water moderated, light
water cooled reactors (CANDU). 21 of these have been built - 16
of them in Canada. Second, the Russian light water cooled,
graphite moderated reactors ‘RBMK’, which, like Magnox and
CANDU, work on natural uranium. The Chernobyl disaster
occurred in one of these.

Currently, world wide, there are 35 reactors in the process of
construction. Of these 21 are of the PWR type. It should also be
noted that in the US a number of reactors have been cancelled
during the construction period as a result of additional costs
imposed by design changes to accommodate new safety
regulations.
Which of the reactor types is best? One might attempt a
‘Which’ type analysis in which each reactor type is assessed
against a number of criteria, to include:

•
•
•
•
•

safety;
capital cost per kW installed capacity;
cost per kWh delivered (to include operational costs, fuel
costs and reliability);
lifetime;
decommissioning costs.

There is however an additional factor: the advantages, in cost
and performance, derived from building a series of reactors of the
same type. This is a powerful factor in decision making. In 1974,
the UK government decided that its future designs would be based
on steam generating heavy water reactors SGHWR. That decision
was reversed two years later in favour of the PWR design - which
led eventually to the construction of Sizewell B. Are PWRs
inherently better than SGHWRs? They may be so, but more
importantly, with the experience of several hundred constructions
against one - it is ‘no contest’. The situation was different in the
1950s when the UK embarked on nuclear reactor construction,
leading in 1960 to the world’s first civil nuclear power plants. It is a
result of this history that in the UK, to this date, most of the nuclear
energy stems from Magnox and AGR reactors, Figure 11.
This is in contrast with, for example, France, which in the
early 1970s embarked on the construction of a nuclear industry
that is totally based on PWRs, and which now supplies close on
80% of France’s electricity capacity.
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The name coined from the magnesium, aluminium alloy used to encase the fuel.
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The fuel efficiency of the older Magnox stations is only about
half that achieved in AGRs and one third of that in Sizewell.
However since for nuclear energy the fuel costs are a much
smaller portion of the whole than is the case for fossil fuel plants,
there is less pressure to phase out older and less efficient plant.
End of life is dictated by other factors, notably the integrity of
the main containment vessel and the primary gas circuits. The
cost of the Magnox reactors was amortised over 25 years.
However it has turned out that some of the Magnox reactors can
safely run for 50 years. The lifetime of Sizewell B will probably
extend to at least that length of time.
At present, no new reactors are planned. If that situation
persists, the nuclear generation capacity in the UK will decrease
to zero sometime before the middle of next century. On current
plans the nuclear capability will develop as shown in Figure 12 .
The rate of decrease may well be moderated by the
contemplated extension of reactor lifetime - but it will not
change the shape of that curve by very much.
The reactor construction industry in the UK and indeed
throughout the Western world is in the doldrums. New
constructions are not for the moment contemplated, for two
main reasons. The first is that nuclear reactors are currently not
competitive with respect to fossil fuel and particularly natural
gas fuelled power stations. We will comment on the economic
issues in chapter 11. The second reason is the unease with which
society at large views the nuclear technology. Public antipathy is
based on three perceptions. The first is the possibility of a major
accident; the second, the problems associated with the storage
of waste; the third is the possibility that civil nuclear power might
lead to the proliferation of nuclear weapons. We will discuss
each of these in succeeding chapters.

In addition to these factors there is also the very basic
economic fact that in some Western countries there is currently
an over provision of generating stations as a result of previous
predictions of requirements which as it turned out were
overstated. It is in the Far East that new constructions are
currently taking place.
We will consider the case for a continuing future for nuclear
energy in chapter 14 . For the present it is perhaps helpful to
gain an impression of what would be needed just to sustain the
contribution of nuclear energy in the UK at the present level. If
this were done by building twin reactor units with a total output
of 2.5 GWe, one would have to begin the construction of the
first unit in 2003 to run on full load in 2009. A further four units
would have to be built to come on line in the years 2011, 2013,
2015, 2017. Since the time from placing an order to
commissioning is unlikely to be less than 8 years it is clear that if
one wished to avoid a reduction in capacity the Government
would have to take a decision early in the next administration.
The projected nuclear generation capacity for various regions
in the world is shown in Figure 13 and for the world as a whole
in figure 14.
It is the presumed construction plans in Asia - notably China,
Korea and Japan - that move the projected peak of world
nuclear capacity to around 2015.
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7 Nuclear reactor fuel - the current situation
7.1 Uranium supply
The nuclear industry is based on uranium, a metal that is
relatively abundant - about as common as tin. However, the
mineral sources from which extraction can be carried out
economically are much more limited. The current cost is around
40 $/kg. At a price limit of 130 $/kg known reserves amount to
4.4 million tons [Ref. 1]. At the current global rate of usage,
around 50,000 tons per annum, supplies would last for another
80 years.
However, world energy consumption is rising rapidly. If
nuclear energy were to continue to supply the same percentage
of the total energy for electricity production (currently 16%), the
rate of uranium usage would - at the least - double by 2050. If
nuclear were to be seen as a major contributor to the total
increased energy requirement, one would need to consider
much larger factors. It would appear that, without resorting to
breeder technology,1 the industry could not be maintained for
more than a few decades.
However, that conclusion is based on the use of the richer
ores. Since the cost of the uranium raw material amounts to only
about 2% of the total cost of the electricity generated, it is clear
that the economic viability would not be greatly affected even at
a cost of several hundred $/kg. At this price level estimated
reserves are of the order of 100 million tons.
A possibility that would radically transform the situation
would be the economic recovery of uranium from seawater. This
has been a distant hope for a long time [Ref. 2], but the low
concentration - 3 milligrams per tonne - left little expectation
that economic recovery would be possible. However recent
work, particularly in Japan [Ref.3], has suggested that a cost of
several hundred dollars per kg might be achievable. The total
reserves in seawater are estimated at 4.2 Gt - which would
suffice even for a much enlarged industry, for several centuries
and without recourse to breeder technology.
The scale of the future availability of uranium is one of the
key unknowns. The case for probing some of the possibilities including recovery from seawater - seems to us persuasive. We
will discuss this further in chapter 12.

7.2 Production of reactor fuel
The manufacture of fuel elements is a mature industry. The basic
steps in the process are summarised in Appendix 7. The main
innovation of recent decades is the method used for enriching
the natural uranium, with its content of the fissile isotope 235U at
0.7%, to a figure2 that, depending on reactor type and design,
varies from 2- 4 %. The diffusion process used originally for
weapon production is still dominant. However it is expensive in
its energy requirement, and in the UK and Russia there is a
growing tendency to resort to the centrifuge method - requiring
only 5% of the energy needed in a diffusion plant.
There has been a continuous development of fuel technology
1
2
3

which has led to significant operational improvements. One
parameter that characterises the development of the technology
is the total energy that can be extracted from the fuel - the
‘burnup’, which is expressed in gigawatt-days per ton, GWd/t.
For the earlier Magnox reactors this figure was about 5 GWd/t.
By the late 1980s typical burnup figures for PWR and BWR
reactors using fuel enriched to 3.2% were 33 Gwd/t. Advances
in fuel assembly design and fuel management techniques,
together with slightly higher enrichment levels of about 4%,
now allow burnup of 50 GWd/t, with even higher figures
projected in the near future. This, in addition to the benefit of
cost reduction, diminishes the frequency of refuelling.

7.3 Spent fuel
The spent fuel elements are removed from the reactor when
they have reached the designed burnup level - typically after
three or four years. The spent fuel consists of 95% of 238U,
about 0.9% of the fissile 235U (i.e. slightly more than the 0.7% in
natural uranium), highly radioactive fission products, and 0.9%
plutonium. The plutonium will be a mix of the isotopes from 238
to 242. The fissile isotopes, 239Pu and 241Pu, make up around
65% of the total3.
When removed from the reactor, fuel elements emit radiation
mainly from the fission products. They also generate heat, which
requires a cooling system to prevent their melting. The spent fuel
is unloaded into cooling ponds, the water providing both
cooling and radiation shielding. The spent fuel will remain there
for at least five months, by which time the heat and fission
products will have decayed sufficiently to allow it to be removed,
in large steel flasks, to an interim storage facility.
At this point there is a fork in the road, with one choice being
to place the spent fuel, after a prolonged period in surface
storage facilities, into a permanent disposal site; the other, to
reprocess the material and generate new fuel elements.
Historically the reprocessing technology was embarked upon
to retrieve Pu for the weapons programme, and also for dealing
with the spent fuel from Magnox reactors, because it was
believed that the magnesium alloy casings, after prolonged
submersion in the cooling pond, would be unsuitable for
subsequent dry storage.
Is there a case for reprocessing for a civil nuclear energy
programme? This has proved to be a highly contentious issue. To
see that the answer is neither simple nor obvious we need only
note that different countries have reached different conclusions.
The USA has throughout set its face against reprocessing. The
industry is entirely based on the ‘once-through’ concept - where
spent fuel is regarded as waste destined for ultimate disposal.
Japan and Russia, however, have each opted for reprocessing.
France, Germany and the UK have adopted a mixed policy with
some ‘once through’ and some reprocessing. There are many
ingredients that enter the decision mix. The economics of the
processes is of course one. But equally important is the historical

To be discussed in chapter 9.
Magnox and CANDU reactors and the Russian RBMK can operate on natural uranium without enrichment.
In addition there is also a few percent of minor actinides - transuranium elements other than Pu.
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background in each country which has led to the different
choices made and, above all, the perception of future energy
needs.

7.4 Reprocessing spent fuel
Reprocessing technology is complicated by the fact that the
spent fuel is highly radioactive. The main steps in the process are
summarised in Appendix 7. The output from this process is
uranium already slightly enriched by comparison with the
natural material, plutonium oxide and waste products. The latter
are characterised as ‘high’, ‘intermediate’ and ‘low’ level wastes
and will be further discussed in chapter 8.
What use is the uranium from reprocessing? The answer to
this is simple4: it can be used in the same way as natural
uranium. To what use should the plutonium be put? This highly
controversial issue has recently been addressed in a Royal Society
report [Ref.4]. Broadly the possibilities are:
1.
2.
3.
4.

use it for weapon production5;
use it as fuel in thermal reactors;
use it as fuel in a fast or breeder reactor (chapter 9);
find a way of disposing it.

Reprocessing plants currently exist in France, Russia, the UK
and Japan. Japan does not wish to embark on nuclear weapons.
The other three countries are happily in the process of reducing
their stock of nuclear weapons - a process which is adding to the
amount of plutonium in store. But clearly the Pu is of potential
interest to aspiring nuclear weapon nations - or even to subnational groups. The separated Pu is only very slightly radioactive
- and therefore easy to handle. There is at least in principle a
proliferation risk, to which we will give further attention in
chapter 10.
Plutonium can be used as a fuel in thermal reactors in the
form of mixed uranium and plutonium oxides - ‘MOX’ fuel. The
amount of uranium needed to produce a fuel element is thereby
reduced - but only by about 20%. However there is here no need
to enrich the uranium. This application does reduce the amount
of plutonium that needs to be stored. But it does not reduce the
overall quantity of plutonium, because when the MOX fuel is
used in the reactor, the amount of plutonium produced by the
irradiation of 238U just about balances the plutonium that is
fissioned. However, there is a big difference: the spent fuel is
highly radioactive, and therefore poses less of a risk of
acquisition by unauthorised groups.
There is a technical limitation to the usage of MOX. If a MOX
fuel element replaces a uranium oxide element in a PWR, it
reduces the controlling action of the control rods. As a result,
with conventional PWR designs, one can use at most 30% MOX
fuel. However a new PWR could be designed to work on 100%
MOX fuel.
Assessing the cost of MOX versus uranium fuel is not
straightforward. The capital cost of the reprocessing facilities has
been met partially by public sector finance, partially by prepayment by customers. It appears to be common ground that
4
5
6
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MOX is somewhat more expensive. In the light of the complex
capital base of the plants, however, it is far from easy to place a
figure on this difference. Some authorities put the inherent cost
difference as high as a factor of five [Ref. 5]. On the other hand
MOX fuel is bought and sold at a price comparable to that of
uranium fuel.
We turn to the third possibility, that of utilising the separated
plutonium in a fast or breeder reactor. In the earlier days of the
nuclear industry - up to the early 70s - it was assumed that fast
and breeder reactors would in time come into use thereby
enhancing the energy derived from the basic fuel by a factor of
at least 60. We will briefly discuss these reactors in chapter 9. For
the moment it suffices to say that the eventual widespread use
of fast and breeder reactors is still an open question. It is in any
event clear that this development cannot now happen on a large
scale for two decades.
Finally, possibility 4, one can regard the plutonium as a waste
product which needs permanent disposal. One would like to
dispose of it in a form that would discourage direct access. A
possibility here is to mix it with the highly radioactive fission
elements recovered from the reprocessing, which are normally
produced in a vitrified form.
There are other factors that enter into the decision process of
whether to reprocess spent fuel. For example the recycling route
produces only one eighth of the volume of high level waste that
is produced by direct disposal. On the other hand the
intermediate level waste is three times more voluminous [Ref. 6].
One needs also to add that neither once-through nor
reprocessing have as yet reached the endpoint - which is to
dispose of the ultimate waste products. Until this has been
accomplished, costs are bound to be debatable. What does
appear to be clear is that in neither case do the total costs have a
very large impact on the price of the product - the cost per kWh
of electricity generated.
We have only touched on the issues involved in the
reprocessing debate. But it is clear that a prospectus for starting
a new reprocessing plant is not one that would immediately
encourage either private or public investment. But of course that
is not the situation in which the reprocessing countries find
themselves. In the UK, THORP, the BNFL reprocessing plant,
exists. It is a magnificent engineering achievement. It is a new
plant which has achieved all that was intended when it was
designed. It is the fruit of several decades of technological
progress. It cost £1.85 B. There are developments afoot that
could further enhance various aspects of the process.
THORP is being used for reprocessing Magnox fuel elements and
some from the AGRs6. To quote from the BNFL publication [Ref.7]:
Already contracts for almost all of the plant’s capacity of
70 000 tons throughout the first ten years of THORP
operations have been secured with UK and overseas
customers. The capacity is divided approximately equally
amongst the UK, mainland Europe, and Japan. Beyond this
initial baseload period, there are contracts signed for further
reprocessing business, and BNFL is negotiating to reprocess
significant additional quantities of irradiated fuels.

But not totally simple. The irradiated material will contain an increased fraction of 240U which absorbs thermal neutrons. It is the accumulation of this isotope which
discourages a further cycle of processing.
Though note that the UK civil nuclear programme has never been required to produce plutonium for weapons purposes.
But none from the PWR at Sizewell.
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Clearly there is a perceived need for the reprocessing. In essence
the contracts that BNFL has with, for example, German nuclear
operators, are to do the following:

•
•
•
•

receive the spent fuel (after a suitable cooling period in the
local reactor cooling pond);
reprocess the spent fuel;
return the separated plutonium;
return the ILW and high level waste in vitrified form7.

These are long-term contracts because the spent fuel needs
further storage to reduce activity before the reprocessing can
start. Typically this period is around one decade. So one of the
key benefits for the customer is the delay before having to
confront the disposal problem. Since the problems of disposal
remain difficult and politically very sensitive, this breathing space
is indeed valuable.
The central dilemma remains: is plutonium to be considered
as a valuable resource or as a waste product? An interesting
lateral thought, perhaps a thought inversion, was provided in a
recent letter to Nature by von Hippel [Ref.8]. He suggested that
instead of reprocessing the spent fuel the amount of plutonium
that would have been separated is taken from the stockpile and

7

sent to the customer - together with the appropriate quantity of
high level waste. This is clearly a Gedanken experiment, but it
does illuminate the essence of the problem.
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8 The problem of waste disposal
The operation of nuclear reactors produces substantial
quantities of waste material. For example, a 1 GW PWR will
produce about 30 tons of spent fuel per annum. Of this, 95% is
238
U, 0.9% 235U, 0.9% Pu, 3.3% fission products, and 0.06%
minor actinides1. The spent fuel elements, as well as being highly
radioactive, continue to generate heat. After ten years, the 30
tons of spent fuel will still produce a power of several hundred
kW.
Spent fuel rods are classified as high level waste ‘HLW’. They
require massive shielding and provision for cooling. Both the
radioactivity and the resulting heat generation decay with time,
but some provision for cooling has to be provided for about 50
years.
The nuclear cycle also generates materials described as
intermediate level waste ‘ILW’. An example would be the
cladding around the fuel. ILW materials are sufficiently
radioactive to require a barrier between them and the biosphere.
However, the level of the activity is not such as to require
cooling.
Finally there is low level waste - a mixed bag of items such as
protective clothing, which can be safely disposed of by shallow
burial.
Both HLW and ILW2 contain long half life radioisotopes notably 239Pu with a half life of 24,000 years. The problem of
waste disposal is the effective segregation of both HLW and ILW
for very long periods - in excess of 100,000 years. That seems
like a very long time on the surface of the earth - but not
necessarily so 500 metres below the surface. The intention of
the industry, in all the countries in which it is established, is
eventually to dispose of HLW and most of ILW in deep
repositories3. That is the intention - but to date it has not been
implemented.

8.1 The situation and prospects within the UK
A brief factual account of the current state of the plans for
implementing the repository concept in the UK and some other
countries is at Appendix 8. Here we would like to examine the
nature of the problem which the nuclear industry faces, and to
try to assess to what extent it represents a brake on future
development.
The problem is not new. It was highlighted in the Flowers
report [Ref.1 ]. In the intervening two decades, there has been a
great deal of effort to identify possible sites for such a repository.
In no case has it proved possible to proceed with a detailed
examination of the suitability of any specific site. In each case the
decision to withhold permission to explore has been much
influenced by a fragile political balance in that region, or in two
cases (one involving four separate sites) by the imminence of a
1
2
3
4
5

general election.
The most detailed assessment so far is that of a proposed site
in Sellafield. UK Nirex Ltd, the company formed specifically for
the task of long term waste disposal, proposed to explore this by
building a deep Rock Characterisation Facility (RCF). This was to
be a laboratory at the depth that a repository might
subsequently be located. It was hoped that it would provide
information complementary to that which could be derived from
borehole measurements. Nirex approached the Royal Society in
1993 seeking a review of how they were tackling the scientific
aspects of assessing the likely long-term performance of a deep
repository.
The Royal Society’s report Disposal of radioactive wastes in
deep repositories was published in November 1994 [Ref.2] The
conclusions, whilst generally supportive for the establishment of
the RCF, noted some gaps in the science needed to establish the
risks involved. In all Nirex spent £450 M in examining the
potential of this site. However Government permission to build
the RCF was denied4.
No doubt it was against this scenario of almost total lack of
progress that the Science and Technology Committee of the
House of Lords decided to embark on a new study of the waste
disposal problem. The Royal Society gave written evidence to a
series of specific questions posed by the Committee. The
questions and the Royal Society response are at Appendix 9.
The evidence given to the House of Lords Committee by the
science and engineering community, together with recent major
published reviews of the disposal problem [Refs. 3 - 18], whilst
not leading to a ‘consensus’ do arrive at conclusions which are
broadly consistent.
1. There are sites in the UK that have been stable, in some cases
for many millions of years. There is a prima facie case for the
belief that more detailed examination would provide the
assurance that some of them would offer the possibility of a
safe5 repository.
2. There is a need for developing the sciences relevant to a
detailed assessment, at a fundamental level. Professor G.
Boulton in his oral evidence to the committee [Ref.18], said:
‘We do not adequately understand the way in which the
fractures of the upper part of the earth through which fluids
flow are organised; we do not understand adequately the
many aspects of the physics of that fluid flow; we do not
understand well the nature of the reactions between
minerals and fluids.’ In his view a ten-year research
programme could yield a very much more confident verdict.
3. The provision of a deep repository is not urgent. BNFL’s plans
for surface storage extend to beyond 50 years, and could be
extended, on the present site, to 100 years. They envisage

Elements generated by accretion of additional neutrons, with mass numbers above actinium, excluding uranium and plutonium.
There are possibilities of separating the long half life components from ILW, leaving a residue that will decay in hundreds rather than hundreds of thousands of years.
There is a proposal to irradiate long-lived waste and thereby transmute some of the longer lifetime components to shorter life time elements. We will touch on this
possibility in chapter 9.
On the day that the date of the 1997 election was announced.
The standard of safety that is sought is that the chance of anyone receiving a radiation dose as a result of the presence of the repository should not be in excess of 1%
of the natural radiation background.
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the existence of a deep repository by about 2040. There is
therefore time to undertake the further research proposed by
Professor Boulton.
4. There are deficiencies in the current decision-making
structure. Broadly the need is for (i) a clear government policy
on whether, given adequate evidence of safety, ILW and HLW
waste disposal should in the longer term be to deep
repositories; and (ii) an organisation, independent both of
government and of the nuclear industry, tasked with
identifying possible sites, and with the resources to
commission relevant research. The implementation could
remain the responsibility of UK Nirex Ltd.
The key conclusion reached by the House of Lords report
[Ref.20] is that phased disposal in deep repository is feasible and
desirable. They emphasised the need that future policy for
nuclear waste management would require public acceptance
and discussed how this might be won and what organisational
structures would be appropriate for managing the whole
process.
What are the chances of government being in a position to
give effect to such a scenario? It is difficult to envisage how this
could be accomplished other than by tri-partisan agreement.
There is of course a long tradition of removing certain issues
from the confrontational party political programme - the search
for peace in N.Ireland being one such example. The accepted
pattern is that the Opposition refrains from shooting at the
government and indeed provides carefully measured support.
But the responsibility remains firmly with the Government of the
time.
However what we have in mind goes further: it would be to
agree that this particular issue is discussed in depth by a crossparty group. Whilst in our Constitution (or lack of it) the
responsibility would still devolve wholly on the Government of
the day, the intention would be to engender a common
ownership of the problem. We believe that the issues involved
are sufficiently important - and above all long-lived - that such a
departure from political norms is appropriate.

