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M
INTRODUCTION

Background to the STOA Investigation

On 26 March 1987 the STOA Project {(Scientific and Technological Options Assessment)
was formally lLaunched at a meeting of the European Parliament's Committee on

Energy, Research and Technology in Brussels.

One of the three subjects chosen for investigation during this
pilot phase of the project was entitled: 'Criteria for the Assessment of

European Fusion Research'. The reasons for this choice,and the major Lines

of inquiry to be developed, were outlined in the STOA Monthly Newsletter
Launch Issue of March 1987:

"Background and objective

The importance of fusion research within the overall European
Community energy research effort is indicated by the fact that JET
and the General Programme together consume about 50 per cent of the
total EC energy research budget. If NET (the Next European Torus)
is approved this figure will surely rise. Clearly the NET decision,
when it comes, will be a major one in budgetary and political terms.
It is an issue on which the European Parliament will undoubtedly be
asked to give its opinion within the next few years. Therefore there
is a need now to start preparing for this debate by attempting to
identify salient criteria for the assessment of European research into

controtled thermonuclear fusion.”

It was noted that reviews of the European Fusion Programme had tended to

concentrate on the scientific success or otherwise of the programme - 'not
surprisingly, given that the current phase is designed to establish the
scientific feasibility of controlled thermonuclear fusion". It was decided

to broaden the STOA Fusion Project to include other important features:

"0f equal importance, however, will be a call for evidence on the
technological and commercial parameters of the programme, with parti-
cular reference to the opportunity cost of the research programme in
terms of other possible energy research investment. It is not too
early to ask for expert opinions on the technological, commercial

and environmental safety aspects of thermonuclear fusion: it is a
characteristic of modern complex technologies that effective Parlia-
mentary control is often rendered extremely difficult because it
comes too late in the day. Commitments of time, money, infrastruc-

ture and expertise can build up an irresistible momentum. The most
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fundamental question to be explored by the STOA study will be:
"Wwhat criteria shall be used to judge the success of the European

fusion research programme?" "

The Sweet Study

STOA, recognising that it did not have the resources to conduct a full
appraisal of the European Fusion Research Programme, commissioned a study aimed
at identifying the "salient criteria" for the future assessment of the Programme.
This study has been carried out by Mr Colin SWEET (et al) acting as Consultant
to the Centre for Energy Studies, Southbank Polytechnic, London. During the
course of this study, the STOA Fusion Project organised the STOA Fusion Workshop
on 12/13 November 1987 at the JET Joint Undertaking in Oxfordshire in the UK,
so that the actors involved in promoting the Fusion Programme could exchange
ideas with independent experts and critics in the presence of Members of the
European Parliament. Chapter Five of the Sweet Study was commissioned by STOA

from Earth Resources Research.
At the Workshop Mr SWEET presented an interim version of his study. This

has now been extensively revised in the Light of the Workshop discussions. The
study is therefore now in its final form. It must be made clear that the study
does not represent the opinion of the European Parliament or of its STOA Project.
The study has been commissioned and drafted as a contribution to public reflection

and debate on this important matter, and comments upon it will be welcomed.

Part of the purpose of the STOA investigation into fusion ressarch was to

experiment in the methodology of parliamentary technology assessment.

Methodological Considerations

In an article written in 19?01, before the establishment of the US Congress

Office of Technology Assessment, Harold P. Green noted that:

"Most public discussion upon technology assessment to date has
ignored a fundamental point. There is never any lack of articulation
of the benefits of a technology. Every technology has powerful vested
interests - private and frequently governmental and political - who
can be relied upon to press the benefits to the technology assessors.
The problem is that the negative factors and the risks are never fully

or even adequately articulated. (....)

1
Harold P. Green: '"The Adversary Process in Technology Assessment',
Technology and Society March 1970.
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These consideration lead me to the conclusion that what is needed
tor the technology assessment function is an agency which would act as
a responsible devil's advocate or technological ombudsman and play for

the role of adversary in the Congressional and public forums..."

Green believed that this kind of perspective was particularly important

when dealing with government funded or sponsored technological developments: .

“These technologies develop with government investment which is in
no way related to the forces of the market place (....) government
supports technology development merely because desirable benefits are
foreseen even though there are no market incentives ... none of the
restraints and deterrents which are present with respect to privately
developed technologies are operative in this case.”

whilst not necessarily endorsing such an adversarial perspective, STOA does

support the idea of critical, open debate on such issues.

fFormat of the Present Document (Vols, 1 and 2)
The present document is in two volumes. Volume 1 is the Sweet study. In

Volume 2 readers will find the European Parliament's Resolution of 10 March

1988 on the 1987-91 fusion research programme2 and the report for the Committee on
Energy, Research and Technology by Alman Metten, MEP, on which the resolution

was based.B. This isfollowed by a revised version of the Background Briefing

first compiled in March 1988 and circulated to Members of the European Parliament

al the time of the debate on the Metten Report in Strasbourg. This contains
additional material arising mainly from the Workshop proceedings and studies

requested by, or submitted to the STOA Project.

It is intended to publish at a later date a summary volume of the STOA

Fusion Project in the nine official languages of the Curopean Community.

"0 ne.C 9, 11.4.88

5 Doc. tin. AP?-320/87
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Executive Summary

EXECUTIVE SUMMARY.

1. Introduction.

Thermonuclear fusion is a technology that offers the prospect of
making an important contribution to future energy supplies either
directly, or through supplying plutonium to a fast reactor
programme. Since the early 1950's, fusion research has sought to
secure an energy 'breakeven' (strictly speaking. 'breakeven:
equivalent') from fusion reactions in Deuterium, The progress
made in the JET stage has been such that this is expected to be
achieved in 1991. Achieving reactor conditions in a fusion:
reactor means improving the decisive parameters by a further
factor of 5 and that will require the building of another larger
reactor - the NET stage. which will become operational around the
turn of the century.

Fusion is therefore a science research programme, wholly funded
from the public sector. We have sought to assess it as such - a
task not helped by its institutional separation from other
Community Energy R&D progammes with which, in a full benefit cost
3tudy, it has to be compared. Market related tests are closely
linked to technical feasibility, and both share the problem of
uncertainty.

Within the EEC, fusion is the only fully integrated programme,
engaging all of the member states of the Community (and two
non-member states). Internationally it has achieved a high level
of co-operation and a design study for an internaticnelly funded
R&D programme involving the USA, Japan, the USSR and the EEC is
currently taking place.

A consensus of current thinking is that fusion power is not
likely to enter the commercial phase before the middle of the
next century. Bringing 1t to the market involves institutional
and political problems which it would premature to speculate
upon. However, the STOA project has commissioned this research
gtudy with a view to clarifying the criteria that are appropriate
for appraising the fusion project. We have accordingly used
analytical methods which sre generally applied to public sector
funding., and which are consistent with Community policies of
deepening the internal market, transparent pricing, etc (set out
in "The European energy policy., Jan 1987").

Specifically we have addressed ourselves to the Commissions own
appraisal of the fusion programme and the Proposals it has made
to the Council of Ministers and the European Parliament embodied
in the articles and documentation in COM(87) 302.

2. Fusion as a Resource.
While fusion is frequently described as a large resource in

quantitative terms, the resource regquirements for the fusion
technology itself do not appear to have been researched
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adequately. References to the estimated reserves for Deuterium
and Lithium, are seen to be quantitatively impressive. However,
the data is subject to large margins of error, and not enough
research has been done on the logistics or the cost of potential
reserves, Similarly, expressions that state that one gram of D-T
mixture equals 10,000 litres of oil (CEC 1987C) may be
arithmetically correct but they bear no relation to delivered
energy values. As such they are inaccurate and misleading.

THESE QUANTITATIVE EXPRESSIONS MAY BE INTENDED AS A RATIONALE FOR
FUSION POWER, BUT THEY ARE NOT.

If fusion is to be placed in an energy policy context, two sets
of Qqualitative statements sre required. Firstly, in terms of the
benefits and costs of alternative energy technologies how does
fusion rank, ie. what is the opportunity cost of proceeding with
fusion research? Secondly, what are the constraints on a fusion
programme a), in material terms (minerals, metals, etc) b),
social terms (environmental regulations, siting, safety, risk,
etec) ¢), systems requirements d), capital requirements and e),
technology transfer? In this short report we can do Little more than
explore such matters, but what we say points to the need for a
full feasibility study.

3. Facing the Future.

Figures S.1 & S.2 give an illustrative view of the possible
time/co8t requirements, assuming that the results of the
gscientific research phase Jjustify moving to the Development
phase. The transition between these phases 13 signified in
figures S.1 & S.2. The realisation of a breakeven in the plasma
will be to initiate further work aiming at system breakeven.
This would be the transition phase when it would be appropriate
make decisions about the development stage.

4. Framework for Evaluation.

The perceptions that have characterised the science research
phase are ceasing to provide an adequate context for the
appraisal of fusion power. The expression that fusion should be
proceeded with because it "opens a new way to power generation,
having a moderate impact on the environment and using a
practically inexhaustible fuel justifies...its development" (CEC
1987b) 1is a normative statement that expresses institutional
interests rather than reality. IT IS DESIRABLE TO CREATE A
FRAMEWORK WHICH ALLOWS FOR A MORE OBJECTIVE EVALUATION OF FUSION
POWER AND WHICH IS CONSISTENT WITH MARKET RELATED ECONOMIC
ASSESSMENT AND CHANGING PERCEPTIONS ON ENVIRONMENTAL CRITERIA.

——  emwem—

s
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5. Economic Assessment.

While it is recognised that no certainty can be attached to any
evaluation of fusion power within competitive electricity supply
markets of the future, there is neverthless a need to assess
fusion in terms of mainstrean economics. The expert report on
fusion economics of (COM(87) 302. Annex) has concentrated on
making Jjudgments on the commercial viability of fusion in the
mid-21st century. We have found this defective for two reasons.
(a) It focusses on the long term but neglects the present. In
particular, i1t dces not seek to assess fusion in terms of the
Community's R&D priorities. (b) The methods used to arrive at
the conclusions are not consistent with those used in public
sector analysis. They do not use statistical techniques
necessary in handling data characterised by a high degree of
uncertainty, and their use of theory end method can only be
described as idiosypcratic. WE BELIEVE THAT THE STUDY OF THE
EXPERT GROUP ON THE ECONOMICS OF FUSION SHOULD BE PUT TO ONE
SIDE, OR SUBMITTED FOR A SECOND OPINION.

WE DECIDED, DESPITE OUR RESRVATIONS, AS THE ONLY SOURCE OF DATA
WAS FROM THOSE WORKING IN FUSION RESEARCH, THAT WE SHOULD TEST
THE DATA IN A SENSITIVITY TEST. WE CONCLUDED THAT FUSION
COMPARES POORLY WITH OTHER FORMS OF ELECTRICITY GENERATION. ON
PRESENT EVIDENCE FUSION HAS LITTLE PROSPECT OF BEING COMPETITIVE.

WE DO HOWEVER EMPHASISE THAT SUCH JUDGEMENTS CAN BE NO BETTER
THAN THE DATA THEY USE AND THE SOUNDNESS OF THE ASSUMPTIONS THAT
ARE MADE. A FULL AND PROPER ECONOMIC EVALUATION IS OVERDUE. WE
RECOMMEND THAT THE REQUIREMENT TO DO THIS IS ATTACHED TO THE NEXT
FUNDING PROVISION.

6. Is Fusion Feasible?

We have sought to understand the present stage of technical
progress. The use of the term 'Break-even' as defining the
present programme to achieve an energy balance in the
Hydrogen~-Deuterium plasma reaction 1s open to misunderstanding.
IN QUR VIEW 'BREAK-EVEN' SHOULD BE USED AS DESCRIPTIVE OF THE
STAGE WHEN THERE IS AN ENERGY BREAKEVEN IN THE SYSTEM AS A WHOLE.
IT IS THIS ACHIEVEMENT WHICH WILL OPEN THE WAY FOR FUSION POWER
TO BE USED FOR ELECTRICITY GENERATION. Scientific feasibility,
ag that term is currently used falls substantially short of
'break-even' in the sense that we have used it.

7. Engineering.

The developmental stage that lies ahead involves engineering
problems of great complexity. We seek to understand what are the
likely costs, trade-offs and time scales. We do not share the
view that 1s to be found in COM(87) 302, that there will be
masgssive fall in costs with the first series in the post
demonstration programme. The evidence, 12 anything, points the
octher way. We look at the experience of other industries

S-u

«
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including nuclear fission. If anything, the fusion reactor is
less well placed. Its great masgs, 1its low power density, and the
difficulty of achieving a high availability are seriou
disadvantages. :

8. The Environment.

The study of the envircnmental aspects suggests that the
uncertainties here are greater than have been recognised. The
recent research of the UK National Radiological Protection Board
has thrown sarious doubt on the wisdom ¢of shallow burial for the
large amounts of radicactive waste from a fusion programme. The
economic, legal and social problems involved in deep disposal
are, from pregent standpoints, problematical. We agree that the
hazards of fusion are not be messured in the same terms as those
of fission reactors. However, there are considerable concerns
about safety and health, and in the light of the changing
criteria being used (which are complicated because they vary
between states), and the legal aspects of plant siting, we
believe that there is undue complaceny about the environmental
aspects of fusion. Experience has shown waste disposal to be one
of the most intractable problems of the nuclear fuel cycle. WE
BELIEVE THAT THE ENVIRONMENTAL ASPECTS SHOULD RECEIVE MORE
ATTENTION, AND THAT AN INDEPENDENTLTY BASED STUDY IS REQUIRED.
WE SUGGEST THAT THIS SHOULD BE UNDERTAKEN IN TIME FOR THE NEXT
PROGRESS REVIEW,

9. Management.

We suggest that the time has come to look at the management
strategy and structure. We are principally concerned with the
need to take a 100K at the broad concepts which drive the
management process. We make two proposals. One 13 a conceptual
matter, the other a strategic one. They are intended to be geen
ags closely connected. Firstly, the use of what has been
described as the sequential approach should be subjected to
thorough discussion and gquestioning as a basls for management
control and programming. The Commission, under the heading
"Objectives of the 1987-91 Fusion Programme", say:

"The way towards fusion reactors for energy
generation can be gschematically and somewhat
arbitrarily divided into three stages:
demonstration of sclentific feasibility, of
technical feasibility and eventually of economic
feasibility." (CEC 1987)

This expresses the sequential approach as a management concept
(see figure S.3 below). First, solve the science, then the
engineering and then the economics will come right. Schmitter
and Carruthers., two senior engineers in the fusion programmes
disputed this loglc in 1976. They described it as too simplified;

"It neglects the 1inevitable interaction of the

S-5
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three components and the historical fact that the
widespread application of new technologies has
usually preceded a complete scientific
understanding. A second approach is to consider a
more interactive approach but still somewhat open
ended... A third approach considers the possible
role of fusion power in a 1long term energy
strategy."
(Carruthers et al 1976)

WE ENDORSE THE VIEW THAT THE PROJECT MANAGEMENT SHOULD BE BASED

ON AN INTEGRATED ASSESSMENT, AND NOT BE OVER-DEPENDENT ON ANY ONE
DISCIPLINE.

Figure 5.3 European Fusion Programme Strategy

- - - - - ————— a——

i : | i
; Scientific 5 Technical : Economic |
| Feasibility ! Feasibility ' Feasibility !
| E i |
5 JET > L :
' ! NET \ | Doemo | |
! 1 | ]
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L ________________ L- ........... RS S G S A
Technology
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presented to the STOA Fusion Workshop by C Maisonnier, Director, Fusion Programme.
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The central problem we suggest for project management is that of
uncertainty. The sequential approach 1is not useful in this
respect. It has no way of dealing with uncertainty. Modern
management methods require an integrated approcach which subject
all areas of work to ceritical appraisal, making use of risk
analysis, probability assessment, and relating each aspect to the
central objective - ie. in this case to the production of a
socially useful product (electricity) consistent with the best
use of resources. AS PFUSION RESEARCH WILL BE SEEKING FUNDING FOR
THE DEVELOPMENTAL STAGE IN THE EARLY 1990's RE-APPRAISAL OF
MANAGEMENT SHOULD BE A CENTRAL OBJECTIVE.

Before the next stage is embarked upon it has been said that
there will be a full review. We discuss the method of monitoring
the fusion programme as we understand it to have operated in the
last decade. It has been mostly concerned with technical
matters, and has been characterised by the narrowness of approach
that we have referred to in the previous paragraph. While that
may have served a useful purpose in the earlier stage, WE ARE
STRONGLY OF THE OPINION THAT THE NEXT REVIEW SHOULD TAKE THE FORM
OF A FULL FEASIBILITY STUDY, USING INDEPENDENT EXPERTISE.

With respect to project management, we note that the

Commiassion's Proposals to the Council and the Parliament appear
to arise from the Fusion Directorate. On this we have two
comments. Firstly, we Qquestion whether the problems fundamental
to setting a framework for long-term appralsal can be properly
formulated, still less resolved, by a Directorate that is
regsponsible for the day to day admnistration of the fusion
programme. Secondly, we ask the question, should the Proposals
in COM(87) 302 have been more widely discussed? It is arguable
both in terms of the very large funding requirements, and the
length of time that it is now becoming apparent before technical
feasibllity can be established, that the implications of the
fusion programme are of major importance for the future of the
Community. These implications we discuss later, but the point we
wish to emphasise here, is that the scope of the discussion does
not appear to have matched the importance of the topic. At the
organisational level it does not appear that any other
Directorates have been involved in the processes that led to the
writing of COM(87) 302. If we are mias-informed on this point we
request that the documentation is made available. At the
political level we are not aware of any significant public
debate. To be meaningful, such & debate would have to be
open-ended. The rapporteur for the 1985 Parliamentary debate, Mr
B Sdltzer, confirmed this when he said "The possibility of
abandoning the fusion research should not be precluded." (Saltzer
1985).

For an RD&D programme, that of course must be right. Fusion,
however doces not appear to be an ordinary RD&D programme. Were
it so, we would have not laboured so hard in this atudy to bring
it into line with assessment of RD&D generally.
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10. Public Acceptability.

Public acceptability we address last, although in political terms
it is possible to take the view that it is the most important
test for any technology to pass. At present the public know very
little about fusion, and what they do know 1is often misleading.
Such a situation will change, not least because the high cost of
taking fusion to the Demonstration stage will demand increasing
attention. It is possible, partly for this reason, that the
first fusion demonstration plant will be internationally owned
and operated. In which case it will be all the more important to
create a framework in which accountability can be seen to be
operating, within which dislogue can take place, and in which
public confidence can grow.

In seeking to subject the fusion programme to critical appraisal
we recognise the progress that has been made in fusion research.
Our comments are not intended in any way to undervalue or
undermine the work that has dbeen done, and is being done. We do
however believe that there is a need to embrace more broadly,
what must be the central problem for any new advanced
technology - namely public acceptablity. A commitnent. today to
a technology for the mid-21st century, 1s an extremely difficult
matter for decision-makers. They have to be sure that what they
decide today will accord with the perceptiona of society two
generations ahead. Perhaps this means that the commitment - to
the programme should not run ahead of what the present generation
feels it is able to support. That is why we have endeavoured to
gsearch for options rather than commitment to one solution. AS A
MINIMUM WE AGREE THAT RESEARCH IN PLASMA PHYSICS SHOULD BE
SUSTAINED AND THAT THE CO-ORDINATED INTERNATIONAL EFFORT WHICH
HAS BEEN SO SUCCESSFUL IS THE RIGHT APPROACH FOR THE FUTURE.

WE ALSO RECOMMEND THAT A FULL FEASIBILITY STUDY SHOULD BE SET IN
MOTION AS SOON AS POSSIBLE: THAT IT SHOULD BE THOROUGH,
INDEPENDENT, AND TREAT ALL ASPECTS OF THE FUSION PROGRAMME WITH
EQUAL SERIOUSNESS.

]
WE SUGG@EST THAT THIS SHOULD BE UNDERTAKEN BEFORE ACCEPTANCE OF A
DEVELOPMENTAL PROGRAMME IS RECOMMENDED TO THE COMMUNITY.

A third option which has bean canvassed 1s that the fusion
programme should ONLY go ahead on an integrated international
pasis. The attractions of this are not difficult to see. Such a
course of action would keep the programme alive but at a reduced
cogt to the supporting states. As so often with compromises
there are hidden problems, and we believe that the first
importance should be given to deciding on the criteria by which
fusion is to be evaluated in the future, and the reasons for
which fusion, as a potential contributor to energy supply. should
be proceeded with. If the member states are not agreed about
that, an international programme which diffuses responsibility is
unlikely to succeed.



Recommendations

RECOMMENDATIONS.

The following recommendations cover the broad areas and
correspond to the structure of the report. Each recommendation
is given in block capitals, followed by supporting statements
from the relevant chapter, which give force to the
recommendation. (For reasons of brevity, these statements are
not always the same as those referenced in the text. The reader
should refer to the relevant chapter to place these statements in
their full context). Following the main recommendations are
suggested amendments to the draft regulation of the Commission
which went before the Council of Ministers and the Parliament.

Chapter One. Introduction.

THE POLICY WHICH GUIDES FUSION RESEARCH OUGHT TO BE SEEN AS
CONSISTENT WITH ENERGY POLICY AND RESEARCH POLICY AS SET OUT IN
THE COMMUNITY'S DOCUMENTS. 1ITS RANKING IN TERMS OF RD&D FUNDING
OUGHT TO BE CONSISTENT WITH THE COMMUNITY'S ENERGY AND RESEARCH
PRIORITIES, AND CONSISTENT WITH THE EXPECTED REAL RATE OF RETURN
THAT INVESTMENT IN AN RD&D PROGRAMME IS EXPECTED TO REALISE.

"Given that fusion research takes nearly one half
of the Community's energy research budget, we find
this separation of expenditure from policy
surprising. We believae that if a proper level of
accountablility 1is to be realised that this
separation ought to be rectified.”

(1-1)

Chapter Two. The Framework for Appraising Fusion Power.

A FRAMEWWORK FOR THE EVALUATION OF FUSION POWER IS NECESSARY. IT
OUGHT TO REPLACE THE QGENERALISED STATEMENTS ABOUT THE INHERENT
ADVANTAGES OF FUSION AS A POTENTIAL ENERGY SOURCE WITH A SET OF
CRITERIA WHICH ARE CONSISTENT WITH MARKET RELATED ECONOMIC
ASSESSMENTS AND THE CHANGQING PERCEPTIONS ON ENVIRONMENTAL
PROTECTION. UNTIL A FULL APPRAISAL IS MADE, BASED ON
RECOGNISABLE (ie. Opportunity Cost) PRINCIPLES NO LONG-TERM
DECISION SHOULD BE TAKEN.

"Correcting this lack of a recognisable framework,
is we believe more important as an objective, than
any other matter at this Jjuncture."
(1-2)

"The central problem is dealing with uncertainty
in the future. This means that there ocught always
to be a number of answers to any given question
about technical options, time or cost... Because
decision-making on matters which affact future
generations c¢an only be taken at the political
level, then decision-makers ought to bpe presented
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with options."

"We proceed from the view that there are no
imperatives and that at any given time there are a
variety of scenarios available, all of which may
be plausible. Therefore, as with other energy
systems, the merits of fusion can only be
presented to the public in terms. of the of the
benefits foregone as a result of not choosing one
of the alternatives."

"The decision-maker 1is given only one choice - to
accept the programme (with perhaps some minor
modifications in the distribution of funds between
centres, etc), or to reject it. This is precisely
the opposite of what we would have = -oT
expected 1in a major funding programme for a
long-term technology."

"There are suggestions in the Commission's

documentation that fusion is more attractive than’

nuclear fission because it is less of a safety or
an environmental hazard. We understand this to
mean that the environmental benefits are
sufficient in themselves to make fusion attractive
ag compared with fusion. If this 1s s0o, we would
have liked to have understood the force of this
argument more fully, given the public's concern
for nuclear hazards. This 1is an 1important
consideration. Unfortunately no such study appears
to have been made for the European programme,..."

"By any comparable standards, the total cost
before the commercial stage 1is8 going to be far
greater than for any previous technology,
including nuclear fission."

"If an assesement 1in the context of an RD&D
programme (and based on opportunity cost
principles) 18 not available, then progress from
the research stage to the development stage ought
not to go ahead."

(1) Ranking technologies 1in terms of the
conventional criteria, fusion 18 speculative
rather than technically feasible and therefore
options ranging between a minimum and a high level
of funding will have to be set out, as in the OTA
report.

(2-1)

(2-1)

(2-2)

(2-2)

(2-3)

(2-7)
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"(2) Trying to guess the future we recognise that
a large rise in electricity demand (and implicitly
the real cost of energy) could bring fusion from a
backstop technology atatus to that of a marginal
coat producer. We think however that forecasts of
a large rise in electricity demand need to be
documented better than they have been.

"(3) Because of its exceptionally long period of-
development and demonstration, and the long lead
times for construction of fuaion power stations,

in market terms this will prove to be an
inflexible technology, especially if# demand

management becomes more sensitive to consumer
cholice and market prices. Fusion will be favoured

by an economic¢ environment in which long-term RD&D
programmes can be funded against the prospect of a
predictable rise 1in energy demand and planned
energy growth in the public sector."

(2-13)

Chapter Three. Scilentific Feasibility.

THE TERM 'BREAK-EVEN' AS A MEASURE OF PROGRESS IN FUSION RESEARCH
IS OPEN TO DIFFERENT INTERPRETATIONS. WE RECOMMEND THE USE OF
THE TERM 'SYSTEM BREAKEVEN', AS THIS IS THE CONDITION MOST
RELEVENT TO THE AIMS OF THE RESEARCH PROGRAM (NAMELY, TO PROVIDE
A POWER PRODUCING REACTOR). WE SUGGEST THAT PROGRESS TOWARDS
SCIENTIFIC FEASIBILITY BE ASSESSED IN RELATION TO A SYSTEM
BREAK-EVEN CONDITION.

"In our view it is essential that the power of
socio-economic criteria as the final arbiters nmust
be acknowledged by a continuous assessment of
scientific and engineering progress in social,
enviroenmental and economic terms."

(3-3)

"An unrealistic definition of sclentific
feasibility can lead to an underesgstimation of the
scope, and even the nature, of the engineering
problems still to be tackled, and thig in turn
will obscure the economic and environmental
constraints that the program imposes. ™

(3-3)

".,..Wwe take the primary aim of the fusion program
to be: to provide a (comparatively) safe,
economic, and environmentally acceptable source of
electrical power from the use of controlled
thermonuclear reactions in a plasma."

(3-4)

"If criteria of scientific feasibliliity for the
nuclear fusion program are to be adequate in the

R-3
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sense outlined above, then they must express, not
arbitrary staging posts in plasma physics, but the
feagsibility of attaining scientific landmarks
directly related to the declared aim of achieving
a useful power source."

(3-3)

", ..unless the demands of the technological
programme are fully expressed by the scientific
criteria, certain implicit scientific demands may
become neglected at a very fundamental 1level,
leading to very conisiderable waste of resources
through the pursuance of unrealistic or
unrealisable goals."
(3-5)

"Neither of the criteria currently advanced as
representative of a demonstration of scientific
feagibility is in itself adequate to the task,
hbecause neither of them takes into account all the
power losses relevant to a power producing
reactor."

(3-9)

"In our view the correct scientific criterion must
dominate the programme from the earliest stages.
The danger of not deing this c¢ould be that the
entire programme is dedicated to pursuing
performance parameters which are simply not
relevant to the eventual goal. The result of
doing this could, in the very worst sgcenario be
the enormous waste of resouces on a program that
18 simply not scientifically feasible."
(3-12)

Chapter Four. Engineering Feasibility and the Fusion Reactor.

THE DEVELQPMENTAL STAGE WILL BE MARKED BY COMPLEX ENGINEERING
PROBLEMS. MANY COSTS ARE NOT YET REVEALED. THE TRADE-OFFS WILL
BE INCREASINGLY COST CENTRED. WE DO NOT SHARE THE VIEW THAT
THERE WILL BE A RAPID FALL IN CAPITAL COSTS AFTER THE
DEVELOPMENTAL STAGE, AND WE ARE NOT CONVINCED THAT THERE WILL BE
ANY FALL. WE RECOMMEND THAT THIS KEY PARAMETER 1S RECONSIDERED
IN THE CONTEXT OF A DETAILED STUDY OF THE DEVELOPMENTAL STAGE.

Three main areas of engineering constreints can be
discerned. Firatly, the pure engineering
problems. Secondly. the environmental problems
such as materials activation and waste, routine
releases and accident potential. Thirdly, costs
which can also seen to be involved in the already
existing trade-offs between engineering and the
environment.
(4-2)

———  m—
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There are at least two differing views of what
fusion power generation will offer, which may
serve as criteria for Judging its acceptability.
One, the chief benefits are not economic, but in
environmental safety. Two, that fusion power does
offer cheap electric power and the other benefits
are secondary. In the first view fusion power
would not be acceptable if it failed to be clesner
than a fast reactor programme. In the second, it
would be unacceptable if it failed to be cheaper
than existing alternatives.
(4-2)

"In fact it is Quite possible that the wall life
would be 1less than two years even with <the
optimiastic data...

"...the choice of design limit can only change an
impossible situation (wall life 1is less than two
months) into a difficult one (wall life is of only
a few years), depending on the assumptions of
tolerable ductility."

(4-7 (IIASA 1977))

Chapter Five. Safety and Environmental Aspects of Fusion Power.

WHILE FUSION DOES NOT REPRESENT THE SAME RISKS TO HEALTH AND
SAFETY OR TO THE ENVIROMENT AS FISSION, IT DOES PRODUCE A LARGE
AMOUNT OF RADIOACTIVE MATERIAL. A GREAT DEAL MORE ATTENTION
NEEDS TO BE GIVEN TO ASSESSING THE RISKS AND COSTS INVOLVED. THE
REPORT OF THE NRPB (NRPB 1687) ON RADIOLOGICAL ASPECTS OF FUSION
SUGGESTS THAT THE PREVIQUSLY HELD VIEW THAT SHALLOW DISPOSAL WAS
ADEQUATE HAS BEEN MISTAKEN. WE RECOMMEND THAT A FULL
ENVIRONMENTAL STUDY IS UNDERTAKEN. INDEPENDENT ASSESSMENT OF
FUSION REACTORS, INCLUDING SAFETY, WASTE DISPOSAL AND HEALTH
RISKS TO THE PUBLIC AND THE WORK FORCE SHOULD BE COVERED.

"INTOR estimates of total tritium inventory in a
modern plant vary from 2.5 to 3.9Kg: the U4OOOMW
(thermal) Starfire reactor would possess a tritium

inventory of 10Kg. .. There is therefore
insufficient information to make any Judgement
about possible maximum tritium releases from

accidents associated with the DEMQO reactor as
currently desgigned."
(5"607)

"Irradiation of the structural materials inside
the reactor 1leads to the build-up of radiocactive
isotopes. At the end of their 1life they will
continue to give off heat and require active
cooling for some years, and in the longer term,
aeven when acceptably c¢cool will continue to

be radicactive."

(5-9)
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"There 1s little meaningful conception, as yet, of
the degree to which the plasma will be containable
under conditions of net energy gain, and thus the
conditions <that the first wall will have to
withstand..."

", ..Transmutations 1in certain materials involve
the production of long 1lived isotopes. This is
only one consideration among many with respect to
the choice of materiasls from which to construct
the first wall and blanket of a commercial fusion
reactor."

"The UK NRPB has studied five alternative first
wall and blanket structural materials and
concluded that all would still be classifiaed as
intermediate level waste 100 years after removal
from the reactor. The EEC funding application on
the other hand writes simply of the ‘'non-existence
of important 1long-term (>100 years) potential
hazards.' It also assumes that shallow burial
will be acceptable."