8.2 Disposal of waste in repositories outside the UK
The UK is densely populated, as are some other nuclear
countries. Whatever the level of safety that can ultimately be
ascribed to a deep geological repository, it is clear that there
would be an additional advantage if no one was in the region. It
has been suggested, for example, that a site in the Western
Australian desert might prove suitable both from a geological
perspective and from the fact that (almost) no one lives there.
There are some obvious difficulties about this solution. The first
is the need for long-distance transport, which must be achieved
with the same level of safety as already noted. The second is that
the inhabitants of the receiving country are unlikely to be overjoyed at the role which their country would play, even if there is
very little population within several hundred km of the site. On
the other hand the financial benefits which would flow from the
existence of such a repository might well be such as to have a
noticeable positive impact on the national economy; for
example, the Australian Government could receive tens of
billions of dollars in royalties and taxes were a major deep
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repository to be built in Western Australia.
From a global point of view the existence of a small number
of very large repositories rather than many small ones has
advantages, including the possibility of permanent supervision
by the UN.

8.3 Submarine disposal
Until 1983 a number of countries disposed of low level waste by
dumping at sea. Since the London Convention of that date
[Ref.19], this practice has been discontinued. Whilst there was
no evidence of significant increase in radiation, there remain
some unknowns - notably the possibility of the concentration of
radioactive materials in marine life eventually entering the
human food chain.
The possibility of disposal of ILW and HLW at a depth of
several hundred metres below the bottom of the sea, in regions
where the depth is at least 4000 m, remains a potentially
attractive solution as a means of disposal in those cases where
retrievability is not required. The work that has been done in
examining the prospects is detailed in Appendix 10.
Is this a safe option? The preliminary work is encouraging.
However there is no doubt that major researches in a number of
relevant areas would be required before one could establish the
safety of this disposal method. The degree of assurance required
would have to take into account the fact that it would not be
possible to consider the option of retrieval of the waste at a
future date. It would also have to take into account the
remarkable ability of some marine species to concentrate some
substances - a factor that would have to be included in the
calculations of dispersal for those active elements that might
eventually penetrate the sea-bed and reach the bottom of the
sea.
Whilst submarine disposal is currently prohibited by the
London Convention this would not prevent the initiation of
research. The will to embark on what would be a very large
research project would of necessity be international in flavour not only to share the costs, but also to achieve confidence in the
results which are ultimately attained.
The great advantage of submarine disposal is of course the
fact that it is in no one’s backyard - and that safety would have to
be a world rather than a national responsibility.
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9 Nuclear technology - future prospects
Nuclear energy was born just over 50 years ago. It is only 42
years since the first reactors emerged from research in the form
of a fully engineered power plant. The main development phase
which has led to the present generation of reactors extended
perhaps over 20 years. Nearly all existing plants have been
designed and built without the benefit of accumulated real
feedback experience. It would therefore be extraordinary if the
technology had already approached an endpoint - if the basic
designs conceived several decades ago had achieved some
ultimate optimum.
In this chapter we will briefly review some of the ideas
currently under consideration for a next generation of nuclear
technology. There has been relatively little resource for pursuing
some of these ideas. There are two main reasons. The first is the
current near-stagnation of the nuclear construction industry, on
account partly of past over-investment in electricity generating
plant, and partly of the competition from modern fossil fuel
plants - notably natural gas. The second reason is that the
industry has had to react to a tightening regulation environment
stemming from the concerns aroused by two major accidents Three Mile Island and Chernobyl. The result is that safety in
reactors has certainly been enhanced; however the extent of
retrofitting additional safety systems on existing reactors has
increased complexity - and cost - whilst not in every case
securing additional safety benefits. We will discuss safety issues
further in chapter 10. The developments that have taken place
have been incremental but have led to a steadily improved
performance - safety, reliability and generation cost.

particularly on containment, emergency core cooling systems,
control rod mechanisms and one remarkable feature - provision
for damage limitation in the event of a core melt down. This is
achieved by arranging for molten components to flow to a
purpose built spreading compartment with provision for cooling
both above and below the compartment. Whilst there is now no
immediate prospect of the EPR being built these evolutionary
features are likely to be retained.
A rather different approach is that of Westinghouse with
their AP600 - a 600 MW PWR. There are two reasons for
considering a reactor below the 1 GW level. It allows the
provision of a passive safety system, a design which ensures that
in the event of malfunction there is no reliance on pumps to
provide emergency core cooling. Convection alone suffices.
Second, the smaller design provides opportunities for
simplification and - so it was hoped - the possibility for large
series manufacture. There is also the suggestion that smaller
power units can be located near their loads and so reduce the
cost and losses of longer transmission systems. Here again there
is no immediate prospect of embarking on construction.
There is little doubt that the immediate future will be based
on light water reactors. The competition is on driving down the
cost whilst enhancing safety. It is important to be clear that the
development of innovative models does not mean that the
existing ones are not satisfactory or ‘safe enough’. What is clear
is that some, though modest, further investment in research and
development is needed to gain licensing approval. This is in
contrast with more radical possibilities to be discussed below,
where the scale of the investment in R&D requirements will be
very large.

9.1 Advanced light water reactors
The stage that has now been attained in the development of
advanced light water reactors is characterised by a number of
designs which have just, or are about to, come into operation:

9.2 High temperature reactors

•

•
•

•
•

the ‘Advanced Boiling Water Reactor’ (ABWR) developed by
General Electric with Hitachi and Toshiba. Two units came
into operation in 1996 and 1997. Several more are planned
for Japan and for Taiwan;
the Framatome, ‘N4’ PWR. Four units have been built in
Chooz and Civaux and will reach commercial operation in
1999 and 2000;
the UK Sizewell B, PWR, which came into operation in 1995.

More recently a number of enterprises have embarked on
evolutionary designs. The key objectives sought include an even
greater degree of safety1 with the probability of a major accident
reduced by a further factor of at least 5; and design
simplification with the aim of achieving a measure of
standardisation which would facilitate gaining approval by
licensing authorities.
One example is the 1.5 GW European Pressurised Reactor
(EPR), a joint effort of Framatome and Siemens [Ref.1], which it
was hoped would obtain simultaneous licensing approval by
both Germany and France. It includes various improvements,
1
2

High temperature reactors (HTR) are characterised by

•
•

the use of helium both as a coolant and as the turbine fluid;
the use of fuel in the form of individual spherical particles just
under one mm in diameter. The U or Pu core is surrounded by
low density graphite and by a silicon carbide coating.
Operating temperature is set at 1250 oC but the
encapsulation retains its integrity at temperatures up to
2000 oC;
a high temperature turbine contained within the pressure
vessel;
a high thermal efficiency (about 45% instead of 35%).

The reactor is designed to incorporate a considerable measure of
passive safety - a claim regarded as valid2 . The concept is not
new - it was the subject of a number of programmes in the US
and in Germany in the ‘60s and up to 1975. The implied
technologies, particularly those that stem from the high
temperature regime, and the development of turbines that work
efficiently on helium notwithstanding its low density, are very
demanding. But there is continuing interest in developing this
breed of reactor, both for its inherent virtues and for its inherent

Current PWRs are designed to a probabilistic failure rate for a major accident of 10-6 per annum.
Though ultimately safety has to be subjected to probabilistic analysis.
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safety features. Even though the probabilistic failure analysis of
PWRs may show an equal level of safety, it is possible that the
safety of the HTR might be easier to explain to lay people.
Work is currently proceeding on high temperature reactors in
a joint enterprise between General Atomics of the USA,
Minatom of Russia, Framatome of France and Fuji Electric of
Japan [Ref.12]. In China and Japan experimental reactors have
been built [Ref. 14] and South Africa is planning a
demonstration project (110 MWth) [Ref.13 ].

9.3 Fast neutron reactors
Fast neutron reactors utilise a core of uranium mixed with
plutonium. There is no moderator, so that the fast neutrons from
one fission reaction are the means for producing further fission
events. To avoid excessive loss of neutrons the core has to be
very compact, and the power density within it very high.
Adequate cooling with gas is probably not possible, as it leads to
a low power density design and hence low breeding gain; one
resorts to the use of liquid metals, usually sodium or lead.
The concept is not new [Ref. 2]. The world’s first fast reactor,
mercury cooled, generating 25 kW was built at Los Alamos in
1949. At about the same time plans for a fast reactor
programme were initiated in the UK - leading to a low power
demonstration critical assembly at Harwell in 1954.
Subsequently many countries, including France, Germany, Japan
and the former Soviet Union embarked on fast neutron reactor
work, usually with an additional element - a surrounding
annulus of 238U, which is progressively transmuted into
plutonium. The reactor can be configured so that it produces
more plutonium than is used in the primary reactor core - the
basis of the fast breeder reactor.
The primary motivation for embarking on breeder reactors has
been the prospect of obtaining much more energy from uranium
than the 1 or 2% which thermal reactor technology permits. The
measure of the advantage3 is something like a factor of 60.
However during the last 20 years the uranium supply prospects
have much improved for a number of disparate reasons:

•
•
•
•
•

discovery of new uranium reserves;
improvement in the utilisation (‘burnup’) of uranium in
thermal reactors;
reduction in the projected growth of electricity generation
needs;
impact of cheap natural gas;
concern about the safety of the nuclear option following
Chernobyl.

In addition the technology of breeder reactors, particularly when
scaled to the sizes needed if they were to supplement thermal
reactors, was found to be far from easy. In particular the
problems stemming from the use of liquid sodium as a coolant
have proved to be hard to overcome. These factors were
probably the main ingredients in the decision to terminate some
major demonstration projects - such as the PFR at Dounreay (250
MWe) in the UK and SuperPhenix (1.2GWe) in France.
3
4
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However it is important to emphasise that whilst technology
has been difficult, the fact that breeders are not, for the
moment, favoured should not be regarded as a technological
defeat. One example of long and on the whole satisfactory
experience with a breeder [Ref.2] is the Russian BN600 reactor
(1.5 GWe) at Beloyarsk. This has operated at a load factor,
averaged over 15 years, of 70% and has recently reached 76% better than the record of Russian thermal reactors. If fast
neutron reactors are to be needed, they can be built.
Will they be needed? They could, if required, serve a number
of different purposes.
For example, breeder reactors would greatly extend the
availability of reactor fuel. At the present price of uranium, as we
have seen in chapter 7, the incentive is weak. The situation could
change if over the next 50 years there were to be a large
expansion of nuclear energy. Even then the breeder/plutonium
route might have to compete with uranium from seawater.
Fast reactors could be used to do the very opposite of
breeding - they could ‘burn’ plutonium. If the plutonium
stockpile is regarded as a waste product requiring safe disposal,
burning it in a fast (non-breeder) reactor would be an effective
solution4. Burn rates of the order of one ton per annum per
reactor seem possible. It is however hard to imagine that one
would wish to embark on a fast reactor programme solely for
this purpose. The concept would be viable, if fast reactors were
to form an integral part of a next generation of nuclear power. It
has been suggested [Ref.6] that in a nuclear power system made
up three quarters of standard PWRs burning slightly enriched
uranium fuel and one quarter of fast neutron reactors designed
for maximum consumption of plutonium, there would, under
normal running conditions, be no net production of the latter.
More ambitiously one might adapt the fast reactor to the
fission of Pu and some of the minor actinides and long-lived
fission products in spent fuel to shorter-lived isotopes - and
thereby greatly reduce the magnitude of the disposal problem. If
one could transform long-life into short-life components it
would clearly reduce both costs and any remnant risk associated
with deep geological repositories.
But before one can begin to address the transmutation
technology one must first separate the long lived material from
the rest - ‘partitioning’ - and this is in itself a very major
undertaking [Ref. 3]. One would concentrate on the high level
waste and seek to effect the partitioning at the stage within the
overall reprocessing when the HLW is in liquid form.
Partitioning and Transmutation (P&T) embodies a great deal
of new technology, requiring decisions on a whole series of
options before one could embark on a realistic demonstrator
[Ref. 4]. For example there is the option of ‘homogeneous
recycling’ where the radionuclides to be transmuted are
intimately mixed with the fuel, as opposed to ‘heterogeneous
recycling’ where they are physically separated from the fuel. The
partitioning will certainly require extensive reprocessing and
possibly even isotopic separation facilities [Ref. 5]. The concept
represents major technological challenges - but there are no
known fundamental reasons why, given enough effort, it should
not ultimately succeed.

It has been suggested that the true advantage is much larger, in that the use of uranium for breeding plutonium greatly enhances the value of the uranium. This then
makes it economically possible to mine much poorer ores than would otherwise be justifiable.
Plutonium can also be burned in the form of MOX fuel in a thermal reactor, but as we have seen this approach hardly changes the total amount of plutonium, although
it does lead to a form that makes it relatively inaccessible for unauthorised uses.
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9.4 Accelerator-driven subcritical assemblies
The accelerator produces a beam of fast neutrons. When these
are directed on to a subcritical assembly, the normal chain
reaction process will lead to a neutron flux much greater than
that from the incident beam. However since the assembly is subcritical the chain reaction is not self-sustaining. Switching off the
accelerator beam stops the chain reaction.
This is a basic concept of long standing, originally intended as
a way of producing plutonium from a slightly enriched uranium
core. The method was tried in the early fifties [Ref.7] with a 25
MeV 50 mA proton accelerator. A plan to scale up this system
with a 350 MeV, 500 mA machine was abandoned when it was
found that (critical) reactors were a simpler and more economic
way of producing the wanted material.
Producing fissile material was then the first motivation for
investigating accelerator-driven systems - and failed in
competition with reactors. By the ‘70s, the emphasis had
changed. Production of plutonium was no longer the problem.
Instead there was a growing interest in the possibility of
transmuting long-lived waste products - notably the minor
actinides [Ref. 6]. Various schemes have been studied at Los
Alamos and Brookhaven in the USA, at the Japan Atomic Energy
Research Institute in Japan, in Russia and in France. None has so
far led to a production system.
The destruction of the minor actinides will produce an energy
per fission approximately equivalent to the fission of one
plutonium atom. The rate of burning of the unwanted
radionuclides will determine the energy output - and hence the
cooling requirements. For a high rate of transmutation, the subcritical assembly will have to be engineered in much the same
way as a power reactor. The high energy proton beam itself will
consume a substantial amount of energy. These considerations
led Charles Bowman at Los Alamos [Ref. 8] and a little later Carlo
Rubbia [Ref. 9] to propose a hybrid system, which would also
generate electricity, a small portion of which would be used to
drive the accelerator. The Bowman proposal was based on a
thermal neutron system, that of Rubbia on fast neutrons.
Very briefly, the main features of an accelerator-driven fast
reactor, described by Rubbia, somewhat whimsically, as an
‘energy amplifier’ (EA), are intended to include the following:

•
•
•
•

a proton accelerator, 1 GeV, 10-200 mA with a heavy
element target5;
thorium based fuel;
Pb/Bi alloy coolant - relying on convection circulation;
output power of the order of 1.5 GWth .

How do the proposers see the advantages of an accelerator-driven
subcritical reactor as compared with a ‘conventional’ fast neutron
reactor? Two major motivations are advanced. The first is the
inherent safety of the EA. Since the assembly is subcritical, the
chain reaction will cease simply by turning the accelerator off. The
problem of removal of decay heat would however remain.
In a critical reactor there are constraints just because the
reaction needs to be at the critical level. The second major claim
5
6
7
8
9

is that when, as in the EA, that constraint is removed, a much
more complete incineration of the long-lived radionuclides can
be achieved.
These are bold claims - and have been subjected to a good
deal of criticism. A very helpful analysis of the issues has been
provided by Richard Wilson [Ref.10]. A first question might
address the claim of inherent safety. The assembly is subcritical the neutron flux is only a fraction, k, of that required to sustain
the chain reaction - for a critical assembly k=1. Now the fraction
of the energy generated that is required to supply the
accelerator will be zero for a critical assembly and increase the
further one departs from criticality6. It is therefore essential to
run the system very close to criticality. This then raises the
question whether, under some conditions, the assembly might
not become critical. If that is accepted the precautions needed to
retain control7 become identical to those needed in a
conventional fast neutron reactor. Also, as with any reactor,
cooling is essential even after shutdown.
The advantage that the EA offers in incineration of long-lived
radionuclides as compared with destruction in critical reactors is
controversial. But strong claims are made. For example the Los
Alamos group [Ref.11] state that accelerator-driven transmutation
of waste (ATW) ‘is expected to accomplish the following:

•
•
•
•
•

destroy over 99.9% of the actinides;
destroy over 99.9% of the Tc and I - two of the major longlived radiotoxic radionuclides;
separate Sr and Cs;
separate uranium;
generate electricity. ... 10- 15% of this electricity will be used
to power the accelerator.’

Those are impressive claims - but of course based on preliminary
studies and as yet not on any integrating experiments. The
implied pyrochemical separation processes have been explored
only in a pilot stage; the economics of the whole process are
hard to gauge. And there is one very special problem that has
worried those who have sought to assess these possibilities: the
protons in the accelerator are of course in a high vacuum. One
must devise a window that will transmit the protons with
minimal loss, whilst withstanding normal atmospheric8 or even
higher pressure in the reactor assembly. At present the intention
is to use a curved tungsten alloy window, with a thickness at the
centre of about 1.5 mm. This may prove to be a major difficulty.
Not all materials problems have an answer.

9.5 The thorium fuel cycle
It has been appreciated since the earliest days of the nuclear energy
development that thorium was an alternative fuel to uranium. It
appears to be somewhat more plentiful than uranium. India and
Brazil in particular are well supplied. Thorium is found
predominantly in single isotopic form - 232Th - which is only feebly
radioactive, not fissile - but it is fertile. 232Th can capture neutrons
to produce9 233U which is fissile. To utilise thorium in a reactor it

Which may, or may not, be provided by the Pb coolant.
The required accelerator power is approximately (1-k)/k of the reactor power generated.
To avoid prompt criticality.
Which is a possible situation with a lead cooled system.
After several decays.
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must therefore be mixed with a fissile material to start the process for example enriched 235U or 237Pu. If the aim is to get rid of excess
plutonium this is a way to do it [Ref.12]. Unlike the disposal route in
MOX fuel, irradiation does not produce new plutonium. If one
were to fuel a PWR with Th/Pu, about twice as much Pu would be
destroyed as with the established U/Pu MOX fuel. In addition the
fraction of fissile Pu isotopes in the spent Th/Pu fuel would be
about one third less than with U/Pu.
So where is the catch? First of all the technology for
producing Th fuel is somewhat more complex and hence more
costly than for U. Since for the moment there is no prospect of a
uranium shortage for the easily foreseeable future, there was
little incentive to make a change. But, in addition, the motivation
for destroying Pu was to reduce any proliferation risk. Irradiating
Th leads to 233U which is fissile and could also form the basis of a
nuclear weapon. It radiates gamma rays and that would make
the construction of a weapon harder - but probably not very
much harder.
The merits and demerits of the Th cycle are not yet by any
means clear. It is interesting to note though that all the groups
who are currently exploring the accelerator-driven sub-critical
array machines discussed in the previous section are basing their
designs on the Th fuel cycle.

could be anticipated. Since world research in this area is proceeding
at a spend rate of about $1B per annum, there is reason to be
confident that an answer to this question will emerge in the next
decade or two. However it seems very unlikely that fusion power
could make a significant contribution to the energy needs of the
world before, at the earliest, the second half of next century.

9.7 Comment
In this chapter we have reviewed some potential developments
that could change the nuclear energy scene over the next few
decades. The ideas are not all new - many have been around in
one form or another for a long time. However the progress in
materials, fuel technology and control systems has transformed
the prospects of some of them. The list of the topics we have
touched upon is by no means exhaustive10.
What characterises all of them, with the exception of search
for fusion energy, is the relatively low level of current R&D
investment, which seems totally out of scale with their potential
future importance. We will return to this issue in the final
chapter.
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10 Safety issues
In this chapter we will touch on safety issues in three areas. The
first is the safety record - and projection - of nuclear reactors. The
second relates to the impact of radiation attributable to the
nuclear industry. The third is concerned with the possible
proliferation of nuclear weapons resulting from an expanding
nuclear energy industry.

10.1 Nuclear reactor safety
How should one summarise the record of the civil nuclear
programme, worldwide, over the last 45 years? It is certainly one
of remarkable safety - if one discounts Chernobyl. But one
cannot and should not. That disaster occurred to a reactor of the
RBMK type, 12 of which are still running in the Former States of
the Soviet Union. The cause of that accident has been analysed
in minutest detail. It arose as a result of an attempt to operate
the reactor in a regime where it could become unstable. In order
to enter this regime the operators had to disable a number of the
safety devices. Since then the operating and reactivity
characteristics and the reactivity controls have been improved
[Ref. 1], but the basic design concept of the RBMKs is regarded
as less satisfactory than any of the three main types used in the
West. The absence of a secondary containment structure is also
regarded as a safety deficit. Even so, Western experts who have
been aiding the Russians in the assessment, believe that the
remaining RBMKs are now safer, at any rate for a few more
years. It is however inconceivable that anyone will ever build
another.
So whilst a recurrence of the Chernobyl disaster is seen as
improbable, the fact that it happened is and will remain an
important determinant in the world wide view on the
acceptability of nuclear power. There were countable deaths of
around 50. A large number of children, living in the vicinity,
contracted thyroid cancer as a result of ingestion of 131I, though
happily almost all of the cases were curable. A much larger
number - which we will discuss in the following section - of
people in the wider region and in Western Europe may contract
cancers as a result of fall-out radiation. This latter group is
‘invisible’ since cancer is such a common disease. The cases that
could be attributable to this fall-out are a small percentage even
of those contracting cancer as a result of the natural background
radiation. But what is not at all invisible and will remain a
problem for a very long time, is the substantial area around
Chernobyl that has been contaminated by long lived
radionuclides.
In the UK the only significant accident was the fire at
Windscale in 1957 leading to the release of a significant amount
of radioactivity, which was dispersed into the atmosphere. In the
rest of the world, there has been just one severe accident - that
at Three Mile Island in 1979. Whilst this did not lead to any
appreciable emission of radionuclides nor to any known
casualties, it was bad enough, with part of the core suffering
meltdown. The causes have been analysed - it was essentially an
operational failure in dealing with a small problem, which as a
1

result became a big one. Control systems to ensure that this
could not happen again have been retro-fitted to all older
reactors. The newer ones were of course designed in the light of
this experience.
So the score sheet for the civil Western nuclear energy
industry is one accident with no known casualties in about
10,000 reactor years. It is important to appreciate that this
record has been accumulated in what must be regarded as a
learning period. Estimates of an industry based on newer
reactors suggest a safety projection of one major accident in
100,000 reactor years.
It is not difficult to show that counting all risks from uranium
mining to (surface) storage of spent fuel, the number of
casualties per kWh is far less than for electricity generated with
fossil fuel [Ref. 1]. That is not however a point to write QED.
Nuclear energy needs to be safer than other forms of energy just
because the damage arising from a single accident can be so
dire. A second reason is the public perception of risk. The fact
that this may be much greater than the best estimates stemming
from meticulous analysis based on probabilistic risk may not be
key. It is the public concern that has to be addressed, and striving
for safety that goes beyond what rigorous analysis might require
is part of the remedy1.
The safety of nuclear plants depends firstly on the design of
the system, but most importantly on how it is operated. In the
UK there is a regulatory and inspection regime that is extremely
rigorous. The structure of the regulatory system as it obtains in
the UK is summarised in Appendix 11. The system in other
Western countries is similar and equally rigorous.
Such a regulatory framework is well adapted to a Western
democracy and one with a free press. It is perhaps not quite so
clear whether a similarly rigorous regime could run in a country
where, for example, the director of a nuclear plant might have
access to powers not available to the inspector. It is in this
context that the international dimension is so vitally important.
Several international initiatives have been brought to bear on
the problem. The IAEA has for a number of years sponsored
‘missions’ to look at specific aspects of nuclear regulation in a
particular country. This allows that country’s performance to be
assessed by a group of international experts who recommend
improvements where appropriate. Following Chernobyl, the
World Association of Nuclear Operators (WANO) was set up to
investigate the operational aspects of power reactors,
particularly those in the states of the former Soviet Union and to
make recommendations.
In October 1996 the Convention on Nuclear Safety was
conceived, which would commit all the contracting countries to
maintain high levels of safety in all aspects of their nuclear
power operations. This was to be achieved by regular meetings
at which each country would submit a national report describing
its programme for safety in great detail. Each report would be
reviewed by all the other countries. Such peer review will lead to
a continuous learning and improvement process - the key to
high safety standards. The first such meeting was held in Vienna
in April 1999 by which time 50 states had ratified the

Sizewell B was designed to withstand earthquakes to an extent regarded as appropriate for a location in Japan.
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convention. The summary report clearly shows that the
Convention will provide an effective mechanism for continuous
improvement of standards of safety.

10.2 Radiation risks
Ionising radiation dosage is an unwanted but inevitable
consequence of nuclear energy operations - be they mining of
uranium, fuel manufacture, operation of reactors, or dealing
with spent fuel. The regulatory authorities, working closely with
the nuclear industry, provide the assurance that the danger to
nuclear workers is minute and to the rest of the population
much smaller still. There is no direct evidence that anyone has
been harmed by exposure to radiation arising from the civil
nuclear energy project2. In a few cases where there has been a
suspicion of an excessive number of cancers in the vicinity of a
nuclear plant, detailed examination has shown convincingly that
there is no causal relationship with exposure to radiation [Ref.
2,3].
The fact that we cannot observe damage to individuals from
exposure to radiation does not of course imply its absence. The
subject is a scientific discipline in its own right, with an
enormous and growing literature. For our present purpose we
need to bear the following facts in mind.

•

•
•
•

•

•
•

There is a natural level of background of ionising radiation
which stems from radioactive minerals, radon in buildings
(and U mines), radioisotopes in the biological system and
cosmic rays. In most of the UK the radiation level is around
2.5 milli-Sievert3 - 2.5 mSv - per annum. It varies by more
than a factor of two between different regions.
Of this, 0.4 mSv comes from the human body itself mainly as
a result of the presence of 40K from natural foodstuffs.
Exposure to radiation can induce solid cancers and also
leukaemia. A dose of 5 Sv is likely to be fatal.
The lowest dose in which damage can be directly attributable
to the effect of the radiation is about 50mSv for adults, but
comes down to around 20 mSv for a foetus in the period 816 weeks following conception.
The recommended maximum annual dose for radiation
workers in the UK is 10 mSv. The International Commission
on Radiological Protection (ICRP) sets a limit of 20 mSv
averaged over 5 years.
The incremental radiation - averaged over the whole
population - arising from the nuclear industry is estimated at
0.1% of natural radiation.
Medical diagnostics produce an average dose of 20% of the
natural background.

The incidence of cancers is a function of the dose. As a working
hypothesis, the incidence of cancers is usually calculated as
linearly proportional to the dose. The evidence in support of this
law is good for large and moderate doses - evidence to a large
extent based on the exposure to radiation at Hiroshima and
Nagasaki. Below the dose of 50 mSv where there is no direct
2
3
4
5
6
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evidence of damage, it is assumed - at least as a precautionary
principle - that the linear law persists to the lowest doses. There
is, though, a considerable measure of uncertainty in the
coefficient, which is believed to be affected by the dose4 and
also possibly by the dose rate. There is an even more
fundamental question: whether the linear law does in fact
extend to very lowest doses. We will return to this question in
the next section.
For low doses, the rate of cancer induction which has been
widely used is 0.05 lethal cancers per Sv. An extensive survey of
the complex issues involved is due to R. Garvin [Ref. 4,5], and his
tentative conclusion is that figure might be somewhat lower.
Taking the 0.05 figure implies that, for example, a radiation
worker who receives an average dose of the maximum
recommended by ICRP5, over a 20 year period, would stand
about a 0.4% chance of suffering a cancer from this cause.
Cancer is of course a very common disease and accounts for
about 20% of all deaths.
If we apply the same argument to an ordinary individual in
the UK, the incremental exposure due to the nuclear industry is
around 2 micro Sv per annum. The same calculation then leads
to a chance for an individual contracting a cancer from this
cause, at less than one in ten million. But multiplying by the total
population of the UK one concludes that there will be about one
death every two years. Now one is a rather small number; one
might be inclined to bear her or his departure with sadness but
equanimity. After all if we could reduce the amount of smoking
in the UK by just 1% we could save 1000 people every year from
a premature demise.
But the same approach - still assuming a linear law with a
coefficient of 0.05 lethal cancers per Sv - applied to an analysis
of the Chernobyl accident leads to a conclusion that over the 30
years following the accident some 40,000 people in the
Northern hemisphere might die as a result of radiation fallout6.
The fact that this is less than 0.1% of the total of natural cancer
deaths is one way - but only one way - of looking at the figures.
These Chernobyl presumed deaths are of course invisible - a
change of less than 0.1% in the number of cancer deaths is
totally undetectable. Indeed the fluctuations arising from
changes in diet and health care are much greater.

10.3 Radiation risks for very low doses
There is a fundamental question which has been asked and hotly
debated: is it true that even very small doses of radiation can be
harmful? The linear assumption is intended to produce an upper
limit to the risk of radiation damage. There is a body of opinion,
supported by a number of authorities including the French
Academy of Sciences [Ref. 7], that there is a threshold of
radiation below which radiation damage can be ignored.
Debating this issue involves an obvious difficulty: if 50mSv is the
smallest dose (for adults) for which we can detect damage,
effecting a linear extrapolation to radiation doses 5,000 times
smaller is unnerving. We have to rely entirely on theory - on our

Other than as a result of the Chernobyl accident - to which we return later.
The Sievert, Sv, is a unit based on the energy in the radiation, modified by its ability to damage human tissue.
Implying some departure from linearity.
4 mSv/a.
By varying some of the assumptions one can readily generate larger or smaller numbers.
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understanding of the way radiation causes lesions in cells that
then develop into cancers. Now of course bold extrapolations
are not infrequent in science. So for example we are rather
confident that we know the temperature in the middle of the
sun - though we cannot measure it - because of our
understanding of solar physics. But we have to bear in mind that
the sun is a trivially simple entity when compared to a biological
cell.
We will here not even summarise the vast literature on the
subject, but attempt in the simplest terms to illustrate the
absence of any simplicity.

•
•

•
•
•

The damage to a cell will be by direct or indirect damage to
the DNA.
Cells contain highly sophisticated repair mechanisms that can
repair damaged DNA - more readily if only one of the two
strands has been broken. This ability may stem from the fact
that evolution has taken place in the presence of a natural
radiation background.
The time constant for the repair process is of the order of
hours [Ref. 4].
It is believed that cancer cells arise through a multi-step
process [Ref. 6], involving between 5 and 7 distinct
mutations, in several generations, starting from a normal cell.
Cell-cell interactions may play a role [Ref. 7].

In this scenario, can one identify a possible process that would
indicate a departure from the assumed law of proportionality to
the dose? As long as a damaging hit on a single cell is the
necessary and sufficient condition for carcinogenesis, it is
difficult to see how a departure from proportionality could come
about7. Suppose however that the probability of a cancer
developing is a function of the number of damaged cells in a
particular region - that the risk depends on the local
concentration of damaged cells. Then it is evident that for
sufficiently low doses, the risk would decrease much faster than
proportionally with the dose.
The low dose issue is of considerable importance for three
reasons. The first is that its elucidation would be of major scientific
interest. Second, our perception is affected by whether the
casualties from Chernobyl, whilst clearly invisible, are actually real.
The third is that if we have unnecessarily tight radiation standards
it has a major impact on the economics of the nuclear industry.
The US spends $5 billion pa to clean contaminated sites to levels
which do not exceed the background level by more than 5%. That
may be conservative even if the linear theory holds - or a totally
wasted effort if it does not.
There have been a number of epidemiological studies that have
tended to contradict the linear theory. An example was the attempt
to compare two populations in China living in areas where the
natural background radiation differed by factor of 3 to 4 [Ref. 8].
The result of the 15 year study was a lower rate of cancer incidence
in the higher radiation region. However Garvin [Ref.4]
demonstrated convincingly that the result was not statistically
significant, even though the sample size was 70,000 in each area.
To shed light on this problem it would appear that one would
need an epidemiological study larger than any that have been
undertaken so far. It would probably require a sample size of at
7
8

least 5 million in the ‘low’ and in the ‘high’ radiation area,
though perhaps the study could be segmented into pairs of
smaller groups. Clearly one needs the two communities to be as
nearly alike as possible - other than the radiation background in
which they live. It would have to be a long study - probably
extending over 20 years. It would be a very expensive project,
but in view of its importance it might yet be worth attempting.

10.4 Proliferation
The basic material for building nuclear weapons is highly
enriched uranium or plutonium. Weapons grade uranium would
contain 94% of 235U, whilst the fuel for a PWR is enriched to
only about 3%. If PWR fuel were to reach unauthorised hands it
would not be very suitable for making an efficient bomb.
However it could in principle be used for making an inefficient
bomb which could still be quite devastating. The strict control of
uranium in the fuel fabrication phase is therefore vital.
After usage, the spent fuel is highly radioactive; it contains
fission products, minor actinides - and plutonium. The
radioactivity makes unauthorised access extremely difficult - and
hence relatively safe from the danger of diversion. This was the
prime reason why the USA decided not to embark on reprocessing spent fuel. However the UK, France, Russia and
Japan did decide on reprocessing primarily8 to extract the
plutonium which it was anticipated would be required for fuel in
fast breeder reactors. We have touched on the advantages and
disadvantages of the reprocessing option in chapter 7. There is
no prospect in the foreseeable future of breeder reactors
providing a major thrust in the development of nuclear energy.
There is then the problem of disposing of the plutonium either as
MOX fuel - or as waste. In the mean time it accumulates and
needs to be rigorously guarded.
The danger of proliferation to those countries that now do
not possess nuclear weapons, could arise from ‘leakage’ of
nuclear material, relevant technology or nuclear expertise from
countries that possess them. The Nuclear Non-Proliferation
Treaty of 1968, amended and strengthened since then, is
designed to minimise this danger. It has been accepted by 180
non-nuclear weapon states and five nuclear weapon states.
Verification of compliance [Ref. 9] with its rigorous and detailed
provisions is a major task entrusted to the International Atomic
Energy Agency. It has worked well - where it has been enabled to
do so. This is a success which should not be underestimated. But
clearly it can not provide protection or assurance for countries
which have chosen to remain outside the NPT treaty. It has not
been able to prevent India or Pakistan becoming nuclear
weapon nations [Ref.10]. It could not prevent a now well
documented attempt by Iraq to develop nuclear weapons as
revealed in the aftermath of the Gulf war.
There are wider questions on the possibility of terrorist
groups acquiring nuclear weapons. Would such nations or such
groups bent on evil intent choose to acquire nuclear weapons?
or opt for chemical or biological weapons which are probably
easier to acquire? We will confine ourselves to addressing a
much more limited question: to what extent does the retention

For low doses the chance of the same cell being hit twice is minute.
In the UK reprocessing was also deemed to be necessary to deal with Magnox fuel elements.
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or expansion of nuclear energy represent an added danger of
proliferation? The views of all those who have attempted to
address this complex issue extend over a wide spectrum - and
those expressed in our group were no exception. However we
were able to agree on the following propositions.

•
•
•
•

•

•
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The danger of proliferation arising from the nuclear industry
in OECD countries, subject to the extant close supervision, is
acceptably small.
We would not regard risk of proliferation as a barrier to
retention or modest expansion of the nuclear energy
industry.
Reprocessing of spent fuel imposes enhanced responsibility
on the countries that have adopted this technology. The
meticulous control of separated plutonium is key.
Disposal of some of this plutonium by fabrication of MOX
fuel is at best a partial answer to the problem - and because
of the need to transport nuclear material needs additional
precautions to avoid dangers of proliferation.
A massive expansion of the contribution of nuclear energy
based on presently established technology of breeder reactors
which would involve their location in many parts of the world,
with fuel transported from remote pre-processing centres,
would in our view significantly raise the danger of proliferation.
New nuclear technologies, some of which we have discussed in
chapter 9, offer the prospect of developments that may not
incur similar proliferation dangers. Major investment in research
would however be required to evaluate their capability.
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11 Economic instruments
Central to our study is the extent to which an increased use of
renewable or of nuclear energy could contribute to a reduction
of greenhouse gases, particularly CO2 . This chapter considers
the part that economic instruments might play in bringing this
about.
The cost of the use of fossil fuels takes no account of the
environmental damage that stems from the emission of
greenhouse gases. Competitive markets can be shown, under
well-defined conditions, to provide an efficient means of
producing goods and services. However there are wellrecognised ‘market failures’ which mean that the combination
of profit maximisation by firms and utility maximisation by
consumers does not necessarily produce an optimal allocation of
resources. The reason is the existence of ‘externalities’ that
involve undesirable (or desirable) side-effects of production and
consumption which are not captured in market costs and prices.
Environmental effects are a classic example.
The remedy, sought by the use of external instruments, is to
measure the cost of the damage (or benefit) of the externalities
and then to devise a means to repair the market defect. It is
important to recognise immediately that in the case of damage
by CO2 the measurement of the cost is fraught with difficulties.
How do we gauge the cost of a rise in the sea level by a certain
number of centimetres? There is a problem of the geographical
division of the cost. There is the problem of inter-generational
equity: how much should we pay to improve the prospects of
future generations? It is clear that there are no hard answers to
such questions. It is equally clear that they make only limited
sense if considered within the confines of one nation - and that
has now been recognised in the international agreements which
have evolved.

11.1 Repair tools
The ‘repair’ could be effected by three methods:

•
•
•

voluntary agreements;
regulation;
economic instruments.

Voluntary agreements and regulations are both possible
methods of reducing undesirable externalities, but they may not
be economically efficient. Voluntary agreements are likely to
have unpredictable results and are unlikely to take costs into
account. In the UK, all regulations require ‘compliance cost
assessments’, but the regulators may not have adequate
information about the cost of reducing emissions; producers
may be tempted to exaggerate them. While environmental
emissions may impose costs on society, now and in the future,
the reduction of environmental emissions is also likely to be
costly. The optimal solution would be one in which the marginal
cost of reducing emission by one unit would be equal to the
estimated marginal cost to society of that emission. Voluntary
agreements and regulation are unlikely to produce this
outcome. For example an agreement (or requirement) that each
1

firm or industry reduces its emissions by, say, 10% would impose
the same target on firms where the cost of reduction is very high
as on firms where the costs are low. A better solution would be
to concentrate the reductions of emissions on those firms where
the costs of reduction are smallest.
Taxes and traded emissions permits are the two major types
of economic instrument [Ref.1] that can be used to help reduce
emissions in an economically efficient way.

11.2 Economic instruments and the business use of energy
This is the title of the Task Force set up by the Government early
in 1998 [Ref.2], under the chairmanship of Lord Marshall. Their
report was presented in November 1998 [Ref.3]. It represents a
detailed study of the possibility of using economic instruments
for emission abatement, and also provides helpful comparisons
with policy in other countries. It was set up following the Kyoto
conference of December 1997 in which the UK undertook to
deliver a reduction1 of greenhouse gas emission of 12.5% by the
period 2008- 2012.
The Task Force was asked to limit its analysis to the industrial
and commercial use of energy - it specifically excluded the
possibility of adding a new tax on domestic fuel and power. We
will comment on this exclusion in section 11.2.4. It also excluded
transport because it was felt that adequate taxation mechanisms
were already in place.
11.2.1 Emission trading
The Kyoto Protocol allows for an international emissions trading
scheme as one of the means for countries to meet their legally
binding emission targets. The task force examined the feasibility
of a domestic scheme which could in due course link up with
international mechanisms.
A trading system could be set up as follows. A desirable level
of emissions from industry would be determined as a part of the
UK’s climate change programme. Permits would be allocated up
to the allowable ceiling. Each firm would hold permits allowing it
to emit up to a certain amount in a given time period. Permits
could be traded. Firms would buy permits if the price of a permit
was lower than the cost of reducing emissions.
The consultation paper raises a number of questions,
including the following.

•
•
•
•
•

Is it workable or would it impose an administrative burden
out of proportion to its benefits?
Would it penalise growing business while favouring failing
ones?
Should it apply to CO2 or to energy?
Could a trading scheme act as a constraint on growth?
How should emissions be monitored?

These and additional questions suggest that, despite the
recognised advantages of emissions trading, there are a number
of practical problems to be faced.
In an ideal world, of perfect information, completely free

In addition the UK has undertaken to reduce CO2 emission by 20% by 2010.
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trade and costless trading, emission trading would produce the
optimal distribution of the burden of reducing emissions.
Moreover, the optimum would be achieved independently of the
original allocation of permits. In practice the initial allocation of
permits does influence the pattern of abatement as well as
having significant economic consequences for individual firms.
The decision about initial distribution of permits has proved to
be a particularly difficult part of the process.
One key question is whether permits should be allocated or
auctioned. Auctioning permits helps to meet the principle that
the polluter should pay and also provides a source of revenue
that can be used to fund public expenditure on methods to
reduce emissions or to reduce distortionary taxes (e.g. taxes on
labour). However, substantial revenue transfers would be
involved.
The Research Network on Market-based Instruments for
Sustainable Development [Ref. 4] suggests that emissions
trading is most likely to be successful if:

•

•
•
•

•

•

the pollutant is readily quantifiable and easily measured;
the environmental objective is clearly defined;
there is a variation in abatement costs between emitting
plants, thereby providing significant scope for cost saving
through permit trade;
the imposition of taxes is politically difficult.

There is already some experience of emission trading in other
countries. The US has been involved in some form of emissions
trading since 1976. The major scheme is in the Federal Acid Rain
Programme, which began in 1995. It aims to reduce sulphur
emissions from US power stations by more than half. Emission
reductions in the first stage (up to 2000) have exceeded the
target and can be banked for use in the next phase. Allowance
trading is estimated to have reduced compliance costs by a third
to a half2.
11.2.2 Taxation
A tax also works through the price mechanism [Refs. 5,6]. Those
who can reduce emissions at a lower cost than the tax will do so.
Those who can reduce them only at a higher cost will pay the tax
instead. Tax is likely to be administratively simpler for business
and the Government. Only energy use or emissions need to be
monitored, whilst for a trading scheme it is also necessary to
track entitlements as they move around the system. It might also
be possible to levy the tax on producers of energy rather than
the consumers, which would further simplify the process of
monitoring and collection. Against these advantages the
quantitative response to the tax would be less certain. The tax
would have to be adjusted in the light of experience.
Some additional comments on the use of taxation will be
discussed in section 11.3.

•
•
•

•
•

The position of the Centre for Social and Economic Research
on Global Environment (CSERGE) [Ref. 7] is that:

•
•
•
•

2
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the preferred policy instrument is a differentiated input tax
on primary energy sources, based on the carbon content of
each source;
domestic electricity prices should be capped, with Regional
Electricity Companies receiving compensation for loss on
sales to domestic customers;
a part of the revenue income from the tax should be devoted
to a new ‘Environmental Fund’;
allocated permits are a very inefficient means of reducing
emission;
if emissions trading is to be considered for particular sectors
of the industry, it should be based on performance credits
that can be earned by beating pre-defined emission targets.

11.2.4 The Marshall report
Some of the key conclusions reached by Lord Marshall [Ref. 3]
are noted below.

•

•
•

•

11.2.3 Responses to the Government task force
The task force attracted a large number of responses. Here we
will pick out a few key comments made by two organisations,
the first being that from the Institute of Public Policy Research
[Ref. 6]. The IPPR maintain that:

all businesses should pay the same rate of energy tax - and
this should be recycled to finance a cut in employers’ National
Insurance and/or to support energy efficiency investment;
permit trading on its own is unlikely to deliver the emissions
reductions required by 2020;
the greatest challenge is to deal with concerns about
international competitiveness;
an upstream tax would be preferable - were it not for the
requirement (set by Government) to exempt the domestic
consumer. It would also ensure that energy transmission
losses are taxed - which if the intention is to motivate
reduction of emission is clearly appropriate;
a carbon tax would be preferable to an energy tax;
tax imposition should come in gradually and predictably so
that business can plan ahead.