"The decommissioning of fusion facilities with
their more complicated reactor arrangement and hot
cell complex and above all their very substantial
inventory of high level waste, presents as yet an
unassessable situation."

"Given current problems in finding sufficient
disposal sites for the relatively small quantities
of intermediate level waste from existing fission
power facilities, it 1is difficult <to envisage
where the nmassive radiocactive arisings from a
major fusion economy would be hcoused."™

"The greatest hazard lies in the use of lithium...
If this material 1ig exposed to water coolant or
through a breach of the reactor vessel to air or
other substances with which it will react, it will
burn to an intense heat, initiating further
accident events and itself releasing the tritiym
contained in the blanket. If such a sequence is
associated with a breach of containment, then a
chemical fire which releases a significant
proportion of the radiocactive inventory to the
atmosphere on a scale comparable to that at
Chernobyl can be envisaged."

"In their study of sclid waste management for

R-6
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fusion reactors, the UK NRPB concluded that only
deep oceaan disposal would present an acceptably
low hazard."
(5-19)

"The radiological consequences from an assumed
maximum release from a fusion reactor are
substantially less than those which would result
from a worst light water accident."

) (5-20)

"We would recommend that any further funding of
fusion power technologies should be accompanied by
funding for structured probabilistic analysis...
They need to be carried ocut by organisations which
do not themselves have a direct interest in the
success of the project..."™

(85~-22)

", . ..the environmental asseassment of fusion
compared with alternative technologies must be
carried out by organisations independent of the
interested research organisations."

(5~-23)

Chapter Six. The Economics of Fusion as a Regource.

THE ECONOMIC ANALYSIS TO BE FOUND IN THE ANNEX OF COM(87) 302 IS
INADEQUATE. WE RECOMMEND THAT IT SHOULD BE PUT TO ONE SIDE AND
NOT USED AS A BASIS FOR PROJECTING THE FUTURE OF FUSION POWER.
NEITHER IS IT SUITABLE FOR DECISION-MAKING IN THE RD&D PROGRAMME.

It 18 necessary to place fusion potential in the

wider context of the economy. This involves
consideration of long-term prices, capital
markets, and resources. Specific costs (examined

in chapter 7) c¢an only have meaning 1if the
assumptions made in the macro-economic atudy are
both explicit and credibdble. The Expert group who
have modelled sapecific costs have 1ignored this

reqQquirement.
(6-1)
"...wa recommend that the first consideration
should be given to basic questions of how the
topic of fusion economics ought to be approached."
(6-1)

“"The key 1issue is how to deal with uncertainty.
Appraigal of long-term investment in the public
saector using well tried methods, ie. setting the

discount rate, coet benefit analysis, use of
scenarios. The results are usually sudbjJected to
sensitivity analysis, and (Jdesirably)
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probabilities are attached to the results."

"Decision-makers confronted with long-term
projects ought not +to eaccept single figure
solutions. «...A range of options which include

slternatives should be regarded as & minimal way
of approsching this problem."

The future of fusion s presentaed with the
implicit or explicit assumption that real energy
costs will have risen substantially by the time
fusion comes to the market. That 'is possible.
But is it desiradle? Higher energy prices are
associated with deflationary effects and reduced
national income. :

The higher cost and risk of fusion suggest that a
higher rate of return will be expected than in the
economy genarally. There is the risk of
over-investment in such a scenario, with loss of
demand 1leaving expensive surplus capacity in the
system. Both these phenomena - higher prices and
surplus capacity - were experienced 1in the period
after 19784 in Europe. with the consumer having to
carry the cost. The presentation of fusion as
emerging in an economy with high energy demand
and high real energy costs has therefore its
drawbacks.

On the supply side similarly the assumption of
rapid growth in nuclear enargy is over-simplified.
The very rapid increase in the nuclear
contribution -~ from 275 TWh (1983) to 792 TWh
{2000) ~ becoming the market leader in electricity
supply, is unrealistic, and on environmental
grounds is almost certainly unacceptable.

Because fusion fuel costs are very low, there will
be no gains from falling fuel cost. Relative
advantage for fusion must depend not on falls in
its fuel costs, but on rises in those of ccal and
fission."

Little 1is known about the resource costs of
fusion. The requirements in terms of large-scale
commercial programmes, ie. the trade-offs between
engineering design and materials; the
environmental spin-offs of the use of Lithium,
Tritium and Deuterium; the scale of waste disposal
and the time spans involved - all of these are

R-8
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Qquestions that require far more research than has

so far been undertaken.
(6-8)

There is, for example, no consensus on the extent
of lithium resources. Pragsently 1lithium costs
around $55/kg. It is estimated that prices will
have to rise threefold before adeqQquate reserves
would be economically recoverable for large fusion
programmes. Estimates of available reserves vary
over a wide range. Similarly, estimates of the
lithium requirement of fusion reactors are very
uncertain. The potential of fusion in resource
terms can only therefore be stated in a very wide
band. We recommend that some sustained research
is undertaken in this field.
(6"8. 9)

Current reactor designs studies 1include scarce
metals. Beryllium, tungsten and vanadium 1in
particular. One Us study shows that these
materials constrainta c¢could become severe 1in a
300GW fusion economy, unless more abundant and
chesaper materials were found.

(6-11)

"The ultimate eaconomics and acceptability of
fusion energy. as with most other energy sources,
will depend to a large extent on the limitations
of materials for the various components."
(6-11 (US DOE 1987))

The effects of such resocurce costs will be felt in
the fuel cycle. Depending on the assumptions _-
made, the differente could range from 50X of the
generation cost given 1in COM(87) 302 to less than
1X%. The low figure arises from assumptions which
are unrealistic. In our view it would be unwise
to treat fuel costs as negligible.
(6-11.12,13)

Chapter Seven. The Cost Sensitivity of Fusion Power.

WE HAVE TREATED THE DATA IN COM(87) 302 TO SENSITIVITY TESTS AND
THE RESULTS SHOW THAT IT COMPARES POORLY WITH ITS NEAR
NEIGHBOURS, NUCLEAR FISSION AND COAL. ON PRESENT EVIDENCE FUSION
POWER APPEARS TO HAVE LITTLE PROSPECT OF BEING COMPETITIVE. WE
RECOMMEND THAT A FULL ECONOMIC EVALUATION IS ESSENTIAL AND THAT
THIS REQUIREMENT SHOULD BE ATTACHED TO THE NEXT FUNDING
PROVISION.

We are critical of the Commission's Expert Group's
report. In particular "to derive gpecific costs
for fusion power from conceptualised designs,
using any number of untested assumptions, 1ie¢ the

R-9
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type of forecasiing that fell into disrepute some
yvears ago..."
(7-1)

We disagree with the use of energy accounting, and

the mix of energy accounting with statistics

derived from conventional sources. "A shot gun

marriage of two sets of dats, both of poor quality

and inherently incompatible, is hardly going to

last. What it does do is demonstrate the unique

detachment of fusion technology from what 1is

happening in the world around it." ; ,
7-1

Notwithstanding that we disagreed with the methods
adopted we subjected the Expert Groups' results to
a sensitivity test in order to see how robust they
might be.
(7-2)

The economic parameters that we chose in this test
where 1in all cases less favourable to low cost
fusion than those used by the Expert Group. This
was necessary because the figures used by the
Group had been either very optimistic or
neglectful of important variables.

’ (7-2)

"Experience with fusion's closest technological
relatives in the thermal fission programme and the
fast reactor programmes suggest strongly that
capital coats have historically undergone
escalation in the face of predicted cost
decreases."

(7-70 8)

In particular we did not accept that the capital
cost of fuasion reactors would fall by a factor of
2-3 in a series of ten. This was based not on
experience with fission reactors (where a large
data bagse was not used) but on engineering-driven
cogts. We are of the opinion that this is far too
narrow a& base to project a rapid fall in capital
costs. Moreover, there are a number of
engineering features; low power density, large
size, first wall replacement, which exert
important limits on cost reduction.
(7-8)

The costs of R&D ought to be recoveread. It adas
significantly to the cost of fusion power. The
cost of decommissioning and R&D could add 50% to
the Commission's lowest Starfire estimate.
(7-9)

"It is unlikely that a fusion plant, in the first
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series at least, could be built for less than §5
pilliion. "

"The Commission's assumption, built into their
total costs is 75-80X availability. Is this high
figure a reasonable target or is it Just an
unrealistic sssumption?"

"We are of the view that the Commission should not
continue with this [availability] assumption and
that they should begin serious studies on a
full-range scenario study from which a central
estimate can be derived."

"Among the key variables affecting cost, we judged
availadbility to be the most sensitive. The Expert
Groups' assumption of an availablity of 75X or
higher appeared to have no Jjustification,
especially for an immature technology. Tested at
lower availabilities, the costs rose very rapidly.
We are of the opinion that cost sensitivities
should be re-appraised, aespecially in the light of
down-time estimates sssociated with the first wall
and blanket replacement times."

"Wa are of the view that fusion power cost
sengitivities should be re-asppraised, especially
in the light of the down-time estimates associated
with first wall and blanket replacement times."

"To assume that fusion construction will reverse
the cost trend of fission and fall by at least as
much as the other rose can only be described as
heroic. It can only be treated as evidence of
blind determination to make the case for fusion by
asserting what cannot be reasonably demonstrated."

"The notion that a technology can be brought to
the market solely by <technical improvement,
capable of being anticipated several decades ahead
in fractions of a cent per kWwh, against an assumed
background of c¢onstant real prices, and that on
such a basis forecasters can claim that it will be
competitive, can only be described as the triumph
of matter over mina."

‘

The application of energy accounting to argue that
fuel costs were close to zaro over the lifetime of
the reactor, appeared to us to be one of the worst

(7-10)

(7-10)

(7-11)

(7-11)

(7-11)

(7-12)

(7-12)
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cases of special pPleading that we have

encountered,
(7-13,14)

We concluded that the capital cost of fusion
represents a near intreactable problem. Oonly &
very high rate of return would attract investors

to fusion.
(7-16)

n-, t £

WE BELIEVE THAT MANAGEMENT STRATEQGY OUGHT TO BE BROUGHT INTO LINE
WITH LONG-TERM ENERGY POLICY AND WITH THE ORGANISATION AND
ECONOMIC CRITERIA ON WHICH RD&D SPENDING IS BASED.

WE RECOMMEND THAT THE NEXT FUSION REVIEW SHOULD TAKE THE FORM OF
A FULL FEASIBILITY STUDY USING INDEPENDENT EXPERTISE., AND
COVERING ALL ASPECTS OF THE FUSION PROGRAMME.

The "Fusion Reviews' of 1981 and 1984 confined
themselves largely to technical aspects of the
programme. Our view is that a more searching
appraisal is required before the next stage of the

fusion programme is adopted.
(8-1)

This s8hould be a full feasibility study that
should aim to provide optionsa for decisions at the
political level. It s8should be broadly based in
its approach and conlusions and seek to inform the
wider public about fusion power. It should use
independent expertise, and at the same time
involve all the concerned directorates and
committees within the Community structure.
(8-19 2)

For these reasons we believe that a repetition of
the previous type of Fusion Review would not be
adequate. The aexercise should be rigorous,
setting all the complex of factors, and defining
the objectives that Jjustify different options, and
different levels of expenditure, in order that
clear decisions can be taken at the political
level.
(8-2)

"We therefore ask the question, "Can we wait until
$20 billion have been spent before we decide 1if
the money has been well apent, or whether it
should be abandoned? We are aware that
cancellation at a late stage has bean done before
in the nuclear programme (eg the US decision to
cancel the Clinch River fast reactor project).
But we felt that the anawer to the question is

R-12
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"No", and therefore a full appraisal including a
100k at the proposed economic benefits is one that
ought to be undertaken."
(8-3)

"Wwidening the scope of appraisal should, we
suggest., include widening the scope and skills of
the fusion management. We are... concerned to
draw attention only <to the mismatch between the
very complex issues that fusion as a tachnology of
the future involves, and the present management
structure. We DbDelieve that to get the right
balance here, is as every bit as important as the
more technical aspects of the appraisal exercise."
(8-8)

"We suggest that it would bDe desirable to
strengthen the Consultative Committee of <the
Fusion Programme, and to create more effective
liaison with other Directorates with an interest
in fusion and in advising the Council and
Parliament. We also suggest that stronger links
are established with the Parliament and its Energy
and Research Committee in order to bring policy on
fusion in line with policy on energy."
(8-6)

Chapter Nine. Public Acceptability.

", ..There is as yet no body of criteria by which
Judgements can be made for the longer term and
which commands wide social acceptance."

(9-2)

"The evolution of large institutional interests is
associated with the growth of new technologies.
The institutions have been a factor in polarising
the debate by the manner in which they have
wielded their power." .

(9-3)

"There is no reason why fusion should be funded 1if
it cannot meet close scrutiny on safety and
environmental grounds. Securing acceptance on
these grounds meay be more difficult than attaining
technical or economic feasibility. Acceptance of
fusion on environmental grounds c¢ould be the
industry's botton line."™
(9-5)

Recommended Amendments to the Commission's Proposal to the Council
and the Parliament for the Next Stage of Funding (COM(87) 302).
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"Whereas thermonuclear fusion is a potential
source of energy, it has to be evaluated in the
context of all the available energy technologies
which the community 4is funding, and asgainst
accepted criteria."

(Page 42,

"The new programme will include & series of
studies in the major areas (including economics,
and the environment) of fusion development,
contributing to a full feasibility study carried
out in consulation with all of the Directorates
concerned and with the Parlisment."

para I)

(Page 82, para III)

H“Whereas the recent proposal by the Commission is
an interim measure, long-term decisions based on a
thorough assessment of the project including
participation in international projects will be
prepared during the interim period, and before the
next funding proposal.™

(P“. “30

"The Commission shall proceed without delay to a
consultation with all the relavant bodies on an
evaluation of the project 1in 1its scientifie,
technical, economic and social aspects. This
review procees will seek to bring fusion as an
energy source into close relationship with
community energy and research policies. The
evaluation shall involve independent expertise in
all the major areas. It shall be made available
for discussion before the next funding proposal is
submitted."

(Art

para I)

icle 3)




Chapter One Introduction

CHAPTER ONE. INTRODUCTION,

The object of this study is to provide the Europesn Parliament
with a balanced appraisal of the Eurcopean Fusion Programme. We
have been commissioned by the STOA Project to consider "“"What
criteria shall be used to judge the success of the European
Fusion Research programme." This may be coupled with the call of
the European Parliament for a wide ranging pudblic debate, first
made in 1984, on fusion power. The Commission began its response
to this resoclution in 1985 and it resolved algo that there should
be a Review of the fusion programme in 1987, and that a proposal
should be addressed to the Council to provide for funding for “a
new five year programme." In addition, the European Parliament,
following the Adam Report, in 1987 asked the Commission to
"undertake a comprehensive and longer term review of energy
objectives." Thus, this study is placed in the context of a
review process taking place within the Community on thermonuclear
fusion and on energy policy. These processes are documented a),
in the Commission's proposal (COM(87) 302) which contains also
the results of the work of the two expert groups on the
Environmental Impact and the Economic Prospects of fusion,
carried out at the Parliament's request, and (b), in the working
documents of the Energy Research and Technology Committee of the
Parliament, (CEC (85) 324), the Adam Report and the resolution
adopted by the Parliasment in April 1987.

We are struck by the absence of any obvious inter-relation
between the reports of the Commission and the Parliament. The
Commission's documents on fusion appear to have been written
without taking into account the energy policies adopted by the
Parliament and the Council of Ministers. At the same time these
energy policy statements make no virtually no reference to
thermonuclear fusion as such. The Parliament's resolution of
April 1987, for example, refers to fluidised bed combustion as a
project in which more research should be undertaken, but makes no
reference to fusion in either clause (£) or (g) which covers
research into new energy sources in pursuit of the Community's
energy policy. GIVEN THAT FUSION RESEARCH TAKES NEARLY ONE HALF
OF THE COMMUNITY'S ENERGY RESEARCH BUDGET, WE FIND THIS
SEPARATION OF EXPENDITURE FROM POLICY SURPRISING. WE TAKE THIS
INTO ACCOUNT WHEN WE ADDRESS THE TOPIC OF PROJECT MANAGEMENT. WE
BELIEVE THAT IF A PROPER LEVEL OF ACCOUNTABILITY IS TO BE
REALISED THAT THIS SEPARATION OQUGHT TO BE RECTIFIED.

Iindependent assessment of technologies is being recognised as a
matter of major importance in giving substance to democratic
accountability. The European Parliament, in a manner analogous
to the US Congress has found itself in need of external
appraisals of advanced technologies about which it has to make
major resourcing decisions. We are sure that this initiative of
the Parliament reflects the need to bring the processes of
accountability into line with the complexities and problems that
it presents to our societies, and to broaden the basis of
acceptability. The Office of Technology Assessment of the US
Congress has also recently completed a major study of fusion

1-1
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power entitled "Starpowar" (OTA 1987). It is a document from
which we have benefitted, and in a number of important matters
our conclusions co-incide, although the situations they analyse,
and the methods used, are often very different. We suggest that
these two external assessments in their separate ways may also be
seen as marking a steep change in bridging the gap between the
power of great new technologies, which necessarily seek to
project a future compatible to their needs, and the pudblic whose
wider concerns have to be expressed through the political
processes of the democratic state.

In addition to making technical observations we have found it
necessary to discuss the subject of decision-making and
accountability. We also devote a chapter to methods of
appraisal. We do this because we found it impossible to separate
the Qquestions affecting the future of -fusion as a technology.,
from the perceptions of those in the Fusion Centres and
Directorate, whose responsibility it is to direct the fusion
programme. We are familiar with the institutional problem that
those deaply involved in a new field of research will have a
natural tendency to indentify their future, implicitly or
explicitly, with the benefits of the technology they have bdeen
responaible for. They will therefore find it difficult to
participate in an open-ended discussion. That is why the
discussion at the political level is now particularly important
and takes precedence before decisions about further funding are
made. We are by no means sure that there has been the right
balance between technical decisions and political decisions in
the past. Possibly this has been because there is no settled
framework for evaluating the fusion programme. CORRECTING THIS
LACK OF A RECOGNISABLE FRAMEWORK IS, WE BELIEVE, MORE IMPORTANT
THAN ANY OTHER MATTER AT THIS JUNCTURE. We therefore felt it
necessary to make clear our view on these matters. We develop
the assumptions that we ourselves use in seeking to respond to
the STOA terms of reference for this study. They are ones that
broadly accord with Community philosophy and practice.

We would like to acknowledge the assistance we have had from the
staff and members of the STOA project, the various members of the
staff at the fusion centres at Culham (JET), Garching (Max Planck
Institute) and the European Commigssion (Brussels), who have
responded constructively to our questions and enquiries. We
would also like to thank Dr Gerald Epstein of the OTA office in
Washington, Judith Clarke and Gordon McKerron at the Science
Policy Research Unit, Sussex University for their help and
comments. Earth Resocurces Research have contributed the chapter
on the Safety and Environmental Aspects of Fusion Power and we
have benefitted from their participation. The overall
responsibility for the report lies with the research team
attached to the Centre for Energy Studies.

As an academically based snergy research centre we have no
commitment <to fission power, or indeed to any other form of
anergy supply. But we are aware that in the last two years
public interest in energy from nuclear fission has sharpened
consideradbly, and while fusion is a longer term prospect the
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public's perception of the role of nuclear power as an energy
form will no doubt continue to acquire clearer definition.
Nacessarily. there will be controversy about fusion as there is
about fission, but there 1is an evident need to extend and deepen
the public understanding of fusion power as a potential energy
source even while it is still in the "laboratory" stage. We hope
that this report will contribute to that process.

Mr Colin Sweet.

Consultant to the
Centre for Energy Studies.
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CHAPTER TWO. THE FRAMEWORK FOR APPRAISING FUSION POWER.

2.1 Introduction.

In this chapter we examine three issues.
§ 1. Requirements for Appraisal of Fusion Technology
2. Appraisal of RD&D programmes

i 3. Guessing the Future and other pitfalls

2.1.1 Requirements for Appraisal of Fusion Technology.

Appraisal of fusion technology is exceptionally difficult.
i Firstly, because it is technically complex. Secondly, because it
! i8 not yet known if it will achieve net energy output. Thirdly,
it 13 not Kknown how long it will be before this is known.
Fourthly, because of the very long time horizon, it is difficult
to conceptualise the conditions under which commerical output
will be be achieved or how, 1in political or institutional terms,
fusion power can be brought to the market. For these reasons it
is particularly important that excesses of optimism are avoided,
and that the persistent tendency to overstate its potential and
understate the cost are countered by introducing scenarios which
include pessimistic assumptions.

THE CENTRAL PROBLEM IS DEALING WITH UNCERTAINTY IN THE FUTURE.

! THIS MEANS THAT THERE OUGHT ALWAYS TO BE A NUMBER OF ANSWERS TO

: ANY GIVEN QUESTION ABOUT TECHNICAL OPTIONS, TIME AND COST.
Targetted solutions or single figure predictions should be ruled
out as being inherently more likely wrong than right. BECAUSE
DECISION-MAKING ON MATTERS WHICH AFFECT FUTURE GENERATIONS CAN
ONLY BE TAKEN AT THE POLITICAL LEVEL, THEN DECISION-MAKERS OUGHT
TO BE PRESENTED WITH OPTIONS.

The manner in which these options are constructed ought to be
consistent with the manner in which appraisals are made of other
energy technologies, especially those which are alternatives in
the sense that they have a significant potential in supplying
energy if fusion power is not avaliable. Choices are based on
the notion that it is the relative advantage of one product over
another, that matters. This precludes, and is meant to preclude,
the notion that the future reduces down to a overriding
commitment to any particular energy form. WE PROCEED FROM THE
VIEW THAT THERE ARE NO IMPERATIVES, AND AT ANY GIVEN TIME THERE
ARE A VARIETY OF ENERGY SCENARIOS AVAILABLE, ALL OF WHICH MAY BE
PLAUSIBLE. THEREFORE, AS WITH OTHER ENERGY SYSTEMS, THE MERITS
OF FUSION CAN ONLY BE PRESENTED TO THE PUBLIC IN TERMS OF THE
BENEFITS FOREGONE AS A RESULT OF NOT CHOOSING ONE OF THE
ALTERNATIVES.

Our first comment on the presentations in COM(87) 302 is that the
authors fall to meet any of these requirements. Whereas we might
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have expected a consideration of fusion in the broad context of
energy futures for the next century, what we have 1s a largely
programmatic epproach, in which fusion stands in isolation from
what 1is happening in energy research in both the Community and
beyond. Whereas we would certainly have expected the use of an
opportunity cost approach as basic to the funding proposals, we
have been left with the impression that the authors of COM(87)
302 have no acqQuaintance with such an approach. The treatment of
future demand 18 confined to heroic assumptions which are trivial
in their content and necessarily favourable to the case being
made. There is no element of a scenario analysis, now an almost
universally accepted method for offsetting uncertainty, and one
which we would have thought to have been almost obligatory for
those in seeking long-term funding in electricity supply.
Finally., there are no planning backgrounds, and hence the
advantages of alternative technological routes to future
electricity supply are not available, and hence no options for
decision-makers. THE DECISION-MAKER IS GIVEN ONLY ONE CHOICE -
TO ACCEPT THE PROGRAMME (with perhaps some minor modifications in
the distribution of funds between centres, etc.) OR TO REJECT IT.
THIS IS PRECISELY THE OPPOSITE OF WHAT WE WOULD HAVE EXPECTED IN
A MAJOR FUNDING PROGRAMME FOR A LONG~-TERM TECHNOLOGY.

It is important at this stage, in order to avoid misunderstanding
of the criticism we have felt compelled to make, to emphasise
that it 13 not directed at fusion as a technology or at the
scientists and engineers who have worked in the programme and
achijeved so much. It is a criticism that any independent body of
energy expertise, with experience in this field, would almost
certainly have made, and it 1s one that we believe is fundamental
to the manner in which public funds are spent and accounted for.
The European programme so far has {(in round figures) consumed
since 1976, 2600 Mio ECU (the Community has provided slightly

less than one half of this sum). This rate of expenditure will
increase to a total of 4,900 Mio ECU by 1991, and will continue
to increase in size and pace. As the sums 1lncrease, the possible

losses become larger, a situation that can only be justified by a
convincing demonstration that the benefits will be at least equal
to those in comparable projects, i1f not larger. We have found no
such demonstration.

A demonstration of future benefits has to be made in recognisable
economic terms (eg. benefit to cost ratios with an implicit rate
of return). The discount rate should be set with reference to
projects comparable in scale and risk eg. investment in offshore
0il exploration, which 1is expected to yield a real rate of return
between 5 and 15%X. (UK DOE 1987). ©On present perceptions fusion
will involve risks for the utilities greater than nuclear fission
or conventionally fuelled electricity generation. It may bear
comparison with some of the more remote renewable energy
technologiles. In any event a pattern is required to inform us of
the relative merits of fusion and non-fusion technologies. THERE
ARE SUGGESTIONS IN THE COMMISSION'S DOCUMENTATION THAT FUSION IS
MORE ATTRACTIVE THAN NUCLEAR FISSION BECAUSE IT IS LESS OF A
SAFETY OR ENVIRONMENTAL HAZARD. WE UNDERSTAND THIS TO MEAN THAT
THE ENVIRONMENTAL BENEFITS ARE SUFFICIENT IN THEMSELVES TO MAKE
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FUSION ATTRACTIVE AS COMPARED WITH FISSION. IF THIS IS SO WE
WOULD HAVE LIKED TO HAVE UNDERSTOOD THE FORCE OF THIS ARGUMENT
MORE FULLY. GIVEN THE PUBLIC'S CONCERN WITH NUCLEAR HAZARDS,
THIS IS AN IMPORTANT CONSIDERATION. UNFORTUNATELY NO SUCH STUDY
APPEARS TO HAVE BEEN MADE FOR THE EUROPEAN PROGRAMME AND WE HAD
TO RELY ON AN INTERNATIONAL INSTITUTE OF APPLIED SYSTEMS ANALYSIS
(IIASA) STUDY OF 1977.

The view 18 implicit in much of what is written that fusion will
be acceptable a), becaugse it will displace nuclear fission on
grounds of environmental protection and b), succeed it on
economic grounds. It needs hardly to be said that these criteria
have very different implications for the decision-maker. The
study by IIASA (IIASA 1977) came to the broad conclusion that the
fusion has much in common with the fast reactor, but fusion has a
balance of advantage in environmental terms. They argue, that it
ig the environmental, not the economic advantage that matters.
They were unable to identify any economic benefits in either
technology. The Commission should be in search of a methodology
by which 1t can relate fusion and fission in a study of
comparative advantage.

We accept that when the Development stage 1s reached it will be
possible to make more certain judgements about the future. But
that point has not been reached. Meanwhile it is important to
clarify precisely how the development stage 1s to be defined and
what 1s the expected level of of funding. The OTA figure of an
expenditure approximating to $20 billion fits the European
picture (see figure 2). (Note: The OTA estimate can be treated
equally as the cost of an international programme, or a national
or regional programme. The estimate for a wholly US programme to
the completion of the Developmental stage (approx. 2010), taken
from the beginning of Fusion research opproximates to $20 billion
as does the estimate shown in figure 2 for the European
programme).

It 1is a weakness of the sequential method (which we discuss in

detail, in chapter 3), that it leaves no choice but to spend such
a sum in order to find out 1if it has been Jjustified.

2.2 Appraising Fusion RD&D.

Appraisal of fusion RD&D is not an easy task. Perhaps, because
of its separate status in the Community, this has not yet been
done. But we would regard such an appraisal as a necessary basis
for the funding of a fusion programme, consistent with the
Community's broad commitment to the best use of resources and to
an open competition policy as an instrument of allocating
resources,

Research on fusion power began nearly forty years ago. While a
great deal has been achieved, it is measure of its complexity
that it 1s still not clear when the Research stage will give way
to the Development stage, and even less clear when that will give
way to the Demonstration stage. BY ANY COMPARABLE STANDARDS THE

2-3
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TOTAL COST BEFORE THE COMMERCIAL STAGE IS GOING TO BE FAR GREATER
THAN FOR ANY PREVIOUS TECHNOLOGY, INCLUDING NUCLEAR FISSION.

In seeking to bring fusion RD&D within an agsessment framwework,
it 1is important to define the present position in relation to the
past and the future. This is done graphically in figures 1-3.
After 1991/2 the figures are only estimates, and they probably
understate the likely costs of the programme as projected by the
Commission.

There appear to be two ways of Jjustifying an R&D programme:

The first .is what may be termed strategic. This may range from
decisions of etate, the most obvious of which are military, but
which may also include long-term energy strategy. The former
would not apply to the EEC because it is an economical and not a
military based assocliation. (The US OTA (OTA 1987) and ESECOM
(Holdren 1987) studies however do study the military implications
of fusion power at some length, and it is clear that such
considerations must arise in the context of an international
fusion programme). Energy Strategy. however, does fall within
the concern of the EEC as it has a long term energy strategy
which 1is broadly aiming at conservation of energy, motivated by
the wish to be less dependent on the world market (see the Adam
Report). Such a strategy however ig not based on principles
adifferent from those related to the market. While we understand
that a strategic emphasis can be applied here, that in itself
would not be sufficient to justify supporting an energy policy.
The Community cannot divorce such considerations from its own
broad economic strategy (which embraces energy policy), and which
calls for projects to be evaluated within a market context. It
1s recognised that there may be reasons for assisting a
technology with public funds - to which must be added the all
important caveat PROVIDED THAT IT WILL BE COMPETITIVE WHEN IT
ARRIVES AT THE MARKET.

The second Jjustification of such a strategy 1implies that there
will be ordering of priorities. This is clearly stated in the
Adam Report;

"Longer term requirements demand that research and
development work in new and renewable technologies
must be drastically increased. Community
expenditure 1is currently only 97 million ECU
compared with 320 million ECU spent on nuclear
developments (1986 committments). Equivalent sums
to those spent on the nuclear side must be spent
on new and renewables.™

For privately funded RD&D, the ability to survive will be
determined in the normal decision-making of the firm. Within the
public sector, however, the question resoclves itself into one of
decilding at what point funding shall be sustained, and at what
point it shall cease. Such decisions can be most difficult if
the cut-off 1s before the product gets to the markert. But unless
there 1s the will to do that, then the process of evaluation may

2-U
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become only a cosmetic exercise.

The funding for the Research and Technology (Framework)
Programme, approved in 1986, shows that the strategy criticised
in the Adam Report has been maintained and, if .anything, become
more one~sided in support of nuclear as compared with non-nuclear
technologies. In the period 1978-85, the spending on European
energy demonstration projects totalled 539mioc ECU compared with
1051imio ECU for nuclear projects with the Framework programme
(see Figure 2.1).

An evaluation framework therefore rests firstly on an opportunity
cost matrix being used (in this case) to compare fusion with
non-fusion technologies. The rationality that this implies is
not yet recognised in the Community allocation of resources for
energy resgearch. Figure 2.1 indicates broadly the order of
priorities in Community resourcing of energy RD&D. It reveals
that the order of priorities is determined institutionally and
not rationally. Nuclear research which is located separately from
the Energy Research and Demonstration programmes commands more
funds. Yet the Demonstration projects which have to be close to
the market, in a linked partnership with an industrial or
commercial entrepreneur, will yield a far better real rate of
return, This inversion of priorities is not uncommon. The UK
House of Commons Select Committee found a similar situation in
the UK (HMSO 1984). With respect to fusion it made the following
pertinent comment;

"vet a commitment has already been made to a long

term programme... This approach seems to be
esgentially based on faith 1in the scientists,
engineers and technologlists concerned. WE DO NOT

CRITICISE THE PROGRAMME ON THESE GROUNDS BUT WE
PERCEIVE IT AS BEING RUN ON A VERY DIFFERENT BASIS
FROM THAT ADOPTED BY THE DEPARTMENT OF ENERGY IN
RELATION TO SMALLER NON-NUCLEAR PROJECTS. TO WHICH
THE ATTITUDE APPEARS TO BE ONE OF SCEPTICISM
RATHER THAN FAITH."

(HMSO 1984, Vol 1, page xxviii)

Similarly, faith appears to triumph over scepticism, in the
European programme.
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Figure 2.1

Regsearch and Technology. Community R&D Policy.
(The Framework Programme, 1987-91).
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Perceptions about energy futures are subject to continuous
change. The Adam Report makes it clear that in the view of the
Energy and Research Committee, the Community's research
priorities are out of step with its energy policy. What is
noteworthy is that the areas in which the Adam Report would like
to see more expenditures, especialy in improving energy
utilisation, correspond broadly to those which will bring the
best rates of return. The matrix method employved in Table 2.4
below (page 2-?) 1is important for its role in ranking projects.
It will be seen that they range from the very attractive (Nol) to
the speculative and therefore unnattractive (No7). It is
understood that thege are not precise and can change with time.
A perspective for the future has to be sensitive to the
possibilities for technological innovation, and their likely
market impacts.

Innovation is likely to increase rather than decrease competition
in electricity supply. The next decade, for example, may see
more development in pressurised fluidised bed combustion, gas
fired combine cycles, wind and tidal energy. An RD&D asgessment
that is across the board, will place such prospects in a
manageable perspective,

2.3 Criteria and Performance,.

In this context the expected contribution that fusion will make
when it comes to the market has to be defined - albeit
tentatively. IF AN ASSESSMENT IN THE CONTEXT OF AN RD&D
PROGRAMME (based on opportunity cost principles) IS NOT
AVAILABLE, THEN PROGRESS FROM THE RESEARCH STAGE TO THE
DEVELOPMENT STAGE QUGHT NOT TO GO AHEAD.

2.3.1 The Supply Side.

Systems Requirements in Electricity Supply.

The marginal cost of fusion power will be determined in a systems
study. We see no reason why the essentials of this should not be
studied by the Commission. They would need to address such

questions as:

o How good a fit to the pattern of electricity
supply, is fuslon likely to be?

o What is its likely reliability as a base load
supplier?

o To what form of load duration curve does it f£1it?
o What are the expected availabilities?

o) What are the minimum unit sizes for fusion power
stations?
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o How flexible is it in adjustment to changing load
demand (taking into account the possibility that
micro-electronic consumer management may very well
be extensive by the mid 21st century)?

These are all qQquestions to which answers should be sought and
given according to the limits of present knowledge, in order to
give fusion a profile as a provider of power into an electricity
system.

Siting/Environmental Issues.

Where would typical fusion stations be sited? Can they be
located in urban areas, where they might be competitive with
combined cycle or other district heating schemes? Licensing
should be no more difficult than that with nuclear fission power
stations. However, some attempt should be made to project the
direction in which regulations will move.

Waste Management.

What waste disposal problems does fusion give rise to? What will
be the decommissioning requirements and costs?

The Fuel Cycle.

What are the fuel cycle supply logistics? The location of
lithium enrichment plants, tritium reprocessing plants, deuterium
plants, etc.

Answers to these questions may not yet exist, but models are
possible, and these can be refined as the research makes
progress. It 1s necessary from an early stage to define the role
of fusion, and as part of this process to indentify the supply
side costs which fusion will incur. The answer will only have
value in so far as they help us to evaluate fusion relative to
other forms of energy supply. It is this task that the R&D
agssegsment 1s concerned with. .

2.3.2 The Demand Side.

On the demand side of electricity supply. the complex of
variables might reduce itself to a a scenario analysis offering a
range of possible growth projections. Figure 2.2 is a simplified
presentation of three scenarios ranging from low to high growth.
They might all be regarded in principle as being feasible,
although none of them may turn out to be a close fit to reality.
Their purpose is to provide a framework for discussion and
analysis of the likely trends in the future. If they are Jjudged
to be reasonably credible, they will give a feel for the
conditions under which fusion might be competitive.
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Scenario 1 18 a low growth future. It should be noted that this
is broadly consistent with Community energy policy with its major
emphasis on conservation, but Scenario II 1is a better fit to
current Community projections on GNP growth. There is
considerable explicit documentation of the low growth scenarios
in the energy policies of member states as well as in Community
policy overall. Its credibility will be strengthened by the
technological changes on the supply side, which increase
efficiency both at the primary production level and in
utilisation. Here it may be seen that electricity will be under
very considerable market pressure both from those technologies
which are not so constrained by Second Law Efficiences (which
make the overall efficiency of fusion stations low), and also
from the advances that continue to be made in the utilisation of
energy.

Scenario I1l offers a view of the energy economy into which
fusion might emerge. The assumptions are those which are stated
in the sensitivity study in Chapter 7 and it will be noted that
they differ markedly from those in the Annex to the Commission's
report, which are critic¢ised in detail in Chapter 7. The
sensitivity used in Figure U4 is reactor availability, as this is
judged to be the most uncertain and important variable that will
characterise the performance of fusion reactors as they come on
stream.

2.4 The RD&D Matrix.

Bringing the supply side and demand s3ide togetheyr with
appropriate economic varlables, we have what we call an RD&D
matrix (see Table 2.4). Although much of i1t 1s judgmental it
3eeks to provide consistency by assuming all RD&D programmes can
be appralsed using market related criteria. The degree to which
they meet these criteria, is shown by the scores given in the
matrix. It gives the decision~maker a ranking for all projects
on which he can act 1f he wishes. This holds for those for which
a long period is required for the Development and Demonstration
stages. Those defined within market values are ranked according
to the money values that accrue as benefits. Table 2.4 below, 1s
a summary extract from a recent RD&D study of the UK Department
of Energy (UK DOE 1987). The extract shows how performance and
expectation can be matched against criteria in electricity
supply. The approach adopted to the assessment of individual
technologlies 1s essentially an investment appralsal of the
technology as a whole, at the point in time when it might be
commerically deployed. Annual net benefits are calculated each
year to 2030. It is recognised that some technologies cannot
expect to yleld benefits until after 2030, and attempts to
quantify benefits will be "highly speculative."

2V
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TABLE 2.4. TECHNOLOGICAL POTENTIAL and RD&D COST EFFECTIVENESS.

ASSESSMENT OF TECHNOLOGIES APPRAISAL OF RO&D
ACHIEVABLE cosT
TECHNICAL TINE-  CONTRIBUTION - ECONOMIC  EFFECTIVE- QTHER RANKING?
TECHNOLOGIES FEASIBILITY MARKET SCALE _ SCALE CATEGORY _ NESS FACTORS (-1
EXTRACTION TECHNOLOGIES
Conventional Coal Deployed  World coal Now 433 EA 1212 Export i
Extraction Potential
Underground Coal Speculative World gas Med/  [E/LL( P tH Inter- 4
Gasification Long national
Collaboration
Offshore 0il Technology  Deployed  World oil Now £ £A et leport 2
possibilities
Export potential
Tech. excellance
Passive Solar Design Deployed  Low tesp Now £t EA-L 1o Export l
(Heat and Fuel) Heat Potential
International
Collaboraticn
Biofuels - Organic Wastes Dep/Deso  lnd process Now £t EA/P tid 2
(Coabustion)
ENERGY UTILISATION TECHNOLOGIES
Building Sector Deployed Low teap Naw ffe EA/P-L tit 1
heat
Industrial CHP Deployed Low teep heat + Now £ree EA/P (112 i
elec appliances
iransport Sector (Road Deployed Transport Now £Lf 1) (212} Export 1
Vehicle and Enoine Design) Fuels Potential
ELECTRICITY-PRODUCING RENENWARLES
Wind Power leso Electricaty Shert/ £/£L P it Export i
Generation Redius Potential
T1dal Power leso Electriaaty Kediua Cf 7-L (1] - 4
Generation
Phatavoltaics Deso Electricity - £ u 4 Export b
Potential
Geothereal Spec/NYD  Electricaty Nediua € P te Techno- [
Hat Dry Rocks beneration loqical
. Excellance
ELECTRICITY PRODUCTION TECHNOLOGIES
puR2 Deployed® Electricity Now Leseee £A te/hes International 3
Generation Collaboration
Fast Reactor and Deso Electricaity Mediua  CL/€CL P/EA-L /4 International 95
Fuel Cycle? Beneration Collaboration
Technological
Excellance
Fusian Speculative Electricity - - U - Iaternational 7
Generation Collaboration

Technoiequcal
Excellance




TABLE 2.4 continued.

KEY.
Technical Achievable Econacetc Cast
Feasibilrty Contribution Cateqory Effectiveness
Dep: deplaoyed €: Value { £1 bn  EA: econceically +49% RD&D highly cost-effective in all scenarios
Deso: desonstrated £€: Value ) £1 bn, attractive 4% RDYD cost-effective in all scenarios
NYD: not yet (f3bn  P: prossing t4 RO&D cost-effective in scse, but not all
desonstrated  £££: Value ) €3 bn : unprosising scenarios
Spec: speculative : treated as a ¢ RD4D cost-effective in no scenaria
lang-tere
technal ogy
NOTES.

J The ranking is by cost-effectiveness, ie an energy supplier would invest in & technology ranked ! in preference

to one ranked 2-6 ind so forth.

Na 7 has nc serit at present because its cost effectiveness is zera,

The cost eftectiveness of nuclear fission as given by ETSU has been reduced by cne unit, ie by one £ for

This is to bring thes inta line with the change in UK

The PWR 15 treated as deployed and mot 1n the desonstratinn stage as given by ETSU, in arder to bring the

2
achievable contribution and ane ¢ for cost effectiveness.
perceptions af nuclear econceics.
3
classifications tnta line with Euragean evperience.
The UK RD&D study concluded with the fo

llowing Jjudzgements;

Economic

Prospects.

"Although fusion cycle costs should be lower than
for & Jast reactor, the difference was Judged to
be Zar short P4 offsetting the much sreater
caplital cost S The reactor island. The latter
hcwever, was muzth the most uncertain part =7 the
analystis, in vlew of the gross uncer=alnties c¢cf a
resctor concept or design. at tnls stage all
estimates are hiznly speculative.”
Achievable Cortribucion.
In a future where fast reactors were the princlipal

source of genereatlon,

prospects would appear to be

small uniess the relative capital costs were
reduceaed. In that avent flsstion power generally,
or fast reactors In particular., became politiceally
or soclially ctnacceptable, anl L high prlces and
environmenteal cons~Tralints re:z ricted Pessil Zueael
gceneration, the prospeants F£o2r fusion could 22 muah
sraeater."
Timelinaezs of REID.

in view oroTh tong “imacoale mecaszzary 2 Lring
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international collaboration project at JET is
Judged timely. Equally, in view of the long time
before expected deployment and is highly
speculative. RD&D outside the framework of
international collaboration may be regarded as
untimely."

There is an inconsistency in these Judgements 1in so far as the
authors suggest that because fusion cannot meet the basic
economic tests that it 1is 'speculative' (which meansg that there
are as yet no benefits to recommend 1it), that an international
option i3 the only one that c¢an be considered. But is an
economically sub-optimal scoring (ie. a negative result in terms
of resgsource allocation) made any better by being shared among a
number of actors in an international consortium?

In Table 2.4 above, the approved RD&D technologies (described as
economically attractive), are those that score a Benefit to Cost
Ratio greater than unity under all scenarios. On the supply side
the economically attractive areas are the conventional supply
technologies. The best results come from energy utilisation RD&D
because most of the benefits come quickly and are able to compete
with short term investments with discounts of around 25%. By
comparison fusion is classified as speculative, le 1t is not yet
technically viable. The UK study takes the view that;

"Fusion RD&D 1is pursued for strategic reasons
only. Viewed from the present, it is never likely
to be cost effective in a future where fast
reactors are deployed."
(UK DOE 1987)

What emerges from this RD&D appraisal can be summarised as
follows. Firstly, that the fleld of electricity supply is 1likely
to remailn very competitive as technologles develop. Secondly,
that it will be a long time before fusion power will be able to
compete. The time span 1s not just a function of the learning
process in fusion technology, but of the high cost. WHILE WE
CANNOT SAY ANYTHING SPECIFIC ABOUT THE COST COMPETITIVENESS OF
FUSION (or any other energy form), FOR MORE THAN FIFTY YEARS
AHEAD, INTUITIVELY WE CAN SAY THAT ONLY A MARKET IN WHICH THE
DEMAND FOR ELECTRICAL POWER IS OUTSTRIPPING SUPPLY BY A
CONSIDERABLE MARGIN IS LIKELY TO BE A FAVOURABLE ONE. IT DOESN'T
HOWEVER FOLLOW THAT FUSION WILL BE THE ANSWER TO SUCH A
SITUATION. INDEED IF ITS INTRODUCTION IS ATTEMPTED BEFORE IT IS A
MATURE TECHNOLOGY IT MAY BE THE CAUSE OF SUCH A CRITICAL GAP
BETWEEN SUPPLY AND DEMAND.

The choice for decision-makers 1s not an easy one. From our
analysls so far the following emerges:

(1) RANKING TECHNOLOGIES IN TERMS OF THE CONVENTIONAL CRITERIA,
FUSION IS SPECULATIVE RATHER THAN TECHNICALLY FEASIBLE AND
THEREFORE OPTIONS RANGING BETWEEN A MINIMUM AND A HIGH LEVEL OF
FUNDING WILL HAVE TO BE SET OUT, AS IN THE OTA REPORT.
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(2) TRYING TO GUESS THE FUTURE WE RECOGNISE THAT A LARGE RISE IN
ELECTRICITY DEMAND (AND IMPLICITLY THE REAL COST OF ENERGY) COULD
BRING FUSION FROM A BACKSTOP TECHNOLOGY STATUS TO THAT OF A
MARGINAL COST PRODUCER. WE THINK HOWEVER THAT FORECASTS OF A
LARGE RISE IN ELECTRICITY DEMAND NEED TOBEDOCUMENTED BETTER THAN
THEY HAVE BEEN.

(3) BECAUSE OF ITS EXCEPTIONALLY LONG PERIOD OF DEVELOPMENT AND
DEMONSTRATION. AND THE LONG LEAD TIMES FOR CONSTRUCTION OF FUSION
POWER STATIONS, IN MARKET TERMS THIS WILL PROVE TO BE AN
INFLEXIBLE TECHNOLOGY. ESPECIALLY IF DEMAND MANAGEMENT BECOMES
MORE SENSITIVE TO CONSUMER CHOICE AND MARKET PRICES. FUSION WILL
BE FAVOURED BY AN ECONOMIC ENVIRONMENT IN WHICH LONG-TERM RD&D
PROGRAMMES CAN BE FUNDED AGAINST THE PROSPECT OF A PREDICTABLE
RISE IN ENERGY DEMAND AND PLANNED ENERGY GROWTH IN THE PUBLIC
SECTOR.

The conclusion that would be drawn consistent with an across the
board RD&D exercise for allocating funds would be that fusion's
benefits to soclety are as a science research project and have to
be evaluated firstly on those terms. As a potential back stop
technology 1its funding would rise as it improves its position
relative to to other medium and long-term technologies on a
recognisable scale of criterisa.

2.5. Guessing the Future,.

It is not too strong a statement to say that the case for fusion
rests in the eye of the beholder; that is, in the ability to
guess the future. Energy forecasting has become an almost
ocbligatory activity, especially for governmental bodies which are
charged with the task of looking beyond the market to the longer
term needs of socilety. While in general there can be no
objection to this because markets (and very often governments)
are notoriously short sighted, the reality 1is that the art of
forecasting has been greatly abused - with the result that 1t is
an activity which is littered with the bones of falled
forecasters. This has not deterred the fusion research
interests. Indeed if the art of forecasting had not been well
developed when fusion science got into its stride., then it would
have had to have invented it. A8 forecasting 1s so essential to
the rationale of fusion, it is a pity that they have treated it
so badly. The future can too easily become a convenient way of
justifying claims on the present resocurcesg of sgsociliety.

To be specific, the following are the main fallacies which we
believe should be expunged from all serious literature, 1if
clarity is going to be achieved.

2.5.1 Herolc Assumptions.
Hernolc agssumptions should be avoided at all costs, eg to

introduce every presentation for fuision funding with the claim
that {t is an inexhaustible or "almost inexhaustible source of
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energy" 1s neither 1illuminating nor informative. The earth's
crust and atmosphere has a super abundant supply of energy.
Fusion is one technology capable of unlocking some of that
energy. This does not make it unique as an energy source.
Essentially it 18 only another way of boilling water which is then
passed as steam over a turbine to make electricity. Fusion
therefore 18 not unigque economically speaking. We have many
other ways of generating electricity, and most of them, in
economic terms, are more rewarding than fusion because on present
Knowledge they are less complicated and almost certainly much
lesas expensive. In terms of the best use of present resources,
making the right investment choices for the future 1s a pressing
problem, because nuclear research dominates the Community's RD&D
funding, and thereby pre-empts the development of other energy
forms which may be more accessible and less costly.

2.5.2 Over-optimism.

Forecasts about fusion have become couched in an aura of
over-optimism. With the resulting risk that serious errors of
judgement can be made and, in our view, are being made. The
fusion industry could learn from the experience of its near
neighbour, nuclear fission, where almost every prediction on the
tople of nuclear power has erred on the side of excess optimism.
This continues to be done (see for example "Energy 2000" (CEC
1986) which projected a near trebling in nuclear electricity
supply between 1933 and 2000. This was in the context of a 50%
increase Iin electricity consumption). Almost every official
prediction that has been made in this area has not proved Jjust
wrong, but hopelessly wrong. The forecasters, sensing what was
expected of them, have fallen into the habit of making the wish
the father of the thought,. It is true that '"To be human 1s to
err'", 1in which case we suggest it would be better now to begin to
err Iin the other direction. Murphy's Law (1f the worst can
happen it will!) may be extreme, but psychologically speaking it
would act as a useful corrective - a more robust way of grappling
with the future.

Such a robustness 1is essential. The biggest problems still lie
ahead. The history of technology, and nuclear technology in
particular, has shown that the biggest problem 1is making the leap
from the imagination of the scientist to the pragmatism of the
engineer. Professor Gowing in her offical history of the UK
nuclear industry expresses 1t thus, when describing the
intellectual problems that attended the birth of fusion's near
neighbouyr, the Fast Reactor;

"The engineers 1in charge of the project wrote that
'‘at first sight this fast reactor scheme appears

unrealistic. On closer examination it appears
fantastic. it mizht well bhe argued that 1t could
never become a serious engineering

propogition.'...

The physicists might change their minds next year,

2-15



Chapter Two The Framework for Appraising Fusion Power

salid the engineers, 'but until they do it is left
to [us] to get on with the job. "Scientists solve
the problems they can. Englineers solve the
problems they have to."'"

(Gowing 1974)

No matter how hard the road, the plasma physicist has trod to
reach the present point, it 1is sensible in our view to recognise
that the journey to achieve commercial fusion has hardly begun,
and the most difficult problems lie ahead. They may prove
intractable - at least in terms of social costs.

Lord Marshall perhaps had this in mind when he said of fusion....

"It 18 a subject of infinite possibility but zero

chance for success"
Of course he had an institutional interest. As a former head of
the UK Atomic Energy Authority he not only saw fusion from close
up. but he saw its less problematic nuclear neighbour, the fast
breeder, come close to being relegated. Making it operational
was proving to be more than problematical, and as the problems
mounted so did the cost.

A3 a backstop technology, the fast reactor 1s being placed on the
back burner. If the fuslon reactor is to be successor to fission
systems then the same logic may apply. The purpose of a
feasiblllity 3tudy 1is to discover 1if that is the case or not.
Being placed on the back burner is not to be abandoned, 1t 1is
only a recognition that at present ocur society 1s not able to
manage such technologies. However the longer the gestation
period the greater the cost. The opportunity cost of Fast
Reactor RD&D has now risento a point where 1ts future is in
question, in a number of countries which has originally 1invested
heavily in a Fast Reactor energy future. There will inevitably
be some 'knock-on ‘'effect from this high premium demanded by the
fast reactor, for fusion technology.
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CHAPTER. THREE SCIENTIFIC FEASIBILITY

3.1 INTRODUCTORY REMARKS

Two important aspects of scientific feasibility in relation to a
sclentific programme must be clarified before discussing the
particular case of fusion. These are:

1) The relationship of scientific feasibility to the
so-called sequential method and

2) The adequacy of criteria of scientific feasibility
to the declared aims of the program.

3.1.1 The Sequential Method

The sequential method in a scientific program is generally
represented (and 1is represented in the fusion program - c¢f CEC
1987b and Carruthers 1976 eg) by the following, supposedly
gsequential, three-step schema:

(1) sclentific feasibility
(11) englineering feasibility
(11 1) soclo-economic feasibility.

Soclo-economic feasibility 1is used here to include all criteria
of economic social and environmental acceptability.

The sequential nature of the schema 1s that the initial research
thrust of a gscilientific program is aimed at demonstrating the
gclentific feagibllity of the concept in question. When this has
been settled, the engineering issues are tackled and finally the
soclal, economic, and environmental feasgibility 1is assessed.

Whether or not this method is ever actually adhered to in any
scientific program (not excepting the fusion program) may be a
matter of eome contention. As a methodology however, the
consequences of adopting such a schema will have considerable
financial and environmental impact, both for the immediate
sponsors of the program and for the general public. It pays us
therefore to devote some attention to considering the force of
this methodology.

For the purposes of our diccusgsslion we identify two distinct
positions which we will c¢ail the weak sequential method and the
gstrong sequential method respectively. The weak sequential
method 1s encapsulated in the following propositions:

The Weak Sequential Method

The demonstration of the scilentific. engilneering and soclo-
economic feasibility orf a technological program can only
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proceed (if at all) in the following sequence:

(1) scientific feasibility
(11i) engineering feasibility
(1ii1)soclo-economic feasibility.

The strong sequential method contains small but essential
differences:

The Strong Sequential Method

The Question of the scientific, engineering and socio-
economic feasibility of a technological program can only be
settled in the following sequence:

(1) scientific feasibility
(11) engineering feasibility
(1ii1)socio-economic feasibility.

The two positions are denoted weak and strong respectively to
reflect the nature of their loglcal relationship to one another,
namely that the strong sequential method implies the weak
sequential method but not vice-versa.

It 13 easily demonstrated that the position we have called the
weaKk sequential method is a valid one in the following sense:

Assessment of the soclo-economic impact of a particular
technological program depends crucially on the inventory of
economic and environmental parameters required by the program,.
Such parameters include, for example, the material resources
required for construction of the technology. as well as the
potential environmerital hazards involved. These parameters cannot
be fully specified (although they may be partly specified)
before the exact nature of the engineering constraints has been
determined. These constraints depend in their turn upon the
proposed engineering solutions to the scientific problems
inherent in the program. The only relevant solutions to these
problems are those pertaining to a scientifically feasible
program. Sclentific feasibilility must of course be demonstrated
before these solutions are Known.

Of course the weak sequential position 1s not really a '"method’
as such. Its methodological force lies in the following two
methodological imperatives: firstly that all sclentific 1issues
must be tackled at the very earliest stages of the program; and
secondly. that the final arbiters for or against the
implementation of a particular technology in the market are the
criteria of social. environmental and economic acceptability.
This is not at all to relegate the soclo-economic criteria. On
the contrary, 1t assigns them a primary role in assessing the
feaaibility or infeasibllity of a program.

It is tempting to use the valldity of the weak sequential
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methodology to imply the validity of the strong sequential
methodology. This would not only be logically fallacious (a weak
proposition does not imply a strong proposition) but could prove
both costly and dangerous. To assume that the two methodologies
are equivalent would be to beg the question not only of
gscientific feasibility but also of both engineering and socio-
economic feasibility. The strong sequential method suggests that
socio-economic infeasibility cannot be demonstrated before
engineering and scientific infeasibility has been demonstrated.
This 1s a position which we regard as patently false for the
following reasons:

The final arbiters for or against the implementation of a
particular technology in the market are the criteria of socio-
economic feasibility. Long before the igssue of scientifice
feasibllity 1is definitely settled one way or another it may
become apparent that the scientific nature of the program makes
certain engineering demands which in their turn impose social,
environmental or economilc constraints which are totally
unacceptable.

The dangers of neglecting this posgssibility are twofold. In the
first instance, considerable resocurces may be squandered pursuing
infeasible or unacceptable technologies. Secondly,the momentum of
an expensive research program primarily concerned with scientific
feagibility may, very understandably, provoke a tendency to
demote or devalue the conditions of soclo-economic acceptability
when the time comes to implement the technology. In this respect
the gstrong methodolgical position 1is not only false but
dangerous.

IN OUR VIEW IT IS ESSENTIAL THAT THE POWER OF SOCIO-ECONOMIC
CRITERIA AS THE FINAL ARBITERS MUST BE ACKNOWLEDGED BY A
CONTINUOUS ASSESSMENT OF SCLENTIFIC AND ENGINEERING PROGRESS 1IN
SOCIAL, ENVIRONMENTAL, AND ECONOMIC TERMS.

3.1.2 AdeqQuacy of criteria

It is an almost immediate corollary of the position outlined in
the previocus section that the c¢riteria used to assess the
sclentific feasibillity of a technological program must be
sufficlient to the scientific demands made by the technological
program. Unless thigs 18 the case, there i3 a significant
likelihood that unrealistic assessments will be made as to the
genuine progress achieved towards the declared aims of the
program. In particular, AN UNREALISTIC DEFINITION OF SCIENTIFIC
FEASIBILITY CAN LEAD TO AN UNDERESTIMATION OF THE SCOPE, AND EVEN
THE NATURE, OF THE ENGINEERING PROBLEMS STILL TO BE TACKLED, AND
THIS IN ITS TURN WILL OBSCURE THE ECONOMIC AND ENVIRONMENTAL
CONSTRAINTS THAT THE PROGRAM IMPOSES. 1If this happens, then with
the best intentions in the world it will not be possible
accurately to assess the soclo-economic acceptability of the
program.

The first step towards fulfilliing a condition of adequacy of the
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criteria of sclentific feasibility must be to express clearly the
aime of the technological program. In the case of nuclear fusion,
WE TAKE THE PRIMARY AIM OF THE FUSION PROGRAM TO BE: TO PROVIDE A
(COMPARATIVELY) SAFE, ECONOMIC, AND ENVIRONMENTALLY ACCEPTABLE
SOURCE OF ELECTRICAL POWER FROM THE USE OF CONTROLLED
THERMONUCLEAR REACTIONS IN A PLASMA.

IF CRITERIA OF SCIENTIFIC FEASIBILITY FOR THE NUCLEAR FUSION
PROGRAM ARE TO BE ADEQUATE IN THE SENSE OUTLINED ABOVE, THEN THEY
MUST EXPRESS, NOT ARBITRARY STAGING POSTS IN PLASMA PHYSICS, BUT
THE FEASIBILITY OF ATTAINING SCIENTIFIC LANDMARKS DIRECTLY
RELATED TO THE DECLARED AIM OF ACHIEVING A USEFUL POWER SOURCE.
It is easy to find examples of scientific criteria which, though
tempting, are not adequate to the declared aims. For instance the
following:

(1) the existence of thermonuclear reactions between
nuclei

(11) the existence of thermonuclear reactions between
nuclei in a controlled laboratory environment

are representative of such related but not adequate criteria. The
first of these 1is8 easily satisfiled. It has been knhown for many
decades ncw that thermonuclear reactions between nuclel are the
source of the sun's energy. The existence ¢f nuclear fusion in
the sun is no indication however of the scilentific feasibility of
producing electriclty through nuclear fusion under terrestial
conditions (except perhaps via the intermediate step of
photovoltaics which are indeed known to be scientifically
feasible). The relevance of the sgsecond possible criterion is less
eagily demolisghed.

AS long ago as 1957 neutrons were observed from the experimental
toroidal machine Zeta at Harwell operating with deuterium (an
isotope of hydrogen) at about a million degrees Celsius (cf eg
Thonemann et al 1958). Neutrrons are a product of the fusion
reaction between deuterium nuclel and for a short time it was
believed that the Zeta results were an adequate demonstration of
the scientific feasibllity of controlled nuclear fusion. Spectral
analysis revealed however that these neutrons were produced
predominantly in collisions between deuterium nuclei moving
parallel to the axis of the toroid, rather than in randomly
directed collisions. The reactions were therefore declared to be
reactions between artifilcially accelerated deuterium nuclei. The
unacceptabllity of the existence of these reactions as a
criterion for the feasibility of a power-producing fusion
reactoy lies in the enormous input power required to artificially
accelerate the colliding beams. Such & process could never be a
net producer of power.

The problem with both or the above possible criteria is that thoy
express some but not s!1 of the sclentific demands imposed by the
aims of the prcgram.

There are three distinct ways in which the adoption of such
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inadequate criteria can be misleading. Firstly, an inaccurate
portrayal of the extent of progress towards the declared aims is
likely. Secondly, the lack of clarity in assesasing the scientific
objectives has consequences for the asseassment of both
engineering and socio-economice feasibility which will obscure the
decision-making process. Finally, and most unfortunately,

UNLESS THE DEMANDS OF THE TECHNOLOGICAL PROGRAM ARE FULLY
EXPRESSED BY THE SCIENTIFIC CRITERIA, CERTAIN IMPLICIT SCIENTIFIC
DEMANDS, MAY BECOME NEGLECTED AT A VERY FUNDAMENTAL LEVEL,
LEADING TO CONSIDERABLE WASTE OF RESOURCES THROUGH THE PURSUIT

OF UNREALISTIC OR UNREALISABLE GOALS.

3.2 CRITERIA OF SCIENTIFIC FEASIBILITY IN THE FUSION PROGRAM

On a simplistic analysis, the generation of electricity through
magnetic nuclear fusion requires that a very hot ilonised gas, or
plasma, (temperatures must be in excesgs of 100 million degrees
Celsiusg) 1s confined in a magnetic field at sufficient density
and for sufficient times that ions ¢colliding with each other in
the plasma release sgsufficient thermonuclear (fusion) energy to
compensate for the power losses from the plasma and be a net-
producer of useful power. On this very simplistic analysis, the
three cruclial fusion parameters become the temperature T, the
density of the plasma n, and the so-called confinement time ©,

The mathematical representation of this simplistic analysis
reveals in fact a very straightforward relation between the three
fusion parameters. It emerges that the relevant performance
parameter 1s the 'fusion product' nT¥ of the three crucial
parameters temperature (central lon temperature to be precise),
density (central lon density) and confinement time. Using this
fusion product 1t 13 possible to formulate certain basic criteria
which are commonly taken in the literature as the foundations for
the scientiflic feasibility of nuclear fuslon. We 1list these 1in
order of thelr severity.

(1) 'Breakeven' (Q., = 1)

The quantity Q. 18 defined as the ratio of the thermonuclear
power P. generated in the plasma to the power lost P_ from the
plasma via radiative processes. When Q. = 1, we have:

1) p__, = P .

lie the losses from the plasma are compensated for by
thermonuclear power galilned: hence the origin of the term
'breakeven'. It must be noted however that this represents a
'breakeven' within the plasma and NOT within the system. For a
Deuterium-Tritium (D-T) plasma the value of the fusion product
required to achleve 'breakeven' {n thias sense are in the region
of 10" m ‘kevs.