•

No clear consensus emerged from our consultations as to the
right solution. ... My personal belief is that economic
instruments do have a role in improving the business use of
energy in the UK and contributing to our climate change
commitments.
It may not be sensible for the government to introduce a
fully-fledged permit scheme domestically at this stage.
An international trading scheme is unlikely to involve all
businesses. In particular it is unlikely to involve SMEs and less
intensive industrial and commercial users. Those groups
account for about 60% of the total CO2 emissions from
business. Hence my conclusion is that there probably is a role
for a tax.
To protect the competitive position of British industry, tax
revenues should be recycled in full to business. Some of the
revenues should be channelled into schemes aimed at
promoting energy efficiency and reducing greenhouse gas
emissions.
The leading option for a tax would be a downstream tax on
the final use of energy by industrial/commercial consumers,

It should however be appreciated that emission trading may be very different for avoiding undesired by-products, such as SO2 , than for CO2 which is not in this sense a
by-product - it is an essential outcome from the process of combustion. There is no internal incentive for reducing SO2. There is for CO2 - reducing the emission (for a
given electrical output) implies money in the bank!
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with tax rates reflecting (at least in broad terms) the carbon
content of different fuels.
In the UK, the current debate on the possible use of economic
instruments has been centred on the submission to and
conclusions reached by the Task Force. It is therefore important to
appreciate some limitations to the scope of the report.
A key factor in the guidance given to the task force was that
‘It is not Government policy to introduce taxes on domestic
consumption of fuel and power and the Task Force is not
examining the taxation of road transport.’ [Ref. 2, para 41] This
limitation inevitably has a major impact on the enquiry. First,
domestic consumption amounts to about 40% of the total nontransport CO2 emissions. Second, in order to protect the
consumer from a tax on fuel, the tax imposition cannot readily
be imposed ‘up-stream’.
Bringing economic instruments to bear on the emission
problem is bound to take a long time. It would then remain an
important part of the fiscal structure into the indefinite future. It
therefore seems unfortunate that this restriction, which must be
seen as a presentational political issue, has been allowed so to
distort the work of the task force. It is a presentational problem
because it is of course perfectly feasible to compensate the most
vulnerable sectors of society by an increase in benefits or
reduction in general taxation.
One curious aspect of the report is that whilst it stresses the
potential for economic instruments to increase the efficiency of
emissions trading, it places very little weight on the benefits to
renewable and to nuclear energy in the improvement they
would provide to their competitive position. As we have stressed
in section 4.1, we see great scope for further effort on energy
savings. However, in the longer run there will certainly be a
growing need for some combination of renewable energies and
nuclear power - and here economic instruments may play a very
important role.
11.2.5 A climate change levy: a consultation document
Since our consideration of these issues, the Government has
issued a new consultation document which reflects the
statement made by the Chancellor of the Exchequer in his
Budget Statement of 9 March 1999, in which he announced
that the Government proposes to introduce a climate change
levy on the business use of energy, from April 2001. The
consultation document [Ref. 8] was published on 30 March. The
rates applying to different fuels will be set in the Finance Bill,
2000.
The consultation paper adopts the general proposals of the
Marshall Report - including the exclusion of domestic use of
energy. The levy will be imposed on the energy supplied to
business consumers - it is the suppliers who will pay the levy. It is
the constraint that domestic consumption should be excluded
that prevents the possibility of up-stream charging.
The document recognises the attractions, in principle, of
reflecting the carbon content of different fuels, but does not
even go so far as the Marshall report in proposing broad
recognition of the carbon content of different sources of energy.
It intends to use the energy content rather than the carbon
content of fuels as a basis of the levy.
The document states ‘The Government has concluded that
3

excluding electricity generated from nuclear power or large scale
hydro-electric schemes from the levy, even when supplied direct
to the final consumer, could not be justified as a means of
developing renewables generating capacity’. It is a conclusion
that we find difficult to understand.
The aim of imposing a levy is to reduce the amount of carbon
dioxide emitted. This could be accomplished by enhancing the
efficiency of energy usage, and by encouraging the use of nonfossil fuels. The current consultation document addresses the
first but totally misses the second. It is our hope that there is still
time for second thoughts.

11.3 Discussion
We start by affirming our conviction that economic instruments
have a vital role to play in the reduction of emissions. We are
wholly in accord with the conclusion that neither voluntary nor
regulatory approaches are likely to be effective.
On the debate between trading options and taxation we
incline to the latter - whilst appreciating that some combination
may be possible and desirable. We have no doubt that the
taxation should be a carbon and not an energy tax. We see great
merit in taxing the very thing we wish to reduce. Taxing energy
(especially if it is attempted to do this downstream) runs into the
danger of taxing nuclear or renewable energy, which is clearly
counter-productive.
The advantage of tradable options is that it is a minimum cost
strategy, particularly if there is a significant variation in
abatement costs between plants. However, it is important to
appreciate that plants with a high abatement cost are likely to be
those that are using an inefficient combustion technology.
Economic instruments will provide an incentive for investing in
higher efficiency technology. It seems probable that over a
period of time, abatement costs will tend to converge. Also,
tradable options do imply a considerable bureaucratic effort and
less transparency than is afforded by the taxation option.
One problem that must be faced by any country or region
that imposes a carbon tax3 is the possibility of ‘carbon leakage’.
There are two distinct ways in which such leakage can come
about:

•

•

the loss of competitiveness in the countries that accept
carbon taxation, leading to increased production of the
affected goods elsewhere - with a possible overall increase in
emission as a result;
the effect of a lower demand for fossil fuels on world energy
markets, which would reduce world prices and lead to
increased use elsewhere.

The remedy - in principle - to the first problem would be to
impose a carbon duty on goods imported into the region based on
an estimate of the emission of CO2 that occurred during
manufacture. But one need only write down this thought to see
that it would not be plain sailing to apply and there would be
problems of third country trade.
More generally there is the potential loss of competitiveness,
particularly for energy intensive industries with respect to
regions that do not have an energy tax. One might argue that if

In the following we will use ‘carbon tax’ to stand for ‘carbon/energy tax or tradable permits’.
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the effect of UK greenhouse emissions imposed a burden only
on UK citizens, one should apply the tax, even at a cost of loss of
competitiveness with respect to producers in other (non-carbon
tax) countries. However, as we know, the emission of CO2 is a
global problem. In this situation not only will some industries
suffer a loss of international competitiveness, but the reductions
in emissions in the taxed country may lead to increased
emissions elsewhere. This provides the rationale for an EU-wide
tax - at least! The larger the number of participating countries
the more effective the scheme.
But we cannot wait for a world scheme to come about. Our
view is that the developed nations have both a moral and a
selfish motive for reducing emissions as rapidly as possible. We
may need to accept some measure of damage to our
competitiveness; we may need to accept a lower rate of
enhancement of our standard of living.
Finally, how big should a carbon tax be ? Economic theory
gives a clear answer:
The optimal solution would be one in which the marginal
cost of reducing emission by one unit would be equal to the
marginal cost to society of that emission.
As we have already noted, measuring the marginal cost to
society is a daunting task. Moreover, until climate modellers can
refine their predictions about the world climate over the next
century, we lack even the raw data for embarking on such an
analysis. The fact that the Kyoto Protocol sets quantitative
targets for reductions in emission levels, rather than attempting
to set a carbon tax rate is one way of avoiding the problem although it implies an answer.
One can however approach the problem from another angle.
One barrier to the more rapid implementation of both
renewables and nuclear energy is price. We have seen that for
nuclear the price barrier appears to be of the order of one
p/kWh. Coincidentally as we noted in chapter 4, the price barrier
for a mix of renewables [Ref. 9 ] is also of the same height.
Although these figures do not in any sense amount to an
argument for a particular level of tax, they do give some
guidance to the level of carbon tax that would bring significant
benefits to non fossil fuel electricity generation. This is of course
only if we avoid the bizarre perversity of imposing such a tax on

4

42

Preferably arranged to be fiscally neutral.
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energy sources irrespective of whether they do or do not lead to
unwanted emissions.
Would such a tax4 be affordable? Would it greatly distort the
international competitiveness of any country that were to adopt
it? We can cast some light on this question by looking at
consumer electricity price, expressed in pence/kWh, which
obtains in various EU countries:
Sweden
Greece
UK
Denmark
Germany

2.9
3.9
4.2
4.6
5.5

The average works out at 4.2 with a range of ± 1.2. Since such
variation does not appear to result in insuperable trade barriers, it
suggests that a tax of a magnitude sufficient to provide some
support for non fossil fuels, could be tolerated. Of course if it was
EU-wide it would not affect competition within the EU. But we
note also that the electricity cost in Japan is just over 10p/kWh.
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12 Research funding for the development of non-fossil energy
In considering the various possibilities for addressing the
energy/climate-change problem we have been struck repeatedly
by what we see as a disjuncture between the magnitude of the
problem and the research resource devoted to its solution. In
part this stems from the fact that the problems are global whilst
individual energy initiatives tend to be national. But in addition
there is a funding issue that is different in kind from those
normally encountered in research resource distribution.
We will make some further comments on this issue below.
Before doing so we will note some of the areas that we believe
should be considered for enhanced strategic research. We take
as read the need to investigate climate change with the greatest
vigour. Only by further developing the models and subjecting
them to even more massive computations than have been
effected already, can we hope to grasp the magnitude - and
distribution - of the problems that lie ahead.

12.1 Renewable energy and carbon sequestration
research
Every one of the renewable energy possibilities discussed in
chapter 4 has the potential for imaginative departures from
current practice - given the motivation to conduct the search.
The possibilities of a biomass programme based on genetically
modified plants is one example; thin film photovoltaics is
another. But in addition to strategic research, there is also a need
for systems research, which requires the construction of realistic
demonstrators. The need for gaining more experience with offshore wind farms is one example.
We believe that some of the many proposals for carbon
sequestration have the ring of truth about them. But to decide
whether they would work, whether they would be adequately
safe, and whether, after appropriate development, they might
be affordable would require very significant investment in
research.

12.2 Nuclear energy research
Nuclear power based on LWRs is a well established mature
industry. The designs have to a large extent converged; the
standard of safety achieved provides the needed assurance; the
performance, in terms of the percentage availability, is high and
still rising. The reactors are of course highly complex machines
capable of simplification and further improvements. To this end
there is a substantial development programme in various
countries, notwithstanding the current semi-static position of
the industry. Unless there is a movement to abandon the nuclear
option, such research will continue.
However, it is clear that at present there is very little research
in progress aimed at the exploration of radically new approaches
to nuclear energy production or fuel cycles. The reason is clear
enough - the reactors on which the industry is based work well.
1
2

The cost barrier to introducing any radically different design is
very large indeed. Yet there are well known limitations
associated with the current state of the industry. The reactors
utilise only a very small portion of the total energy available in
the fuel. They produce spent fuel which is highly radioactive and
includes some very long-lived radionuclides. If the fuel is not
processed - the once-through system - the industry might at
some stage encounter a uranium shortage. On the other hand
there are opportunities for using lower grade ores, and the
possibility of extracting uranium from seawater at an economic
cost would amount to a major breakthrough.
Quite apart from radical initiatives - such as the acceleratordriven sub-critical assemblies - there are opportunities for
stepwise advances in reactor technology. Examples are the
European Pressurised Reactor (EPR) and the Westinghouse
AP600, both of which include new ‘passive’ safety design
concepts. A great deal is known about these reactors - computer
modelling is a tool of awesome power. However, ultimately
performance in all the key parameters can be discovered only by
building them. A development that appears to offer major
benefits is the helium high temperature reactor. But one will not
know whether in practice they can be realised - without building
one.
There is a need, which we discussed in chapter 8, for
fundamental research work for assessing geological storage
repositories. There are possibilities for submarine storage1 which
could ultimately turn out to be the best option. But before they
could be seriously contemplated they would require major
research programmes probably extending over several decades.

12.3 Research funding
We believe that very large research resources are needed. This
immediately raises the question: who pays? The first answer that
comes to mind is - the relevant industries. However, not only are
the fruits of such research unpredictable - that is the case for all
genuine research - but the time for probable exploitation of any
successes is likely to be in excess of 20 years. Normal financial
assessments2 would discourage the initiation of such projects
with private finance. The dominant cost would have to be born
by the public sector.
Any situation in which the private sector decides that a
venture is not worth while, which one then seeks to ascribe to
the public sector, needs to face up to the question as to why it
should then be worthwhile for Government - acting on behalf of
society in general - to take on the burden. We believe that in this
case there is a strong case for Government intervention in that
the potential benefit is attributable to the whole population. If
there is a shortage of energy in mid-century and if the only way
of satisfying demand is by burning more fossil fuel, the impact
on world climate could be devastating. Since world climate is at
stake, the public sector funding should be internationally based.
What we have in mind is the formation of an international

Though currently barred by the provisions of the London Dumping Convention.
NPV (Net Present Value) or pay-back periods.
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body, perhaps analogous to the World Bank, which would be
funded by contributions from individual nations on the basis of
national GDP or possibly national total energy consumption. The
expenditure would be the responsibility of an international
Board. The allocation of funds to specific projects would be
entrusted to an international committee of scientists, engineers
and economists.
We do not envisage setting up a new major energy research
centre. Rather we would expect existing or new laboratories to
make proposals to the Bank for funding specific projects. Some
of these might be from academic institutions and could be quite
small. Others might stem from one or a collaboration of private
companies seeking funding for experiment or even construction
of a new reactor type - with funding that over several years
would absorb several billions of dollars. In such cases one might
look for joint, Bank/Industry, funding. Such arrangements bristle
with problems - ownership of patents and ‘know-how’,
dissemination of research results - particularly any bearing on
safety - possibly royalty payments to the Bank in the case of a
successful outcome. The arrangements are inherently
complicated but not in principle more so than the complex
international agreements one finds, for example, in the aircraft
industry.

3
4
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How should one arrive at a figure for the annual Bank
expenditure? One would presumably wish to relate it to some
economic parameter such as the world expenditure on energy.
The turnover on electricity generation and distribution is around
$800 B, and the total global energy budget is perhaps $2400 B.
A not untypical research budget for a mature industry might be
1% of sales. So, depending on whether one used electricity or
total energy as a base, one arrives at a figure between $8 B and
$24 B for the Bank’s annual expenditure.
An alternative base might be to look at the world expenditure
on defence research and development3. This is a figure of
around $250 B. Ten percent of that would give a figure for the
Bank funding of $25 B. This might be an appropriate budget to
generate the research and development that we believe is
needed to make a serious impact on the problems we face. The
UK share of this, if based on national GDP, might amount to
about $450 M.
The proposal might at first blush sound idealistic - in the
pejorative sense of the word4. However we believe that it
represents a realistic attack on the climate change problem. The
fact that the threat is common to all nations - even though the
impact will vary very greatly with location - provides the
possibility for coherent action.

Defence expenditure is to safeguard citizens of an individual state. Here we are seeking defence against the problems of climate change. It seems not unreasonable to
allocate 10% of the former to the latter.
Rather like the suggestion ‘Let’s have a world government’.
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13 The need for communication
Energy policy is a matter of immense public interest. Any
discussion of energy policy must therefore pay close attention to
public concerns.
The most obvious concern that the public has about energy
policy is that it should work. In the present context, that means
that electricity should be available on demand, to every user,
every minute of the year, at an affordable price. This concern
may not feature very visibly in a debate dominated by the
perceived environmental and political problems associated with
current strategies for meeting that demand, but it is well
understood by the politicians. A government that lets the lights
go out is apt to face difficulties1.
That does not imply that any approach to generating
electricity will be, or should be, wholly welcomed by the public.
Society must accept responsibility for balancing the constraints it
places on the electricity suppliers against the demands it makes
for their product. In that sense, getting energy policy right is
everyone’s responsibility. It is clear, therefore, that
communication among those responsible for energy policy consumers, suppliers, regulators - is central to successful
practice of the art of the possible.
It is clear, too, that such communication has become difficult
- a fact which is in no way confined to the energy sector. The
recent concerns about genetically modified food plants is a
current example; the lack of concern about the use of tobacco is
an example2. The concerns about nuclear energy are of long
standing, but it was not ever thus: in the early days of nuclear
power, talk of electricity too cheap to be worth metering went
with what, 40 years later, looks like enviable harmony between
consumers, suppliers and regulators. Things are different now.
Today’s mistrust has built up over the last two decades, and will
not quickly be turned around.
The first point to recognise is that there are genuine reasons
for concern about nuclear safety. We have discussed the
objective situation in chapter 10. We believe the nuclear industry
in the West to be extremely safe. But any scientist will agree that
it is not risk-free. Nor of course is anything else! It is at this point
one has to talk about risk probabilities - and there is no greater
turn-off for the public at large. One is faced with a situation
where numbers are the only basis for rational discussion, in a
society that is averse to numbers.
Yet we are very sure that this mistrust must be taken seriously
and addressed. We therefore offer a few practical suggestions
on some of the ingredients for a policy that could provide the
knowledge and understanding for the public to assess energy
issues, for scientists and engineers to comprehend the nature of
the concerns, and perhaps how to engage in a meaningful
dialogue.
The first need is for the nuclear industry to be genuinely open
and accountable. Their performance in this regard is now
commendable. Nonetheless it remains a challenge in that all
explanations of plans, and comments on operations, have to be
bilingual - they have to make sense both to the source and to the
intended recipients of the information provided.
1
2
3

The regulatory bodies such as the Health and Safety
Commission should make even greater use of public
consultation to establish consensus on key issues, and should
make imaginative use of modern communication technology to
explain fully how they go about determining the safety of
nuclear operations. International validation under the
Convention on Nuclear Safety is relevant here in demonstrating
the existence of genuine peer review - including representation
from non-nuclear energy countries - to ensure that no slippage
in safety standards occurs.
The nuclear industry should also think more closely about
risk/benefit analysis and public attitudes. Objective risk analysis
looks at mathematical probabilities; public opinion looks at who
bears the risk and who reaps the benefit. To someone living near
a nuclear site or a waste disposal site, it can look as if they are
carrying all the risk while the benefit accrues to the company
and its shareholders. In such a situation, formal calculations of
risk factors may look fatuous - even though as we have
emphasised several times, they represent an absolutely key
element in the assurance of safety. There may be scope for the
industry to do more to share the benefits with those who
perceive themselves to be carrying the risk, a policy which has
been implemented with a considerable measure of success in
France.
Another area of communication among the stakeholders is
the formal planning inquiry. In recent years this has become a
forum for almost ritual rehearsals of the full panoply of
arguments, at great cost in time and money to the consumer.
The process does little to progress the core issue of balancing
responsibility for demanding electricity with responsibility for
placing appropriate constraints on the electricity generators.
The planning inquiry is a marvellous expression of the living
Open Society. It is intended to serve two purposes: first, to
provide the opportunity for any concerned citizen to have her or
his views aired, and second to allow the inspector to weigh all
the factors which might enter into taking a decision - and then
take it. It is a system that works adequately when the nature of
the application can be stated in fairly direct and simple terms. It
probably gets close to the Bentham ideal of greatest happiness
for the greatest number . However when it is set to address
some very complex issues it can turn out to be a cumbersome
and exceedingly expensive tool.
The inquiry for Sizewell B, which took three years and cost before the first sod was turned - £30 M, can not be seen as an
appropriate form of decision-making. An inspector who is asked
to take a decision on a small windfarm is deciding a local issue but also, albeit on miniature scale, a global issue. The planning
inquiry for the Sellafield Repository was asked to take a position
on extremely complex technical, geological and other issues. The
confrontational encounter between groups of various
persuasions cannot be the best way of arriving at rational
conclusion3. There must be a better way!
It is beyond our remit to explore this issue in depth. However
we feel that the direction in which to search for a solution is that

As fully confirmed in an experiment carried out in the UK in the 70s.
The established fact that smoking causes in excess of 100,000 deaths per annum in the UK has had relatively little impact, particularly on the young.
We are not intending to suggest that the decision was wrong - it is not an issue which we have addressed.
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in issues involving major national policies, the strategic decisions
should stem from Ministers responsible to Parliament. It would
be their responsibility to seek and evaluate evidence. In some
situations it may be appropriate to spread the responsibility to
Opposition parties as well as Government - a concept which of
course is already part of the fabric of Parliamentary procedures.
This would still leave a role for public planning inquiries, but
these should then concentrate solely on local issues. The local
planning stage should be limited in time to the extent
commensurate with local democracy.
The alignment of Government policy with the public
perception of the issues does of course also mean that
Government must be in a position to gauge the concerns of the
public and to understand their origin. This in itself is no easy task.
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Recently there has been a move to use ‘consensus forums’ to
gain this perception. We would urge the greatest caution in
basing policy on such experiments. At the least we would urge
that in order to elucidate the public position on any one issue,
one should carry out multiple consensus forums - at least 10.
The first question then would be to gauge the measure of the
consistency - if any - in the conclusions reached, and, if some
degree of coherence is established, arrive at a better estimate of
the general view.
Public confidence is central to the future of the energy
enterprise, as everyone now recognises. Such confidence cannot
be demanded: it must be won by a mixture of openness on the
part of the industry, of the scientists, the acceptance of a degree
of responsibility by the public, and clear leadership by politicians.

14 Discussion and conclusions
The background to this study has been our conviction that
global warming is a real phenomenon; that its consequences are
beginning to emerge with some clarity from climate models;
that these consequences are likely to prove to be significant and
overall, deleterious; that they could early next century emerge as
the dominant concern for all nations.
We are however very conscious of the fact that the steps
which have to be taken to mitigate the effect of global warming
lie, at least in the first instance, in the national arena. It is
encouraging that the problems are perceived as requiring
international collaboration; the Kyoto Protocol was a valuable
first step. But the agreements there constructed have to come
back to each of the nations involved. Some of the largest may
experience national politics as presenting a formidable barrier to
action1.
Yet the problem is inherently global. The increase in world
population is also a global problem, but, at least in the first
instance, its impact is regional. Epidemics do not respect
boundaries - but there are ways in which individual nations can
devise some protection for their citizens. Global warming is
unique in the sense that it is a problem which cannot be
segmented into regions and nations - it has to be solved
holistically.
It is the need for addressing issues that are global and where
the time dimension is measured in decades, which is so difficult
for nation states to encompass. The risk to our grandchildren
does not obviate the need to address the art of the possible - an
art which is performed on a time scale of months or at most a
few years. It is a situation which we believe calls for creative
thinking both in national politics and international diplomacy well beyond our brief, but we will touch on one aspect of this
problem in discussing the financing of the necessary research.

14.2 Global climate change

14.1 Fossil fuels

14.3 Replacement of fossil fuels by renewables

The first consideration in the choice of fuels used for energy
provision is of course price, which in almost all cases favours the
use of fossil fuels, when, as we have discussed, one does not
include all the true costs. The motivation for reducing their use
has three main components.

We have no reservations in fully supporting what has been
Government policy for many years - the need to encourage
energy efficiency and conservation by all available means. It is
the only contribution to solving the energy problem that does
not suffer from real or perceived environmental disadvantages.
In examining the role of various renewable energy fuels, of
carbon sequestration, of nuclear energy, it becomes very clear
that none of them can individually be regarded as ‘the answer’.
Any attempt to evaluate likely utility during the next century, in
addition to the well attested difficulties of foretelling the future,
is inhibited by some very wide gaps in our scientific and
technological understanding. We would not wish to dismiss any
of the possibilities which we have touched upon in this report.
Nor would we wish to assign primacy of role to any one of them.
It is not just that we need to keep our options open. It may turn
out that we need to look for contributions from most of the
possibilities examined. We believe that it would be unwise
to dismiss an energy fuel possibility on the grounds that it
would at best supply ‘ only’ a few percent of need.