(11) 'Lawson's Criterion'

In 1955, in the very early days of fusion research, an attempt
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was made to provide a minimum necessary criterion for a 'power-
producing thermonuclear reactor' by John Lawson. The condition
that he proposed has come to be Khown as the Lawson Criterion and
has in some sense bean the inspiration for subsequent analyses of
the problem. Lawson's c¢riterion differe from the Q; = 1 case by
including an attempt to come to terms with the empirical limit to
the efficiency with which heat energy (released from the plasma)
may be converted to electrical energy needed to supply the
heating circuits. Lawson agssumes that all the power released from
the plasma (including both P, and P_ ) may be thus converted. The
mathematical expression of the situstion in which the total
electrical power gained from the plasma is sufficient to
compensate for the radiative logses may be written - in the
terminology of the previous case - as:

n(Py+ P ) = P
Lawson takes n to be one third so that this condition may be
written:
2) P, = 2P .
Values of the fusion product required to satisfy 2) are
correspondingly higher than those required for case 1). For
satigfaction of the Lawson criterion in a D-T plaama we require
values of nTY in the reglon of 2 <10 m ' keVs.

(111) 'Ignition'

The fusion process releases two types of energetic particles.
Helium nuclei and neutronsg according to the following equation:

D+ T ~—> He + n

(A similar equation holds for the D-D fusion reaction). About 80%
of the thermonuclear energy released during this reaction is
carried by the neutrons, while the remaining 20%¥ 13 carried by
the Helium nucleil. The energetic neutrons leave the plasma very
qQquickly and contribute nothing directly to the heating of the
plasma. It is possible however that the alpha particles (Helium
nuclei) remain long enough within the plasma to contribute
significantly to the heating effect. When enough fusion reactions
take place for the alpha particles to provide sufficient energy
to maintain the plasma at the required temperature without
external heating sources the plasma 18 said to have reached
ignition. On a simplistic analysis in which the alpha particles
trangfer all thelr energy to the plasma (and do not 1increase
losses from the plasma) the mathematical condition for 'ignition'
is8 given vy:

3) P, = 5P .

L}

Values of the fusiocn product rgquired for ignition of a D-T
plasma are in the region of 5 <10 ' m ’keV.
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3.4 PROGRESS TOWARDS MEETING THE CRITERIA

According to the analysis of the previous section, the crucial
parameters for assessing scientific progress towards nuclear
fusion are the temperature, density and confinement time of the
plasma. In JET, values for these parameters have now been
obtained individually which are very close to those required to
gsatisfy the ‘'ignition' criterion. The problem which has become
the ba&te noir of modern fusion technology however, 1is that of
achieving the required values for these three parameters
simultaneously.

For instance it has been possible using a variety of ingenious
heating techniques (ohmic, radio-frequency, heutral beam) to
increase the temperature of the plasma to well within the range
required for fusion, but increased temperatures have resulted in
degradation of the confinement time. Another problem encountered
18 the instability of the plasma under increased densities.
Collapse of the plasma under such instabpilities can result in
significant mechanical and thermal stresgses on the apparatus
which conatitute a safety threat (cf Chapter 5) as well as
limiting the o¢operational capacity of the device. Yet another
problem area has been the disparity between the response of ion
temperature and electron temperature to additional heating power.
For fusion conditions iv is imperative that these two
temperatures remain roughly the same.

Values of the fuslon product currently achieved remain a factor
of five away from those required for the Q; . = 1 criterion and a
factor of 25 away from those required for the 'ignition'
criterion.

The current 'best-shot' for the fusion product at JET is in the
region of 2 < 10% m ' keVs. This has been achleved using 1OMW of
neutral beam heating during the so-called X-point operation in H-
mode. This mode of operation employs a magnetic configuration in
which, as a matter of course, far more interaction exists between
the plasma and certain parts of the surrounding structure than in
the usual limiter mode, impoasing consequently considerable
challenges to the engineering and environmental aspects of the
program. Furthermore, it is not expected (cf OTA 1987) that
neutral beam heated plasmas will be used in practical reactors.
Although neutral beam heating is effective in increasing the
neutron yield in the plasma (largely due to interactions between
particles in the beam and particles in the plasma), the beams
themselves require a lot of power to operate.

It is hoped that, with the Known scaling laws, and once
additional heating has been commissioned in JET and modifications
to the poloidal current which drives the plasma current have been
made, the value for the fusion product in JET will then approach
that required by the criterion (i) above.
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3.5 CRITIQUE OF THE CRITERIA

The Question we must immediately pose concerning the.criteria
outlined in section 3.2 1is this:

Do all or any of these criteria meet the requirements
of adeqQuacy proposed in section 3.1°?

Let us first remark that in order to prove the scientific
feasibility of any concept, it 13 not necesgssarily essential to
demonstrate this feasibility experimentally. It is enough that
the theoretical understanding of the concept is both complete,
and reliant only on empirical concepts which are experimentally
verified. What 1a essential 18 that the criteria upon which the
gscientific feasibility is to be Jjudged are themselves adequately
formulated in the sense of section 3.1 to reflect all the
scientific 1issues embodied in the aims of the program.

The analysis leading to the formulation of the three criteria in
gsection 3.2 above was described as simplistic because (with the
exception of the second criterion) the only losses taken into
account in formulating the mathematical expression are those
asgoclated with losses from the plasma itself. In the so-called
'break-even' criterion for ingtance, the function Qo._
representing the ratio of energy produced by thermonuclear
reactions to the total energy supplied to the plasma takes into
account the losses quantifilable in terms of the 'classical
confinement' of the plasma and some radiative losses. Not taken
inte account in Q. are the 'cilrculating losses' in the system,
agsoclated with the magnetic confinement of the plasma and the
generation c¢f plasma current, and with inefficiencies in the
heating circuit. Conductive lossges from the plasma through minor
disruptions, and increased radiative losses due to high impurity
levels are in addition extremely difficult to quantify.

There 13 no question that the achievement <f an ignited plasma
will constitute a major scientifirc achievement for plasma physics
and a significant advance towards a power-producing thermonuclear
reactor. The analysis for the mathematical definition of the
ignition criterion however, is simplistic in yet another respect:
it makes the assumption that the behaviour of the alpha-particles
in the magnetic field will be guch as to allow all the energy of
the charged particles to be available to heat the plasma. In fact
the behaviour of the alpha-particles in a hot plasma is still
very much a matter of guesswork. Plasma physics is still,
relatively speaking, an infant technology: its theoretical
background is not well established and there is very little
experimental evidence concerning the behaviour of alpha particles
in a hot plasma - or indeed concerning the behaviour of a hot

plasma under the influence of quite high proportions of alpha
particles.

Strictly speaking the second of the apove criteria does not

belong to our 'simpllstic' analysis. This is because 1t
introduces a system parameter not directly related to the process
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of nuclear fusion within the confined plasma, namely the
efficiency of electrical conversion. When Lawson published his
criterion in 1957 however, he made it quite plain that even
including the generation efficliency was not to suggest that a
sufficient condition for a practical power-producing reactor was
being proposed. He writes:

'The analysis 18 based on simple assumptions; it 1is
designed to illustrate the essential features of the
problem and 1s neither rigorous nor complete. The
assumptions made are in all cases optimistic, so that
the c¢riteria established are certainly necessary,
though by no means asufficlent, for the successful
operation of a thermonuclear reactor.'

Despite this warning, and despite the fact that the Lawson
criterion does not account for circulating power losses eilther,
it remains - even thirty odd years after it was proposed - a more
realistic attempt at scientific feasibility than the other two
criteria, specifically because 1t attempts to deal with the i1ssue
of sclientific feasibility in terms of the declared aims of the
project, namely to provide an electricity-producing thermonuclear
reactor.

what we have sald so far appears to be a very damning indictment
of the procegs of evaluating the sclentliflc progress of the
fusion program. It is certainly a very geriocus criticism of the
currently elabeorated methodology. Nevertheless it 1s possible to
ralse a counter-argument that nothing we have said actually. in
itself, Jnvalidates the criteria ocutlined above as suitable for
the demonstration of scilentific feasibility. This is true. It is
pogsible., but oy no means gelf-evident, that circulating power
losses are in faci 1irrelevant to tne sclentific analysis of the
problem. Fqually Lt 1s possible that the gsimplistic assumptions
concerning plasma losses and alpha-particle behaviour are
sufficient for the purposes of sclentific feasibility.

Our criticism of the methodology however, must remain:

NEITHER OF THE CRITERIA CURRENTLY ADVANCED AS REPRESENTATIVE OF

A DEMONSTRATION OF SCIENTIFIT FEASIBILITY IS IN ITSELF ADEQUATE
TO THE TASK, BECAUSE NEITHER OF THEM TAKES I[NTO ACCOUNT ALL

POWER LOSSES RELEVANT TO A POWER-PRODUCING REACTOR, AND
CONSEQUENTLY DOES NOT ADEQUATELY EXPRESS ALL THE SCIENTIFIC AIMS
OF THE PRCGRAM. Significant additional asaumptlions must be made,
concerning genulnely scientific agspects of the system, for any of
the above-mentioned critaria to he acceptable as demonstrations
of scientifizs feasibility. As 1t stands, these agssumptions appear
to be lnadequately backed by theovretical understanding or by
experimental verification. Even 1f these assumptions are
warranted 1t i3 cggential, methcdcelogically, that they be made
explicit.
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3,6 A Sufficient Criterion for Scientific Feagibility

Let us now ask the question: what would be a sufficient

criterion for the demonstration of the scientific feasibllity of
a power-producing thermonuclear reactor? Since the term 'power-
producing' in this context means that the system as a whole (ie
taking into account all circulating power losses as well as
plasma losses) 1s a net-producer of electrical power, the
following criterion, which we shall call 'system breakeven' to
distinguish it from 'plasma breakeven' 1s certainly sufficient to
demonstrate the scientific feasibility of the program:

Svstem breakeven (Qs,; = 1)

System breakeven 1is reached when the total power recovered
from the system (le the fusion reactor) is equal to the
total power, including all circulating losses, into the
system.

To i1llustrate the magnitude of the difference between this
condition and the 'plasma breakeven' condition of gsection 3.2 we
quote the following extract from the recent report on the US
fusion program's Tokamak Fusion Test Reactor (TFTR) in Princeton,
carried out by the Office of Technological Assessment:

'TFTR 18 being upgraded to deliver up to 27 MW of
neutral beam power to the plasma. To reach [plasmal
breakeven, where the fusion power generated equals the
external power injected into the plasma, 27MW of fusion
power would have to be generated 1in the plasma. If
reaching breakeven were to require TFTR to draw near
the maximum amount of power available from its
electrical supply, it could consume close to 1000 MW of
electricity. This amount 1s 37 times greater than the
fusion power to be produced at (plasmal breakeven.'

AS an example of the kind of system losses which create this sort
of disparity between plasma breakeven and system breakeven, let
us consider the power consumed by magnetic confinement of the
plasma. In JET two flywheel generators (powered by the grid)
deliver a peak power output to the toroidal and poloidal magnets
during a plasma pulse of U4Q0OMW. The current best fusion power
output from the device (if operated with a D-T plasma) would be
around 1IMW. In terms of system breakeven this thermcnuclear power
output is barely significant in relation to the total system
input power. The enormity of this disparity will be greatly
reduced 1in future desligns where the electromagnets will be
replaced by supercooled superconducting magnets which consume a
fraction of the power consumed by the more conventional electro-

magnets. Neverthlesgs, 1t is worth making two points concerning
this example.

Firstly, the demands of sclentific feasibility, which in this
case are glaringly obvious, force an englneering constraint on
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the program, namely that of employing supercooled magnets to
provide confinement. The technology of supercooled magnets,
especially in such a large-scale engineering context, is
relatively new. In addition, these magnets supercooled to
temperatures approaching absolute zero are in very close
proximity to very high-temperature regions of the reactor. This
not only presents increased engineering difficulties, 1t also
poses an increased environmental risk, albeit slight, over the
use of conventional magnets.

We have here a precise example of the way that scilentific
constraints enforce engineering and environmental difficulties of
significant magnitude. Without a methodology prepared to accept
the arbitration of socio-economic criteria, no structure exists
for asgsessing at a sufficiently early stage in the program to
avoid wasted resources, whether or not such a solution to the
sclentific problem 18 acceptable.

The second point 1is even more serious. The use of supercooled
magnets will drastically reduce the system power losses but it will
not eradicate them entirely. (In particular, for a tokamak reactor
considerable power must gtill be supplied to provide the current
drive for the plasma.) If these losses are not taken into

account Iin the mathematical formulation of the scientific
criteria, it 1s possible to assume, as 1is currently done,

that the provision for these losses 1s totally unrelated to
achleving the desired performance targets. This 1is not the case.

A reformulation of the 'break-even' criterion to include all
relevant plasma and system losses might look like this:

W(P.,~ P ) =P =+ P

v
- - 7

where P, may or may not need modification to take account of
disruption and impurity ioszsgses, and P;,. represents the non-
recoverable system losses.

When the losses are included in the mathematical formulation of
the breakeven criterion the first thing that one notices i3 that
there 13 no longer any guarantee that the fusion product is a
relevant parameter by which to judge the scientific feasibility
of fusion. The fusion product is a mathematical consequence of a
particular set of rather simplistic assumptions about the
sclientific context of the program. 1t 1s extremely misleading to
divorce this parameter from that sclentific context. Whether or
not the fusion product remains a valid parameter for the
agsesgsment of sclentific feasibility depends crucially upon the
mathematical formulation of the other system losses.

Worse than this, the sclentific feasibility of the program itself
depends cruclially on the mathamatical formulation of the relevant
system losses. A3 a hypothetical example, let us consider the
magnetic system losses 1in more detail.

One of the problems associated with achieving high temperatures
and densities in plasmas has beenn the degradation of confinement
time. One way o©f tackling this problem 13 to improve the magnetic
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confinement of the plasma. Various magnetic configurations are
currently being investigated to determine which have the best
confinement propertiegs. One obvious way of improving the
confinement i8 to increase the magnetic field strength. (This
also improves the density limit in the plasma.) Increasing the
magnetic field strength however, necessarlily involves increasing
the circulating losses. Another way, would be to work on
increasing the efficiency |3 with which the magnetic field
confines the plasma. Experimental evidence suggests however, that
physical properties of the plasma - le genuinely scientific
limitationse - prevent ﬁ-values from being increased
indefinitely.

These are all questions fundamental to the scientific feasibility
of fusion. Questions, concerning which, current theoretical and
empirical understanding 1s very limlited. Whether or not such
issues eventually affect the scientific feasibility of fusion is
not the point here. The fact 1s that by not including all
gclentific issues relevant to the ultimate aims of the program in
our scientific criteria, there is no way that those criteria will
in themselves be able to determine whether or not the program is
scientifically feasible.

We have esgtablished that the 3ystem breakeven condition is
gufficlient to demonstrate scientlific feasibllity:; 1t necesgsarily
includes all 3cientific aspects associated with the system.
Finally we ask: 1s the condltion pecesgsgry for scientific
feasibllity? Certainly 1t 1s necessary to achieve this condition
in order to demonstrate gxperimentally the sclientific feasibility
of the program. We have already remearked however, that actual
experimental verification 1s not necessarily essential to the
process of demongtrating sclentific feasibility.

In fact we have no means ot knowing whether or not a weaker
condition might suffice rfor the purposes of demonstrating
sclentific feasibility unless the system breakeven 1s formulated
mathematically., makKing explicit all assumptions and all
theoretical implications.

IN SUMMARY THEN, WE HAVE ESTABLISHED THAT THE CRITERIA
GENERALLY REGARDED AS RELEVANT TO THE ASSESSMENT OF THE
SCIENTIFIC FEASIBLITY OF A NUCLEAR FUSION ARE NOT IN THEMSELVES
ADEQUATE TO THE AIMS OF A POWER-PRODUCING REACTOR. WE HAVE ALSO
ESTABLISHED THAT THE SYSTEM BREAKEVEN CONDITION IS SUFFICIENT
FOR THIS PURPOSE. A WEAKER CONDITION MAY SUFFICE AS THE CORRECT
SCIENTIFIC CRITERION BUT THIS HAS NOT BEEN DEMONSTRATED.

IN OUR VIEW THE CORRECT SCIENTIFIC CRITERION MUST DOMINATE THE
PROGRAM FROM THE EARLIEST STAGES. THE DANGERS OF NOT DOING THIS
COULD BE THAT THE ENTIRE PROGRAM IS DEDICATED TO PURSUING
PERFORMANCE PARAMETERS WHICH ARE SIMPLY NOT RELEVANT TO THE
EVENTUAL GOAL. THE RESULT OF DOING THIS COULD, IN THE VERY WORST
SCENARIO, BE THE ENORMOUS WaASTE OF RESOURCES ON A PROGRAM THAT IS
SIMPLY NOT SCIENTIFICALLY FEASIBLE.
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We are not suggesting that this i1is the case with the nuclear
fusion program. We are suggesting that insufficient effort has
been dedicated to ensuring that it is not the case.
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CHAPTER FOUR. ENGINEERING FEASIBILITY AND THE FUSION REACTOR.

4.1. The Interrelations between Engineering, the Environmenpt,
and the Cost of A Fusion Reactor. C

4.1.1 Introduction.

“The most difficult problems appear to be those
associated with materials science: superconductors
to withstand enormous mechanical stresses for
vears; mirrors and 1lenses to handle tens of
thousands of laser pulses of devastating power
daily:; first-wall materials, next to the fusion
pPlasma, which muast be resistant to swelling,
sputtering, blistering. cracking, and loss of
strength under intense bombardment by fusion
reactions, x-rays, and energetic ions, and which
must also be compatible at their elevated
operating temperature with the coolant and
tritium-breeding and neutron-multiplying
materials; alectrical insulators that can retain
their properties in this hostile environment; and

8O0 on. Extraordinary demands will also be placed
on vacuum technology, instrumentation and control
technology. aenargy storage and switching

technology. and systems integration. 1f all this
can be pulled together to produce a semblance of a
power reactor within 1% years or so of the
scientific feasibility demonstration - that 1isa,
sgay, by the year 2000 - it will be an amazing
accomplishment.,"

(Holdren 1978)

"On the Dbasis of current evidence, the Tokamak
Fusion Test Reactor (TFTR), now under construction
at the Princeton Plasma Physica Laboratory, should
demonstrate more than energy break-even after its

completion in 1982. Furthermore, extensive
technology development programs in the regions
mentioned above 1indicate that there is no

fundamental technological obstacle to translating

the scientific success of tokamak development to

the production of controlled fusion power."
(Clarke 1980)

The two Qquotes above indicate a disparity of views on the
engineering feasibility phase of the fusion R,D&D programme, in
this section we shall explore the reasons for such a divergence
of opinion in some detail with a view to identifying the critical
areag of a fusion power programma.

We have seen that JET, although it may satisfy the Lawson
criteria, 18 not in & position to fully prove scientific
feasibility, and it is now seen that NET will have to be flexible
anough to finish the tagk of proving scientific feasibility as
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well as being an engineering test reactor (and similarly will
initially run on H-D plasma rather than D-T (Atom 1987)). NET
will have two aspects of engineering feasibility integral to its
design. Firstly, those engineering problems associated with
obtaining reactor plasma parameters, which we have seen from the
discusasion of scientific feasibility are proving to be more
demanding than was anticipated. Secondly, there are those
engineering problems concerned with proving the possibility that
fusion power can be usad to generate electricity in an actual
reactor. There are a large amount of unknowns involved in this
part of the programme, and it is likely to be the most demanding
and costly part of the whole programme.

Work has begun on possible reactor designs, mainly as an exercise
in problem finding rather than problem solving. As everyone
involved is keen to point out, these are neceasarily tentative
and speculative. However, these studies have been extremely
ugseful in identifying the kind of constraints that will apply to
a fusion reactor. THREE MAIN AREAS CAN BE DISCERNED. FIRSTLY,
THERE ARE THE PURE ENGINEERING PROBLEMS SUCH AS FUELLING AND
EXHAUST, EFFECTS OF HEAT AND NEUTRON IRRADIATION OF MATERIALS,
TRITIUM HANDLING AND EXTRACTION, BREEDING MATERIALS, ETC.
SECONDLY, THERE ARE ENVIRONMENTAL PROBLEMS SUCH AS MATERIALS
ACTIVATION AND WASTE, ROUTINE RELEASES AND ACCIDENT POTENTIAL.
HOWEVER, IT BECOMES CLEAR IMMEDIATELY THAT SUCH ISSUES ARE NOT
DISCRETE, THERE ARE CLEAR TRADE-OFFS BETWEEN IDEAL ENGINEERING
SOLUTIONS AND ENVIRONMENTAL SOLUTIONS. THE THIRD AREA, COSTS,
CAN ALSO BE SEEN TO BE INVOLVED IN THE ALREADY EXISTING
TRADE-OFFS BETWEEN ENGINEERING AND THE ENVIRONMENT. Typically
then, major engineering decisions will involve estimating the
likely effacts on the environment and on electricity supply cost
as well the usual engineering choices. Many decisiona on the
design of fusion reactors have already been taken on this basis.
These decisions are not taken in & particularly coherent way, it
i8 more that certain options may be excluded if they are thought
to involve too much of a particular sort of cost, although it
must be understood that all options involve some costs.

Obviously, extreme solutions are not feasible. A reactor design
where avery decision was taken in favour of the most
environmentally clean alternative would be prohibitively
expensive. Similarly the cheapest reactor would be dirty and
dangerous in environmental terms. It follows that reactor
designs will have to take account of the role that fusion power
is8 expected to fulfil and its acceptabllity to decision-makers.
THERE ARE AT LEAST TWO DIFFERING VIEWS OF WHAT FUSION POWER
GENERATION WILL OFFER, WHICH MAY SERVE AS CRITERIA FOR JUDGING
THE ACCEPTABILITY OR OTHERWISE OF FUSION POWER. ONE IS THAT ITS
CHIEF BENEFITS ARE NOT IN THE AREA OF ELECTRICITY COSTS BUT IN
ITS ENVIRONMENTAL SAFETY. ON THAT BASIS DECISIONS TAKEN ON COST
ALONE COULD BE UNFAVOURABLE TO FUSION POWER. ANOTHER VIEW IS
THAT FUSION POWER OFFERS CHEAP AND RELIABLE ELECTRICITY FIRST AND
FOREMOST AND THE OTHER ADVANTAGES ARE SECONDARY. IN THE FIRST
VIEW, FUSION WOULD NOT BEFE ACCEPTABLE IF IT FAILED TO BE
SIGNIFICANTLY CLEANER THAN AN FBR PROGRAMME. IN THE SECOND VIEW
IT WOULD BE UNACCEPTABLE IF IT FAILED TO BE CHEAPER THAN EXISTING
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ELECTRICITY GENERATION TECHNOLOGIES. CLEARLY ENGINEERING
DECISIONS WOULD FAVOUR ENVIRONMENTALLY CLEAN OPTIONS IF THE FIRST
VIEW WAS PREVALENT AND WOULD NOT IF THE SECOND VIEW WAS
PREVALENT. Thus it is during the engineering phase that we bagin
to understand the likely social cost of fusion power.

In the following we shall attempt to outline the main areas where
trade-offs in the design of reactors arise, and assess what
implications such trade-offs might have for fusion power.
Finally, we shall attempt to asseas how fusion reactor design is
paerforming in terms of its energy supply scenario and what
problems may be anticipated in a fusion reactor programme.

4.1.2 Terms of Reference.

Throughout this study a number of conceptual reactor design
studies are used. There are two main reasons for this.

Firstly, these studies are extremely useful in gaining
understanding of the main areas of difficulty which would be
encountered by an attempt to build a fusion power plant. As such
they are extremely useful to the programme management, showing
the critical ereas where more work needs to be done. There is no
attempt to suggest that these studies bear a very close
resemblance to what a reactor will actusally look like. The
studies are based on long burning plasmas up to 5000 seconds,
although it is not yet established that such a quasi-steady state
is attainable, let alone what the specific plasma conditions will
be associated with such situation. Also, most studies are based
on a 'reasonable' extrapolation of existing technologies and
clearly there 18 no certainty about how easy or costly some
solutions to problems will be. They may be significantly harder
than assumed. Similarly =zome problems may prove to be
significantly easier, although 1t has to be sald that the
methodology adopted seems to favour optimistic outcomes to
problem areas.

The second reason for studying reactor design parameters, related
to the first, concerns the question of assessing fusion's
feasibillity. While it is clear that one cannot demonstrate
engineering or economic feasibility with any certainty until
scientific feasibility is established, it is a logical fallacy to
gay that one cannot demonstrate engineering or economic
infeasibility until aftexr scientific feasibility is established.
Yet thia is the approcach adopted in the management of the fusion
programme. This has two main effects. One, is that those
funding the programme are committed to walting an unusually long
time and spending a large amount of money before one can say
whather it has been worthwhile. Secondly, such a approach to the
management of the programme leads to criticism of the way the
programme proceeaeds. As Carruthers and Schmitter put 1it;

“"The demonstration of 'scientific feasibility' in

a confinement geomatry for which it had to be
admitted that there was no possibility of
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proceeding from that point to a fusion reactor
could be embarrassing."”
(Carruthers et al 1976)

In reality, strict engineering infeasibility is unlikely to be
revealed, rather that the range of engineering options available
may preclude the establishment of economic feasibility, the
economic or environmental costs may be too high. It is not
uncommon to hear engineers in the fusion programme saying that
the tokamak, although being a device which seems most likely to
be able to achieve the reactor relevant plasma conditionsa, is of
a design such that it is unlikely to be able to produce
electricity at a price that will favour its introduction.

4.2 Engineering Problems.

Engineering problems fall broadly into three groups;
(1) firast wall problems
(2) fuel cycle problems
(3) magnetic confinement problems

There are many sub-divieions and some are more integrally linked
with envrionmental problems, eg the first wall, than others. The
solutions to these problems will obviously be of critical
importance to the key quastions of capital costs and availability
of a fusion reactor.

4.2.1 The First Wall.
(a) Wall Interactions.

The first wall of the DEMO reactor would consist of a 3mm copper
wall backed by Helium cooled Inconel tubes. 2mm thick tungsten
first wall tiles would be attached to this wall by means of a
support structure made of 1mm thick tunsten. The tiles would
have an cperating tempersature of around 2250 C and most of the
thermal energy would be transferred to the wall behind by heat
radiation. There are sevaral problems of interaction with the
plaama. The main engineering ones are that impurities foul the
plasma and that such interactions may reduce the life of the wall
and any pieces of equipment in that area, such as heating
devices, dliagnostics, etc.

There is an inconsistency between the rather optimistic
statements, based on JET operating experience and the problems
envigsaged when considering reactor design concepts:

“Impurity levela presented a problem, as they
reduce the number of plasma ions available for
fusion and cause radiation lossges. Experiments

with low-Z (carbon) tiles on the inner walls and a
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carbonized vessel showed reduced levels of metal
and oxygen impurities."
(CEC 1987B)

"Practical design solutions for the first wall
were found to be heaviliy constrained by mutually
conflicting requirements. During the plasma
heating phase, good isolation of the plasma from
the tiles will be required to avoid an excesasive
concentration of high 2 impuritity in the plasma.
This has not yet been investigated."
(IAEA 1985A)

Also, after a year of coperation, JET was found to have sufferad
some fairly serious and essentially unpredicted electron damage
(neutron damage was negligible dAue to the fact that JET currently
operates only on Hydrogen-Deuterium fuel below reactor levels):

"Erosion features attributable to run-away fast
electrons, to unipolar arcing. and to rare power
arcs have been identified. Sputtering and
evaporation processes are seen and redeposition
and cross—-contamination of elements within the

torus are clearly observed. Severe local effects
of thermal excursions are sean on protection
plates.

"Datritus recovered from the vacuum vessel

includes metallic droplets and filmas, and fibrour
material, probably from clothing."
(Lomer 1985%5)

Such events may have a number of implications, and 1t is
reasonable to assume that such problems will not diminish when
using higher energy plasmas and tritium fuel. This may be
exaggerated by operational modes involving routine first wall
interaction (limiters and X-point operation) currently being
explored in an attempt to improve confinement times. If impurity
levels get tooc high, then 1t becomes dAifficult for fusion
reactions to take place. Reducing the level of impurities caused
by such events is not at an advanced stage sc little can be said
about the methods that could be used, except perhaps that it will
not be easy. If it proved necessary to clean the reactor
raegularly that would be costly. There are also implications on
the environmental side and for the fuel cycle.

(b) Wall Materials.

The question of wall materials in fusion reactors was dealt with
in some length in "Fusion and Fast Breeder Reactors" ((IIASA
1977) and (Brandt et al 1980)), and this study serves to indicate
the main issues in reactor engineering. In the section on
‘'Effects of Fusion Reactor Environment on the Properties of
Materials', the following problems are menticned with a brief
discussion of the level of importance and knowledge about the
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behaviour of the materials in fusion reactor conditions. We
briefly summarise the section belows

Problem. Importance. Level of Knowledge.

1. Dimensional Instability.

(a) Swelling due to Voids High Virtually none
(b) Swelling due to Gas Bubbles High Reasonable
(c) Growth [in Graphite] High Virtually none

2. Mechanical Property Changes That Could Be Important in CTR
Materials.

(a) Ductility Very high Only for 88316
(b) Potential Creep Problems High Virtually none
(¢c) Fatigue Very high None

(except for Mirrors)

3. Some Physical Properties of CTR Materials That Depend on
Radiastion Damage.
(a) Electrical Resistivity Moderate Poor
(b) Radiation Damage to
Superconducting Magnet
Materials Moderate Reasonable

Further:
"“Tha degradation of materials properties by
neutrons results in at 1least the 8ix following
major effectst

(1) reduced efficiency:

(2) reduced plants factors;

(3) increased caplital costs;

(4) increased coperating ccostsa:

(5) increases in the volume of radiocactive waste which

must be processed and stored; and
(6) demand on scarce elements"
The Chapter concludes:

"Undoubtedly more problems will be identified in

the future. We must, therafore, reluctantly
conclude that, next to the pPlasma physics
problems, radiation damage 1is the s8econd moat
serious obstacle to the commercialisation of

fusion power"
(IIASA 1977)

It seems to be the case that knowledge about the behaviour of
materials under high MeV neutron bombardment is sorely missing in
the enginerring phase of the fusion programme. The US Department
of Energy, in conjunction with Canada, Japan, and Euratom
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(including Sweden), did plan to build to build a Fusion Materials
Irradiation Test Facility and the majority of the design work was
completed. However, in the context of "a general contraction of
energy RD&D budgets in most IEA countries" (IAEA 1976), the
projected $220 million cost was too high, and the project was
shelved in 1985. The US programme does not currently include
building an FMIT facility until the early 2000s, assuming
Congress grants them the funding they require (US DOE 87).

The constraints on the first wall engineering are such that a
critical variable becomes the life-time of the first wall, both
in environmental terms and cost terms. There is a major
trade-off over the thickness of the first-wall tiles. The tiles
have to be kept thin to allow the neutrons to pass through to
breed tritium in the blanket. The DEMO design estimates that the
proposed first-wall reduces the tritium breeding ratio (the ratio
of tritium bred in the reactor to the amount used as fuel) by
13%X. On the other hand, the thinnrer the first-wall the more
fraquently it will need replacing which will obviously have
effects on the availability of the reactor and thus on the
generation cost. The need to replace the first wall before the
reactor has reached the end of its useful life haa long been
recognised as necessary from an engineering point of view. The
length of time usually qQuoted for first wall replacement is
somewhere between 2 and 10 years, However, from detailed reactor
design studies it would appear that conditions are so extreme in
the first wall of a fusion reactor that not only is replacement
after two years being considered, it has actually emerged as a
TARGET, and one that may be hard to actually achieve. The
first-wall design chosen in the DEMO study is in accordance with
a target of replacement every two years, When referring to the
problem of ductility due to the large Helium generation rate in a
fusion reactor, the IIASA astudy makes the following observation;

"Therefore, it is8 difficult to place a definitive
wall 1life. unlegs one were to use the most
pessimistic data. Such an approach would yield a
life of two to three months in a reactor like
UWMAK II. If one uses the U.E, design limit of
one per cent (elongation], the situation becomes
much worse. IN FACT 1T IS QUITE POSSIBLE THAT THE
WALL LIFE WOULD BE LESS THAN TWO YEARS EVEN WITH
THE OPTIMISTIC DATA.... The whole point of this
exaercise is to point out again that the high
helium generation rate will probably place an
upper temperature limit on the first wall 1life,
regardless of the corrosion or creep behaviour of
the material, Secondly, THE CHOICE OF DESIGN
LIMIT CAN ONLY CHANGE AN IMPOSSIBLE SITUATION
(wall 1life 18 lesa than two months) INTO A
DIFFICULT ONE (wall life 1is of only a few years),
depending on the assumptions of tolerable
ductility." [Our emphasis].
(IIASA 1977)

The environmental and cost implications of such a short first
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wall replacement time will be explored below.