•

•
•

1

The eventual exhaustion of fossil fuel supplies. We have
discussed this in chapter 4. This will lead to progressively
increasing prices but in itself does not have the makings of an
imminent crisis.
The fact that most of the known gas and oil supplies are
located in the Middle East, or Russia and the FSU - raising the
possibility of reduced availability for the rest of the world.
The need to stabilise the amount of CO2 in the atmosphere,
to avoid global warming and the attendant climate change.

Of these we regard the global climate change as by far the
greatest immediate threat. There is a growing consensus
between the results obtained with various climate models on the
nature and magnitude of the potential impact on world climate.
However the models are as yet far from complete, particularly
with regard to the interactions with the biosphere. The growth
in the scope, and the desire for ever greater space and time
resolution, demands all the supercomputer power and human
ingenuity that can be brought to bear on the problem.
Computer modelling provides the only grasp which we have
on the future development of world climate. We urge that
climate modelling and measuring should be given the
fullest support, both within the UK and via collaborative
agreements, internationally.
The magnitude of the problems we will face depends of
course on the future trajectory of world energy requirements.
This in turn depends on the size of the world population and on
the individual energy consumption. The growth of world
population - barring some catastrophe - can be predicted with
some confidence, certainly up to 2050. The predicted margins
even for 2100 are not very wide - ranging between 8 and 12
billion. Much harder to guess is the average requirements per
individual. We believe that it would be dangerous to assume
that those nations that currently use relatively little energy - such
as China and India - will be content with much less energy per
capita than the current requirements within OECD nations. We
believe that it would be unwise to anticipate growth of
the world primary energy requirements relative to the
1995 figures by a factor of less than TWO by 2050, and less
than FIVE by 2100.

Some observers doubt that in the USA, Congress will succeed in ratifying the agreement.
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In chapter 4 we have taken a fresh look at a number of
renewable energy sources, in each case to try to understand
their potential contribution to the overall problem. Of these
windpower is currently the front runner, despite the scepticism
of the High Moor planning inspector2. The total installed
capacity in the UK is now 330 MW, and 6.3 GW in Europe as a
whole, with an average output which optimists place at one
third, pessimists at one quarter of these figures. The cost per
kWh as determined by the most recent Non Fossil Fuel
Obligation (NFFO) round is approaching that of gas fired (CCGT)
plants. But there are problems in the way of very major
expansion - notably the space required and opposition from
local communities3. The latter is largely avoided in the case of
off-shore location, albeit at an increased cost.
Photovoltaic power is the subject of a number of
demonstrators - and there is a plan in Germany to place them on
100,000 roofs. But at this stage they are not competitive in
comparison with other energy sources where they compete with
grid electricity. Photovoltaic devices are of growing importance
for remote locations. The cost barrier might eventually be
broken by new materials and material technologies - perhaps
even when facing competition from the grid. There are
conceptually new developments which seek to separate the
collection of solar energy from the conversion to electrical
energy [Ref.1]. Another exciting development is that of artificial
photosynthesis (section 4.3.9).
Biomass is of great importance world-wide, currently
contributing 14% to final energy requirements, mainly in
developing countries. The opportunity for a major increase in
the use of biomass based on the growth of plants for this specific
purpose exists - though in the face of major competition for land
use. A figure of an additional 5% contribution for Europe is
however imaginable. This scene could be transformed if the
development of genetically modified plants were to make it
possible to use land which on account of temperature, or the
nature of the soil, is not otherwise fertile [Ref. 10].

when based on designs used in these regions, we have no
reservations on the grounds of safety (chapter 10). We recognise
no rational reason for seeking a retreat from its usage.
Where errors have occurred in the industry during its earlier
phases, the ever greater commitment to safety, and the
increasing recognition within the industry of the need fully to
inform the general public, will build the needed confidence. We
have rather more concern about the nuclear infrastructures in
the FSU.
The climate of opinion, at least in the UK, is not favourable
towards nuclear energy. In 1995 the then Government
published The prospects for nuclear power in the UK [Ref.2]. It
includes the following statement (#2.9).
The Government concludes that providing public sector
funds now for the construction of new nuclear power
stations could not be justified on the grounds of wider
economic benefits and would not, therefore, be in the best
interests of either electricity consumers or tax payers.
In June 1998 the Trade and Industry Committee published [Ref.
3] their fifth report on Energy Policy. The following is a
conclusion reached in paragraph 58.
While a major effort would be required to turn around public
opinion, and despite the currently unfavourable economic
case for new nuclear plant, the question as to the eventual
new nuclear build cannot and must not be ducked any
longer. We recommend that a formal presumption be made
now, for purposes of long term planning, that new nuclear
plant may be required in the course of the next two decades.
The Government issued a reply [Ref. 4] to the Trade and Industry
Committee, which includes the following in paragraph4 8.28.
At present nuclear power is too expensive to be economic for
new capacity and in current circumstances it is unlikely that
new proposals for building nuclear plant will come forward
from commercial promoters. It therefore seems unrealistic to
expect an increasing contribution from new nuclear capacity
in the medium term - indeed the contribution from nuclear is
expected to decrease in the first decades of the next century
as existing capacity is retired (and in all probability replaced
with gas-fired plant).

14.4 Carbon sequestration
We have in chapter 5 examined a further possibility which has
not received much public visibility in the UK - that of carbon
sequestration. The concept is to segregate the CO2 produced on
combustion and then dispose of it in a form and in a place that
will ensure that it stays there for a long time - preferably for at
least a century. There are possibilities of sequestration in trees, or
in geological or ocean sites, which look promising. There is
however a need for a great deal more research and development
to establish the feasibility, cost and safety of this approach.

How should one evaluate the current stance, and how gauge its
permanence? There are several facets to examine:

•
•
•
•

cost of nuclear electricity;
waste disposal;
public perception;
international implications - the possibility of proliferation.

14.5.1 Cost of nuclear electricity
14.5 Nuclear energy - the current position
Nuclear energy supplies 16% of the world electricity. The figure
for the UK (1998) is 27% (50% in Scotland). With regard to
nuclear energy installations in Europe, N.America, or elsewhere
2
3
4
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Evaluating the cost of nuclear electricity must, in addition to the
construction capital costs and the operation of the reactor,
include the cost of final waste disposal and the ultimate
decommissioning - perhaps 60 years after the start of the
construction. Currently in the UK nuclear cannot compete with

See section 4.3.5 above.
Some of this is based on noise contamination. This problem has been considerably reduced in recent designs.
The only place in a report of almost 200 pages where the subject of nuclear energy is mentioned.
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gas. We have tried to obtain an estimate of the magnitude of the
gap - assuming that the UK escapes the bad habit of only
building ‘first of a type’ . An analysis made in 1993, believed still
to be valid, is that the cost is of the order of one penny per kWh
over current consumer prices [Ref. 12]. It should however be
emphasised that this is a strictly local comparison. For example in
Japan electricity prices are more than twice as great - the relative
cost issue is there quite different.
The situation in France is different again. France derives
almost 80% of its electricity from nuclear energy. They have
pursued an effective policy of building a large number of
reactors to an evolving but basically similar design. Nuclear
energy has not been subsidised in France - it is sold at an
economic price.
We conclude that the cost of nuclear electricity need not
prove to be a barrier to the retention or expansion of the
industry in the UK. It is clearly not a barrier right now in those
countries that are in the course of constructing new plants, as in
Japan and China.
14.5.2 Waste disposal
We concluded in chapter 8 that long- term waste disposal is a
problem which is soluble in one of a number of ways. The one
which has been considered in the greatest detail is deep
geological storage. We would however emphasise that it is
difficult to see how, in the UK, this could come about without
the full support of Parliament. It is an area where even a whiff of
the possibility of the issue being brought into confrontational
party political debate is unnerving to any Government which is
at that time carrying the responsibility. It is not urgent in the
sense that surface storage could continue for 50 years at least. It
is however urgent that Government gives a lead - in principle.
This is important, inter alia, because there is a need for
additional research of a basic nature, as well as specific
investigations for any proposed repository site.
The House of Lords has just published [Ref. 5] the results of
their very extensive examination of the problem, and come
down firmly in favour of a geological repository in the UK. We
would only add that if the cross- parliamentary collaboration
which this issue requires should after all not be forthcoming,
there are alternative possibilitiess, including, in the long run, and
after extensive research has assured safety, the possibility of
submarine disposal.
14.5.3 Public perception
We have stated our view - that public confidence is central to
the future of the nuclear enterprise; that such confidence
cannot be demanded; that it must be won by a mixture of
openness on the part of industry, acceptance of a degree of
responsibility by the public and clear leadership by politicians.
The latter is of critical importance.
One sometimes gains the impression that politicians are
reluctant ever to use the N word in a speech. They are even
inclined - just in case - to throw a little salt over their shoulder
when they come across it in print. This seems to us to imply an
underestimation of the capability of the public to understand
the issues if they are honestly and coherently presented. We
note that in Sweden, where public pressure demanded the
5

retreat from nuclear energy 17 years ago, no reactor has in fact
been shut down - and there is now a majority of the public in
favour of retaining nuclear power.

14.6 Nuclear energy - the immediate future in the UK
What will be the course of nuclear energy in the UK over the next
20 years? In the absence of any new construction the situation will
be as shown in Figure 12 of chapter 6. The current capacity is 14
GWe. Because of retirement of older reactors this capacity is
currently expected to have fallen to 10 GWe by 2010 and to about
3.5 GWe by 2020. It is possible that the decline might be slightly
less steep if the life of some of the reactors can be extended by a
few years5 but this will not make a great difference to the general
outlook. If therefore the decline is to be mitigated or arrested,
some new reactor power would have to come on stream by the
end of the first decade of next century. As noted in chapter 6, to
maintain the present level of output would require the
construction of five twin unit reactors with an output of 2.5 GWe
by 2020. The first of these could be in service by about 2010.
Should we embark on such a plan - or any part of it? We will
be able to exceed the requirements of the Kyoto Protocol until
2010 - largely as a result of the switch from coal to gas. What
will be the view on CO2 by then? Is there a reasonable chance
that the new renewables will be able to fill any gap that appears ?
Opinions on this are very divided. The World Business Council for
Sustainable Development (WBCSD) has published a fascinating
document entitled Exploring sustainable development [Ref.6]. It
is an imaginative exploration of possible future world
economies. The possibility of renewables amounting to 50% of
total energy needs by 2050 is mentioned, a possibility which has
also been projected by Shell [Ref.11]. Is this feasible? The World
Energy Council (September 1998) [Ref.7] put the figure at 10%.
Is that unduly pessimistic? How urgent will reduction of CO2
emission seem in 2010? Anyone who exhibits great confidence
in arriving at the right responses to these questions may perhaps
have made an all too cursory study of history.
Our own perception in the light of all of the uncertainties, is
that it would be irresponsible to abandon nuclear energy in the
UK, to the currently expected extent of reducing nuclear
capacity by a total of 70% by 2020, without taking a new hard
look at the options. We therefore support the conclusion
reached by the Trade and Industry Committee:
‘We recommend that a formal presumption be made
now, for the purposes of long term planning, that new
nuclear plant may be required in the course of the next
two decades’. We would further urge that the timetable
for such considerations should allow a decision to be
taken early enough to enable nuclear to play its full, longterm role in national energy policy. This is likely to mean
early in the next administration if a damaging decline in
the role of nuclear is to be avoided.

14.7 Nuclear energy - longer term scenarios
The total global energy requirement will increase throughout

There is always an incentive for doing this, since the main costs of nuclear are in the capital investment, the fuel costs being low. Delaying the expenditure on
decommissioning also brings a financial benefit.
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next century. We believe that it would be unwise to count on less
than a factor of 2 by 2050, less than a factor of 5 by 2100. The
practice of conservation and intelligent usage, may reduce these
figures - but they could well be exceeded. The emission of CO2
will be progressively restricted, perhaps with some help from
carbon sequestration. Part of the growing energy need will be
filled by renewables. Nuclear energy will continue to play a role
for at least fifty years. Will new concepts and improved
technologies enable renewables to take the whole of the strain?
Or will there be a need to expand nuclear energy? These issues
have been much debated, often from a position of total
conviction as to the correct answer. A more helpful, open
minded view has been contributed by P. Beck [Ref. 8,9]. His view,
which we share, is that it is simply not possible to know the
answer; that the best one can do is to study a set of scenarios
and continually refine them as new facts emerge. The scenarios
range from a ten-fold increase in nuclear energy by 2100 to its
total cessation. These considerations have led the Royal Institute
of International Affairs to propose a research study initially more
clearly to identify the issues to be addressed, and subsequently
to be expanded to form an international body. We warmly
support these initiatives.
The nuclear energy industry could grow substantially, still
using uranium as the sole fuel. It could persist for a long period,
based on higher burnup, on the use of lower grade ores. The
possibility of a very major expansion of world nuclear energy
based - as in the light of present knowledge6 it would have to be
- on fast breeders working in conjunction with thermal reactors
is one which we regard with a good deal of concern. The
problem of proliferation which we believe can be contained in
the present industry, in the West at least, might be much more
difficult to control in a scenario of massive expansion. It is
difficult to imagine a verification regime which would obtain the
necessary support of national governments elsewhere, but
which allowed the requisite intrusive inspection procedures. But
there are potential radical developments in nuclear technology
which might at least partially remove such concerns.
The potential problems for humanity during the next century
are too serious to permit of a relaxed attitude. The development
both of renewables and of the nuclear option should be pursued
with vigour. Only by so doing will future generations have
appropriate choices available - some of which might be needed
to avoid catastrophe.
We have pointed out that nuclear technology is rather new.
Fully engineered reactors for energy production have a history of
just over 40 years. However, because of the scale of the
engineering involved, there has been relatively little exploration
of designs that are novel in principle. Yet there are prospects of
quite major advances in passive safety, fuel usage, cost, reduced
waste problems, reduced risk of proliferation. The scale of
resource needed to engage in such research efforts is very large
and require an unprecedented degreescale of international
collaboration. We will return to his issue in section 14.9 below.
In parallel with these aspirations there is the prospect of
nuclear fusion power. It has been a prospect for a long time. But
although the goal of a viable power source appears to be elusive
and remain at a distance of several more decades, there is no
doubt that our understanding of the science is now adequate to
6
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Eg discounting the possibility of uranium from seawater.
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persuade that fusion can be made to work, that on a laboratory
scale it can produce energy. The question which remains is
whether the materials and engineering problems can be solved
well enough to produce energy at a competitive price. We have
no doubt that fusion research should continue to be pursued.

14.8 Economic instruments
The cheapest energy production tends to use fossil fuels, in part
because of their free use of a resource - the atmosphere. We
applaud the use of economic instruments to remove this
deficiency in the fuel market. Economic instruments can operate
by encouraging the efficient use of energy and by removing the
unfair disadvantage under which non-fossil fuel systems
operate.
However the proposals in the Government’s current
consultation document would achieve only a part of the benefits
that could be won. First, domestic fuel is excluded - an exclusion
which amounts to about 40% of the total non-transport CO2
emission problem. Second, we regard it as a serious error to base
the tax on energy rather than on carbon. Since it is the CO2 that
creates the climatic problem and since different sources of
energy involve greatly varying amounts of CO2 emission per kWh
generated, a general tax on energy is a very inefficient, and
therefore unnecessarily costly, method of reducing emissions
and meeting the Kyoto objectives.
We would urge a reconsideration of the proposed tax:
first, to include domestic fuel - whilst fully compensating
the vulnerable sectors of the population by alternative
means; and second, to tax that which we seek to reduce the emission of CO2.

14.9 Non-fossil energy research
The task of reducing the world emission of CO2 is one of
daunting magnitude and complexity. It requires new forms of
international collaboration; it requires very major and rapid
advances in science and technology. As we noted in chapter 12,
we see a disjuncture between the magnitude of the problem
and the research resource devoted to its solution.
Rather surprisingly, perhaps the only area that we have
touched upon which is receiving what we regard as serious
research resource is nuclear fusion based on magnetic
containment of plasma. In Europe , USA and Japan this amounts
to a total of perhaps $1 B p/a. In addition there is an unknown
but probably large expenditure on inertial confinement fusion.
In almost all of the other areas that we have touched upon renewables, carbon sequestration, nuclear energy - the scale of
the research effort seems inadequate. Very large resources are
needed for exploring carbon sequestration, novel reactor
configurations, waste disposal - particularly if the submarine
option is to be probed. More modest resources - but significantly
larger than those currently deployed - could accelerate the
development of new photovoltaic systems; they could provide
the systems development needed for off-shore wind farms; they
could establish the feasibility of wave power.

We see no prospect of the needed resources being made
available if they are assessed on a national basis. We are
addressing a problem that is unique in its global import; a global
response to research need is essential - and perhaps easier to
achieve than the early commitment to drastically reduced
emissions.
In chapter 12 we have tried to arrive at a figure that would be
commensurate with the perceived research needs - and
suggested an annual budget rising to $ 25 B pa to be
administered by a body that might take a form analogous to the
World Bank. We are aware of the complexity of what is
proposed - on mode of funding; on distribution of resource and
of research results; on the need to avoid the trap of ‘juste
retour’. As some indication of the implied national resource
needed, if contributions were on the basis of national GDP, the
UK contribution would be around $450 M.
We recommend that the Government should support,
perhaps at the next International Climate Conference, the
establishment of an international body charged with the
funding of research aimed at the reduction of CO2
emissions. The scale of the funding should grow
eventually towards an annual expenditure of the order of
$25 B pa.
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Appendix 2: Acronyms and glossary
ABWR
ACBE
AGR
ALARA
Assembly
Background radiation
Base load
Becquerel
Biomass
BNFL
Burnup
BWR
CANDU
CCGT
CHP

COMARE
Coolant
COP
CSERGE
Depleted uranium
DETR
Deuterium
DTI
EA
Efficiency
Emissions trading
Energy crops
Enrichment

EPR
ETSU
FBR

Final energy consumption
Fission
FSU
Fuel cycle
Fusion
GCMs
GDP

2

Advanced Boiling Water Reactor
Advisory Committee on Business and the Environment
Advanced Gas Cooled Reactor. Second generation UK designed reactor using CO2 as the coolant and
graphite as the moderator
As Low As Reasonably Achievable
Tubes filled with nuclear fuel, usually mounted into arrays of up to 300 to go into a reactor. A typical
pressurized water reactor core will contain about two hundred fuel assemblies
The naturally occurring nuclear radiation coming from outer space as cosmic radiation, or from
naturally occurring radioactive atoms such as uranium and radium in the materials of the earth
That part of electricity demand which does not vary over a given time period
Unit of radioactivity; one Becquerel is the activity of a quantity of radioactive material in which one
nucleus decays per second
Biofuel produced solely from organic matter, including energy crops, forestry and agricultural residues
British Nuclear Fuels plc
Measure of the total energy released per unit mass of nuclear fuel, typically measured in megawatt days
per tonne (MWd/t) or gigawatt days per tonne (GWd/t)
Boiling Water Reactor: light water reactor in which the water surrounding the fuel is allowed to boil into
steam which drives the turbines directly
Canadian Deuterium-Uranium heavy water reactor
Combined Cycle Gas Turbine
Combined Heat and Power, where the low grade waste heat discarded at fossil fuelled electricity
generating power stations is utilised as a source of heat for domestic or commercial (eg horticultural)
applications
Committee on the Medical Aspects of Radiation Exposure
The liquid or gas used to transfer the heat of nuclear fission to a heat-exchanger in which steam is raised
for the electrical turbine-generator
Conference of the Parties
Centre for Social and Economic Research on Global Environment
Uranium where the U-235 isotope concentration is below the naturally occurring 0.71%
Department of the Environment Transport and the Regions
A stable, naturally occurring, hydrogen isotope. Its natural abundance is about one part in 7000 of
hydrogen
Department of Trade and Industry
Energy Amplifier
In the context of energy use, efficiency is a measure of the amount of useful energy produced as a
percentage of the primary resources consumed
The sale or purchase of ‘rights’ to emit pollution to the environment
Plants grown especially for use as a fuel: e.g. willow coppice or miscanthus
The physical process of increasing the concentration of the uranium-235 isotope relative to the
predominant uranium-238 isotope in natural uranium. For PWR fuel the proportion of uranium-235 is
typically increased from 0.7% to between 3% and 5%
European Pressurised Reactor
Energy Technology Support Unit, part of AEA Technology plc
Fast Breeder Reactor: a reactor without a moderator in which the fission chain reaction is sustained with
high speed (fast) neutrons. It is capable of converting uranium-238 into plutonium fuel - a process
known as breeding
Energy used by the final user i.e. not being transformed into another type of energy
The splitting of a heavy nucleus into two unequal parts accompanied by the release of energy and two
or more neutrons
Former Soviet Union
All the stages involving the fuel - from uranium mining to the fuelling of a reactor, recycling of unused
fuel and radioactive waste management
The joining of two light nuclei such as helium or hydrogen to form a heavier nucleus, usually
accompanied by the release of energy
General Circulation Models of Climate
Gross Domestic Product
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Greenhouse gases

GtC
GWd/t
GWe
Half-life
Heavy water
HEU

HLW
HSE/NII
HSWA
HTR
IAEA

ICRP
ICSU
IEA
IIASA
ILW
INC
Ionising radiation
IPCC
IPPR
IRAC
Isotope
ITER
JET
Kyoto Protocol
Light water
LLW
LWR
mA
Magnox
MeV
Moderator
MOX
MWh
MWth
NAPAG
NEA
NFFO