4,2.2 Tritium Handling.

Tritium will be present in a number of areas in a fusion reactor.
It will be present in the fuel and exhaust, in the breeding
blanket, it will need to be stored, and it will present in
varying quantities in the reactor structure. Tritium handling

is a problem due to its ability to permeate through solid
structures, particularly Niobium, Vanadium and Titanium
refractory alloys. Its permeability increases with temperature.
The seriocusness of this quality of Tritium depends to a certain
extent on the material chosen as the coolant in a fusion reactor.
To overcome this permeation problem it is proposed to oxidise it
upon leaving the breading elements and then carry it in the
coolant as tritiated water. Howeaver, tritium is extremaly costly
to remove from water (Stacey 1984). A dual-purpose coolant is
proposed to both remove the Tritium from the breeding blanket and
the heat from blanket, methods will have to be devised to remove
it qQquickly and cleanly. One way of doing this under study 1is to
remove the tritiated water by allowing approximately 1X of the
coolant flow to be diverted to a tritium extraction plant and
remove it the tritiated water by meansa of molecular sieve beds.
Costly precautions will have to be taken to ensure it dces not
present an occupational hazard to those in the containment area.
Tritium storage could alao present a large and costly problem, as
could the need to transport it, The largest potential problem
with Tritium could well be due to the need to build a large
enough Tritium stock to fuel a fusion power programme. This will
ba dealt with under the fuel cycle,

4.2.3 Tritium Breeding.

Tritium can only be bred from Lithium. Natural Lithium is8 a
compound consisting of approximately 7.5X% Lithium 6 and 92.5%
Lithium 7. Unfortunately, the rarer of the two natural Lithium
isotopes, Lithium &, breeds much more readily than Lithium 7.

The ratioc of Tritium bred to that "burnt" in the reactor is Kknown
as the Breeding Ratio (BR). As the price of Tritium is somewhere
around $10,000/g (Stacey 1984), for good economies it is
essential that the Breeding Ratio is high enough to supply the
Tritium needs of a developing fusion reactor programme, However,
the ability to produce a sufficiently high Breeding Gain to
offset not only programme requirements but also varioue losses
due to extraction/reprocessing inefficiency and the short Tritium
half-life (12.36 years), have been shown to be severely
conatrained by engineering factors. For example, in the context
of the requirements of obtaining an acceptable breeding gain in a
80olid breeder fusion reactor an IAEA report of an UKAEA
diascussion reports;

""Practical design sclutions for the first wall
ware found to be heavily constrained by mutually
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conflicting requirements. It is desirable to kasp
the wall thin to minimise neutron absorption and
thermal stress. On the other hand, IF A
MAINTENANCE CYCLE OF 2 YEARS BETWEEN REPLACEMENTS
IS ADOPTED, the wall has to be initially thick, if
made of stainless steel as in INTOR, to allow for
sputtering damage under normal and disruptive
operation and to reduce the rate of tritium
permeation from the plasma to the coolant." {our
emphasis].
(IAEA 1985A)

The solid lithium metasilicate breeder concept in the DEMO study
requires Lithium enriched to 30X Lithium 6 (higher enrichment is
obviocusly undesirable from a cost perspactive) contained in
breeding elements containing 80X beryllium (a neutron "breeder")
with & two year blankat replacement period to obtain an
acceptable global breeding ratio (target: approximately 1.1).
With neutral beam injector windows (reducing the possible
breeding area) in four of the twelve reactor modules, a breeding
ratio of only 1.19 + or - 0.004 is obtained, despite the fact
that the DEMO study did not allow for any of the breeding area to
be taken up by diagnostic equipment in an attempt to reach the
80X cover target. If 1t proves impossible to use the area under
the divertor for breeding this falls to 1.023. Such low breeding
ratio figures are worrying when one has take into account tritium
lossea in the extraction/reprocesaing procedure and the fast
decay rate of tritium. An alternative liquid breeder concept was
developed in DEMO, lithium enriched to 50X%¥ lithium 6 and mixed
with 70X lead (also a neutron breeder) in breeding cans. The
global breaeding ratioc obtained by this method is 1.117 + or -
0.003. Lead is8 not a favourable material because 1t becomes
radiocactive and it forms a more corrosive mixture than lithium
itself when mixed. The resource inmplications of using enriched
lithium and veryllium are not insignificant (for example, one
requires 12g of natural Lithium per gram of 90X enriched Lithium
(IIASA 1977)). Both 80l1lid and 1liquid breeder concepts make use
of beryllium to enhance the breeding process, Beryllium being
neither abundant, cheap nor clean.

4.2.4 Extraction/Reprocessing.

There are two types of extraction involved in a fusion reactor.
Firstly. there ias the extraction needed to re-enter spant .3}
into the reactor. In a D-T Tokamak reactor it is enviszgsd2 trat
the spent fuel will consiat of between 85-90X D-T, between 1-10x
Hydrogen, between 5-10X Helium 4, Oxygen, Nitrogen and Carbon
will make up 1X and 0.01X metallic impurities (Stacey 1984).
These are necessarily contingent figures given the discusseion
particularly on wall interactions. This extraction procass *-
envisaged thusi

"the metallic impurities can be removed from the
axhaust by electrostatic precipitation, thus
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leaving a stream of hydrogen atoms and gaseous
impurity atoms (C, O, N, He, etc). Oxygen,
nitrogen, and carbon are present mainly in the
form of the chemical compounds water (DTO),
ammonia (N(D,T)s), ana methana (CD=T=)
respectively. After separation from the main
stream, all these compounds must be chemically
dissociated ¢to separate and recover all the
chemically combined tritium and discharge the
impurity atoms to a tritium-free waste"
(Stacey 1988)

In the DEMO study there is no referance as to how this this might
be achieved, there is no treatment of impurity ramoval, isotopie
separation in the plasma or coclant streams.

The second form of extraction is involved in the breeding
process. Given the large number of possible dreeding methods,
cooclants and structural materials, it is hard to be clear about
the likely problems associated with this area. However, it doces
seem to be emerging that there will be a need, given the
difficulties of obtaining an adeQuate breading gain, to actually
reprocess the breeder elements, particularly solid breeders (they
appear to be more prone to awelling and distortion) and those
components using Beryllium (IIASA 1977).

4.2.5 Magnetic Confinement. .

It i8 generally accepted that super-conducting magnets will have
to be used in a fusion reactor as they are much more efficient
and are able to reach very high magnetic fields. It is howaver,
s relativaly new technology and producing fielda greater than 12
Tesla is an engineering challenge in a fusion reactor
environment, Thae main problems anticipated in such a project are
the problem of Keeping the magnets supercooled (to approximately
4 degrees Kelvin) in such a hot environment, and also that
superconducting compounda "go normal' if subject to too much
neutron irradiation. It has been eastimated that the
superconductors will require more than 1m of shielding to escape
this kind of threat (Stacey 1984).

4.3 Conclusion.

We have seen how environmental and engineering trade-offa have
tended to concentrate around certain key variables, sucin a2a
wall-life, tritium breeding. etc. It remains to consider the
relationship these factors have with costs. There is8 no simple
model appropriate to understanding such a relationship.
intaerdependence between the variables, rather than dependerce or
independence i3 the rule.

We have seen that there seems to be little to be gained at this

stage, with the limited amount of information available, to
attempt to attach specific coasts to elements of fusion power
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elactricity production. However, 1if one took certain generic
featurea of fusion reactor designs then one can understand the
type of cost structure associated with fusion. This is a task
that can usefully undertaken at this stage. In the absence of
such an attempt, the table below attempts to summarize the type
of trade-offs associlated with key variables and indicate the
direction that reactor design appears to be going in.

Table 4.3 Summary of Reactor Design Trade-offs.

VARIABLE BENEFITS COSTS COMMENTS

Wall Materials

SS 316. Cheap. Long half-life. Ferritic appears

Ferritic Relatively to be favoured

steel well understood. as so little is
Good with He. known about

alternative

Nb, Ti, V Short-lived Expensive, rare. materials

Alloys. activation Unknown behaviour behaviour under
products. in fusion reactor heavy neutron
environment. bombardment.

v ——— " -~ . " SR = We e A e mm s e o A A - —— " - ma - —— ———— - AD o WS . T . . - -

Coolants/Tritium Breeding.

Water. Good thermal Difficulty with Dual purpose
conductivity. tritium extraction. Helium coolants
High pressure. seems to be

preferred in
recent European

Lithium. Simpliclity. Pumping problems reactor designs.
Exc¢ellant thermal in high fields.
conductivity. High chemical
Well known, reactivity.
Corrosive
Helium. Very stable More complex
inert gas. fuel cycle.

High pressure.
Poor thermal

conductivity.
Breeding Materials.
Ligquid. Relatively high Highly corrosive.
{L1/PDb) breeding ratio.
Solia. Less mobile. Hard to obtain
(Lithium lLeas corrosive. good obreeding gain.
metasilicate) More distortion.
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CHAPTER FIVE SAFETY AND ENYIRONMENTAL ASPECTS OF FUSION POWER

5.1  INTRODUCTION

There is a major problem with any attempt to assess the
environmental effects of fusion power in that there is not even
one specific technology that can be assumed to represent the real
situation that will prevail if and when commercial fusion
reactors are in place. However, at any one time, as R, D & D
work evolves, there is a current set of technologies which are
sean as being most likely to solve the scientific and engineering
problems confronting fusion scientists. Whilst these
technologies may in the end prove to be technically and/or
financially unviable or other technologies prove to be nmore
attractive, it is nevertheless both possible and necessary to
identify and evaluate probable environmental impacts of specific
technologies from their earliest point of consideration and as
designs evolve, so environmental impact assessment needs to be
incorporated as part of the design and development process.

This section reviews work that has been carried out recently
relating to the potential environmental impacts of currently
favoured fusion technologies and also identifies gaps in the
asgessment procesgs as hitherto developed. The variety and
complexity of technologlies currently under consideration is
such as to make it difficult to subdivide the analysis
gatisfactorily. On consideration we have decided to look first
at problems agsociated with the fuel cycle, then to look at
reactor associated problems and finally to draw the conclusions
from these in terms of health hazards. The whole analysis is
preceded by an overview that distingulishes 'current' concerns
from potential concerns relating to alternative technological
developments. The analysis ends with an assessment of needs
with respect to further work.

5.2 GENERAL LSSUES
5.2.1 What Technology?

A number of possible techhnologilical configurations have been
devised to achleve controlled nuclear fusion for purposes of
extracting energy and experiments have been devised to test
thelr feasibility. These include 'stellarators', 'tokamaks',
laser, mirror and reverse field pinch reactor. whilst there is
at this time no guarantee regarding which of these will prove
the most effective (or if any of them will) nevertheless, the
great majority of research 1s currently going into the
development of tokamaks and hence there 13 more information with
which to assess the potential environmental impacts of these and
at this stage they seem the most likely to achieve
commercialisation. This analygsis is therefcore entirely focusgsed
upon this technology.

It has been hoped since the early days of fusion research tha.
ultimately there will be a possibility of fuelling the controulled
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fusion process entirely on the hydrogen isotope deuterium (the
D-D reaction); this might provide almost limitless quantities of
energy from a source which i8 not itself radiocactive. The more
accessible route to fusion power 1i8 via a reaction between
deuterium and a further, radiocactive, hydrogen isotope tritium
(the D-T reaction). Tritium is not found in nature, but can be
produced by irradiation of lithium. Currently all work on
nuclear fusion 1s focussed upon the eventual use of tritium,
derived from lithium, as fuel and the following analysis
therefore looks exclusively at this option. However, it should
be noted that the notion that it might be acceptable to initiate
a major D-T based fusion programme in the hope that experience
will lead to the development of feasible D-D technology. and
that the result will be free of radiation problems must be
guarded against. The fusion process 1itself creates radiocactive
products and 80 a D-D reactor would not necessarily generate a
lower radicactive inventory than a D-T reactor (1).

A8 noted elsewhere in this report, the feasibility of achieving
a net energy gain from controlled nuclear fusion 1is as yet
unproven. Whilst progress has been steadlily made towards this
objective, many unforeseen problems have been encountered on the
way and there is as yet no guarantee that it 1s achievable.

From the point of view of the assessment of environmental
impacts of an eventual commercial reactor, the implications of
thlis are that the achlevement of fusion power may yet involve
significant changes 1in technology as yet quite unforeseen. The
apparent concreteness of technological options presented below
must therefore be tempered and seen as noc more than best guesses
on the basis of current developments.

Nevertheless, a gignitficant number of experimental reactors are
in existence, albeit insufficiently developed to achieve
'system breakeven', which provide some basis for environmental
agsegsment. Furthermore, a number of extensive design studies
have been undertaken both as a baslis for the next generation of
experimental reactor and as a first attempt to estimate the
engineering, and to a lesser extent the economic and
environmental, parameters of a possible future commercial
reactor. The following assessment ig focussed predominantly on
the possible impacts of a future fusion economy and hence {is
based on the technical parameters that have arisen from these
engineering studies, especially, the United States 'Starfire'
project (2) and the Jjoint European 'DEMO' conceptual designs
put forward by UKAEA (3).

5.2.2 What Materials?

The construction of fusion power stations and supporting
facilities will raise a number of environmental 1issues
including, inter alia, ecological, visual and social impacts,
which cannot be very well estimated prior to the development of
discrete power station proposals. However, generically the
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environmental assessment of fusion power 1s dominated by the
question of radioactive release, This, in turn, 1is crucially
determined by the inventory of radiocactive materials which will
be contained in and/or generated by a fusion power station and
its ancilliary facilities. By the time designs for particular
commercial fusion power stations are being made, the inventory
of radiocactive materials will have been well worked ocut and it
18 decisions with regard to these materials which need above
all to be analysed with respect to environmental impacts.

The cholice of materials is affected by several parameters.

These include: engineering variables such as conductivity,
resistance to heat and abragion from the plasma and neutron
penetration characteristicsa; cost and availability of materials;
the potential hazard involved in their use; and their potential
environmental impact. Choiceg therefore involve complex
compromises and trade-offs with no objective criteria as to the
relative weight which should be given to the various factors
involved. The tendency hitherto has been to seek out any
materials which will achieve the basic scientific and
engineering objective of 'energy breakeven' and to assume that
less hazardous and less environmentally damaging materials will
be found in process of developing a commercial reactor, once the
first obJective has been achieved (4). There 1is a danger in
this approach of over-commitment to certain materials and an
inbuilt disregard for hazard and environmental impact developing
within the instituticnalisation ¢of fusion power and it is
therefore advisable, as discussed further at the end of this
section, to introduce a more gtructured approach to hazard
assessment and environmental impact analysis integral to the
development process. Specific materials currently under
consideration for various parts of the fusion reactor and
related plant and functions are discussed in more detail in the
relevant subsecticnhs below.

5.2.3 wWhat Criteria®?

Hitherto practically all the serious work carried out on the
potential environmental impacts of fusion power, 1in so far as
this has attempted any comparison with alternative means to
achlieve the same ultimate energy goal, has evaluated it in
relation to fast breeder reactors and the universal conclusion
has been that fuslon power is likely to be more environmentally
benign by a very substantial margin. This procedure is well-
{llustrated by the US ESECOM study (Holdren et al,1987).

The reasoning behind this restricted comparison has been that
by the time fusion power has reached the stage of
commercialisation - perhaps during the second quartile of the
next century - 'conventional' energy sources, including ?Possil
fuels and fisgion energy. will no longer represent a feasible
option.

However, In summarising thelr views on environmental questions
as part of a8 major review of the possibilities for fast breeder

5-3



Chiagpter IPluys Environmental Agpects

fission and fusion power carried out within the framework of
the International Institute for Applied Systems Research,
Hafele et al wrote:

'It 1is possible to envision fusion systems in which
many of the most important environmental advantages
compared to fission do not materialise...The pitfall
is that the desire to bring fusion to commercial
fruition in time to compete in the transitional time
frame may lead in fusion programmes arocund the world
to a disproportionate emphasis on early engineering
feasiblility at the expense of potential environmental
advantages.' (5)

It is therefore necessary to look at fusion in a broader
framework that will overcome the tendency to generate a race
between fusion and fast breeder fission technologies. There are
certainly possibilities to develop a broader front for the
solution to future energy requirements, including in

particular major investment in efficiency measures and
renewable energy technologies. These, too, will have
environmental impacts as well as engineering and economic
problems to be solved. But they all address the same issue and
should be evaluated in the same framework. If the criteria
used to evaluate the potential environmental impact of fusion
power are restricted merely to that technology or to a slightly
broader set that encompasses fast breeder fission power, then
major possibillities for solving the energy needs of the next
century in a more environmentally benign way may be neglected.

] 3 THE L‘Y!E! CZXS:IW

The basic D~-T reaction involves the fusion of one atom of
deuterium with one of tritium to produce an atom of helium (Hel)
and a neutron:; although very substantial heat is required to
initiate the reaction (at least one million and perhaps one
hundred million degrees centigrade), once triggered there is a
very large net heat gain. As already noted, tritium 1is not
found in nature but can be produced by the irradiation of
lithium. This reaction involves the splitting of lithium atoms
to produce helium and tritium. The only radiocactive substance
involved 13 tritium, with a half-1ife of 12.3 years. However,
the neutrons produced by the fusion reaction affect an
activation of many of the materials in the vicinity of the
reaction, including reactor walls, associated machinery and even

the air surrounding the reactor - that is to say that atoms of
various materials in these components are converted to atoms of
other materials, some of which are radicactive. In this

subsection, the discussion focuses on the problems associated
with the generation and circulation of tritium; the next
subsection then deals with problems arising from the irradiction
of the reactor and associated questions.

5.3.1 Tritium Production and Processing
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Chemically tritium possesses the properties of hydrogen. At
normal temperatures it is therefore a gas with a high diffusion
propensity: it 18 thus difficult to contain in gaseocus form,
passing readily through structural materials. However, it
reacts easily with many materials and oxidises to form
‘tritiated water' (HTO). Whilst easier to handle, tritiated
water 1s 25,000 times more hazardous than tritium in gaseous
form.

The assumption of current work on fusion power is that the
tritium fuel cycle will be contained almost entirely within the
confines of the reactor site. A new reactor will require
initial fuel to be transported to site and the Starfire
project estimated this to comprise some 10 Kg for a 4,000
MW(th) reactor. All further tritium fuel will be generated on
site in the fusion process. Immediately behind the inside
lining of the reactor vessel - termed the 'first wall' - a
thick layer, or 'blanket', of lithium will be located. This
will thus be irradiated by the reaction inside the vessel and
the tritium produced will subsequently be introduced into the
reactor as fuel. Besides breeding tritium, the first wall and
blanket must also collect the heat from the reaction to be
conducted away for electricity production.

There are various possible configurations for containing the
lithium, removing the tritium and removing the heat, all with
their own advantages and disadvantages. An elegant engineering
golution Involves the use of circulating liguid lithium metal as
breeder, tritium removal medium and coolant and some early
designs were made on this basis. However, liquid lithium is an
extremely reactive material, combining at normal temperatures
with all rea2tive gases, wilth water and even concrete. Mainly
because of this, more recent designs have substituted other
coolants. Nevertheless, thought 13 still being given to the use
of liquid ithium, in salloy form, at least as breeding material;
further conslderation 1s being given to the use of solid lithium
alloys as breeder. However, it may prove necessary from an
engineering or economic standpoint to us liquid lithium in an
eventual commercial fusion reactor. Hence it cannot yet be
assumed that this potential hazard has actually been overcone.

For the Starfire project, water has been chosen as coolant and
helium for extraction of tritium from a blanket made up of
pellets of lithium aluminium oxide (L1iAl102). The UKAEA DEMO
studies nhave considered a solid lithium metasilicate (Li2S10,)
and a liquid lead/lithium alloy as alternative breeder
possibilities. In both cases helium 1s proposed as coolant and
for tritium removal. The use of a single helium circulation
both for heat and tritium removal 1s complicated by the larze
volumes 1involved and by the diluteness of tritium; there 13 also
a hazard involved in tritium circulating in this way in gas “orm
and the {ntentlion 18 to oxidise it at source. For practical
purposes only a small volume of the coolant would be detritiated
during any one helium cycle and this would mean that the helium
coolant would contain a significant inventory of tritiated water
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throughout the circuit. The level of tritium deemed acceptable
by the designers 1s 10 grams on the assumption that a total loss
of coolant accident would release no more than 10 grams of
tritium; this 1s discussed further in subsection 5 below.

The complete tritium processing facility in a fusion power
station 1s a complex arrangement involving three initial
gatreams and then storage and fuelling arrangements. Exhaust
gases from the reactor will include significant amounts of
tritium which must be extracted through reprocessing. There
are then the arrangements for extracting tritium from the
helium purging system. Finally it will be necessary to include
a system for extracting tritium that has found its way into the
atmosphere inside the reactor containment structures and
asgsociated facllities.

5.3.2 Tritium Inventory and Loeses

The total tritium inventory of a fusion plant will thus be made
up of a number of separate elements which in general could
include the following:

plasma and vacuum gystem:

coolling and rritium extraction circuits;
fuel processing plant;

blanket;

3torage;

in general circulation.

Various national teams contributing to the internatiocnal INTOR
reactor studies nhnave made separate estimates of the possible
total tritium inventory of a plant and 1its distribution in
various plant ceomponents (6). Thege estimates vary from 2.5 Kg
to 3.9 Kg. However, the distribution between components
estimated by the various teams varies considerably and is
clearly influenced first by the configuration of the technology
- and 1n all cases this i3 currently little more than noticnal.
The inventory for the Starfire project i3 estimated somewhat
higher (this being envisaged as a fully commercial racillty).
The blanket alcne is8 assumed to contain 10 Kg of tritium and the
regt of the gystem to sum to about 2 Kg.

INTOR ESTIMATES OF TOTAL TRITIUM INVENTORY IN A FUSION PLANT
VARY FROM 2.5 TO 3.9 KG; THE 4,000 MW(TH) STARFIRE REACTOR
WOULD POSSESS A TRITIUM INVENTORY OF 10KG.

Turning now to the question on losses and releases for tritium
from a fusion power station, we first 1look at routine releases
and then at non-routine releagses resulting from acclidents. It
has already been noted that tritium in gzaseous form dAiffuges
through structural material. This means that some routine
release of tritium from operating fusion plant would ve
inevitable. In addition to thias some loszes are likely to
occur along the processing and fuelling path.
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Although there 18 as yet no experience of fusion reactors
operating with tritium and although nuclear fission does not
employ tritium as a fuel, nevertheless, heavy water figgion
reactors do generate tritium through neutron absorption by the
deuterium water. Pickering, a large CANDU nuclear facility,
possess a tritium inventory of 3.5 Kg during normal operation.
Losses from this facility averaged S ppm/day between 1977 and
1981 (7); this represents almost 1/700th of the total inventory
released in the course of a year.

The procedures through which tritium will be handled in fusion
power stations is clearly more elaborate than that encountered
in heavy water nuclear plants. Currently work is proceeding on
investigating the practicalities of tritium handling in a test
assembly at Los Alamos in the United States (8). Meanwhile,
however, although objectives are being set for limits to routine
tritium release from future commercial reactors - an objective
of 0.5 gram per year for all operating phases has been set by
the Starfire project (that is 34 times less per unit of tritium
inventory than the exigting Pickering CANDU facility) and of
0.36 gram per year in the EEC funding proposal (p.7) - it is not
possible to make any useful assessment of what might be
practicably achievable in a future fusion power station by way
of limiting routine tritium releases. There 1is also no
assessment of the levels of tritium to which workers in a fusion
plant might be subjected (9) although there 1is a recognition for
the need to install egquipment with which tc detritiate the
atmosphere within the containment and to deal with accidental
tritium releases.

Attempts to conjecture accident scenarios for fusion power
atations are as yet little developed. In the next section
there i3 some discussion c¢cf possible reactor fallure scenarios:
here we look briefly at possible maximum releases of tritium
due to an accident. A3 already noted, the DEMO design 1includes
a limitation on the total tritium inventory within the coolant
to 10 grams explicitly to reduce the possitble release ensuing
from a total loss-of-coolant accldent to this amount. An
egstimate was also made of a maximum of 270 grams of triti.m
contained in the tritium extraction plant at any one time.
However, no eatimate for tritium inventory in other parts of
the plant has been provided. THERE IS THEREFORE INSUFFICIENT
INFORMATION TO MAKE ANY JUDGEMENT ABOUT POSSIBLE MAXIMUM TRITIUM
RELEASES FROM AN ACCIDENT ASSOCIATED WITH THE DEMO REACTOR AS
CURRENTLY DESIGNED.

An attempt has been made in the context of the Starfire project
to categorise components of the tritium inventory as being
'vulnerable' or 'non-vulnerable'. The 10 Kg of tritium <trapped
within the blanket 18 considered to be non-vulnerable -~ je
relatively immobilised even under major accident conditioas.in
total vulnerable inventory that might oe ralcased unde»
conditions of multiple failure amcunts to unrnder U400 grams. T
should also be noted, however, that an accident in the tran-=port
of tritium fuel to a new plant might involve as much as 1N & -
The EEC funding spplication (p.8&) has assumed a maximum

5-7



Chapter Five Environmental Aspects

concelvable accidental tritium release to be 200 grams. This is
more than an order of magnitude lower than accident scenarios in
some other studies.

5.4 REACTOR ASSOCIATED ISSUES

A tokamak fusion reactor is a circular tube within which a ring
of deuterium and tritium gas, in the form of a plasma, is brought
up to a temperature and confinement pressure where it fuses
giving off a substantial net energy surplus. The tube is
evacuated of all other gases and the plasma is necessarily held
away from the walls of the tube: no solid material can withstand
a fraction of the temperature at which the plasma burns an&.
indeed, 1if the confinement of the plasma is destabilised and
collides with the wall, local areas of the wall material may be
brought to the boill. However, the amount of gas present in the
reactor at any one time is extremely small so that
destabllisation of the plasma qQuickly leads to dissipation of the
energy which 1t contains while burning.

As already noted, the reactor is lined on the inside by a
'first wall' which must withstand severe radiation and heat as
well as abrasion from 'sputtering' plasma. The wall is
interrupted in places by ducts assoclated with maintenance of
the vacuum and the processes whereby the plasma is initially
heated to the point where the reaction becomes
self-sustaining. There are aiso intrusions into the reactor
space, the most important of which is a line of baffles
assocliated with the control of the plasma profile, the
insertion of fuel and the extraction of exhaust gases, helium
and unburned fuel. These barffles, termed 'limiters' or
'4diverters' depending on thelir c¢configuration and precise
functioning, are subjJect to particularly severe operating
conditions.

Immediately behind the first wall comes the complex structure
of the blanket and cooling system referred to in the previous
subsection. This comprises a large number of lithium breeder
containers and pipework for the circulation of coolant and
tritium purging medium. The whole is contained in a reactor
wall designed both to contain the vacuum and provide a shield
against radiation. Confinement of the plasma to the centre of
the reactor 1s effected by a 3eries of magnets (poloidal and
toroidal) situated immediately contiguous to the reactor vessel.
In current tokamaks (JET eg) these magnets are electromagiet:
requiring large electrical currents. Future designs utilize
gupercooled electromagnets involving assocliated cryogenic systems
(liguid nitrogen and helium). The reactor 18 connected by many
ducts, pipes and cables to its assocliated systema, but must
remain accessible for maintenance purposes.

The simultaneous solution to the requirements of all these
gsystems necessarily raises a multiplicity of imperatives and
constraints which must be weighed up and fitted together. A
number of Key issues immediately arise 1in relation to questicns
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of safety and environmental impact. The first concerns the
congsequences of the irradiation of the materials from which these
complex systemsa are made. The second concerns the consequences
of an accident in any one system or an accident involving the
interaction of various systems,.

5.4.1 Structural Activation

IRRADIATION OF THE STRUCTURAL MATERIALS INSIDE THE REACTOR LEADS
TO THE BUILD-UP OF RADIOCACTIVE ISOTOPES. THIS WILL MEAN THAT AT
THE END OF THE LIFE OF THESE REACTOR PARTS, THEY WILL CONTINUE TO
GIVE OFF HEAT AND REQUIRE ACTIVE COOLING FOR SOME YEARS AND IN
THE LONGER TERM, EVEN WHEN ACCEPTABLY COOL, WILL CONTINUE TO BE
RADIOACTIVE. Different materials display very different
radicactive properties under these circumstances and in principle
it would be possible to select materials which minimise the
residual heat and radiocactivity.

AS noted at the outset of this section, minimisation of
environmental impacts is only one of several considerations which
enter into the decisions with regard to materials choice. A whole
range of engineering constraints must be considered and once
commercialisation is more seriocusly under consideration questions
of materials avallability and cost will also enter into the
decision-making process.

In the most coherent attempt to date to analyse the possible <
gafety and environmental asgpects of rfusion power, the ESECOM
study (Holdren et al, op cit) conjectured eight different reactor
types using different combinations of materials and investigated
the environmental impacts of these. However, currently.
technological considerations dominate work on fusion power and 1t
is worth looking briefly at these in order to illustrate why
nothing approaching optimal environmental effects may in the end
be achievable,. Clearly the whole reactor vessel must remain
mechanically robust under all operating conditions. The immediate
inside surface will be subjected to extremely high radiant
temperatures and abrasion from plasma 'sputtering’'. AS YET THERE
IS LITTLE MEANINGFUL CONCEPTION OF THE DEGREE TO WHICH THE FLASMA
WILL BE CONTAINABLE UNDER CONDITIONS OF NET ENERGY GAIN AND THUS
THE CONDITIONS WHICH THE FIRST WALL SURFACE WILL HAVE TO
WITHSTAND UNDER OPERATING CONDITIONS. So designs are currently
carried out based upon assumptions with regard to what will be
feasible.

1f energy breakeven 18 achieved and design commences aimed at an
eventual commercial reactor, the first wall will need to possess
a surface coating adequate to protecting the main wall material
from abrasion which might release impurities into the plasma.
The main wall material - perhaps in the form of tiles - wili
then be connected back to the blanket. Several materialyg are
likely to be involved in these 3structures. Howaver, <the
differential temperature across the first wall and blanket wiil
be extremely large and so materials must be chogen which
minimise differential expansion. It is hoped that commerclal

5-9



Chapter Five Environmental Aspects

fusion reactors will be able to operate in a 'steady state',
that 1s that fuel can be supplied and impurities removed on a
continuous basis. However, it seems more likely that it will be
necessary to operate reactors in a 'pulsed' mode, with fuel burn
taking place for only some gs8econds or minutes at a time, the
temperature then being reduced, impurities removed and new fuel
inserted, before bringing the reactor back up to power. In this
pulsed mode, first wall metal fatigue will be extreme and
clearly this will have a further limiting effect on the choice
of materials.