NPT
NPV
NRPB

A collection of gases that act as a partial blanket for thermal radiation emitted from the Earth’s surface,
enabling the planet to be much warmer than otherwise. Greenhouse gases covered by the Kyoto
protocol include: carbon dioxide, methane, nitrous oxide, hydrofluorocarbons, perfluorocarbons and
sulphur hexafluoride
gigatonnes of carbon
gigawatt days per tonne
gigawatt (electrical)
The time for the activity of a radioactive isotope to decay to half its original value
Water rich in the heavy isotopes of hydrogen (ie deuterium and tritium). An efficient moderator used in
some types of reactors
Highly enriched uranium: uranium in which the proportion of the fissile isotope, U-235, has been
increased from the naturally occurring 0.71% to a high level, normally taken to be at least 90% for
weapons purposes, but defined as anything over 20% for regulatory and safeguards purposes
High Level Waste. Examples include the liquid waste from reprocessing which contains the fission
products; and the entire unreprocessed used fuel
Health and Safety Executive’s Nuclear Installations Inspectorate
Health and Safety at Work Act
High Temperature Reactor
International Atomic Energy Agency: an agency within the United Nations system which serves as the
World’s central intergovernmental forum for scientific and technical co-operation in the nuclear field as
well as providing the international inspectorate for the application of nuclear safeguards and
verification measures covering civilian nuclear programmes
International Commission on Radiological Protection
International Council for Science
International Energy Agency: an autonomous agency linked with the OECD
International Institute for Applied Systems Analysis
Intermediate Level Waste
International Negotiating Committee for the Framework Convention on Climate Change
Any type of radiation that, directly or indirectly, can change the electric charges of atoms or molecules. It
is produced when radionuclides decay
Intergovernmental Panel on Climate Change
Institute of Public Policy Research
Ionising Radiation Advisory Committee
Different forms of atoms of the same element, having differing numbers of neutrons
International Thermonuclear Experimental Reactor
Joint European Torus
The protocol to the UN Framework Convention on Climate Change, agreed at Kyoto in December
1997, to return greenhouse gas emissions to their 1990 level by the year 2000
Ordinary water, as distinct from heavy water (qv)
Low Level Waste
Light Water reactor
Milliampere, a unit of electric current
Alloy of magnesium used for the tubing of fuel elements in the first commercial power reactors in the
UK (which are consequently called Magnox reactors)
Megaelectronvolt, a unit of energy
Moderators are employed to slow down (‘moderate’) the neutrons emitted by fissioning uranium atoms
to increase their chance of being captured by another uranium atom
Mixed uranium and plutonium oxides
Megawatt hour
Megawatt (thermal)
National Academies Policy Advisory Group
Nuclear Energy Agency: a semi-autonomous body within the OECD with the objective of contributing
to the development of nuclear energy
Non Fossil Fuel Obligation. This requires public electricity suppliers in England and Wales to secure
specified amounts of electrical energy from non-fossil fuelled sources. The fossil fuel levy is paid by
electricity consumers to meet additional costs involved in supporting NFFO contracts
Non-Proliferation Treaty, a multilateral agreement, signed by over 140 nations, to prevent the spread of
nuclear weapons
Net Present Value
National Radiological Protection Board
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NuSAC
OECD
PFR
P&T
PWR
Radioactivity
Radionuclide
Reprocessing
RBMK
RWMAC
SGHWR
Spent fuel
Sv/mSv

TBq
Thermal power stations
Thermal reactor
THORP
TMI
Toe
Transmutation
UNEP
UNFCC
Vitrification
VLLW
WANO
W
WBCSD
WCP
WEC
WIPP
WMO
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Nuclear Safety Advisory Committee
Organisation for Economic Co-operation and Development
Prototype Fast Reactor
Partitioning and Transmutation
Pressurised Water Reactor, which uses ordinary (light) water at high pressure both as coolant and
moderator. It is the most widely used type of reactor for producing electricity
The spontaneous disintegration of some atomic nuclei with emission of energy in the form of radiation
A nuclide that decays spontaneously, emitting ionizing radiation
Chemical treatment of spent fuel from a nuclear reactor to separate uranium and plutonium from
fission product wastes
Russian type of graphite moderated, water cooled reactor (Reaktor Bolshoy Moschnosty Kanalny)
Radioactive Waste Management Advisory Committee
Steam Generating Heavy Water Reactor
Fuel assemblies taken out of a nuclear reactor after a period - of useful energy production
Sievert/milliSievert, a measure of the biological effect of radiation. The measure takes into account
differences in the biological effect of differing types of radiation to provide a means of determining a
total biologically effective dose
Terabecquerel, one million million Becquerels
Power stations that use a source of heat - nuclear energy or coal or oil burning - to generate steam and
drive a turbine-generator to produce electricity
Nuclear fission reactor which uses moderated (slow or ‘thermal’) neutrons; e.g. Magnox, light water or
CANDU reactors. Reactors without a moderator are referred to as fast reactors
Thermal Oxide Reprocessing Plant
Three Mile Island
Tonne of oil equivalent, a common unit of measurement enabling the energy content of differing fuels
to be compared. 1 toe = 11,630 kWh
The changing of atoms of one element into another element by bombardment with nuclear particles,
e.g. uranium-238 into plutonium or thorium into uranium-233, by neutron bombardment
United Nations Environment Programme
United Nations Framework Convention on Climate Change
Incorporation of radioactive waste materials into a solid ingot of glass, sealed in a steel container, for
disposal in a repository
Very Low Level Waste
World Association of Nuclear Operators
Watt, a unit of power
World Business Council for Sustainable Development
World Climate Programme
World Energy Council
Waste Isolation Pilot Plant
World Meteorological Organisation
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Appendix 3: General sources
In the course of our work, members of the group have taken opportunities to discuss some of the issues with which we were
grappling with other scientists and engineers. None of them have had a preview of the report, and nothing within it could be
attributed to any of the views they have expressed. However we did want to convey appreciation to them. The following is a very
incomplete list of our encounters:
Dr Jonathan Cobb
Dr Ian Crossland
Mr Ged.Davis
Mr Peter Dickinson
Sir Richard Doll, CH, CBE, FRS
Professor Ian Fells, FREng
The Lord Flowers, FRS
Mr Nick Goddall
Professor Geoffrey Hewitt, FRS, FREng
Dr Kit Hill
Dr Alan Hooper
Sir John Horlock, FRS, FREng
Professor Julian Hunt, CB, FRS
Dr Susan Ion, FREng
Mrs Charu Jasani
Mr Gordon Lupton
Professor Alistair MacFarlane, CBE,FRS, FREng
Sir Joseph Rotblat, FRS
Ms Catherine Senior
Mr Geoffrey Sinclair
Dr Min-Min Teh
Mr Andrew Tillbrook
Dr Anthony White
Dr Bill Wilkinson, CBE, FRS, FREng

BNFL
Nirex
Shell International Ltd
Health and Safety Executive
CTSU, Oxford
University of Newcastle
House of Lords
British Wind Energy Association
Imperial College
British Pugwash Group
Nirex
Cambridge University
Cambridge University
BNFL
Uranium Institute
Hadley Centre , Meteorological Office
Formerly Principal of Heriott-Watt University; Director Nirex
University of London
Hadley Centre, Meteorological Office
Environment Information Service
Unilever Research
British Nuclear Energy Society
Dresdner Kleinwort Benson
Chairman, British Nuclear Industry Forum

We have sampled, and no doubt under-sampled, the vast literature that pertains to the issues we have addressed. We found the
following integrating studies to be particularly helpful:

•
•

•
•
•
•

Interdisciplinary Science Reviews, SpeciaI issue on radioactive
waste. 23 (September 1998), The Institute of Materials,
London. 307p.
Climate change research and policy: updates. Recent results
of global climate change research and assessment of carbon
sequestration under the joint implementation scheme (No.
11, Institute for Prospective Technological Studies, Joint
Research Centre, European Commission, Joint Research
Centre. EUR 18088 EN. June 1998. 78p)
Digest of United Kingdom energy statistics (Department of
Trade and Industry, Government Statistical Service, London,
1998. 276p)
Global energy perspectives, N. Nakicenovic, A. Grubler, and
A. McDonald (eds) (International Institute for Applied
Systems Analysis, Austria, 1998. 299p)
World energy outlook (International Energy Agency,
IEA/OECD, Paris, 1998. 475p)
2020 Vision. The engineering challenges of energy
(Institution of Mechanical Engineers, London, 1998)

•
•
•

•
•
•
•

Die Energiefrage. Bedarf und Potentiale, Nutzung, Risken
und Kosten, Klaus Heinloth (Braunschweig. Wiesbaden,
Vieweg, 1997. 559p)
Energy and the environment in the 21st century, National
Academies Policy Advisory Group (The Royal Society, London,
July 1995. 104p)
The prospects for nuclear power in the UK. Conclusions of
the Governmentís nuclear review (Cm 2860. Department of
Trade and Industry and The Scottish Office, HMSO, London,
May 1995. 93p)
Energy for the future, D. Rooke, I. Fells, and J. Horlock, (eds)
(The Royal Society, London, 1995. 225p)
Prospects and strategies for nuclear power, Peter Beck (The
Royal Institute of International Affairs, London, 1994. 118p)
Radioactive waste- where next? (Parliamentary Office of
Science and Technology, London, 1991. 99p)
Nuclear power and the environment (Cm 6618. Sixth Report,
Royal Commission on Environmental Pollution, HMSO,
London, September 1976. 237p)
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Appendix 4: Scenarios - alternative views of the future
The concept arose in a study conducted jointly by the
International Institute for Applied Systems Analysis (IIASA) and
the World Energy Council (WEC). The results of this work are
published in Global energy perspectives (Cambridge University
Press, 1998).
Scenarios are conceived as ‘images of the future’. They are
‘neither predictions nor forecasts. ... Each is based on an
internally consistent and reproducible set of assumptions about
key relationships and driving forces of change.’
The three basic scenarios are described as ‘High Growth’ (A),
‘Middle Course’ (B) and ‘Ecologically Driven’ (C).

A
High growth

B
Middle course

C
Ecologically driven

Population, billion
1990
2050
2100

5.3
10.1
11.7

5.3
10.1
11.7

5.3
10.1
11.7

GWP, US (1990) $ ✕ 1012
1990
2050
2100

20
100
300

20
75
200

20
75
220

Primary energy demand, Gtoe
1990
2050
2100

9
25
45

9
20
35

9
14
21

Resource availability
Fossil
Non-fossil

High
High

Medium
Medium

Low
High

Environmental taxes

No

No

Yes

CO2 emission constraint

No

No

Yes

6
9–15
6–20

6
10
11

6
5
2

Net carbon emissions, GtC
1990
2050
2100

6

A ‘presents the future designed around ambitiously high
rates of economic growth and technological progress. It
incorporates the conviction that there are essentially no limits to
human technological ingenuity.’
B ‘incorporates more modest estimates of economic growth
and technological development’.
C ‘Is optimistic about technology and geopolitics ... assumes
unprecedented progressive international co-operation focused
explicitly on environmental protection and international equity’.
The table below summarises key parameters for the three
scenarios in 2050 and 2100 compared with 1990.
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Appendix 5: The international response to climate change
The First World Climate Conference recognised climate change
as a serious problem in 1979. This scientific gathering explored
how climate change might affect human activities. It issued a
declaration calling on the world’s governments ‘to foresee and
prevent potential man-made changes in climate that might be
adverse to the well-being of humanity’. It also endorsed plans to
establish a World Climate Programme (WCP) under the joint
responsibility of the World Meteorological Organisation (WMO),
the United Nations Environment Programme (UNEP) and the
International Council of Scientific Unions (ICSU).
A number of intergovernmental conferences focusing on
climate change were held in the late 1980s and early 1990s.
These meetings addressed both scientific and policy issues and
called for global action. The key events were the Villach
Conference (October 1985), the Toronto Conference (June
1988), the Ottawa Conference (February 1989), the Tata
Conference (February 1989), the Hague Conference and
Declaration (March 1989), the Noordwijk Ministerial Conference
(November 1989), the Cairo Compact (December 1989), and
the Bergen Conference (May 1990).
The Intergovernmental Panel on Climate Change (IPCC) was
established in 1988 by UNEP and WMO. The Panel was given a
mandate to assess the state of existing knowledge about the
climate system and climate change; the environmental,
economic, and social impacts of climate change; and the
possible response strategies. The IPCC released its First
Assessment Report in 1990 after a painstaking peer review
process. The Report had a powerful effect on both policymakers and the general public and provided the basis for
negotiations on the Climate Change Convention.
The 1990 Second World Climate Conference called for a
framework treaty on climate change. This key conference
featured negotiations and ministerial-level discussions among
137 states plus the European Community. Although the final
declaration did not specify any international targets for reducing
emissions, it did support a number of principles later included in
the Climate Change Convention. These were climate change as
a ‘common concern of humankind’, the importance of equity,
the ‘common but differentiated responsibilities’ of countries at
different levels of development, sustainable development and
the precautionary principle.
In December 1990, the UN General Assembly approved the
start of treaty negotiations. The Intergovernmental Negotiating
Committee for a Framework Convention on Climate Change
(INC/FCCC) met for five sessions between February 1991 and
May 1992. Facing a strict deadline - the June 1992 Rio ‘Earth
Summit’ - negotiators from 150 countries finalised the
Convention in just 15 months. It was adopted in New York on 9
May 1992.
The 1992 UN Framework Convention on Climate Change was
signed by 154 States (plus the EC) at Rio de Janeiro. Twenty years
after the 1972 Stockholm Declaration first laid the foundations of
contemporary environmental policy, the Earth Summit became
the largest-ever gathering of Heads of State. Other agreements
adopted at Rio were the Rio Declaration, Agenda 21, the
Convention on Biological Diversity, and Forest Principles. The
Convention entered into force on 21 March 1994.

The INC continued its preparatory work, meeting for another
six sessions to discuss matters relating to commitments,
arrangements for the financial mechanism, technical and
financial support to developing countries and procedural and
institutional matters. The INC was dissolved after its 11th and
final session in February 1995 and the Conference of the Parties
(COP) became the Convention’s ultimate authority.
The Conference of the Parties held its first session in Berlin
from 28 March - 7 April 1995. Delegates from 117 Parties and
53 Observer States participated in COP-1, as did over 2,000
observers and journalists. They agreed that the commitments
contained in the Convention for developed countries were
inadequate and launched the ‘Berlin Mandate’ talks on
additional commitments. They also reviewed the first round of
national communications and finalised much of the institutional
and financial machinery needed to support action under the
Convention in the years to come. COP-2 was held at the Palais
des Nations in Geneva from 8-19 June 1996.
The IPCC adopted its Second Assessment Report in
December 1995. Published in time for COP-2, the Second
Assessment Report was written and reviewed by some 2,000
scientists and experts world-wide. It was soon widely known for
concluding that ‘the balance of evidence suggests that there is a
discernible human influence on global climate.’ However, the
Report did much more, for example confirming the availability of
so-called no-regrets options and other cost-effective strategies
for combating climate change.
The Kyoto Protocol was adopted at COP-3 in December
1997. Under the Protocol, which was adopted by consensus,
industrialised countries have a legally binding commitment to
reduce their collective greenhouses gas emissions by at least 5%
compared to 1990 levels by the period 2008-2012. The Protocol
was opened for signature on 16 March 1998 and will enter into
force 90 days after it has been ratified by at least 55 Parties to
the Convention, including developed countries representing at
least 55% of this group’s total 1990 CO2 emissions. In the
meantime, Parties will continue to carry out their commitments
under the Climate Change Convention and prepare for the
future implementation of the Protocol.
COP-4 was held in Buenos Aires from 2-13 November 1998
when a two-week meeting of 170 governments concluded by
adopting a two-year Plan of Action to reduce the risk of global
climate change. The action plan will accelerate work on the
1992 United Nations Framework Convention on Climate
Change and prepare the way for industrialised countries to take
future action under the 1997 Kyoto Protocol. The Protocol’s 5%
emissions-reduction target aims to arrest and then reverse the
historical upward trend in greenhouse gas emissions from these
countries and put the world economy on a more
environmentally sustainable path.
The plan establishes deadlines for finalising the outstanding
details of the Kyoto Protocol so that the agreement will be fully
operational when it enters into force sometime after the year
2000. In addition to the Protocol’s ‘mechanisms’, it addresses
work on compliance issues and on policies and measures. In
addition, the Plan of Action boosts work on transferring climatefriendly technologies to developing countries and addresses the
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special needs and concerns of countries affected by global
warming and by the economic implications of response
measures.
COP-5 will be held in Bonn, Germany between 25 October
and 5 November 1999.

8
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Reference
UNFCC Climate Change Information Kit http://www.unfccc.de/

Appendix 6: Typical design and operating data for currently
operating reactors*
Basic gas cooled reactor (Magnox)
Fuel rod casing
material

Magnesium 0.8% Al

Tonnes of fuel (U) per
reactor (approx)

230-595

Fuel Enrichment %
U-235

Metallic natural U

Output per reactor
MWe

50-420

Typical thermal
Efficiency %

27

Moderator

graphite

Coolant

carbon dioxide

Coolant pressure bar

10-27

Coolant outlet
temperature C

360

Mean fuel bumup at
4,000
discharge MW(th)d/tU
Fuel loading
arrangements

On load

How many operating
UK

20

How many operating - 20
world (1998
excluding China)

Advanced gas cooled reactor (AGR)

Fuel rod casing
material

20%Cr/25%Ni/Nb
stainless steel

Tonnes of fuel (U) per
reactor (approx)

130

Fuel Enrichment %
U-235

Uranium oxide 2.73.4%

Output per reactor
MWe

600-625

Typical thermal
Efficiency %

41

Moderator

graphite

Coolant

carbon dioxide

Coolant pressure bar

30-40

Coolant outlet
temperature C

640

Mean fuel bumup at
27,000
discharge MW(th)d/tU
Fuel loading
arrangements

On load

How many operating
UK

14

How many operating - 14
world (1998
excluding China)

*Information kindly supplied by Nirex.
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Pressurised water reactor (PWR)
Fuel rod casing
material

Zircaloy

Tonnes of fuel (U) per
reactor (approx)

90 (for 1150 MWe)

Fuel Enrichment %
U-235

Uranium oxide
1.6-4.5%

Output per reactor
MWe

160-1380

Typical thermal
Efficiency %

32

Moderator

water

Coolant

water

Coolant pressure bar

150

Coolant outlet
temperature C

324

Mean fuel bumup at
40,000
discharge MW(th)d/tU
Fuel loading
arrangements

Off load

How many operating
UK

1

How many operating - c.250
world (1998
excluding China)

Boiling water reactor (BWR)

Fuel rod casing
material

Zircaloy

Tonnes of fuel (U) per
reactor (approx)

140 (for 1200 MWe)

Fuel Enrichment %
U-235

Uranium dioxide
1.6-4.5%

Output per reactor
MWe

75-1300

Typical thermal
Efficiency %

32

Moderator

water

Coolant

water

Coolant pressure bar

70(GE BWR-6)

Coolant outlet
temperature C

300

Mean fuel bumup at
35,000
discharge MW(th)d/tU
Fuel loading
arrangements

Off load

How many operating
UK

0

How many operating - c.93
world (1998
excluding China)

10
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Graphite-moderated water cooled reactor ( RBMK 1000)
Fuel rod casing
material

Zr-1%Nb

Tonnes of fuel (U) per
reactor (approx)

180 (for 1500 MWe)

Fuel Enrichment %
U-235

Uranium dioxide
2.0-2.4

Output per reactor
MWe

1000 & 1500

Typical thermal
Efficiency %

31

Moderator

graphite

Coolant

water

Coolant pressure bar

75

Coolant outlet
temperature C

350 max

Mean fuel bumup at
22,000
discharge MW(th)d/tU
Fuel loading
arrangements

On load

How many operating
UK

0

How many operating - 15
world (1998
excluding China)

Pressurised heavy water reactor ( CANDU)
Fuel rod casing
material

Zircaloy-4

Tonnes of fuel (U) per
reactor (approx)

110 (935 MWe)

Fuel Enrichment %
U-235

Uranium dioxide nonenriched

Output per reactor
MWe

220-935

Typical thermal
Efficiency %

34

Moderator

heavy water

Coolant

heavy water

Coolant pressure bar

110

Coolant outlet
temperature C

318

Mean fuel bumup at
7,000
discharge MW(th)d/tU
Fuel loading
arrangements

On load

How many operating
UK

0

How many operating - 28
world (1998
excluding China)
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Appendix 7: Basic steps in the fabrication of fuel and the storage
or reprocessing of spent fuel *

*Information kindly supplied by BNFL.
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Appendix 8: Geological disposal
1 Principles of geological disposal
The strategy of deep geological disposal seeks to isolate
radioactive wastes from the human environment for long
periods of time through a system of multiple containment
barriers. These are intended to ensure that, if radionuclides from
the waste were to return to the human environment, they would
do so only over a timeframe and in concentrations that did not
pose an unacceptable radiological risk.
Three major potential pathways are internationally recognised
for radionuclides to return to the human environment [Ref. 2].
These are:

•
•
•

transport of radionuclides in groundwater;
migration of radionuclides in gases evolved from materials in
the repository;
natural disruptive events or inadvertent human intrusion into
the repository.

In the UK concept for the deep disposal of long-lived ILW, vaults
would be excavated at depth in a stable geological environment
[Ref. 3]. Wastes, packaged in steel or concrete containers, would
be placed in the vaults; the containers would provide an
immediate physical barrier to the movement of radionuclides.
The vaults would then be backfilled with a material intended to
provide a chemical and sorptive barrier to the movement of
radionuclides dissolved in groundwater.
The host geological environment for such a repository would
provide a stable setting and isolation from inadvertent human
intrusion or natural disruption. It would ensure a combination of
sufficiently low flows of groundwater through the repository
and sufficient retardation and ultimate dilution of any
radionuclides that escape from the repository in order to limit
concentrations reaching the human environment.
Corrosion of metals in the wastes and their containers, and
the degradation of any organic matter in the repository, would
generate gas, a very small proportion of which would be
radioactive. The backfill and surrounding rocks would therefore
need to be sufficiently permeable to permit gas to escape from
the vaults. The geological setting would also need to have
characteristics that ensure that gas would not reach the human
environment in concentrations that would pose an
unacceptable flammability hazard or lead to concentrations of
radionuclides that would pose a radiological risk, as defined by
regulatory requirements.

2 Timescale and uncertainty
An assessment of the radiological risk from waste in a repository
needs to consider a timescale that is comparable with the halflives of the radionuclides in the disposal inventory. However,
attempts to make detailed assessments about the human
environment and human behaviour on a timescale of more than
a few thousand years are unlikely to be meaningful. Reference
[Ref. 4] recommends that, for the purposes of carrying out and
presenting risk calculations, the future should be divided into a

series of time frames:
a) up to 104 years post closure, during which current climate
conditions may persist;
b) 104 - 106 years post closure, during which major climate
changes, including glacial/interglacial cycling, are expected
to occur;
c) after 106 years post closure, during which major tectonic
changes could occur.
Although uncertainty in repository performance is increasing
over these timescales, the radioactivity of waste in a repository
will be decreasing through natural radioactive decay. For
example, for the UK inventory [Ref. 5], it has been calculated
that 95% of the radioactivity will have decayed to stable
isotopes after 300 years, increasing to over 99% after 1000
years, and 99.99% after a million years [Ref. 3]. The period of
least uncertainty, at early times after the disposal of waste in a
repository, coincides with the period of most radioactivity.