The first wall and blanket structural materials will also have
to possess good properties of conduction for heat and neutron
flux in order to faclilitate removal of heat for electricity
generation and irradiation of the lithium blanket. A further
problem arises through the forms of transmutation which
different structural materials undergo through neutron
bombardment. For instance although copper may be a useful
material for certaln structural purposes, under neutron
bombardment it is converted to nickel which reduces its thermal
and electrical conductivity: in other caseg, structural strength
is impaired.

TRANSMUTATIONS IN CERTAIN MATERIALS INVOLVE THE PRODUCTION OF
LONG-LIVED RADIOACTIVE ISOTOPES. THIS IS ONLY ONE CONSIDERATION
AMONG MANY WITH RESPECT TO THE CHOICE OF MATERIALS FROM WHICH TO
CONSTRUCT THE FIRST WALL AND BLANKET OF A COMMERCIAL FUSION
REACTOR. At present effort amongst fusion design teams is to
obtain a wall and blanket design that willl possess an acceptable
life under the stringent conditions of commercial reactor
operation. The Starfire project egtimated that a six year wall
life will be achievable on the assumption that steady-state
operation 1s achileved. Under conditiona of pulsed operation,
assumed by the DEMO project team, the obJjective is to achieve a
two year first wall l1ife.

A number of studies have been carried out into the possible
residual radicactivity in fusion reactor structural materials
and their decay profiles. Two gsets of such profiles are
1llustrated in Figure 5.1. In practice these profiles will depend
on the particular neutron spectrum and flux and on the duration
of exposure, Furthermore, many of the problematic isotopes
regult from the irradiation of impurities in the structural
materials which are difficult or impossible to remove or reduce
below certain levels (10). The UK National Radiological
Protection Board (NRPB) recently completed a study into the
radiological aspects of the management of fusion reactor solid
waste, focusing on a selection of stalnless steels and vanadium
alloys that might be used as basic first wall and blanket
structural materials {(11).
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Upon removal from the reactor, all the materials locked at by
the NRPB would be classified as 'high level waste', that is they
would be heat generating and require storing in conditions
involving active cooling. They noted that although it is
difficult to be precise about when waste is no longer to be
considered heat generating (ie when it changes from high level
to intermediate level waste), after five years all the steels,
but not the vanadium alloys, would have a heat output of more
than one kilowatt per ton. However, even after a hundred years
none of the materials would yet have achieved the low level
waste category.

THE UK NATIONAL RADIOLOGICAL PROTECTION BOARD HAS STUDIED FIVE
ALTERNATIVE FIRST WALL AND BLANKET STRUCTURAL MATERIALS AND
CONCLUDED THAT ALL WOULD STILL BE CLASSIFIED AS INTERMADIATE
LEVEL WASTE 100 YEARS AFTER REMOVAL FROM THE REACTOR. THE EEC
FUNDING APPLICATION (P.20) ON THE OTHER HAND WRITES SIMPLY OF
"THE NON EXISTENCE OF IMPORTANT LONG TERM (>100A) POTENTIAL
HAZARDS". IT ALSO ASSUMES (P.U43) THAT SHALLOW BURIAL WILL BE
ACCEPTABLE.

The NRPB considered the possibility oé recycling materials
rather than disposal. Whilst this would have clear advantages
in the first instance 1in reducing the volume of waste there
would be an inevitable penalty in terms of workforce exposure to
radicactivity and eventually materials would need to be disposed
of and these final materials will probably contain higher
concentrations of long-lived radionuclides (12). (The EEC
funding application (p.19) took a particularly uncritical view
of this possibility). Theught amongst fusion design teams 1is
certainly going into achieving a material choice that will
result in the possibility of recycling all reactor elements
within 100 years (13) and the Starfire project looked towards
the possibility of recycling the reactor shield and all
materials outside this within 50 years.

However, 1t has been necessary for the purposes of the Starfire
and DEMO projects to make some asgumption about the materials
that might be employed in reactor construction. It has been
noted that there is no indication that vanadium alloys could be
made avallable on the scale necessary to supply basic structural
material for a major fusion programme (14) and neither of the
two commercial reactor studies have proposed their use. An
investigation of a wide variety of materials for possible use in
limiter construction as part of the Starfire project reves.ed
only four which would be capable of withstanding adegiLaceiy the
stress conditions assumed to be confronted bty this component:
this leaves little room for trade-off with respect to the
minimisation of problems arising from activation. For the bulk
of the Starfire reactor structure, austenitic stainless steel
was chosen.

More complex structural choices were made in the DEMOU s.ouuy.
Two blanket options were proposed, one involving a liquid and
the other a s0lid lithium breeder. The first wall tiles in the
liquid breeder case are proposed to be made of graphite ?s.ed
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with silicon-carbide/pyrolic carbon combination. No assessment
of the activation profile of this material was made. For the
sold breeder case, tungsten wall tiles, attached back to a
copper alloy substrate lined with nickel alloy (Inconel)
coolant tubes 1s proposed. The DEMO study group concluded that
from the point of view of activation, copper and tungsten are
acceptable materials (although this 1s not entirely

corroborated by the NRPB (15)). However, activation of Inconel
results in the presence of long-lived cobalt and nickel
radio~-isotopes. Nevertheless, it was concluded that: 'Although

the choice of Inconel 1s unsatisfactory from activation
considerations it has been selected for this design because of
i1ts good thermal and mechanical properties at elevated
temperatures.' (16)

The DEMO text continues: 'It is believed that on the 20 year
timescale for DEMO the programme for the development of low-~
activation materials will have produced a suitable material from
all polnts of view.' This view has been expressed in the EEC
funding application (p.8) and, indeed, in papers dealing with the
development of fusion reactor design. Whilst 1t is clearly
probable that systematic study of materials 1is likely to reveal
more appropriate alloys from all points of view for the
construction of fusion reactors, nevertheless, without reasonable
knowledge of the actual working conditions of the first wall and
blanket beyond 'energy breakeven', 1t could equally be
conjectured that the range of materials which will eventually
prove to be workable is extremely restricted, allowing little
option for choice with respect to activation parameters. There
i3 no real rationale for optimism.

5.4.2 Solid Waste Management

It must be clear from the foregoing analysis that an individual
commercial fusiocn reactor and beyond that a programme of fusion
power stations will generate very substantial amounts of solid
radicactive waste. It is clearly difficult at this stage to Know
just how much this will come to. The ESECOM study (Table 6,
Holdren et al, op cit) looked at a range of eight reactor types
amongst which solid radicactive waste varied over plant lifetime
by a factor of 8ix. The Starfire project estimated an annual
discharge cf first wall and blanket structural materials alone of
75 metric tons. THE NRPB STUDY ESTIMATED FOR A FUSION POWER
PROGRAMME TO MEET TOTAL UK ELECTRICITY DEMAND AT CURRENT LEVELS
AN ANNUAL ARISING OF SOLID WASTE, ASSUMING THE USE OF STEEL, OF
10,000 TONS (IN THE REGION OF 1,250 CUBIC METRES). THIS COMPARES
WITH ESTIMATED TOTAL UK HIGH AND INTERMEDIATE LEVEL RADIOACTIVE
WASTE ARISING, SINCE THE BEGINNING FROM ALL SOURCES TO THE YEAR
2000 (IE OVER FORTY YEARS) OF 164,000 TONS (NRPB 'Living with
Radiocactivity').

Some consideration has gone into at least the problem of
replacing first wall and blanket structures on a regular basis.
It i8 clear that 1f they do materialise, commercial fusion
power atations will involve very substantial production and
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processing facilities. Efficient remote handling equipment
will need to operate such as to be able to replace reactor
parts and especially first wall and blanket on a time scale
which does not reduce operation time to an unacceptable level.
Wwhilst the reactor hall would contain radiation levels that
would exclude workers during operation, for 24 hours after
shutdown and at all times when internal reactor components are
being replaced (the EEC funding sapplication (p.19) dismisses
this problem), a further substantial part of the facility -
termed the 'hot cell' - would also be semli-permanently closed to
human accesgs. According to the Starfire study, the hot cell
would contain the following activities:

blanket disposal:

sollid waste packaging:

holdup treatment of non-tritiated wastes;

remote maintenance of activated components;
decontamination of non-activated components for re-use:
emergency tritium c¢cleanup:

wet and dry storage of activated components,

As 1s currently the case with nuclear facilities, it 18 generally
assumed that a case Dby case decision will be made with respect to
the disposal route for various radiocactive materials and
components but it has been conjectured that the bulk high level
waste arising from first wall and blanket replacement will be
stored in ponds on site until decommigsioning (17). It must’ be
stressed at this point that there 1s as yet practically no
experience of decommissioning commercial nuclear facilities of
any kind. THE DECOMMISSIONING OF FUSION FACILITIES, WITH THEIR
MORE COMPLICATED REACTOR ARRANGEMENT AND HOT CELL COMPLEX AND
ABOVE ALL THEIR VERY SUBSTANTIAL INVENTORY OF HIGH LEVEL WASTE,
PRESENTS AN AS YET UNASSESSABLE SITUATION (18). The fact that
this may be less problematic than the decommissioning of a
comparably sized fast breeder fizsion station is no consolation.

The NRPB report analysed the options for final disposal of the
solld wastes arlsing only from first wall and blanket replacement
and concluded that none of the materials they looked at would be
suitable for shallow burial but would require either deep
geological or deep ocean burial. GIVEN CURRENT PROBLEMS IN
FINDING SUFFICIENT DISPOSAL SITES FOR THE RELATIVELY SMALL
QUANTITIES OF INTERMEDIATE LEVEL WASTE FROM EXISTING FISSION
POWER FACILITIES, IT IS DIFFICULT TO ENVISAGE WHERE THE MASSIVE
RADIOACTIVE ARISINGS FROM A MAJOR FUSION ECONOMY WOULD BE HOUSED.
In addition, the safe transportation of these wastes presents a
further problem of great magnitude.

5.4.3 Reactor Accident Scenarios

Although some thought has been given in recent fusion reactor
design studies to avoiding obvious sources of major accident
associated with the reactor and related plant, few structured
attempts have been made to analyse possible major accident
scenarios. Nevertheless, some analysis 1s avallable from which
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a sketch of possible accidents can be drawn. Whilst there is
little Knowledge of the burning characteristics of plasma within
a tokamak, 1t 1s generally contended that the low material and
energy lnventory of the plasma excludes the possibility for an
explosive accident originating in the vessel (19). A plasma
disruption or 'dump' can certainly result in the melting or
vapourisation of a small portion of the first wall 1if
sufficiently focussed, as 1s demonstrated by events in existing
reactors (20) and a further disruption event has led on one
occasion in the 120 ton JET reactor vessel being impulsively
lifted one centimetre into the air, with consequent distortion
of the vessel.

Major energy forces are, however, clustered around the outaide
of the reactor and accidents initiated by failures here could
lead to a sequence of events (21). A locallised energy dump in
the current driving the magnets or a breach in the c¢ryogenic
system serving the magnets could generate missiles disrupting
other systems in proximity to the reactor, even 1f an actual
breach of the reactor shileld itself were unlikely. A loss of
coolant acclident 1s possible and this could, as discussed in
the previous subsection, release considerable quantities of
tritium into the contalinment. It would also expose the wall
structures to the effects of uncontrolled radicactive
arfter-heating (to guard agalnst which the Starfire reactor

has teen designed with a dual cooling system). The
after-heating in a fusion reactor is not, however, as severe as
in a fission reactor, so0 that a 'melt-down' 1is unliKkely to
possess the same immedlate consequences at these reactors. Such
an event, particularly 1if associated with a plasma disruption,
could nevertheless destroy the reactor interior and 1if
aggociated further with a vessel disruption, would contribute
3ignificantly to a 'maximum accident scenario’'.

THE GREATEST HAZARD LIES IN THE USE OF LITHIUM. ALTHOUGH THE
PROPOSAL TO USE LITHIUM AS A REACTOR COOLANT HAS BEEN SET ASIDE
IN MORE RECENT DESIGNS, IF EVENTUALLY LIQUID LITHIUM IS USED AS
COOLANT OR BREEDER THEN A MAJOR HAZARD REMAINS. IF THIS MATERIAL
IS EXPOSED TO WATER CCOLANT OR THROUGH A BREACH OF THE REACTOR
VESSEL TO AIR OR OTHER SUBSTANCES WITH WHICH IT WILL REACT, IT
WILL BURN WITH AN INTENSE HEAT, INITIATING FURTHER ACCIDENT
EVENTS AND ITSELF RELEASING THE TRITIUM CONTAINED IN THE BLANKET.
IF SUCH A SEQUENCE IS ASSOCIATED WITH A BREACH IN THE
CONTAINMENT, THEN A CHEMICAL FIRE WHICH RELEASES A SIGNIFICANT
PROPORTION OF THE RADIOACTIVE INVENTORY TO THE ATMOSPHERE, ON A
SCALE SIMILAR TO THAT AT CHERNOBYL, CAN BE ENVISAGED. THE LITHIUM
BLANKET IS PROGRESSIVELY BURNED OUT, VOLATILIZING FIRST WALL
MATERIALS WITH THEIR RADIOACTIVE INVENTORY AND DISPERSING THIS
TOGETHER WITH THE BLANKET TRITIUM INVENTORY (22).

5.5 HEALTH HAZARDS
It was pointed out at the outset of this subsection that the

problem of radiocactivity overshadows all other potential hazard
and environmental problems arising from a fusion reactor or
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programme of fusion power. An attempt has been made above,
wherever adequate information 1s available to present
quantitative estimates of amounts of radioactive materials that
might be contained in a reactor or programme anhd the potential
for their being released into the human environment. This
subsection analyses the possible radioclogical effects of these
releases on three categories of people: operators at the plant,
the general public living in the vicinity of the plant or in the
course of a radiocactive plume emerging from a plant accident, and
finally. the population as a whole.

5.5.1 Radiation Hazards: Conceptual Issues

First it is useful to say something conceptually about the
problem of radiation. Nuclear radiation is generally held to
weaken human resistance to disease and more specifically is known
to te a direct cause of genetic malfunction and cancer. Much
reszearch has been carried out particularly with respect to the
last of these and Iinternational radiation standards are related
to the probability of cancer developing as a consequence of
irradiation. We are constantly subjected to a background
radiation ¢of which, on average in the UK, some 13 per cent is a
consegquence of numan activity: medical applications, fallout from
nuclear bomb tests, occupational exposure and discharges from
nuclear installations.

Although natural packground radiation 1is substantially greater
than the artificial radiation to which the average citizen is
sublected, any 1increase in radiation as a consequence of human
activity 13 expected to bring with it an increase in the numbers
who will die of cancer: there Is no experimental evidence to
indicate that no matter how small a dose of radiation, there 1is
not 3ome riLsk of cancer involved. This 18 the pasic assumption
upon which internaticnal rediation standards operate. Any
intervention Known or likely to increase radiation exposure of
people 13 therefore to be Kept 'as low as reasonably achievable'
(known as the ALARA principle).

Analyses of the impact of radiation on people, predominantly
derived from the consequences of the atomic bombs at Hiroshima
and Nagasaki, have led to the adoption of 1limits, beyond which
radiation workers and the general public should nct be exposed.
Basgsed upon this internationally recognised work, the UK NRPB
considered that it would be unacceptable for radiation workers to
have a chance greater than 1 in 2000 per year of developing
cancer or for a member ¢of the general public to have a chance of
less than 1 in 100,000. Earlier analysis suggested that this
would mean that radiation workers should not be subjected to a
dcse of more than 50 mSv (mill-Sieverts) per year and that no
member of tThe general publlc should be subjected to a dose of
more than 1 mSv per year (Atom 1988 p2/3). This has been the
design basls for nuclear racilities until now. However, new
evlidence has arisen cut of an updating of analysis of the
Hiroshima and Nagasakil survivors, that is leading to a revision
of the dose limits. If the chances of contracting cancer are to
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be maintained as before, it 1is now estimated that radiation
workers should not be subjected to more than 15 mSv per year and
no members of the general public should be subjected to more than
0.5 mSv per year. IN GENERAL THIS REANALYSIS IS CONCLUDING THAT
A GIVEN LEVEL OF RADIATION DOSE IS SIGNIFICANTLY MORE LIKELY TO
INDUCE CANCER THAN HAD HITHERTO BEEN THOUGHT AND THE UK NRPB IS
DOWN-REVISING ITS MAXIMUM DOSE LIMITS FOR RADIATION WORKERS AND
THE GENERAL PUBLIC.

Finally in thig discussion of the conceptual issues relating to
radliation 1t 13 necessary to relate the doses received by people
to the amounts of radicactivity given off by radiocactive
sSubstances. Each radicactive substance possesses a distinct
pattern of radiation which includes a constant rate of decay and
a spectrum of forms of radiation. This is given a general
measure, expressed in 'Curies' (although these are being
replaced by a new measure, termed 'Bequerels'). Two sets of
problems arise in attempting to relate radiation to doses
({Bequerels to Sievertsz).

Firstly, radloactive isotopes and the many chemical combinations
into which they enter do not merely possess a general impact on
the human body, tbut affect different organs and areas of the
body in very different ways. For instance radiocactive strontium
migrates into bone structures and is a potential cause of
leukemia whilst radiocasctive i1odine migrates to the thyroid
zland, causing thyroid cancer. The range of possible effects of
the very large varliety of radioactive isotopes 1is therefore
difficult to generalise and in many cases not well known.
Secondly, there are many routes which radiocactive substances can
take Zrom theilr point of release to the human subject: these

include a3imple dispersion via air or water - substantially
affected by weather and hydraulic conditions - to complex
biclogical movilliity and concentration chains. Although

quentitartive models have been devised and are applied to
estimate the disrersion of radloactive substances from source
and the levels and effects of these on human subjects along
their path, 1t 1s gzenerally recognlised that these are no more
than alds to the 'profeasional judgement and commonsense' of
those working in the field (22).

5.5.2 Radiation Hazards of Fusion Power: Tritium

Turning now to the potential radiological impact of fusion power
facilities, we lock first at problems associated with the
trivium fuel. Tritium possess a radiocactivity of 10,000,000
curies (1.0 x 107 Ci) per gram. Gagseous tritium does not easily
enter the human organism, althougzh it presents a problem of lung
irradiation when breathed in with air. Combined with oxygen to
form tritiated water, tritium is 25,000 time more lethal,
entering the body through ingestion or through the skin and

migrating to a2ll parts of the body. However, 1t passes through
on average in ten days (Known as its 'bilological half 1ife').
Ten curies of tritiated water - one hundredth of a gram - 1is

likely to cause early death in about %0 per cent of a typical

'

N
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population (23): tritium containment is thus extremely
important.

In subsection 4 above it was pointed out that no assessment has
vet been made of possible worker exposure to tritium inside a
fusion power plant. There 18 no doubt, however, that given the
facility with which the gas migrates through structural
materials, and the relatively large tritium inventory that such
plants will possess, that very stringent measures will need to
be applied to kKeep to an acceptable level the amount of free
tritium gas in the plant buildings.

Assumptions have also been made with respect to the routine
release of tritium from a fusion plant. In the case of Starfire
this is assumed to be no more than 5,000 Cl per year. However,
if the same ratio of tritium release to inventory as is
demonstrated by the Pickering CANDU plant were to occur at the
Starfire plant, then this would sum to 4,700 Cl per day (Hancox
and Redpath pl). A number of estimates have been made of the
maximum impact on members of the public from regular tritium
releases from a fusion power plant, based upon a series of
different assumptions. The results, normalised to a daily
release of 100 Ci, range from a low of 16.8 uSv (micro-Sieverts =
thousandths of a milli-Sievert) (24), to 780 uSv (25). The first
cf these figures represents about cne and a half times current
average background radliation exposure from weapons test fallout;
rhe latter figure is over one and a half times the new
recommended maximum dose for members of the public and 1is clearly
unacceptable according to that standard. Hcwever, 1t must be
stressed at this point that THE AVAILABLE LITERATURE CURRENTLY
ADDRESSES ITSELF TO RELEASE LIMITS TO BE ACHIEVED, AND THERE 1S
LITTLE REAL KNOWLEDGE OF WHETHER THESE WILL ACTUALLY BE
ACHIEVABLE IN OPERATIONAL FUSION STATIONS.

5.5.3 Radiation Hazards of Fuslon Power: Activation Products

Analysing the pctential impact of routine releases of activation
products resulting from reactor wall and surrounding atmospheric
irradiation is altogether more problematic because the choice and
mix of materials 1s unclear and becausge the range of activation
productas resulting from any one of these choices 1s great. It
has been generally contended that the absence of very long-lived
actinides (radicactive isotopes of heavy atoms), associated with
fiasion reactors, reduces the radiological risk. whilst in
principle this is8 correct, the activation products from a fusion
reactor neverthelesgs present a complex long term handling and
storage problem. This 1s severely underplayed in the EEC funding
application (p.8).

Some study of potential routine releases of activation products
made up of air from the plant buildings, corrosion products from
blanket and reactor coolant and storage tank leakage has been
carried out for the Starfire project (26) and 1t has been
concluded that, under a range of assumptions, the collective
dose for the population within an 80 kilometre radius of the
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plant will be roughly equal to that associated with tritium
releases. There are no estimates of workforce exposure to
activation products.

The bulk of radiation from activation will be tied up with the
reactor structures. In the first instance, as already referred
to in subsection 4 above, removal and on-site storage of first
wall and blanket sections and also of other irradiated
equipment which might need replacement, will require remote
handling prccedures to ensure complete isolation from the plant
workforce,. As yet there 1s no more than a conceptual outline
of how this might be achieved and hence no way to assess the
possible radiation hazards to which these procedures might
gsubjJect the workforce. Nor has any analysis been carried out
into the methods and associated radiation hazards which
decommisgsioning and mass solid waste transportation might
involve.

The NRPB study did, however, carry out a detailed analysis for
gix possible structural materials c¢cf the potential radiation
hazard from various types of waste disposal site (27). These
included shallow burial in either simple or engineered
(concrete lined) trench, deep geological disposal or deep ocean
dlsposal. Degpite the lack of actinides in the wastes under
conslideration, they still concluded that significant leaching
of radiocactive ilsotopes into the ground water system could
occcur before thelr radiocactivity had sufficiently subsided.
Furthermore, accidents, involving boreholes penetrating the
wagte or excavation for bullding foundations taking place,
following a ohe hundred year perlod of gsurveillance, could lead
to 3hort term fatailties. In the case of deep geological
ourial, they concluded that leaching was unlikely ever to be a
problem but that boreholes could conceivably lead to fatalities.
Only ir the case of deep ocean burial did they consider both
nydrolegical problems and disturbance due to human activity in
the future to present no problem. The NRPB did not comment on
the preoblem of finding sufficient sites to store the amounts of
solid waste which they envisaged arising through a major fission
power programme.

IN THEIR STUDY OF SOLID WASTE MANAGEMENT FOR FUSION REACTORS,
THE UK NRPB CONCLUDED THAT ONLY DEZP OCEAN DISPOSAL WOULD
PRESENT AN ACCEPTABLY LOW HAZARD.

A further potential haezard arising from activation, that has been
highlighted by a number of studies - including the ESECOM study
(Holdren et al, op cit. pl2), 1is that of carbon 14. However, the
magnitude of this probilem is8 currently little understood,
although 1t is generally recognised that this could be amongst
the most gignificant sources of radiation to the general public
from fusion plants.
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5.5.4 Radiation Hazards of Fusion Power: Major Accidents

As noted in subsectlon U4 above, little investigation has yet
bpeen carried out into types of accident that might arise in a
fusion power plant and the effects which these might have. One
attempt has been made by the Swedish nuclear research centre, on
the simple assumption that the whole tritium inventory of a
fusion station, taken as 4 Kg and dispersed in the form of
tritiated water, to assess the radiation effects on the
surrounding population (28). If the release were up a 100 metre
stack, this might be restricted to a maximum dose of 48 mSv:
however, released at 20 metres height, under moderately stable
weather conditions, the maximum dose could be as high as 5,000
mSv.

The study went on to analyse possible effects to an

actual population assuming that the fusion plant were located
at Barseback (site of an existing nuclear power station) in
southern Sweden about 25 Km from Copenhagen. This 1indicated
that no more than ten people would obtain exposure over 300 mSv
cf which two would obtain exposure over 500 mSv. According to
this scenario there would be no early deaths but four late
cancers could te expected. It was stressed, however, that

the study was preliminary and 'shculd not be taken too
3eriously’. Furthermore, no consicderation was given to
activation isotopes that would in all probability be associated
wilith any major accident that would release this quantity of
tritium.

Kazimi and Sawdye (29) did focus upon the consequences of a major
release of activaticn products, following from the volatilization
of 30 per cent of a reactor wall through a lithium fire and
agssoclated with a containment breach. (The EEC funding
applicaticn (p.20) denies the possibility of such an accident
scenaric.) They noted that even 1if 10 Kg of tritium were involved
that this would not be a significant factor relative to the
radiation effects of the released activation products. The study
did not attempt to estimate actual radiation doses in the
vicinity of the plant, nor the rate of early deaths and late
cancers that such an accident might induce, but compared the
acclident with the consequences of a maximum accident in a light
water fission reactor. Whilst the results are sensitive to the
particular materials from which the reactor is built, on those
agssumed in this study (two alternative materials were looked at)
1t was concluded that THE RADIOLOGICAL CONSEQUENCES FROM SUCH AN
ASSUMED MAXIMUM RELEASE FROM A FUSION REACTOR ARE SUBSTANTIALLY
LESS THAN THOSE THAT WOULD RESULT FROM A WORST LIGHT WATER
REACTOR ACCIDENT. As light water fission reactors are not the
only alternative to satisfying a given energy need, this result
ig not in itself particularly helpful.

The ESECCM 3tudy (Table 3, Holdren et al, op ¢it) also made great
play of the superior characteristics of fusion over fast breeder
reactors under accident comnditions. However, that study
approached the is3sue from another angle. For each of the eight
fusion reactcr types looked at, the study generated estimates of
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the amount of activation products in the first wall and other
structures which would need to be volatilised and dispersed in
order to generate off-site early deaths or severe ground
contamination. It found that with certain materials only a very
small percentage (less than 5X) of first wall material dispersed
under accident conditions would be sufficient to cause early
deaths, and even smaller amounts (one tenth of a percent) could
result in extensive ground contamination.

5.6 A FRAMEWORK FOR ASSESSMENT

This analysis has attempted to accomplish various tasks. A
brief outline of existing favoured fusion technologies has been
provided, together with conceptual issues relating to these.
Attempta which have so far been made to define and analyse the
gafety and environmental implications of these favoured
technologies have then been ocutlined. Finally some of the most
important conclusions reached by these analyses have been
highlighted and some further implications drawn. It remains to
describe the difficulties encountered in any attempt at this
time to present any balanced asseaessment of safety and
anvironmental aspects of fusion power and to recommend ways in
Wwhich the situation could be improved.

There 18 clearly an inherent difficulty 1in assessing the safety
and environmental aspects of a technology as yet only partially
developed. In one analogy it was sald that attempting any
broader assesament of a future fusion economy is like expecting
analysts in the first decade of this century to make an
assessment of commercial aviation in the 19808 based on the
technology of their age. Howeaever, given the potential severe
safety and anvironmental problems that could emerge from fusion
power Jdavelopment and given the poasibility for taking decisions
now that would lead to very different energy futures, it is vital
thay a highly structured process of assessment be designed and
implemented at this stage.

Certainly, the safety and environmental assessments which have so
far been carried out into fusion power are very fragmentary and
focus only on a very narrow range of issues - albeit those that
immediately appear as problematic. A further problem with
existing material is that 1t has been largely produced by the
research organisations which are carrying out the research into
fusion power and which necessarily have a commitment to its
success and hence a possible propensity to exaggerate its
potential advantages and de-emphasise its potential failings. The
rastriction of c¢co.aparisons of fusion power with alternative
energy technologzies to other nuclear options and particularly
fagt breader reactors 1is particularly problematic in that 1t
gives the impression of alternatives in a situation where these
are in practice similar in many respects, whereas the full range

of posgible future technologies is in practice considerably
wider.

There are two areas in which the analysis of future energy
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options, 1including fusion power, in terms of safety and
environmental effects can be greatly improved. Firstly,
proposals can be subjected to a comprehensive probability
analysis of accident possibilities and their consequences. The
Starfire project involved a major attempt to put together a
comprehengive scheme which could be subjected to an all-round
economice, safety and environmental analysis and the US ESECOM
Committee has initiated a more comprehensive approach to safety,
environmental and economic evaluation of fusion technologies.
By comparison, the work so far published on the DEMO reactor is
too fragmentary to be of much use for such analysis and no
structure exists to look into the wider implications of fusion
technologies. It was neverthelesa commented on by the Starfire
taam that the primary emphasis of that study had been on
determiniastic (engineering) rather than probabilistic methods
'dque mainly to the timing involved' (30). There was
nevertheless an awareness of the need to focus in future on
ganerating sufficient data to perform detailed probabilistic
risk assessment,

Reference has been made above to a few attempts that have been
made and which indicate lines which can be developed. WE WOULD
RECCMMEND THAT ANY FURTHER FUNDING OF FUSION POWER TECHNOLOGIES
SHOULD BE ACCCOMPANIED BY FUNDING FOR STRUCTURED PROBABILISTIC
RISK ANALYSIS OF THE TECHNOLOGIES UNDER SCRUTINY. These studies
should be provided with a general structure that is applicable to
a variety of non fusion technologiles that could potentially
substitute in terms of future energy provision. THEY NEED TO BE
CARRIED QUT BY ORGANISATIONS WHICH DO NOT THEMSELVES HAVE A
DIRECT INTEREST IN THE SUCCESS OF THE PROJECT; on the other hand
the reguits of these studies should be incorporated into the
overall structure of regearch into fusion and more generally into
future energy technology development and research. Organisations
carrying cut the bpasic scientific and engineering research must
have as part of their remit an obligation to supply the risk
agsegsors with adequate information.

The gsituation with regard to environmental analysis is in some
ways similar. No meaningful environmental analysis of a
potential fusion power station or programme has yet been
carried out. Clearly insufficient information has so far been
made availlable. Nevertheless, it is already quite clear that
fission plant and the related materials, transport and waste
disposal arrangements, will have very extensive and serious
environmental impacts should this technology become widely
applied.

It is8 necessary to develop a generic framework for the analysis
of the environmental {(including soclo-economic) impacts of fusion
power now. The UK Department of the Environment's 'best
practicable environmental option' (BPEQO) framework has indicated
the possibilities at least for nuclear waste disposal optiones and
the NRFPB was able to make good use of this in their assessment of
problems assoclatad with fusion sollid waste disposal. However,
the required framework must extend tnroughout the energy supply
system to include the power stations and reactors and it must be
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capable of cross-comparison not merely between nuclear options
but also non nuclear options - in particular energy efficiency
and renewable energy cptions.

As in the casgse of risk assessment, THE ENVIRONMENTAL ASSESSMENT
OF FUSION WITH ALTERNATIVE ENERGY OPTIONS MUST BE CARRIED OUT BY
ORGANISATIONS INDEPENDENT OF THE RESEARCH ORGANISATIONS
DEVELOPING THE VARIOUS TECHNOLOGIES, But it must be able both to
require sufficient information from the research organisations
and its output must be included in the formulation and
development of the research programme itself. It is only through
an iterative development of scientific and engineering research
into a range of energy technologies that includes fusion
technologies in a way that is fully integrated with probabilistic
risk analysis and environmental assessment that we can even hope
to approach a socially optimal solution to what are clearly going
to be difficult years in the future with respect to our
gatisfying our energy needs adequately.
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CHAPTER SIX. THE ECONOMICS OF FUSJION AS A RESOURCE.

6.1 Approaching Fusion Economics.

6.1.1 Introduction.

Can the economics of fusion be realistically discussed when it
has not yet emerged from the Research and Development stage?

It is useful to begin by saying what we mean when we speak of the
"Economics of Fusion Power'". There are two parts to the answer.

(1) To place the fusion potential in the wider context
of the economy. This involves consideration of
long term prices, capital markets, resources, etc.

{2) To construct a micro-economic model for fusion
costs. This i1is specific to fusion and taken far
enough leads to number crunching results.

The second may not be possible, but if it is, it is only in the
wider context (1), not least because it sets the assumptions on
which the micro study is made. For a long term technology these
assumptions are more important than the numbers that emerge.
Indeed unless the assumptions are made clear, the results may be
misleading, and even likely to damage the Community's health!
wWhile the Commission has done nothing about part (1), it has
produced, somewhat perversely, highly numerate statements about
part (2). WHATEVER THE COMPULSION THAT LIES BEHIND SUCH AN
EXERCISE WE RECOMMEND THAT THE FIRST CONSIDERATION SHOULD BE
GIVEN TO THE BASIC QUESTIONS OF HOW THE TOPIC OF FUSION ECONOMICS
SHOULD BE APPROACHED.

The expert group Qqualify theair numerate stataments by saying:

"The results given above indicate that generating
cost must De usad with sextreme caution as a
measura of future worth of fusion power from D-T
driven Tokamaks... It is toco early to draw hard
and fast conclusions from this analysis."

They add that it will not be before the conclusion of NET (arocund
2010) that enough is known about fusion costs. Elsewhere they
have cast doubt on that, because NET will differ in important
respects from the Demonstration plant.

6.1.2 Uncertainty.

THE KEY ISSUE IS HOW TO DEAL WITH UNCERTAINTY. APPRAISAL OF
LONG-TERM INVESTMENT PROJECTS IN THE PUBLIC SECTOR CONFRONT THIS
PROBLEM BY THE USE OF DIFFERENT METHODS8. RISK CAN BE DEFINED IN
TERMS OF STATISTICAL PROBABILITY. UNCERTAINTY CANNOT BE DEFINED
THIS WAY AND THE USE OF SCENARIOS IS NECESSARY, WITH
PROBABILITIES BEING ATTACHED TO THE RESULTS.

6-1
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1. Setting of the discount rate

2. The use of Cost/Benefit analysis
3. Sengitivities

4. Scenarios

5. Probabilities

The discount rate is the most specific and most sensitive. Cost
benefit analysis has the advantage that it yields only a single
figure, and this depends on the assumptions used, the quality of
the data, the discount rate, and the time span.

Sengitivities are used to show a variation around a limited
number of values. They reduce the uncertainty. In investment
appraisals, the discount rate will be the most important economic
variable.

A probability distribution around a value provides 'judgement' as
to how good the value is. They assist the decision-maker,
especially with long term projects. It can help decision-makers
if the expert commits himself in this way (which he may not want
to do because if he is proven to be very wrong, it damages not
only his health but his reputationt).

The use of such methods for offsetting uncertainty depends very
much on the quality of the data. If it is known that the data is
'soft' then it is more important %o use senstivities etc, and
aschew single dimensiocnal solutions. Unfortunately the
Commission's research compounds both errors. The data is a
mixture with much more 'soft' than 'hard' data. To use the
Dorfman metaphor this produces a '"'rabbit-and-horse stew
situation." Some recognition of the risks involved, in relying
upon such dats, and the application of recognised techniques for
raducing uncertainty, should have recommended themselves to the
Commission's researchars as eassential.

DECISION-MAKERS8, CONFRONTED WITH LONG-TERM PROJECTS OUGHT NOT TO

ACCEPT SINGLE FIGURE SOLUTIONS. (To do so makes them hostage to

the expert who not only sets the assumptions, but attaches values
to them). A RANGE OF OPTIONS SHOULD BE REGARDED AS A MINIMAL WAY
OF OVERCOMING THIS PROBLEM.

The application of the above expedients to zrapple with the
affacts of long term technologies is weakest in the appraisal of
environmantal factors. Our economic system is ill-matched for
appraisal of ecological systems, both in time and in perceptions
of what risks are being run. Discount rates can hardly be
applied, and cost benafit analysis becomes arbitrary in setting
figures to environmental damage. What then can be done?
Firstly, a atructure for appraisal of environmental impacts is
needed to undertake periodic risk analyses to assess the problem.
Secondly, a method of assessmant which allows for dialogue
betwean specialist and non-specialist is needed. A non-numerate
matrix which simply puts scores against issues is a possible
starting point. Thirdly., statements that fusion has conly a
'moderate’ environmental impact (the Commission's description)

6-2
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ought to be aesgchewed. Such normative statements are perhaps
meant to be reassuring, but they in fact only arouse concern that
complacancy rules where science ought to prevail.

6.2 Macro Economic Factors.

6.2.1 Energy Markets.

The standard acenario for the introduction of fusion posits that
by the time it has arrived at the market, the market will be
ready to receive it. This Juxtaposition of supply and demand, it
is suggested, will come about as a result of a combination of
market factors operating in the middle of the next century:

a) Fossll fuels as the main energy supply will be
failing, and fusion rather than other technologies
will ba preferred as the replacement for them.

b) The demand for energy will be rising.

e) The share of the market taken by electricity will
be rising.

4) There will be rising market prices which will
bring tenafits to investors in fusion, sufficient
to Justify the high capital cost.

Such a scenario is possible. as indead are those which pose a low
growth in energy demand and lower prices. It is hardly possible
to aay which will prevail: hence the need for a range of
scenarios. As we don't know which is the most probable, we can
replace that question with another, "Which would be preferable?"
This 18 a Quadsticn that csan be debated and answered according to
what point of view 13 held. We contribute only the following:

(1) A rising resl cost, matched by a rise in demand and prices
may offer returns to justify the investment in fusion, or any
other technology. But riaing real energy prices are not
desirable for two reasons;

(a) Higher energy prices are associated with
daflaticnary effacts and readuced national income.
This wsa domonstrated in the second half of the
1970's following the rise in world oil prices.

(b) High prices and rates of return involve a greater
degrea of rigsk for the energy saector as a whole if
they sre higher than the rate of return in the
eccnomy generally, and/or they rise more rapidly
than the national income. THE RISK BEING THAT
THERE WILL BE OVER-INKVYESTMENT IN THE ENERQGY
SECTOR, FOLLOWED BY A LOSS OF DEMAND, LEAVING
KURPLUS CAPACITY IN THE SYSTEM. THE CONSUMER
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MEETS THE COST. EXAMPLES OF THIS HAPPENING IN THE
RECENT PAST ARE ELECTRICITY SUPPLY IN THE UK AND
FRANCE.

(2) The capital requirement for a significant fusion supply will
be high. Higher than anything yet contemplated. Ten reactors,
would cost (in 1985 prices) according to our sensivitity
analysis, not less than $50 billion (see figure S.2, page S-3).
To this must be added an equivalent sum to bring fusion to the
market as a reliable and competitive technology. From where will
this capital requirement be met? The money market, or the
government(s)? If the market is open and competitive then it
will be realised through treansfer of the technology from the
public to the private sector. This ie the assumption in the OTA
report, and it is consistent with the economic development in the
European Community. It is not easy to envisage how the technology
transfer will heppen. If capital rationing (which may be more
savere than today because of the rising level of investment in
complex technologies), precludes such a transfer through the
markat mechanism, then will the public sector fund the growth of
fueicon? This is the most likely option, unless a high rate of
return can de aecured for fusion, to compensate for the very long
time period before the banefits show in the power utilities
bottom line (a programme of ten reactors with a new one started
avery two years raquires 40 years ie. by the years 2090 (see
figure 8.2, paga 8-3). There may be political resistance to the
public mector taking all the risk. Consumers percéiive that in a
mixed public/privata enterprige electricity supply structure,
that they may be paying higher prices (or taxes) instead of
anjoying the benefitas of homogeneocus suppPly industry where prices
are transparant and ccentain no hidden subsidy.

(3) Capital markats have moved to a greater degree of freedom in
the last decade, sspecially with the growth of international
caplital movements. It 2ollows that the margiral ccst of capital
wiil move clossr to tha real discount rate. In such a context
high ¢oet long term projects will find capital very competitive.
This is already happening. The effect on aenergy investment could
lead to major changes in perceptions of profit and loes. Smaller
scale technologies with front capital locading, and returning
benefita wichin a shoxrt time, could look more attractive both to
the investcor and the consumer. This possible trend is already
observable in the USA.

The situation for long term RD&D will not be unaffected by the
changing economic environment. Historically, RU&D expenditures
on nuclear power, fission and fusion have been decided at the
political level. But the ability to enter competitive markets is
likely to be taken into account in the future.

6.2.2 The Role of Pusion in Energy Supply.
The view taken for fusion supply in the Commission's

documentation is that it will progressively subtstitute fission
and coal in alectricity generation. The basis of substitution
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will depend upon the movement of fuel prices which will reach a
‘breakeven' point which can be defined as the point when the cost
of uranium and ccal is high enough to offset the higher capital
costs of fusion. We have already drawn attantion to the effects
on national income of increases in the real cost of energy. In
the micro-economic analysis later we show the improbabillity of
such a scaeanario in terms of relative fuel prices. A third
element of this scenario is the size and change in shape of the
electricity market itself.

As a primary fuel, fusion is not directly accessible teo the
consumer in the manner of fossil fuels or some renewable
technologies. It will only increase its share of the market by
substituting for other fuels. The largest sector, by use, 1is
space heating, and the second is transport. Electricity's share
of the latter is very small, and in the former the price
differential is a considerable dbarrier to penetration.

Neverthaless the Community view is that the electricity demand
will grow more rapidly than that of any other fuel. They have
estimated a 40X growth over a 15 year period to the end of the
century (CEC 1986b), and an increase in market share by 3-4%.
This growth is to take place very largely in the residential and

tertiary sector. Thia presumes a large increase in the
"spaciflic' use of eleactricity (appliances, slectronic equipment,
electric motors, atc,). Expectation of a large incresse within a

single sector of demand muat be open to tha risk that, as a
forecast, it wiil fail, leading to surplus capacity and higher
srices.

Projected £8 a long tasrm demand, this “ype cf forecast would mean
that by tha middle ¢of the next century alectricity would be
raieing 1ts markat share from aomething like 15X to 50X. It is
in such a contevwt that fusion is sean to ba a market entrant,

ON THE SUPPLY SIDZ, ALMOST ALL OF THE INCREASED GENERATION COMES
¥FROM NUCLEAR FISSION -~ PROM 275TWh IN 1983 TO 792Twh IN 2000,
INCREASING ITS SHARE OF SUPPLY FROM 22X TO 43X, AND DISPLACING
COAL AS MARKZT LEADER., FALLING FROM 34X TO 32X (CEC 1986).

OVERALL, WHILE THIS ECENARIO IS POSSIBLE WE FIND IT IMPLAUSIBLE.
WE AGREE WITH THE OTA REPORT WHERE THEY ARGUE CONVINCINGLY THAT
AN INCREASE IN THE DEMAND FOR ELECTRICITY DOES NOT OF ITSELF OPEN
THE DOOR TO FUSION TECANOLOGQY.

"Economics and acceptability rather than total
demand will determine tha mix of technologies...
If rfusion provas inferior to its competitors, it
may not be used evan at very high demand levels...
S5hould fusion technology prove favourable, rapid
Zyrowth in damand would facilitate itse
introduction... NEVERTHELESS DEMAND ALONE CANNOT
TURN AN UNATTRACTIVE TECHNOLOGY INTO AN ATTRACTIVE
CNE. " [Our emphasis].

(OTA 1987)
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{1) At the same time as projecting the growth of electricity
demand, the Community anticipates a 20X improvement in
efficiency, which will exert a downward pressure on demand. The
two projections do not appear to be mutually consistent, except
in conditions of high economic growth.

(2) The principal competitors in the heating market will remain,
as they are today, oil, gas and coal. They will remain
competitive well into the next century. Assumptions about large
price rises, even if they are taken to be realistic, cut both
ways because fossil fuels are the main sources of electricity
generation.

(3) The projacted growth of nuclear power is unrealistic.

A possible scenario is besed on the consistent development of
fission power to be followad up by fast reactors, and then by
fuaion. Aa tschnologies . _. they have a lot in common. But the
displacament of fission on economic grounds looks improbable
unless its decline in growth is reversed. The commitment’™ to
fast reactor technology has become increagingly stretched into
tha longer term, largely as a result of the slow down in the
thermal reactor programme, dut also because of problems with the
operation, safety and construction cost of fast reactors, which
have causad tha aconomics o deteriorate. It is Aaifficult to de
cartalin about tne future of fast breeders, except that they are
unlikely to bs aignificant until the middle of the next century -
which makas them competitive with fusion. As they have a
considerabls rescurces base, matching scenarios for fast reactor
and fusicn powar tcgether is problematical on economic grounds.
Thesa institutions which invesat in fusion RDAD are unlikley
therefore to favour fast reactor programmes. In taking such a
view thay will place thae emphasis on the environmental
supariority of the fusion reactor. Decision-makers will not find
it aaay to asseaas this trade off without tha aid of a
sophisticatad modal. Overall wa sahare the view of IIASA and OTA
that fusjion would not benefit by being hurriad into the

market. The sacond half of thae next century is more likely and
it could be later than that.

6.2.3 Conclusions.

Amid the many uncertainties about the economics of fusion, it
appears that the biggest hurdle that it will have to face will be the
vary large invastment reqQuirement. Costs of $2-3 billion are
being anticigated for axperimental reactors. The European and
American prograumes to fate have cost more than $8 billion and
world-wide the RD&D ~costs could be twice as much as that.

Before a Aemons*ration stage is reached in any one programme (ie.
aither the Arericsan or the European, an estimated $20 billion
will have neen spent, Bafore fully commercial plant is operating
the figure could ba $50 billion (depending on the number of
prototype reactors) and not less than $40 billion. Will these
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sums ever be recovered in the commercial phase? In our
analytical study we assume & royalty payment for the first ten
vyears of operation on a 10 reactor progremme, after which it 1is
agssumed that the programme is making a profit. This will be
forty years after the first station has been started and possibly
after an expenditure, in total, including the RD&D stage, of $100
billion.

This capital burden raises two major questiona, one political,
one economict

(1) Will industrial societies be able and willing o
invest in fusion?

{2) what constraint will such high investment costs
have on the price of electricity in the future?

Bafore declsion-makers answer thes political gquestion they may
want tc have a vasponse to question (2). Briefly our view is as
followst

We cannot pradist the marginal cost of fusion generation, which
will datermine its competitivaness in the market. But the cost
atructure 28 it rhas been presented to us in the Commission's
documentation 14 so heavily capitael loaded that we saeae real
difficultiass for fusion in the market. Given that capital costs
once syent are aunk costs, it 18 the variable or operating costs
which will influence the market pirice at the margin.

Flaxibility in responding to markat conditiona will depsnd on the
followling 2¢facta:

Firati s, sn fual prices. BECAUSE FUSION FUEL
TARTY LRE YERY LOW, THERE WILL 2% NO GAINS FROM
TALLTMG  FUITI COST. RELATIVE ADVANTAGE FOR FUSICN
ATGT DMPEND MOT ON FALLS TN ITS FUEL CCSTS, BUT ON
PISES 18 THOSHE CF (CAL Af'D FPIESION.

Secondly, on maintsnance cogte. Thease ara aleo
reprasanted 24 daing 20 low that they c¢an only
move uyrwarde -~ which wil) weekcn the nsrket

pomaition of Ffumsion,

Thirdly, svailabllivy of plant. This in the most
uncerterlrn. variables of all {(wea diszcune 1t in
rhaptazr 7). Ag avallsbility falls, urit costs
rise gquickly.

fourthly, trha economic afficiency with which the
>lent asaratea, la. the load factor. On this we
hava no data, and thersfore we take the
ava: labhil ity figuraes of the Commission and subject
them to sengitivities. This wakes fusion power
2n8%y highly velatile,

To pbe i1afiuzantial in reducing fusiorn ccat, the combined effect of
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these variable c¢osts must assume major price shifts. As we show
later such shifts will certainly be upwards and they could be
significant. A8 a proportion of total costs, they could be
important in a competitive market.

6.3 Resourca Costs.

6.3.1 Introduction.

Fusion is a finite energy resource. In order to Justify
development, the resource base should be adequate to achieve a
flow of revenues, discounted at the market rate to show a
pesitive value. This would include the cost of building all the
plant ragquired for the fuel cycle, the disposal of waste and
decocmmissioning. The time horizion for a positive net present
value to be realised would extend into the 22nd century, and the
reasource hLase ought to be adequata for that.

what would be the limiting factors? Use of critical path
analysasia might show tham to be in one of a number of areas which
wa can only conjecture at the moment.

(a) Mutasrials - this will depend on engineering
trade-offs. seryllium 1in particular is in scarce
svpply (see balow).

{b) Environmental - the axtraction of 1lithium (and
posaibly deuterium jwill involve environmental
coats. lL.ikewise the dlaposal of releases from
power stations.

(2) waste disposal -~ an outline waste managsment
srogramme is required to estimate this. The time
apan involved will be important. There will be
significant costs.

$.3.2 Tha Tritium Fuel Cycla.
(a) Tritium.

The fusion reactor hag a very complex fuel cycle. Tritium is
cnly naturally available in minute gquantities, the principle?
current source of tritium 1s that made for use in nuclear bomb
triggers. Lithium has to te miried and purified and the Lithium 6
isotope has to be enriched (in DEMO to 30-50X, in a Prototype
Commarical Sizad Raactor (PCSR-E) to 90X) to enhance tha breeding
ratio. It has then to be installed in a breading blanket with a
neutron braeedaer for conversion into tritium. The tritium has

then to be extracted, purified, and stored for injection into the
reactor.

Claarly a fusion powar programme would require a large enough

tritium s8tock to allow for the fuelling of new astations as they
come on-line. We have found that due to various constraints, it
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is very hard to design a fusion reactor with an adaquate breeding
ratio. Variebles such as the breeding gain, out-of-reactor-time,
tritium decay loss and the initial size of the tritium inventory
will all effect the potential size of the programme. Potential
problems with the fusion fuel cycle can best be understood by
comparison the FBR fuel cycle (see Appendix 1).

(b) Lithium Reserves.

There is no consensus on the extent of lithium resources.

Presently, lithium costs around $55/kg. It is estimated that
prices will have to rise by & factor ¢f three before adequate
reserves are economically recoveradble. Estimates of resources

vary between 5 and 71 billion kg ((Hammond 1976), (Holdren 1978),
{Cameron 1979)).

It is also hard to find any definite figures on the amount of
Lithium a fusion reactor might use. This is not surprising, the
complexity of the fusion process and the large areas of unknowns
involved preclude any accurate estimates of resource or financial
coats. The main areas of uncertainty that we can identify are
thae future cos?t of lithium, the degree of enrichment, as well as
+he afficiency and cost of the enrichment process. Once in the
raaztor the lithium will bhe used to breed tritium and obviously
rrna afficiency of the tritium cycle has implications for the
1ithium raquiraments of a reactor. Particularly, what losses
7ill bte involvad in tritium purification and storage and how will
the *ritium ba out of the rsactor (this is important as losses
through decay a&are high)? Azcepting that there is little point in
teying to assign too isuch accurscy to any figures, given the
itavael of un2«irtalnty, the table below calculates an optimistic
and a pasginlsacic eatimate of tha number of reectors that could
na yallaed By the knoewn land-Lasad regources of lithium, given
diffarent agasunptions abcut key variadles;
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Table 6.3.2 Estimates of Lithium Resource Base for Fusion
Reactors.

Variables P [ t £

Worid Reserves (land) 5.2 7.3 millidion
(3% current price) (IXIASA 1977) (Brandt 1988) tonnes
current price)

Lithium 6 90% 30%

enrichmant PCSR-E? DEMO=

lavel

Lithium burnt 1380 © 100 tonnes/
during reactor UWMAK I STARFIRE® 1.2GW
lifetime resactor
Number of 1.2GW 310 176,000

reactors

' (Speara 1985a)

2 (Ceooke et al 1985)
3 (Camaron 197%9)

“ (CEC 1987v)

A number of jualifications need to be made about the figures
daerived abova. Firstly., the estimates are derived simply by
taking tha most optimiastic and pessimistic assumptions from
different reactor designs and therefore do not represent any
actual reactor. It follows therefore, that the two figures
rapresent limits on current designs and will probably
overastimate or undarestimate the most likely actual figure. It
ala30 naads to be pointad out that no account ia taken for other
usas of lithium. Fusion reactors are assumed to be the only
ugare of lithium.

Therae are two striking results in the table. Firstly, there is a
huge range dbatween optimism snd pessimism, and yet both figures
wera derived from the resesarch programme's own data. The
optimistic estimate suggest there could be enough lithium to
supply electricity to OECD countries on low estimates for the
yesar 2000 (IEA 1582) for spproximately 3,800 years. The
pessimistic figure suggests that total world lithium resources
are not anocugh to fuel a fusion programme for more than a few
vears, Whatever the actual depletion rates are, somewhere in
Detween these two figures we have to accept that land-based
lithium resources are not sufficient to justify statements that a
fusion reactor programme would be based on an "practically
inexnauetible fuel" (p4, CEC(87) 302).

The only rtasis of such claime is on the assumption that lithium
can be recovered from the sea where the concentration is 0.17
parts per million by weight (IIASA 1977). Because the oceans are
85 huge, then there are large lithium reserves (240 billion
tonnes), Howavar, although nothing is known about lithium
recovery, tha low concentration of lithium means that the
environmental and recovery costs would be large and therefore we
take The view that asea-bagsed lithium cannot be treated as a
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rescurceae under presant foreseeable scenariocs.

It mugt also be considered that lithium is not without
alternative uses. In 1974, S5 million kg were produced worldwide
for about a dozen different commercial applications.
Lithium-Aluminium alloys are now coming into use for aircraft
manufacture. Similarly, there may be gignificant alternative
uses in the future if Lithium-Sulphur batteries prove successful.
The Energy Research and Developemnt Administration (ERDA)
obsearves;

"planners project that 20 million urban electric
cars containing & total of 270 million kg of
l1ithium might be on the road by the end of the
cantury. Utility electric storage - a projected
1000 units capable of delivering 100 Mwhrs of
power each - might require abcut twice that amount
of lithium."
(Hammond 1976)

{¢) HMatarials.

Also, cuirent reastor design studies tend to include beryllium as
a neutron »rsedar, and tungstan wall tiles (IAEA 1985) which are

“harselves scarce and a2xpensive resources. Beryllium will be
neaded in large guantities {(approx 52 tonnas in the STARFIRE
planket). it will need to bhe reprocessgzad to reduce depletion

ratas and even allowing for reprocessing, THE IIASA STUDY (IIASA
.377) PREDICTED THAT FOR A PROGRAMME OF 100 1GW FUSION REACTORS
THLZRE WOULD 8Z ENOUGH BERYLLIUM FOR 1.4 YEARS! A UNIVERSITY OF
HIMSCCNSIN STUDY ON FUSION PROGRAMME RESOURCE IMPLICATIONS
(Camaron 1979) SKHOWS THAT FOR A 300GW US REACTOR ECONOMY, THE
RESOURCTS of BZRYLLIUM, VANADIUM, AND TUNGSTEN WOULD OPERATE AS A
SEYERE CONSTRAINT ON THE LIFETIME OF THE PROGRAMME UNLESS MORE
ABUNDANT AND CHEAPER MATERIALS WERE DISCOVERED.

vie can find very little aevidence of the appreciation by the
Commiassion of the serious implications of materials constraints
for a fusion programme. This in our view underlines the lack of
an adequate management stratagy capable of dealing with critical
problem aresas,. The Technical Planring Activity Report (US DOE
1987) develops an interesting way of modelling the materials
problem. In their overview they sayt

"THE ULTIMATE ECONOMICS AND ACCEPTABILITY OF
FU3SION ENERGY, AS WITH MOST OTHER ZNERGY SOURCES,
WILL DEPEND TO A LARGE FXTENT ON THE LIMITATIONS
OF MATERIALS FOR THE VARIOUS COMPONENTS."

The TPA report evamines in detajil the relative importance and
potantlial impact of each technical issue, in the light of the
overall chbilective which is to develop new or improved materials
"that will enhanca the economnic and enviromental attractivness
of fuslon as an energy source." From this the TPA develops a
naterials grogramme stratagy. {See Appendix One for further
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Chapter Six The Economics of Fusion as a Raesource
discussion of this and historical background of the US fusion
programme) .

The cost of materials irradiation test facility is estimated at

2150-3%250 million to build. Work on such a facility was
abandoned because of the cost.

5.4 Fuel costs,

As discussed in 6.3.2, there is a deal of uncertainty concerning
the possible fuel costs. Adopting the methodology used above of
naking optimistic and pessimistic assumptions about reactor
design and operation (and again ignoring deuterium costs), we
darive the table below;

Table 6.4 Estimatas of fuel Cost Element of Fusion Power
Eleztricity Ganeration.

LE SR R B RN E B R R A B R R K L B F T R N B E E X X X & ¥ % R B X ¢ N ¥ X X & ¢ ¥ ¥» § % § ¢ ¢ °§ L 2 2 R Y R R Y T F Y R X F

Yariablas Passimistic Optimistic Onite
Price of 3165/kg= $55/Kkg?
ratural Li
Li 6 anrichnennt 90% 30X
PCSR-E DEMO
Lithinm turn-uy 1380 100 tonnes
rate Tor 1.2GW UWMAK I STARFIRE
reactox
Fual cost 14.05 0.112 milla/KkWh

Y- R N B B ¥ EA N 8 R B OF 8 R R FF RN 3 0 F 2 F 0 K 2 0 B X R F £ F R R 3 0§ B F R Y F R E Y I 3 R A ST R R R I R T Y}
t zurrent U5 price of 99.9X prcducers ingot
2 dxcurrant price is usually considered necessary to make lithium
recduction sufficlently profitable to allow adegquate supply.
LUna paga ZLL for referencses.

Some provisos need to be added to the above tabtle. Firstly, both
the cptimistic and tha peasimistic figures have soma common
agsumptions which arr on the optimiatic sideg

1. Whilst account is tsken of the amount of natural
lithiumn needed for enrichment, the costs of such a
process ias agsumed to be ZERO. In reality the
coats of enrichment may dominate the price of
lithium but there are simply no figures available
on possibla cost.

2. No account 13 tekéen of poasidle lithium losses in
the enrichment process, 100% afficiency is
eaauned.

3. The reactoras are assumed to have an availlability
o? 75-8GX

4. It ia generally acceapted that the price of lithium

had to rise for an adaquste gupply. so the current
crice iu urually assumed to treble, whereas we

6-12
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Chapter Six The Economics of Fusion as a Resource

have assumed thefe is adequate supply at current
priceas in the optimistic calculation.

Of course the figures are approximate and there may be
incompatabilities between the various variables chosen which mean
the data has a pessimigtic element. Nevertheless, it must be the
cage this is insignificant compared to the above mentioned bias
in favour of optimism.

Again, we must point out that the two results are within limits
that are unrealistic, particularly the optimistic one for the
reasons listed above. They show how with different and yet, by
themselves realistic sassumptions, the fuel cost element of the
cost per kKWh can escalate. Adding to the inescapably high
capital cost, the result could be to make costs even less
attractive than they might otherwise be.

Fuel costs may vary over a wide range, depending on the
sdasumpticons made about the resource base for fusion power. 1e
the persimstent bias to optimistic Judgements is allowed for, then
“he affect of fuel resources will dbe an upwards pressure on
varible costs, and a weakening of market power,

WE MUST CONCLUDE THAT THERE IS LITTLE JUSTIFICATION FOR TREATING
£, COSTS AS NEGLIGQIBLE. A LONG-TERM FUEL PRICE MODEL IS
COMMENDED TC GAIN A BETTER UNDERSTANDING OF THESE SENSITIVE
EAS.

Y

€
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Chapter Seven The Cost Sensitivity of Fusion Powar

CHAPTER SEVEN. THE COST SENSITIVITY OF FUSION POWER.

7.1 Sensitivities.

7.1.1 Introduction.

We begin this critigque of the Commission's expert group report
COM(87) 302 on the economics of fusion with a general comment on
the method that is deployed.

The economic study in COM(87) 302 produces sgpecific cost figures
(lavellised generation costs discounted to an unspecified date in
the 21st century) for the tenth of a series of fusion reactors.
The costing is based on conceptualised designs that have emerged
from within the fusion laboratories. These figures have not been
tasa*taed, and as the authors themselvea say, they are very
uncartain and are to be treated with cautiocn. In actuel fact
caution has been thrown to the wind. TO DERIVE SPECIFIC COSTS
FOR ELZCTRICITY GENERATICN FROM CONCEPTUALISED DESIGNS, USING ANY
NUMBER OF UNTESTABLE ASSUMPTIONS, IS THE TYPE OF FORECASTING THAT
ZEILL INTO DISREPUTE SOME YEARS AGO, AND OUGHT NOT TO BE REVIVED,
I.LEAST OF ALL FOR A TECHNOLOGY WHERE UNCERTAINTY PLAYS SUCH A

MAJC SR PART IN ESTIMATING ITS PFUTURE,

'ha valua of tha cosat research amanating from the Fusion
2gs7ablishmwantsa 13 further undermined by their attempts to marry
~ro8t retimates with energy accounting. The latter is expressed
in snergy values (le. the sneargy content of the materials
involved 1ividad by the enargy output). The result is sailid to
vrovide a comparative basis of the efficiency of fusion as
compared with fission power stations. The advanteges claimed for
this methad are that (a) "it is not influenced by relative wage
and orice changes', b) it "ia an easily understood and convenient
messurae of tha value of a project'. Neither of these claims hold
watayr. Understanding the movemants of energy prices and costs is
essantial to the art of aconomic evaluation. To smay that putting
them to one side is easier, might be analgzous to suspending the
laws of gravity because they complicate our understanding of the
movemants of bodies in and out of the earth's atmosphere. Ag for
being more e2asily understood, that cannat be true. Energy
accounting has gained no currency. Firstly, because it is
axtremely difficult to find eny consistent way of measuring the
anergy content of materials, and no way of measuring the energy
content of labour. Secondly, even if it could overcome this
difficulty the results are of no value to econcmic assessment.
The value of a commodity <an only be determined in a manner
consistent with the way other commodities are assessed. That can
only be in verms of current cr congtant prices.

In order to come to a happy conclusion on unit costs the expert
Zroup than apply energy accounting to conventional cost data. A
SHOT GUN MARRIAGE OF TWO SETS OF DATA, BOTH OF POOR QUALITY. AND
IHATRENTLY INCOMPATIBLE, IS8 HARDLY GOING TO LAST. WHAT IT DOES
DC EFFECTIVELY IS TO DEMONSTRATE THE UNIQUE ODETACHMENT OF FUSION
TECHNOLOGY FROM WHAT IS HAPPENING IN THE WORLD AROUND IT. This
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should be seen as diaturbing. Given tnhe very long lead times for
fusicn technology, and the uncertainties that aurround it, it is
neceasary tc ba excaptionally arafu’ in applying economic and
asclal critieria to evaluaving !.s potantial. It would have been
bectaer to apply astvaplishac m2thods oi 2valuation, for theft the

results would be comparabl= with those 2f alternative energy
caths.