3 UK and international safety standards and guidance
Standards and procedures for radiological protection have been
developed internationally by the International Commission on
Radiological Protection (ICRP), whose recommendations are
applied within the nuclear industry by the International Atomic
Energy Agency (IAEA). These standards and procedures are
applicable to the consideration of the geological disposal of
radioactive waste in an underground repository.
In the UK, a number of organisations are responsible for the
interpretation and implementation of the recommendations of
the ICRP, covering both policy framework and regulatory issues
[Ref. 6].
(a) Policy framework organisations. The UK Government
departments responsible for radioactive waste management
are the Department of Environment, Transport and Regions
(DETR) and the Department of Health. These are advised by
five separate bodies: the National Radiological Protection
Board (NRPB), the Radioactive Waste Management Advisory
Committee (RWMAC), the Nuclear Safety Advisory
Committee (NuSAC), the Ionising Radiation Advisory
Committee (IRAC) and the Committee on the Medical
Aspects of Radiation Exposure (COMARE).
(b) Regulatory agencies. The safety of nuclear installations is
the concern of the Health and Safety Executive’s Nuclear
Installations Inspectorate (HSE/NII), and environmental
protection is the responsibility of the UK’s Environment
Agencies, respectively the Environment Agency (EA, covering
England and Wales), the Scottish Environmental Protection
Agency (SEPA) and the Department of the Environment for
Northern Ireland.
For radioactive waste disposal, the NRPB recommends [Refs 4, 7]
that any risk (of contracting a fatal cancer or passing on an
hereditary defect) of more than 1 in 100,000 per year (10-5 yr-1,
about 10% of the risk from average natural background
radiation) should be seen as unacceptable. The ‘broadly
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acceptable’ risk level is seen as 1 in 1,000,000 per year
(10-6 yr-1) or below, less than 1% of the risk from average
natural background radiation in the UK.

Other countries operate or propose both near-surface and
deep geological disposal sites for their radioactive wastes,
depending on the type of waste to be disposed.
4.2 Near-surface disposal of LLW and short-lived ILW

4 Disposal concepts for different wastes
Radioactive wastes arise from a number of different sources. The
best way of disposing of a given waste depends on its particular
physical, chemical and radioactive characteristics.
4.1 Categories of waste
In the UK, the primary characteristic for waste categorisation is
the level of radioactivity. This is typically categorised in four
ways:

•
•
•
•

Very Low Level Waste (VLLW)
Low Level Waste (LLW)
Intermediate Level Waste (ILW)
High Level Waste (HLW)

The physical, chemical and radioactive characteristics of
VLLW and LLW are such that the practice in the UK and most
other countries that use nuclear materials is controlled nearsurface disposal [Ref. 6]. Following disposal in a near-surface
engineered structure, closure of a LLW disposal site usually
includes a bitumen or impermeable plastic cover, a clay cap and
a seeded top soil. These features are designed to restrict the
ingress of water to the waste, reducing the amount of water
available to act as a transport pathway for waste-derived
radionuclides. It might also be appropriate to dispose of some
short-lived ILW in a near-surface disposal site.
For long-lived ILW and HLW (including spent nuclear fuel and
transuranic elements), the international consensus is that their
physical, chemical and radioactive characteristics preclude nearsurface disposal as a suitable long-term proposition [Ref. 6].
In the UK, the different categories of radioactive waste are
treated in different ways.

•

•

•
•

14

VLLW has an activity that is at such a low level that it can be
treated as normal non-radioactive waste for disposal purposes,
i.e. it can be sent to landfill sites licensed for domestic and other
wastes without special treatment.
LLW: Since 1959, controlled near-surface disposal of some LLW
has been practised in the UK at Drigg, in Cumbria [Ref. 13]. The
Drigg site consists mainly of stratified deposits of gravel, sand
and clay; the clay layers isolate the surface disposals from the
underlying sandstone formation [Ref. 13]. More than 600,000
m3 of LLW has been disposed at the Drigg site. Disposal
requirements stipulate the orderly emplacement of compacted
wastes in concrete-lined trenches, which are then capped with
soil to limit the ingress of water. Once the currently consented
area at Drigg is full, it is envisaged that LLW would then be
disposed along with ILW in a deep geological repository [Ref. 6].
ILW: UK Government policy is that the preferred disposal route
for this waste form is a deep geological repository.
HLW is currently vitrified and stored, pending a decision on a
final disposal option. A report published by the Royal Society in
1998 drew attention to the importance of establishing an
explicit policy for dealing with one particular type of HLW,
namely separated plutonium [Ref. 32]
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A final repository for LLW and short-lived ILW has been in
operation in Sweden for some time [Ref. 6], and two similar
repositories are now in operation in Finland. The Swedish Final
Repository (SFR) at Forsmark is an excavated cavity in crystalline
basement rocks, and consists of one vault for LLW, three vaults
for ILW and a silo for the most radioactive ILW. The repository
vaults are designed for different types of waste package and,
once the packages are in place, void spaces are backfilled with
cement.
France has disposed of LLW and short-lived ILW since 1969
[Ref. 13]. From that year until 1992, disposal took place at the
Centre de la Manche facility, which had a capacity of 450,000
m3 [Ref. 14]. LLW was emplaced and immobilised in earthmounded concrete bunkers, and water infiltrating through the
disposal units was collected in a tank prior to controlled release
[Ref.13]. In 1992, this facility reached its capacity, and a new
facility, the Centre de l’Aube, was opened. It has a capacity of
1,000,000 m3, and uses an updated version of the engineered
structures employed at its predecessor site. A very similar
repository system has been operated at El Cabril in Spain.
4.3 Deep disposal of long-lived ILW and HLW
In Sweden, spent nuclear fuel from power reactors is currently
stored at the CLAB facility. It is planned that ultimate disposal for
this waste will be in a repository approximately 500 m deep
[Ref. 6] in basement rocks. It is planned to use steel and copper
waste containers for the HLW, and to backfill the repository with
a mixture of sand and bentonite. Sweden has collaborated with
Finland to further the disposal of spent fuel and similar storage
and disposal plans apply in Finland.
In Germany, a site at Gorleben may be developed to take ILW
and HLW in a large salt dome beneath a capping layer of
gypsum, with a proposed repository depth of 900 m. Two
shafts have been sunk so far, and extensive geophysical and
borehole studies are planned [Ref. 6]. Another salt dome at
Morsleben is currently being used as a repository for LLW and
ILW. Additionally, a former iron ore mine at Konrad has been
assessed as suitable as a repository for all non-heat generating
wastes. The mine is at depths of between 800 – 1300 m,
overlain by clay [Ref. 14].
In the USA, the Waste Isolation Pilot Plant (WIPP), in New
Mexico, was constructed in bedded salt deposits during the
1980s [Ref. 15]. The repository is at a depth of 658 m in bedded
salt formations, and consists of a series of mined caverns within
an area of approximately 650 m by 800 m. WIPP was originally
a research facility, and was subsequently selected as the final
disposal site for defence-related long-lived transuranic nuclear
wastes. The facility received a licence to operate from the
relevant regulator, the US Environment Protection Agency, and
the start of waste disposal operations at WIPP is currently
pending a decision by US State and Government authorities
[Ref. 16].
In Belgium, a clay deposit, the Boom clay, has been identified
as a possible host rock for a repository to take HLW. An
underground research facility was constructed at Mol between

1980 and 1984 at a depth of 230 m, and research is currently
being undertaken to investigate whether the clay would be a
suitable host medium for waste disposal. An expansion of the
Mol facility is now underway, with the construction of a second
shaft and a simulation of a disposal gallery [Ref. 6].

5 Research and assessment basis for geological disposal
Given an adequate description of the characteristics of the
wastes and of the engineered disposal system, the requirement
is to build both a sufficient understanding of the processes and
events that may affect the system and a suitable basis for the
assessment of the safety to be afforded by the system, taking
account of all relevant uncertainties.
Considerable progress has been made in increasingly coordinated international research efforts to understand the key
processes. For example:
• The long-term corrosion behaviour of metals and alloys
under a wide range of potential disposal conditions is well
understood, as exemplified in [Ref. 18].
• A number of thermodynamic databases - eg the HATCHES
database [Ref. 19] - have been developed which enable the
controls on the groundwater dissolution (and hence
transport in solution) of radionuclides to be determined.
• The important process for retardation of radionuclide
transport, the sorption of dissolved material onto solid
surfaces, has been extensively studied and databases are
available covering the sorption of all relevant radionuclides to
a wide range of solid materials under all relevant conditions
for disposal [see for example refs 20, 21 and 22].
• The closely-related process of rock-matrix diffusion, whereby
radionuclides dissolved in groundwater become trapped in
dead-end pores in rocks, is also becoming well understood
[Ref. 24].
• A key challenge is to translate the available understanding of
processes to the long timescales of interest when considering
some waste types. The science of long-lived natural and
anthropological analogues is now well-developed [Ref. 25].
In the Collective Opinion published by the OECD in 1991
[Ref. 17], it was noted that the collection and evaluation of data
from proposed disposal sites were the major tasks on which
further progress was needed. Since that time advances have
been made in characterising and evaluating the three major rock
types considered for deep disposal of radioactive waste, viz:
hard, fractured basement rocks, argillaceous (clay) formations
and salt. The recent publication [Ref. 26] of the achievements of
the Swedish programme in characterising the rock mass at Äspö
shows how the controls on groundwater flow and radionuclide
transport in hard fractured rock can be determined through a
concerted programme of surface-based investigations followed
by in-situ investigations underground. Similar observations can
be made concerning the characterisation of clay environments
using the methods and approaches developed over many years
at the Mol site in Belgium. The extensive investigations of the
salt and overlying rock formations at the WIPP site in New
Mexico have proved sufficient to support repository licensing
under one of the world’s toughest regulatory regimes.

6 Step-wise approach to licensing
In a number of countries each step in a repository development
programme is subject to regulatory licensing procedures. The
level of confidence in the long-term safety of the proposed
disposal system should improve with each successive step and
should be commensurate with the next stage of development
that is being sought in relation to the licensing process.
For example, it could be envisaged that a simplified step-wise
process could involve the following :i)
ii)
iii)

definition of a disposal concept;
definition of a site selection process;
identification, under the process in (ii), of sites for
investigation;
iv) identification of one or more sites for more detailed
investigation;
v) underground investigation involving the sinking of access
shafts and/or drifts;
vi) development of trial disposal excavations;
vii) development and commissioning of disposal excavations
and equipment;
viii) disposal of wastes with a level of reversibility determined at
that stage of development;
ix) repository closure.
Such a step-wise process affords society with the option to
review progress at each stage to test whether it can be seen to
be leading to the safe disposal of wastes.

7 Monitoring and retrievability
7.1 Monitoring
Following the disposal of radioactive waste in a deep geological
repository, it must not be a requirement for future generations to
monitor the performance of the repository system to ensure
public safety, although, as noted in [Ref. 1], ‘it may be assumed
that siting records and routine surveillance would in practice be
maintained for many years if society evolves in a stable manner’.
Monitoring of the site during the construction and operation
phases of the repository would, however, be necessary. As noted
in [ref. 10], guidance from the UK regulatory authorities requires
that ‘In support of the safety case [to gain authorisation to
dispose of LLW and ILW wastes], the developer shall carry out a
programme to monitor for changes caused by construction of
the facility and emplacement of the waste’.
7.2 Retrievability
The IAEA defines disposal as emplacement of waste ‘without the
intention of retrieval’ [Ref. 28]. The geological disposal concept
does not require the deliberate provision for waste retrieval after
the closure of the repository, as the disposal concept requires
that there would not be the requirement for future generations
to monitor the disposed waste. Therefore, in principle,
intervention into the repository at future times would never be
required [Ref. 1].
However, retrievability is an important ethical consideration
[Ref. 1]. For example, in the associated reports [Refs 29, 30], it is
noted that ‘There is widespread concern that wastes should be
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both monitorable and recoverable (retrievable) in order either to
undertake remedial action or even to implement advances in
waste treatment / containment technology’. Therefore, deep
geological disposal should not necessarily be looked at as a
totally irreversible process, completely foreclosing possible
future changes in policy [Ref. 1].
In recognition of the issue of retrievability, the Swedish
authorities require that a repository must be designed so as not
to prevent intervention and corrective measures in the future, if
they are necessary [Ref. 27]. Additionally, these authorities
indicate that, although a future generation should not be
responsible for a deep geological repository constructed by the
current generation, it should be able to assume that
responsibility, if required.
Reference 3 presents an assessment of the post-closure
performance of a deep waste repository at Sellafield, for the
disposal of the UK’s ILW and certain LLW. This report notes, for
the disposal concept discussed in the report, that ‘During the
operational period it would be relatively simple to retrieve
wastes if required.’ As detailed in [Ref. 31], the proposed backfill
material is a low strength, porous cement, which would allow
the waste to be retrieved even after the waste vaults have been
backfilled.
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Appendix 9: Submission to House of Lords Select Committee on
Science and Technology inquiry into the management
of nuclear waste
Introduction
1. The Royal Society welcomes the opportunity to give its views
on the management of nuclear waste. The Society believes
that the issues raised are of great importance: it will continue
to be active in providing advice to government and others on
this subject.
2. In this response, the Society’s comments are focused upon
the need for a clearly defined and socially acceptable disposal
strategy for Intermediate and High Level Waste. In doing so
we use the UK definition of HLW as ‘waste produced when
spent fuel is reprocessed’. We do not class plutonium
separated by reprocessing as radioactive waste. The
management of this material is discussed in a recent Royal
Society publication, Management of separated plutonium
(1998).
3. This response has been endorsed by the Council of the
Society. It was prepared by a group led by Professor G.S.
Boulton and comprising Sir Francis Graham-Smith, Sir Martin
Holdgate, Professor J.D. Mather, Dr R.S. Pease, and Professor
R.S.J. Sparks.

Responses to given questions
(a) What is the best sustainable solution for the long-term
management of nuclear waste in the United
Kingdom?
Nuclear waste requires very long-term management because
some of the hazardous radioactive isotopes present take
hundreds of thousands of years to decay. Management options
include geological disposal in deep or shallow repositories,
surface storage and disposal below the seabed in deep parts of
the ocean.
The last option has scientific merits due to the stable
environments of the deep ocean and is worth further
investigation, although it is currently unpopular politically and
prohibited by the London Convention. Introduction of disposal
under the oceans would require international collaboration and
agreement.
Surface storage is a short-term option for decades or perhaps
centuries. The surface environment is physically and chemically
less stable than that at hundreds of metres depth, and a surface
repository would require adaptive engineering repackaging of
contents from time to time during the waste’s lifetime and
possible repository relocation. Surface storage does not seem a
permanent answer to a problem that will require a solution on
geological time scales. Thus all current national strategies by
countries with nuclear waste problems have taken the view that
geological disposal is the only viable long-term disposal option.
Formidable challenges face the geoscientists and engineers
seeking to build robust artificial structures for geological
disposal of radioactive wastes. The processes that control what
happens to a deep repository operate over thousands or tens of

thousands of years and are not fully understood. The science of
characterising and understanding deep geological environments
is still in its infancy. As a result, scientific programmes to
investigate possible sites and designs for deep repositories can
be expected to take decades to complete.
The London Dumping Convention 1996, agreed at a meeting
organised by the International Maritime Organisation, classifies
the disposal of nuclear material below the sea bed as ‘ocean
dumping’ which is prohibited under international law. The
convention allows the option to be reviewed in 25 years time.
The resolution awaits ratification by the signatory nations.
The United Kingdom has been exceptional in recent years in
developing an accelerated programme. The programme has
repeatedly foundered because of its failure to gain public
confidence and acceptance Other countries have programmes
that implicitly accept geological disposal but recognise the
formidable scientific, engineering and public perception
problems that face making this option a reality. We believe that
the UK will need to adopt a similar long-term view. If this is
accepted it may require a management strategy with both shortterm and long-term components. The short-term component is
surface storage until sites are identified and engineering
solutions established that meet rigorous scientific criteria and
gain a sufficient measure of public acceptance and confidence.
We suspect that this will take decades rather than years to
achieve.
Deep geology offers an inherently more stable environment
with a greater fail-safe capacity than the surface. The Nirex
programme assumed that a repository solution could be found
which made the expensive retrieval option unnecessary. It may
however be a necessary option in helping to build public
confidence as well as providing an additional management
option. We conclude that deep geological disposal is the best
available long-term option, but recognise the fact that this is not
yet widely accepted.
(b) By what process should this be ratified?
A UK strategy for waste disposal should contain two elements,
both of which involve scientific and political/social judgements:

•
•

a rigorous method for evaluating the safety of the
disposal/storage option of a specific site; and
the definition of explicit and agreed criteria for drawing up a
shortlist of sites for the disposal/storage option under
consideration.

Although we believe that a repository in deep geology is the
best generic option, the process of developing a strategy should
involve consideration of above ground or near-surface storage in
the best practicable engineered facility.
Both site and option selection should include confirmation of
the scientific judgement involved by peer-group scrutiny by
scientists of high standing not involved directly in the industry
and consensus building discussions involving broad public
debate. Ratification must have a broad social base.
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(c) Is there an adequate knowledge base to support such
a solution?

made by a joint RWMAC/ACSNI study group, to set up an
independent body to co-ordinate advice to government on:

It is axiomatic that, no matter what disposal route is chosen,
research on management and technical options for minimising
and conditioning waste should be given a high priority.
The greatest challenge, however, is to establish strategies
whereby the long-term (on time scales of 100 000 years) safety
of disposal/storage options can be evaluated. In relation to deep
geological repositories, the capacity of the rocks in specific
locations to prevent leakage by groundwater flow to surface can
be evaluated by reference to their recent history. Rocks contain
evidence of their past, and it is possible, by establishing the
history of sub-surface groundwater transport over periods of
past time similar in duration to the future toxic lifetimes of
radionuclides, to evaluate the long-term behaviour of potential
disposal sites under plausible scenarios of climate, glaciation and
tectonic processes.
Other important issues for which knowledge needs to be
improved include:

•
•

•
•
•
•
•
•

developing better estimates of the risk associated with
radiotoxicity. This is far from established;
techniques for waste storage and conditioning prior to
disposal;
technologies for engineered containment;
processes of groundwater radionuclide transport in rock
masses;
evaluation of future changes;
risk analysis including the evaluation of public acceptability of
risk.

The immediate task should be the establishment of a robust
scientific method for the development of site selection criteria,
rather than establishing relatively short-term target dates for the
selection and operation of a disposal facility.
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•
•

the needs for research to be undertaken by public agencies;
the approach to be taken in the selection of disposal sites and
the nature of the scientific advice that is required;
the involvement of the public in consensus building and
appropriate approaches to risk assessment;
the relationship between the regulator and industry and
between industry funded and publicly funded research prior
to the submission of a proposal for a disposal site.

(e) How should the process of storage and/or repository
site selection be conducted to reduce conflict and to
ensure that work can be carried out at sites that are
agreed to be acceptable? Who should be involved?
The system of public inquiry should be developed into a
sequential process, informed by scientific and public inputs, and
explicitly involving a variety of stakeholders. The
technical/scientific components of such a process should be:

•
•

•
•
•
•

definition of standards of safety to be achieved;
development of an acceptable scientific method for site
selection through mainline scientific routes involving the
Science Base, peer review and open publication. There has
been a tendency for research to be conducted through a
closed circle of contractors, with results being presented
outside the mainstream of scientific activity;
a desk study identifying potential sites based on previously
agreed criteria;
site investigation;
site choice;
evaluation by the regulator of the industry safety case.

These should interlock with:

(d) Are you satisfied with the institutional responsibility
for nuclear waste in the United Kingdom, and, if not,
how might it be improved?

•
•

The ‘polluter pays’ principle should be applied. Responsibility for
the costs of disposal of nuclear waste should lie with the
producers. However, Government should provide a coherent
policy framework to ensure that a safe, sustainable and publicly
acceptable solution is achieved. It must set and regulate the
standards that public safety demands and monitor compliance.
Where technological advance is essential, forcing standards
should be set for industry and progress towards them
monitored.
We do not believe that the current system provides an
appropriate framework. In particular, the decision-making
process conflates issues of national policy, science and
technology and local land use. Decisions must be made in the
light of pre-determined national energy policy (although the
feasibility of safe disposal will contribute to this); of an
independent scientific evaluation of safety; of public
acceptability of risk; and local concerns about land use. The
decision-making process is necessarily a political one: the role of
scientific expertise is to identify technical options and specific
areas of uncertainty and to evaluate the technical component of
risk.
For these reasons, we strongly support the proposal, first

It is vital that the criteria and procedures for site selection are
agreed by Government before work begins on possible target
sites. The purpose of technical investigations should be to
establish whether a site is acceptable, not to demonstrate that it
is.
This technical process should however be embedded in the
wider approach described in section 2. It is a waste of time,
expertise and money to investigate sites that will be socially
unacceptable. A scoping exercise at the start of the above
sequential process should list the parameters that will define
acceptability, including geology, location in relation to centres of
population and to other land uses (there is, for example, little
use in investigating sites in national parks) and issues of
transport.
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development of national energy policy;
consensus-building conferences (cf the 1997 POST report
Radioactive waste - where next?).

(f) It is perhaps unrealistic to assume that the ‘perfect’
site for a long-term store or repository can be found
(or even exists), so what would make a good nuclear
waste site?
The principal risk to the biosphere from a repository site comes
from groundwater transport of radionuclides to the surface.
Rather than merely seeking a deep site with rocks that are

‘impermeable’ (permeability is very difficult to measure),
potential sites should be in geological settings in which the
potential groundwater transport time to the biosphere is long
compared to the toxic lifetime of the waste, irrespective of any
conceivable changes in the surface environment (e.g. sea level
change, climate etc) or tectonics (e.g. earthquakes). Potential
sites in the UK with suitable geological settings can be identified
by means of desk studies.
Beyond this stage, detailed site investigations should be
concerned to:

•
•
•

characterise the geology and hydrological regime of the site;
recover the past history of groundwater evolution as a guide
to the long-term behaviour of the groundwater system and
dispersal rates from repository depths;
analyse potential risks through scenarios of future change.

(g) How can a rational assessment of the risks associated
with a long-term nuclear waste store or repository site
be made and how can one be sure that what is
acceptable risk now will remain so in the future? How
do the principles of intergenerational equity apply?
It is clearly difficult to evaluate the risks associated with longterm storage or disposal when the time-scale extends for
hundreds of thousands of years into the future. Almost all
judgements about future risks are based upon extrapolation of
past experience into the future. A rational approach to longterm future risk analysis would be to use geological evidence to
reconstruct groundwater changes associated with and driven by
events such as glaciation, sea-level change and seismic events on
time-scales similar to those relevant to repositories, and thereby
evaluate potential risks. Past sequences of climatic and tectonic
events which have driven changes in groundwater flow, are well
known. There are established means whereby scenarios of
future change in these drivers of groundwater flow can be
reconstructed from the record of their change in the past. A
worst case consistent with geological knowledge can be used to
provide a high risk threshold.
As in all human affairs, however, there could be
unanticipated hazards that are not apparent to us.
Intergenerational equity could be taken as requiring that all
possible steps to minimise risk to currently acceptable standards
should be taken according to the knowledge currently available.
Alternatively it might be judged that the consequences of
leakage from a repository could be so severe, that the possibility
of unanticipated effects should preclude use of the technology.
A surface storage facility rather than a repository might be
thought to avoid some of these issues, although easier access
from the surface and the possibility of a store’s location being
lost pose other hazards for the storage option.
(h) What is the standard of safety to which a repository or
long term store should be designed? Is there a firm
public perception that it should be ‘as safe as possible
regardless of cost’ and if so what are the implications?
A standard of safety set without clear rationale will always cause
concern to the public. In order to build consensus about the
acceptable levels of safety it is necessary to have a culture of
openness and a strategy of risk communication.

There is a growing awareness in society of risk, particularly in
relation to technical development. As the hazards of life have
diminished in industrialised society, reflected by increasing lifespans, the tolerance of risk, particularly risk associated with
technology, has diminished. In addition, there is confusion
stemming from public misconceptions about science. Science is
popularly supposed to lead to certainty and conclusion, whereas
much science in reality attempts to map out the bounds of
uncertainty. Science cannot pronounce something to be
absolutely safe. At best it is able to estimate the probability of
harm. Political means need to be found for explicit discussion of
risk, the acceptability of the uncertainties that remain when the
limits of scientific understanding have been precisely and openly
set out, and the means of communicating risk strategy. The
mechanisms described in section 2 could provide a means of
doing this.
(i)

Has enough been learned from the experience of
natural analogues to determine the optimum design
and geological conditions for a nuclear waste facility?

Natural analogues are able to demonstrate that in particular
locations and rock types, radionuclides have been contained,
with little dispersal, for many millions of years. Such analogues
can be useful as a means of model validation but are not a
means for determining the optimum design and geological
conditions for a nuclear waste disposal facility. Attempts to do
this have proved unsuccessful. The past can provide a key to the
future only on a site specific basis.
However, natural analogues can be useful in this more
restricted role. Analogues can replicate a process that is being
modelled, provided that the process is clearly defined and the
physical and chemical analogy is a good one. Examples are the
use of volcanic glasses as an analogue of waste glasses or
corrosion rates of archaeological finds of iron as an analogue of
waste canisters. There is considerable scope for the further use
of natural analogues in model validation in this way.
(j)

What are the problems and advantages of instituting
a waste management programme where
intermediate and high level waste are dealt with
together, i.e. in a co-disposal repository?

There is an urgent need to develop an acceptable long-term
strategy for the disposal of the 66,100 m3 of ILW in storage at
various sites around the country. Because the time-scales and
properties associated with the different types of waste vary, it is
not appropriate to dispose of them together. Work towards a
solution to the problem of ILW must not be confused by
attempting to deal with HLW at the same site.
As the volumes of ILW and HLW are so different, the former
will require large volume repositories, the latter could be
disposed of in deep boreholes.
This said, after a period in storage, the properties of HLW can
come to resemble those of ILW. If it happens that the time lapse
between the present storage of HLW and final availability of a
repository of ILW is sufficient for this to occur, then there would
be substantial economic and logistic advantages in disposing of
the HLW in the ILW store. Allowing for the continuation of a
nuclear power programme in the UK, the need for a disposal site
for newer HLW would remain.
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(k) Would an international solution to nuclear waste
management be desirable and feasible (eg. a joint
repository accepting waste from many countries) and
if so what would this entail?
No country should embark on a nuclear programme until it has a
safe disposal option for its wastes, although this principle has
rarely been observed in the past. There are some countries that
do not have an appropriate geological setting for the safe
underground disposal of waste. Although countries must take
responsibility for the disposal of their nuclear waste, in principle
there is no reason why this should not be done overseas if:

•
•

this option is clearly safer than that which could be achieved
in the originating country; and
issues such as safe transport and clear statements relating to
mutual liability are addressed.

Even though it may be possible to demonstrate the safety of
disposal in an overseas repository this option poses obvious
political problems.
The UK has several geological settings in which we might
expect that the criteria for safe disposal of nuclear waste set out
in section 4 might be satisfied. If this proves to be the case, the
UK should be expected to dispose of its waste on its own
territory.
We should, wherever possible, share expertise and
knowledge with scientists in other countries. Shared cost
international research programmes are an efficient way of
addressing some of the fundamental scientific problems in the
field. There is currently much duplication of effort and a largely
uncoordinated approach to addressing the problems.
(l)

Can we postpone the search for a repository site in the
United Kingdom and simply maintain existing
arrangements? Might more emphasis on waste
partitioning and storage be used both to defer and to
reduce the requirement of a repository?

We should move away from the view that there is an urgent
need to establish and use a deep repository site. In the short to
medium term, surface storage facilities should continue to be
used. What is urgent is that the UK should develop a strategy for
the disposal or storage of its wastes. Surface storage as currently
practised should be regarded as a holding operation in lieu of a
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long-term strategy.
Both the scientific and the political/administrative
approaches for site selection need to be developed further. The
choice of a repository must be delayed until this has been done.
We should of course exploit whatever waste partitioning and
minimisation methods are available to minimise the dangers of
surface storage and to ensure the most effective use of a deep
repository.
(m) Does management of UK military nuclear waste
present any special problems?
In comparison to civil nuclear waste, we believe the volume of
military waste for the UK to be small. The more pressing problem is
to ensure that waste producers do not create waste management
problems for which solutions are not currently available.
(n) What measures should UK take to sustain the longterm research base for the management of nuclear
waste?
Research into the management of nuclear waste in UK has been
compartmentalised in a variety of agencies. Although we are
aware of a great deal of good individual work, this has not been
contained within an overarching science-based strategy subject
to adequate debate and peer review.
Contracts placed by both NIREX and EA/DETR have been of
short duration, which has permitted little of the necessary
original research to be done and has encouraged mere repackaging of existing results.
We recommend that:

•
•
•

•
•

the scientific aspects are dealt with through mainstream
scientific processes including peer review;
steps be taken to ensure longer term continuity in the
production of rigorous, relevant science;
greater co-ordination of the research effort between
Research Councils, DETR, the Environment Agency and
NIREX is promoted, possibly through the co-ordinating body
suggested in section 2;
relevant international collaboration is promoted, including
research on deep sea disposal;
the information acquired through research commissioned by
NIREX, HMIP and EA becomes readily available.

Appendix 10: Deep sea options
1 Methods of sea disposal

2.2 Disposal to UK coastal waters, including Beaufort’s
Dyke

All methods of sea disposal rely on initially isolating the
radioactive waste from the human environment, and aim to
ensure that, if radionuclides from the waste return to the human
environment, they do so only in concentrations that do not pose
an unacceptable radiological risk. A radiological risk will result
from the exposure of an individual to a dose which, for sea
disposal, is generally the result of the ingestion of marine
foodstuffs that contain waste-derived radionuclides. Risk will be
reduced as a result of a number of different processes that affect
radionuclides in the radioactive waste, such as physical
containment within the disposal packaging, chemical
retardation by seabed sediments, and dispersion and dilution in
the water body. Although such processes would also occur if the
disposal of waste were to a land-based system rather than to the
sea, the major difference in the case of sea disposal is the degree
of dilution that would occur.

In the 1950s, drums of low level radioactive wastes were
disposed of at Beaufort’s Dyke, in the Northern Irish Sea [Ref. 2].
In the 1960s through to the mid 1970s, contaminated soil,
rubble and sludges were disposed of at a number of UK coastal
water sites. These disposal operations resulted in the direct
release and dispersion of radioactive material into the sea.

2 Disposal on the seabed
This irretrievable method of sea disposal has been undertaken
historically by the United Kingdom to dispose of low and
intermediate level radioactive wastes. Disposal was undertaken
at sites in the Northeast Atlantic, including the Hurd Deep in the
English Channel [Ref.1], and in UK coastal waters, including
Beaufort’s Dyke [Ref. 2].
2.1 Disposal to Northeast Atlantic sites, including the Hurd
Deep

For disposal to sites in the Northeast Atlantic [Ref. 1], two
different types of disposal operation were practised. Disposal of
low level contaminated sludges in the Hurd Deep took place
over the period 1951 to 1963. The wastes were disposed of in
containers designed to implode at depth, resulting in direct
release and dispersion of radioactive material into the sea. This
type of disposal ceased in 1963 because the sea depth was less
than the 2000 m minimum suggested by the International
Atomic Energy Authority (IAEA) and, from 1964 onwards, most
low level sludges have been buried on land at the Drigg disposal
site in Cumbria.
In the second type of disposal, solid low and intermediate
level wastes were enclosed within concrete shields inside steel
drums and dumped at a number of sites in the Northeast
Atlantic, in waters more than 2000 m deep. This type of
disposal was undertaken over the period 1949 – 1982. In this
disposal method, the drums were designed to reach the ocean
bed intact, but it was acknowledged that over time the physical
containment would fail, and radionuclides would be dispersed.
Dilution would occur by diffusion processes as the plume of
radionuclides migrated from the disposal site, carried by oceanbottom currents. The amount of radionuclides remaining in the
water would be reduced both by natural radioactive decay and
by the removal of radionuclides to seabed sediments by the
process of sorption.

2.3 Radiological assessment
Reference 1 reports an assessment of the radiological risk
associated with the historic dumping of radioactive waste in the
Northeast Atlantic. This is based on the disposal of 73,530 tonnes
of waste in 149,627 packages, over the period 1949 – 1982. This
waste was from all European countries that used this dump site,
not just the UK. The radionuclide composition of the waste
totalled 679.7 TBq of alpha radionuclides and 41,711.8 TBq of
beta-gamma radionuclides. The NRPB estimated a peak annual
individual dose from this past waste dumping of 0.8 µSv yr-1 .
For comparison, the annual average dose due to natural
background radiation is about 2000 µSv yr-1 [Ref. 1].
Reference 2 reports an assessment of the radiological risk
associated with the historic dumping of radioactive waste
material in Beaufort’s Dyke and other UK coastal waters over the
period from the 1950s to the mid 1970s. In all cases, the
calculated doses to the critical group were significantly below
the ICRP’s recommended annual dose limit for members of the
public of 1000 µSv yr-1 [Ref. 3]. In all cases except the disposal of
sludges to Liverpool Bay, calculated doses were below 10 µSv yr-1.
In the case of Liverpool Bay, the highest calculated critical group
dose was 100 µSv yr-1.

3 Disposal to deep seabed sediments
Disposal to deep seabed sediments, like disposal in a deep landbased repository, is based on isolating waste from the human
environment in suitable geological strata in appropriate
conditions to ensure that, if radionuclides from the waste
returned to the human environment, they did so only in
concentrations that did not pose an unacceptable radiological
risk. Radioactive waste would be packaged in corrosion-resistant
packages or glass, which would be emplaced beneath at least
4000 m of water in a stable deep seabed geology chosen both
for its low pore water advection and for its retardation
properties. Radionuclides that were transported through the
geological media, to emerge at the base of the water column,
would then be subjected to the same processes of dilution,
dispersion, diffusion and sorption that affected radioactive
waste disposed of in the deep.
As discussed in [Ref. 6], for high level radioactive waste,
waste material could be buried in deep ocean sediments by two
different techniques: penetrators or drilling emplacement. The
two methods lead to different depths of waste emplacement
below the seabed. Penetrators weighing a few tons would gain
enough momentum falling through the water to embed a waste
package about 50 m into the sediments. With technology
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proven in deep sea contexts over the last 30 years, drilling
equipment could be used to place stacks of packaged waste in
holes drilled to a depth of 800 m below the seabed, with the
uppermost package about 300 m below the seabed.
Reference 6 reports an assessment of the potential
radiological risk associated with the disposal of radioactive
waste to deep seabed sediments in the Atlantic. The base case
calculations describe the effects expected from seabed disposal
of wastes produced by the 1988 world nuclear energy
production capacity operating for 11 years, which would
produce 100,000 tonnes of heavy metal. The assessment
assumed that this waste, which included volatile elements,
would be held in storage for 50 years, placed in 14,667
penetrators, and emplaced in sediments at a depth of 50 m
below the seabed at a single Atlantic site. The peak individual
dose from this disposal site was assessed to be 0.003 µSv yr-1.
In addition to disposal to the deep seabed, where water
depths would be greater than 4000 m, it has also been
suggested [Ref. 8] that low and intermediate level solid wastes
could be disposed of beneath the seabed in offshore boreholes
drilled in stable areas of the continental shelf. At such sites,
water depths would typically be less than the 2000 m minimum
suggested by the International Atomic Energy Authority (IAEA).
This proposed method of irretrievable sea disposal has not been
undertaken by the UK, and the technical feasibility of the idea
has not been fully evaluated.

avoided’. Additionally, ‘The monitoring and recoverability of
wastes is generally deemed to be important.’ [Ref. 12].

5 Regulations and laws governing sea disposal of
radioactive waste
1949 – 1963

UK disposed of low level and intermediate
level wastes at deep water sites in the
Northeast Atlantic, and at shallow water
sites in UK coastal waters. Both solid waste
and sludges were disposed [Refs 1, 2].

1963

IAEA suggested that sea disposal should
take place only in water greater than 2000
m deep. Disposal at the Hurd Deep, in the
English Channel, ceased [Ref. 1].

1963 – mid 1970s

Disposal of radioactively-contaminated soil,
rubble and sludges continued at sites in UK
coastal waters [Ref. 2].

1963 – 1982

UK continued sea disposal of solid low level
and intermediate level radioactive waste at
deep water sites in the Northeast Atlantic
[Ref. 1].

1972

The Convention on the Prevention of
Marine Pollution by Dumping of Wastes
and Other Matter, commonly known as the
London Dumping Convention (LDC), under
the Secretariat of the International
Maritime Organisation, banned the
dumping of high level radioactive waste on
the seabed [Ref. 13]. Note that this did not
affect the UK’s sea disposal activities, which
concerned low level and intermediate level
wastes only.

1983

Following concern and subsequent action
by the National Union of Seamen (NUS), the
annual UK disposal of low level and
intermediate level radioactive waste at
deep water sites in the Northeast Atlantic
was suspended [Ref. 1].

1983

The LDC adopted a voluntary and nonlegally binding moratorium on further sea
disposal by dumping on the seabed [Ref.
13].

1983

The UK annual dumping operation was
abandoned [Ref. 1].

1985

The LDC requested the suspension of all
sea disposal of radioactive waste by
dumping on the seabed [Ref. 13].

1984 & 1986

The LDC considered disposal of radioactive
waste to seabed sediments [Ref. 13]. It
concluded that no such disposal should
take place unless and until it was proved to
be technically feasible and environmentally
acceptable. A feasibility study [Ref. 6]

4 Disposal in a repository constructed below the seabed
This method of waste disposal has not been undertaken by the
UK, although it has been considered by Nirex in the recent past
[Ref. 9]. A repository located beneath the seabed could be
accessed from land or from an offshore structure, and would be
a variation on the concept of a repository located under land,
and accessed from a land base. Reference 10 discusses designs
for onshore and offshore-accessed repositories.
Reference 10 reports an assessment of the potential radiological
risk associated with the disposal of the UK’s low level and
intermediate level radioactive waste in a repository constructed
beneath the seabed. The repository in this assessment was
envisaged as taking about 2,000,000 m3 of low level waste,
and 600,000 m3 of intermediate level waste, with a total
radioactivity of about 107 TBq. For a repository constructed
offshore in hard rock, beneath shallow water, the peak annual
individual dose was assessed to be 100 µSv yr-1, whereas for a
repository constructed offshore in hard rock, beneath deep
water, the peak annual individual dose was assessed to be 0.6
µSv yr-1. The difference in these dose values is due to the
differing degree of dilution that occurs for radionuclide
migration in shallow and deep water.
Reference 9, published in 1987, details the perceived
advantages and disadvantages of disposal in a repository
constructed below the seabed. While both onshore-accessed
and offshore-accessed repositories would be technically feasible,
the costs would be high and an offshore structure would be
vulnerable to extreme weather events. The response to [Ref. 9]
led Nirex to conclude ‘There appears to be little support for the
under sea-bed accessed off-shore repository. There is general
concern that radioactive contamination of the sea should be
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concluded that seabed disposal was
technically feasible, but that further
research would be needed before actual
schemes could be implemented. The
HOCUS experiments [Ref. 7] indicated that
sediments would infill the entry pathway of
a penetrator, a key criterion of waste
disposal to seabed sediments.
1988

The LDC considered the disposal of
radioactive waste in a repository
constructed below the seabed, accessed
from land. The legality of this approach, in
the context of ‘dumping at sea’ under the
terms of the Convention, was not clear
[Ref. 13].

1993

The London Convention, the new name for
the LDC (adopted in 1992) banned the
world-wide sea dumping of low level
radioactive waste. The UK abstained from
the ban [Ref. 14].

1997

The UK Government announced significant
moves towards an end to dumping of
wastes at sea [Ref. 15]. This affected the
disposal of both radioactive and nonradioactive wastes. It also had implications
for marine pollution from land-based
sources [Ref. 16], for example radioactive
discharges to the sea from the UK’s nuclear
reprocessing plants at Sellafield and
Dounreay [Ref. 15].

1998

The OSPAR (Oslo and Paris Convention for
the Prevention of Marine Pollution)
Ministerial Conference passed a proposal
banning the discharge of nuclear
reprocessing wastes. The proposal
reduceds discharges, emissions and losses
of radioactive substances, with the ultimate
aim of bringing concentrations of manmade substances in the environment close
to zero [Ref. 17].
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Appendix 11: Main elements of safety regulatory structure
1 Regulation of power plants

•

In the UK, the lifetime safety of nuclear power plants is achieved
by attention to detail at all stages of the life cycle.
HSWA lays down and HSE enforces, through the NII, the
principle that the operator must do whatever is reasonably
practicable to reduce risk - this is the so called ALARP (As Low As
Reasonably Practicable) principle. What this means is that, unless
the expense undertaken to secure safety is in gross disproportion
to the risk, then the employer must undertake that expense. HSE
has set up a large number of standards and guidelines giving its
views on what ‘reasonably practicable’ means for the nuclear
industry.
The main tool for applying these principles is the site licence,
which is granted only when the NII is satisfied with the design
safety of the plant. Conditions are attached to each licence that
enable the NII to control progress in meeting safety requirements
at each stage of construction, commissioning and operation.
The conditions that can be attached include:

This system of nuclear regulation has developed from
experience in the UK, in discussions and review with
international agencies and, as a result, represents the best in
world-wide practices.

•
•
•

consents: licensee cannot carry out a particular operation
without NII’s explicit consent;
approvals: licensee has to describe how he is going to
perform certain activities and get NII’s approval;
directions: NII directs licensee to take specific actions.

These powers allow NII to maintain the requisite safety
conditions.
Licensees must produce a Safety Case for their plant that
satisfies HSE’s assessors. HSE has published guidance for the
assessors in the form of Safety Assessment Principles (SAPs)
which apply the general theory of tolerability and best modern
practices in science and engineering.
NII exerts control over the nuclear installation at every stage
of its life:

•
•
•
•
•

prior to and during design;
during construction;
during commissioning, at start-up;
during operation;
during decommissioning.

Each station has a designated inspector (25% on site). Every
incident must be logged, reported and, if necessary,
investigated. Reactors are shut down regularly for inspection
and maintenance and may be restarted only with the NII’s
consent. In addition to this day-to-day surveillance, NII require
the licensee to perform periodic safety reviews to:

•
•
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compare safety against modern standards;
identify any life limiting features;
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demonstrate that the plant is operating as safely as originally
intended.

2 Levels of ionising radiation
The main risk from nuclear installations concerns the potential
for release of material that emits ionising radiation. Other
manmade sources of radiation include medical X-rays, and there
are natural sources such as cosmic radiation and ground
radiation. Some slightly radioactive elements such as potassium
are ingested with food and are present at birth. The annual dose
to people in the UK from the ground, within our bodies from
birth or acquired since, and from cosmic rays, is about 1mSv,
with each source contributing about one third. Additionally,
radon seeps out of the ground in parts of the UK, adding about
1mSv on average throughout the country. So the average dose
of natural radiation is about 2mSv.
Average dose to workers in nuclear power station is 1mSv,
with a few workers receiving doses >5mSv/yr. The ICRP now
recommend a maximum of 20mSv/yr on average over a 5 year
period, with no more than 50mSv in any one year.

3 Convention on nuclear safety
The UK is a contracting party to the Convention on Nuclear
Safety and has recently reported on how it meets its obligation
under the Convention. Other countries, including non-nuclear
ones such as Ireland and Norway, will be able to comment on the
way the UK maintains nuclear safety at its power stations. A
similar procedure will apply to all other contracting parties that
operate nuclear power plants. This process will be repeated
every three years. The first meeting of the Convention took place
at the IAEA Headquarters in Vienna in April 1999, at which time
the world’s nuclear safety experts had an opportunity to
comment critically on the way the UK and other contracting
parties to the Convention operate and regulate their nuclear
power plants.
The topics to be tested in this way are the full range of issues
that contribute to the safety of the power plants and their
effects on the public. The Convention in effect provides an
international peer review of safety standards in the UK (and
other members) nuclear industry.