WE CONCLUDED NOTWITHSTANDING OUR CRITICISMS OF THE METHODS USED
THAT WE WOULD BE CTYPICTED BY STOA ANT THE EURQOPEAN PARLIAMENT TO
3IVE A JUDQFMENT (il T T FIGURXKES OFFERED TO THEM BY THE
TOMMISSIC!N. WE HAVE T9I2 "ORE DONE A SZN3ITIVITY TEST IN ORDER
"0 SEE BOW FORUST T?E\ ARL

The agaumptiora ur=d by the expert gwouy velate to three
concentual Jegigna. The ralerencs Tokamek c¢ase appears to be to
the American Stary: % 8cUdy. (it produces thae lowast output
srat|). Thlzs, 2ion, with Uie non--7.Xamaek MAKS atudy, are both
caken 10 wn@ taach of & 31323 to arriva at what is intended to
be a 3 ttle ]l dywn prica. The PCSR-E i » prototype reactor which
Wa A33UIMd WCL.2 eorrqespond i tina to the demonstration stage.

Wa have therefora trackad 1he aceats ¢f thhese three reactors, as

Neat am W Sne freom tra ASnse ro COM(87) 302. We have subjected
thenr to venalevisivi o, Tao ET0NTrLE SENWICITIVITES THAT WE HAVE
THED O ARE IN AL LACZES LESS UVaVCURAZWLE, TN O TLRMS OF QUTPUT COSTS
TC THOSE VHE X o'f CRCUR. Ty doling this w2 test their
rutustneas agal. st wnat we fuge cu e over -aptimistic
asaunptionds. o 1o nor clale Tusl cur agsunptions are

sontral astinstes becav .2 v hat had nalther the time or the
data to excticre a full ranz2 of opvicna, hewaver we are Quite
ZAurae that oupr eccnodic agnimatad arw are paaliscizc and will be
mure broadly acve,. .alle (o 2lutu. lalty supply utilivies.

WEHONAVE ATUED Cad Loou DT DL oGOR sy Get MU LGer e of OCHT387) 302 for
all waprze Tivlas i a0 AVl L% L. thyeoe spteqmaptiscna that are tha
sagliar 220 s it oy 0 Pa 0 Ly LCa s S0 Ythe prototype POSR-R to
L ST 2% R T AN TN SN JL VTS S T « I8 e herve to2n eppllied
co;vmic AcanLtLe T F To w La L ag.LaaIltap-dhnilvan 2onia, and the
results are Lo ve aaa2, in i .2t L L oend nLn o table 7103

Focem v _oz2uvra 7.0 Ctha ol wnng nae by gtvtatod,

(1) The ST 01w @i U3 ool thye Lot Japldly. because here
. o

iva R anglnesrias coanar tholyvs L neflca, and there arve no
Tevoaslas tE s, L2 v s weres ta ta regarded as likely
thev e, L rLeitlowiisn o0 5 o e Tound oon going shead with
JAFY - IR AT AN PRI S AT o s wlt Lo gar tals ad an

)Y}

The SLamulog Ao 4G » 0 %@ L in panAa covaring a span
SRR A WAL A AT, L, ich thay fail relative to PCSR-E
A 8 ruasule of cnginned: . arivan hensfita. The result is

T Maks ol s e Lo Wbt Lo Len end eoal, and
N RTINS LTy Ded T group. ta presented we
L T T S A T A0 S U ST PP SR wiven o..8 sconomic

S —




Chapter Seven The Cost Sensitivity of Fusion Power

sensitivites of CES, (Cantre for Energy Studies), fusion
costs rise and it remains as today, at best 2-3 times the
cost of itsa competitors.

To repeat, we do not claim the results to be central estimates -
the uncertainties, especially on capital cost account, are still
80 large that all figures have to be treated with caution. What
figure 7.1 shows is that subject to a fairly conventional economic
test, the expert groups predictions are not at all convincing.
They give a too sanguine view of the future.

Table 7.1.1 Economic Sensitivities - Assumptions (for tenth of a
series).

rrrY r Y R Y2 ELER LR 8B F F 8 8 8 0 B S & 0 % B R 8 _FE 2 B 8 2 R R B £ R B X B R B B % [ F 2 § B2 § F 1} J

comM(87) 302 CES

Raactor Lifetime 25yrs. the same
Avallability 6, 60CHrs 4-5000Hrs band
Load Factor? not allowed for 65%
RAD costs (approx toc 2010)* not allowed for $20billion
“onstruction *time 6 years 10 years
Disccunt Rate® 5% 10%
Circulating power losses® -—— around 20X
Deccmmisaloning costs 20X of capital the same
o cost

t The Load factor is not given by the expert group. It is

posaible that they regard it (incorrectly ) as equal to
the avallabillity.

[}

Thege are not included by the expert group (incorrectly).
Presumably they are regarded as an external benefit, a

aocial ccst or a hidden subsidy, according to which view
{8 taken.

The higheat real rate of return on Community RA&D projecta
will ba close to 25X (short term). (For long term large
scale pcrojects the range is 5-15X). We choose 10X as a
median figure.

Ha can find no allawance for this in the expert groups
data. We assume that they are using gross cutput figures.
3iven the exceptionally high power consumption on site
this eamounts to a major distortion.

FY 3L E RS RN R LA R R R B B R B B R B N R B N R B B B E 3 B & B B B B K B N N N R R 2 & R R R X 32 § R R 32 § % V¥ |
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Chapter Seven The Cost Sensitivity of Fusion Power

Engineering Sensitivites.

From fig 8 it will be seen that we assume that PCSR-E operates at
the high end of the range, and the tenth of the series at the
optimum levels given in the report of the expert group.

All these paramaters are presaented as linear. This is a
simplification. Relative to the coarse gquality of the model as a
whole this does not amount to a serious distortion.

7.1.4 Generation Costs.

Two sets of results are given. The differences are not great
(they arise from different annual capital charges ie. rates of
amortisation) and they are shown in the table below.

Table 7.1.4A Generation costs (mills/KWh).

STARFIRE PCSR-E MARS PWR COAL

10th reactor 1 only 10th reactor (Franc tal
Capital charge 30.4U4-25.9 70.6 842.56-36.2 10 6.9
Jp. & Maint, 4.66-3.3 . i5.0 3.31-4.0 4 2.8
fuel 0.00-0.14 0.7 0.36-0.5% 5 28.6
Total 35.15-29.2 36.4 46.24-80.7 19 34.4

It i8 not clear how these figures are calculated. The most
important is the capital ccst. The engineering based
zensitivitiea have the effect of reducing thase costs
dramatically and uniformly during =eries production. The cost
for the 10th of a series (Mars and Starfire) are given above, and
they are traatad as lifetime generation costs and comparable with
those for PWRs or coal generation. The latter tharefore occupy
the competitive prica area zgeainst which fusion has to competae.
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TABLE 7.1.4B Genarating Coets for Fuaicn fower (mills/kWh)

LA R B B B X B 2 & B ¥ & R I K § PR & F R B R B L S B BB 4 % 5 % K B % L AL N8 % % 2 & X % 2 2 S ¥ ? 3 Z F R XY Z E T X T J

M 87)3¢02 ___PCSR-E _STARFIRE MARS PWR_ COAL

Cagital costs 70,68 PN 38,2 10-34 7-18

Genurating ccsts 56.4 292 20.7 19-53 34-82

——— . ——
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Chapter Saven The Cost Sensitivity of Fusion Power

distortion in the capital market. A rate of 10X reduces the
discrimation against other enargy projects, and it also signals
to the fusion industry that savings will be expected in the
operation of plant to offget the higher cost of investment.

7.2.3 Capital Cost Underestimation.

What does the experience of the fusion programme so far tell us
about costs? Firstly, capital costs are going to be high,
relative to coal or fission. It has been reported that the
capital costs for NET are expected to be at least twice the £450
million cost of JET (Norman 1987). The US Engineering Test
Reactor (ETR) is expected to cost $3 billion to build (US DOE
1987). A commercial demonstration reactor can be expected to
coat considerably more. A major Question is whether subsequent
raactor capital costs will escalate or diminish. Declining
raactor costs appear to be one of foundations of the arguments
for the Commission's economic case (CEC 1987b), based on the
aggumption that once the technology is established serial
building will lead to reduced costs. There are, however, reasons
to doubt the validity of this argument.

EXPERIENCE WITH FUSION'S CLOSEST TECHNOLOGICAL RELATIVES IN THE
THERMAL FISSION PROGRAMME AND THE FAST REACTOR PROGRAMMES SUGGEST
STRONGLY THAT CAPITAL COSTS HAVE HISTORICALLY UNDERGONE
ESCALATION IN THE FACE OF PREDICTED COST DECREASES.

Analysis of cost growth in "A Review of Cost Estimation in New

Technologiest Implicstions for Energy Process Plantas" pudblished
by thae RAND Corporation (RAND 1979) identifies the major areas

where estimation error occurs;

L) clant a2ad grocess uncertainty,

2) astimation mathodclogy.

3) projest organization,
) axoganous affacts on cost, and
5) the affect of chinzinz environmaental, health, and

safaty regulationas o¢n estimation accuracy and
plant performarnce

There appear to ba no ressons to assume that the fusion programme

will be immune frcom any of these factors which contribute to cost
underestimation.

The two setas of figures in a study made by the RAND Corporation
obtained for the type of plant that are closely related to
fusion, ahow a strong tendency to underestimate the capital
costs. ANY FEASIBILITY STUDY WHICH DOES NOT TAKE INTO ACCOUNT
THE STRONG POSSIBILITY OF INITIAL AND SERYIES CAPITAL COST
UNDERESTIMATION CANNOT BE REGARDED AS CREDIBLE.
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Table 7.2.3. Summary of Ccst Escalation in Large Plants.

Mean of Actual <o Sample Standard
Items Festimated Estimated Cost Size Deviation
Major construction 2.18 12 1.%9
frnergy procass plants 2.53 10 0.51

LA L R A R § 3 2 L 4 3 E B R B B & 0 B % § L 0 L 3 0 & ¥ B & & %3 ¥ L 2 % B 3§ ¢ R % % L 0 % F ¥ 2 R 0 % I R 3 X 7 I° %+ £ J F f B |

(RAND 1979)

Thae cost stereotype that is emearging for fusion power is one
which shares a lot with the Fagt Breedsr cost stersotype.
Briefly, the FER coet sterectype ias that capital costs will be
high but the small fual costs will more than offsaet such high
coats. The fusion programme cost stereotype is an exaggeration
of tha FBR gterecotyPe (sae Appendix 3)., Capital costs will much
higher and the fuel -ocats much Jlow-~r, The problem with such a
cost atareotype., &g We have alroady indicsted, is that it tends
to l2ad to a neglect of the fuel cycle costs, assuming they will
ba negligible, while 1t i3 pcssible that they will be important
in satting mesginal prices. At ths gamne time, because capital
cost arae high, both abesolutnly wnd relatively, to coal or fission
plant, only the assumption of masaive acnnomies of scale will
raeduce the total coat to anvthing like a competitive level. The
result, even if it 1a taksiy t¢ be credidls, leaves a cost
gtructure that is Hizhly vuinerabls to rhangzas over time and
iaflexible in Jagpconsa to smarksas force=a,

7.2.4 Pcwer Dan~ity.

Poweaer denalty ia tha retio ot ; v pyroducad, to the volume of

the raactor. 1t avfacre ef?icliancy and has capital cost
implications. LY vitough thery« 1a 2ov1ausly no linear relationship
batwsan powes Jonszicy wnd cspl el st ahtd &fricliancy, 1t s
aaverthel~es .safu) s fa ficolners, capasially when conparing

aimilAr olinte Uz «@® LEel ton andg ftusicon. Powar density effacts
therael sorficliacay Laciuge ¢rne Xy convarsion con be carried out
nmere Ceiciantiy. 1 r s - ink thia Rind of calculatien
Airectly T zout, Bur e caoweetive parporeas it quite useful.
Fower danaic, saficoia T umsa thesugh the relationship
peitwaeesn the Alze of a4 vosatsy surRePIra f4a” The powar it
produces. If sao pen YW avreey.val, baira rade of ginllarly
yriced matarials o sinliapr campglouil ¥, »3°D ~“ul gars s>utput and

Ll

¥

e
-
ES

D SRR

) Pf

ANe WaR twile ws Uig L le. Tesd ¢he porsd daaslity) 1t would not be
e unrezgonah’e ' loar aciac sy T 21y w0 v Thae larger reactor
would ceef as .2l Lwile RE v v atlo o tha rsantar cosat
O the wRlends i Da sk w0 Tl i e s ewerant wthens
conparing ovearsll vaogl cal oy,

Thea powar 4 aglzy 3f o Ioata, gcxrctor would e relatively low
{(8lallar to an wawrly flaalcr rasceter, ag tha Magnox r»agtor, but
mach 1lrug tran & orame s rfecd wat e poactox (PRRY)Y., The DEMO
dawign predlsie 3 tors coavesr Ae ~lty gf I,.0M/mS, (wimidlar to
“hae Advantgd dum "ol s Desctay [ LETNY, an glian plssma




Chapter Seven The Cost Sensitivity of Fusion Power

assumptions, etc, slthough there is some disagreement whether
this figure would be possible. There are several reasons why 1t
is hard to improve the power density in a fusion reactor. The
thickness of the blanket is determined by the need to capture the
neutrons and to maximise the breeding of tritium. Then there is
a shield (approximately 80-100cm) needed to protect the magnets
from heating and radiation effects. If the first wall power
loading (MW/m2) could be increased through better plasma
performance there would be trade-offs concerning magnetic
confinement power and first wall erosion rates.

7.2.5 RD&D Royaslties.

The cost of RD&D may be treatad by the nuclear industry as a
social cost. But the normal practice is that RD&D should bde
recovered., One way is to add a royalty, paid per unit of
alectricity produced. We take the $20 billion for R&D costs as
central estimate to the end of the Development, and a load factor
of 5000 hours for the Starfire series. Following the figures
given in the table above (Table 7.2.3) we estimate the royalty to
pe 40X addition to the total cost. At §,600 hours this would
fall to 25X of unit costs. As RD&D is a sunk cost, committed
bafore commercial operation has been determined, we do not
digcount it forward, although it could be argued that the
oppertunity cost of RD&D should be treated the same as any other
investnment expenditure, and that some private companies do follow
auch a practice. The higher the aventual cost of fusion power
the lower, relatively, the RDAD c¢ost will become. We have
assumed howaever that the royalty ought to be recovered in the
decade after the first ten reactors have begun oparation.

7.2.6 Dacommiastioning.

Assuming that tnies ias 20¥ 52 the Direct Cost. it would add 10X to
tha total cos:i of Starfira 10 at 5000 houres locad factor, and 6.8%
at 8,800 hours. We do not AdAisccunt the decommissioning cost
forward from thea commisgicrniing date. To do so reduces it to
zZ&ro. Deccomissioning is a reasl cost, and by no means an
insignificant ona given the very large size of fusion reactors.
It ought not to be to bae mede to disappear as a rasult of an
accounting 4davice.

ARD&D and decommiasasioning together add approximately 50X to the
coet of the lowest Starfire figure of 29.2 mills/kWh, but as a
proportion of total cost it falls as tha price of fueion power
riseas. At a unit cost of 100 mills/kWh, these two costs would be
15X of total cost. (Note: i1 mill = 1,71000th of a US dollar and
the axchange rate agssumad is 1 ECU=$0.822).

7.2.7 Plant Related Variables.

The biggest impact on capital costs however will be the combined
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effact of the plant related variables, eapecially the discount
rate and the construction time. These increases are more than
proportionate to the time taken. Time-cost overruns on nuclear
etations have frequently doubled and trebled the capital cost.
The cost of the Starfire reactor wculd almost double to $4588m
from the $2400m estimated in COM(87) 302, (assuming 10 years
construction time and a 10X discount rate). This is by no means
the full cost even for the lower and of the reactor cost range.
IT IS UNLIKELY THAT A FUSION PLANT, IN THR FIRST SERIES AT LEAST,
COULD BE BUILT TOR LESS THAN $% BILLION.

Table 7.2.7 Sensitivities attached to Starfire and Mars (10th of a
gseries).

DISCOUNT CONSTRUCTION DIRECT CAPITAL TOTAL COST

RATE TIME COST_¢M _$M
STARFIRE 5% Syrs 1729 2440
10% 10yrs 3808 4588
MARS 5% 6yrs 2365 3266
10% 10yrs 4836 5898

P LR L EREL ELLERLFEEIEN-E AR LE L . 2 B A 8 RTE X 1 B A R L 3 0 4 2 F &L L E L L L 2 % 3 4 A L L 2 % 1 L I }

Neotet all 2f these ssneitivity studies assume ~onstant money
prices.

7.2.3 Avsilabil:ivy.

7igion reactors .00 a2lways considesed to e supplying base~load
slectricity. That ilc¢, they will auypliy electricity whenever they
can. They will e the last to y2 off-1lina. Such an assumption
L3 nacessary Yor fuslon as 1t hasg such high capital coats
cralativa o faal .ad operaving ccavs wekRing Cauaration costo
axcramaly @902 t.ve T avaiiavllitises. Te maxiriae vavenue 1t
3hould Gave A ,LIigh averllad?iity ard a aigh sapacity fsctor.

THE COMMISSICH'S AYSUMETION, S7ILT IATO THEIR TCTAL COSTS IS
TE%-80% AVAILALBILITY. IS THIS 4Idd FIGURE A FUASONABLE TARGET OR
I8 IT JUST AN UWREALISTIC ASIUMSTION?

The fusilon preZreama craratas atv tha forefront of technology.
Most of the taachnolory For & ri»ma2tor has to hae decsigned, built
and tasted vafure its feazisiliity is proven. A fualon reactor
will be an extramaly complarx device, far more somplex than any
power producing plant ever rtull?. Much of tha aquipment will be
expactad to operate in hoerile oniltions. undoer high energy
neutron bombariment asuififerirsg xoarilonsl taermal and magnetic
dtreases With the co-exiatenca of extrzune of temparsture and
sressure. Should one cof thy subsyetema 2all in the raactor,
Accase and nandiing «would Lo ontronaly difficult,. Maintenance
requiras tha crastion of podiam. 3lven the very large number of
sub-eystema, stralolng a vign ~r2aillaibility Ls -iklay to prove
vary dafficule, and Lhele 1+ 0 Leachnilcsli information to suggest
tnat 1t will! be r . gher, 1f &8 govd ar ‘harmal reactors.
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Chapter Sevaen The Cost Sensitivity of Fusion Power

The first wall/blanket will have to be replaced frequently
involving the remote dismantling and replacement of the power
core pyossibly as oftenis every two years. The DEMO team adopted a
target of only replacing the blenket mcdules every ten yedrs, but
this was not achieavable in the design for various reasons, such
as the Lithium dburn-up rate. We have already mentioned the
environmental cost associated with short first wall/blanket
replacement times. The potentially most costly aspect of short
first wall/blanket replacement is the amount of down-time thatmay
be  associated with this. The DEMO team adopted a 60 day every
two years maintenance period in accordance with AGR figures, but
this figure cannot be justified in any way at this stage. A
benafit on the other hand may be that the requirements of high
reliability of the reactor components may be relaxed slightly,
but in relation to the costs, this benefit is likely to be small.
The costs aseociated with down-time will obviously vary according
to the fraquency and length of the wall replacement procedures,
and one would axpect that here again the engineering problems
associated with the rapid and zafe replacement of the first wall
and breading blanket will be severe.

Iin the light of experience we are surprised that the Commigsion
can plan on a 7%-80X availability. We doubt if any expert body
would regard this as a prudent decision. WE ARE OF THE VIEW THAT
THE COMMISSION SHOULD NOT CONTINUE WITH THIS ASSUMPTION AND THAT
THEY SSHOULD BEGIN SERIOUS STUDIES ON A FULL-RANGE SCENARIO STUDY
HROM WHICH A CENTRAL ESTIMATE CAN BE DERIVED.

What is nevertheless apparent, is the dramatic effect that
availability has on unit costs. Because of the cost structure,
fusion with its axtremely heavy capital lcocading (see the cost
starectyre below), the rise in costs when power output falls is
vary sharp. The <cost curve is heavily non-linear, but as we have
no way of axpresing cost as a funstion of availability (through
lack of data), and in order to not overstatae the effact, we have
used a lineur calculation. The sensitivity study shows
avaeilianiiity Yo ka the most volastile of all the cost components.

It would be morses acourate to calculate load factors (electrical
output as a varcentage of design capacity). These are normally
lowar than availabilities and they are a better guide to the cost
sfficiency of tha reactor. The axpert group have in fact taken
them to be tha samae. They appear to sssume that the reactor will
operate at 100X of design capacity. Anocher cass of unjustified
optimiam? It indicates that no system analyses have been done
nor has thought been given to show how the fusion reesctor will
affect syatem loeding and systemw costs. Nor has consideration
bean given to the posaibility of dereating. If, howaver, we
foliow the eatimates given bur usa 4000 and 5000 hours as the
cantrally estinaetad band, the effect on reactor output costs is
that they risae very rapidly (see fig 7).

WE ARE OF THE VIEW THAT FUSION POWER COST SENSITIVITIES SHOULD BE

RE-APPRAISED., ESPECIALLY IN THE LIGHET OF THE DOWN-TIME ESTIMATES
ASSOCIATID WITH FIRST WALL AND BLANKET REPLACEMENT TIMES.
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Figure 7.1 shows the effects of the sensitivities we have used on
the levellised generation costs of fusion pcwer. The graphs are
based on the data for the Starfire and Mars series, plus the
prototype PCSR-E (which is a one-off that precedes the series
production). The only sensitivities used by the expert group
belong to reactor engineering and reactor scaling.

It will be seen in figure 7.1 that the target area is occupied by
the low cost coal and LWR estimates. It is instructive to
remember that the PWR figure (the lower figure used in COM(87)
302, will understate the real cost of nuclear, but is neverthless
a sattled down figure of today arrived as the result of a rise,
and not a fall, in reactor costs world wide. TO ASSUME THAT
FUSION CONSTRUCTION WILL REVERSE THE COST TREND OF FISSION AND
FALL BY AT LEAST AS MUCH AS THE OTHER ROSE CAN ONLY BE DESCRIBED
AS HEROIC. IT CAN ONLY BE TREATED AS EVIDENCE OF BLIND
DETERMINATION TO MAKE THE CASE FOR FUSION BY ASSERTING WHAT
CANNOT BE REASONABLY DEMONSTRATED.

The referenca case (Starfire 10) is seen to be moving close to
the currant PWR figures - but the Starfire estimates in COM(87)
302 are not central aestimataes. Indeed the sensitivities which
the expart group have used, (the engineering parameters) in all
cazas bring the costs down. They f£ind only sensitivities that
lowar fusion zcet and none that rajise {t.

Tha underlying reason for this one-sided appraisal is a belief
zhat all costa are driven by engineering. This is a logical
result of the choica of energy accounting as a methodology.

Which ¢chme first, The methodology or the zonclusions that it gave
risa tn, i3 a mattar of speculation. But neither the results,
nor -he way in which they have dasen derived can inspire
confidance in the fusion industry's capacity to measure its own
parformancs.,

Wa recommand that a future study take a different approach. The
nginnering psaramaters important in ¢ost sstimates will require
far greater gtudy, and theay wWill require independent assessment.
Tha nhasavy depsendence on the cociat affects of scaling cannot be
rursuaed uncritically. The factors which will influence marginal
72o3%t8 will need far more attention. THE NOTION THAT A TECHNOLOGY
JA¥ BE BRCUGHT TO THY MARKET SOLELY BY TECHNICAL IMPROVEMENT,
CAPABLE OF RBREING MEASURED SEVERAL DECADES AHEAD IN FRACTIONS OF A
CENT (per kWh), AGAINST AN ASSUMED BACKGROUND OF CONSTANT REAL
PRICES AND THAT ON THIS BASI2 FORECASTERS CAN CLAIM THAT 1T WILL
BE COMPETIITIVE, CAN CHLY RE DESCRIBED AS A TRIUMPH OF MATTER
CYER MIND.

7.3 fual Crats.,

7.3.1 Cost Starecti,pes.

The axpert groug's treatment of fuel costs, is central to the
thelr <casa. 716l coats for fusion ar2 low and thus offset the
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Chapter Seven The Cost Sensitivity of Fusion Power

capital costs relative to fission, which is seen as the near
rival. In all existing power generation the lifetime fuel costs
are the most important. In the case of fusion the situation is
different. The capital costs are very high both absolutely and
relatively. In Starfire 10, where capital costs have baen
optimised, the fuel costs are shown to range from zero to O.4
mills/kWh. PFor Mars they are a little higher. If we treat the
zero figure as an aberration, then fuel costs are seen to be
around one seven hundredth of capital costs. Over the lifetime
of the plant this is seen to give it a decisive advantage over
fission. The work of Bunde is commended by the expert group. It
shows that fusion has an energy gain over reactor lifetime which
is twice that of fission. His results are shown below.

Table 7.3.1 Energy Input and Output over 30 years life (MW
thermal MW alectrical).

fusion Lission
Capital conatruction 4082 2160
Construction of fuel installations 16 789
Fuel for first operation 3 399
fual for lifetime operation a7 5554
Total anergy Ainput 4188 8902
Frnergy generated 6.3%x10°P 6.3x%10°
Energy ain 150 75

MW tharmal 3lways means thermal snargy and/or primary energy
equivalaent of sleccrical energy, and MW electrical refers to
alacvrical powar santout.

PR NP TR EEELE LY LD LA L L P R L L AP B 0 P2 0 0 P L 2 ¥ 3 X 1 3

(Annex to COM(&7) 302 pege 66)

P.3.2 Tha Usa Of Energy Accounting.

Wa have sonsulted the paper by Bunde which axplains his treatment
of anergy saccounting, and we can find no adaguate explanation as
to how thaease calculations are made, or what reliability can be
placed upon thenm. It is not made clear, for exampla, if they are
primary anergy units and if so, whether the enargy losses in the
snergy production, disctribution or in end use are allowed for in
& conasistent manner. Neaither do we see any weay in which this

mathcd csan allow for the constant change in the energy content of
commoditias.

However, leaving aside the lack of credibility attached to the
data, what purpose do they serve? Clearly they have nothing to
4o with rational decision-making. Decisions to chocose one
tachnology as compared with another are not taken on such
irounds. Zgually clearly the energy content doces not in itself
tell us if a paerticular process is economically attiractive. It
might, for example, be the case that uranium enrichment by
diffusion is a much more expengive method (in energy terms) than
enrichmens by =»antrifuges. But it doas not follow that enriched
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fual from tha latter will be cheaper to buy on the market.
Indeed it ia not difficult to posatulate conditions where the
reverse may hold.

Enargy costs cannot therefore be used in preferring one
tachnology to another, except perhaps in making very broad
historical judgements. It becomes very misleading when it is
aprlied to making micro-economic decisions.

The manner in which Bunde presents his case gives us cause for
concern. The figures given above by him for the relative energy
fusion and fission fuel cycle should not be taken as even
aporoximating to reality. They appear to us to be unconvincing.
There is no supporting evidence that the relative eanergy costs
are what ha states them to bae. The cost of the total fuel cycle,
from the extraction of deuterium, mining, or extraction of
lithivm (from large quantities of sea water?), the enrichment of
l1ithium, the reprocessing of lithium and tritium, the disposal of
large Quantities of waste, the monitoring and environmental
activity that must surround the waste management programme -
suggaest to us that the burden of the fuel cycle cost is
understated. But our principal reason for concern is that we do
not see how any weight can be put on figures of energy cost for
products that have not yet even be designed. This point is
affirmaed in a recent paper from the Max Planck Institute, were
tha aurthors say bluntly;

"The conatruction energy calculations (in (Bunde
1985)] ware done on the basis of uncheckable mass
tables and are conaeqQuently worthless."
(Pfirsch et al 1987)

Thay conclude by characterising the energy accounting as an
arxarcisae "conducted with false logic by unsuitable methods using
falsa or unchackable data".

TL3.3 Fual Cost Logistics.

Finally, we turn to the strategic role assigned to fuel cycle
csats. In the cost stersotypes that are produced (based on
conceptual deaigns), the balance of cost advantage falls to
Tusion bdecausa of 1ts relatively low fuel costes.

The relavent comparison is made with nuclear fission. However,
1T has always ‘tean undarstood that the competitive power of
fission haa lain in {ts ocwn low fuel cycle costs, relative to
thcese of fossil fuel powar stations. The esasential logie is
axXactly the same as that of fusion, namsly that competitiveness
exists beaecause the high capital cost is compansated for by the
low fuel cos<x. Over the lifetime of tha reactor this produces a
net savings. Hance fusion is seen to bae appealing to the same
advantaga over fiassion, that tha latter is claiming over fossil

fuels. The <cost mterctypeas for fission and fusion &s used by the
industry asre as Jfocllowal
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Table 7.3.3A

Fisaion Fusion
X X
Capital cost 65 86
Operation & Maintenance 10 ' ' 13
Fuel 25 1
100 100

Now, 1if we assume that in money terms, the cost difference on the
capltal account between the two is 2:1 in fission's favour, then
it i3 apparent that 1if fission is to lose its advantage, its fuel
cost would have to rise by a very large amount.

To show this in a iilustrative example we put figures to the
table above, what might be taken to be marginal fission and
fusion reactor costs. Adhering to the proportion of costs given
in tha table above wa have the following:-

Tanle 7.3.3B

fission (mills/kWh) fusion
Capital costs 50 100
CaM costs 7.7 15.1
Fual _costs 19.2 1.2
Total cosat : 76.9 . 116.3

TN M T WS M e W G D A WS K WS AE S MR W e T W S M N SN P N S 0 SR W o O O WK VIS 35 2 AN A N U US 0 N5 G5 05 BF B GN 6 0k B

To achlieve agqual costs, tha raequired rise in fission fuel costs
{:eterus paribuas) will be 39.4 mills, to 58.6 mills/kWh, ie. a
riza of 208X%. Fiasgion fual costs as a proportion of total cost
rige to 51.2%¥ and capital costa fall to 43%X. This is an inversion
of Fiasion ccats, and why it should take place is inexplicable,
unlasg it is assumed that uranium prices rise rapidly to
axcaptionally high levels while fusion costs remain constant or
“all.

Figure 7.2 (page 7-17) looks at a simple fuel price break even
model, and it suggests that uranium prices must rise to levels
five to aight times their present level. Thus the fuel cost
nreak-even point, which the expert group‘s model for competitive
fusion power implies, could only arise under exceptional
circumatancaes. is it probable?

Laaving aside the lack of realism of such a scenario, if we
suppose an inversion of the cost structure as the result of big
price changea it would mean not that fusion costs had been
raduced (to the benefit of consumers) but that the cost of
fiasion power had risen, by at least a factor of two in real
terms. If this ware to happen, two things are aevident -~ one
cause, and the other affect. The cause or origin of such a shift
in relative eccnomice could only arise as a result of a very
large rise in tha coat of uranium. We would require a model of
world uranium priceas, the sut-turn of which would show an
increage geveral times the present price. This in turn would
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only happen if the demand for uranium rose rapidly as the result
of rapid growth in nuclear fission construction or alternative
uses. As the role of fusion is seen to be one of displacing
fission there is an apparent contradiction here. However it does
not appear likely that fission power will expand rapidly, and the
other gcenarios will have to be found if the entrance of fusion
into the power market is to gain conviction.

The difficulty that confounds the attempt to deviae a credible
scenario for competitive fusion power is that a key assumption 1is
a high rise in energy costs. Without such a rise the high
capital cost of fusion prevents it from becoming competitive.
Secondly, even if the above conditions were all met, and fission
costs rose consequent upon a large growth in world demand for
nuclear power, the effect would be, as a result of this price
rise, that the marginal cost of nuclear generation would rise
ralative to that of fossil fuel stations. In particular the cost
advantage of coal generation over nuclear, which is substantial
in some EEC countries (in the UK it is around 15X) would increase
dramatically. As a result nuclear power, both fission and fusion
would lose their market share, or never come to the market.

Parhaps in anticipation of such a problem in economic logic, the
*usion caee has arbitrarily stated that the cost of coal fired
zenaration "ia up to 60X than thermal fission planta". It "is
expactad to maintain, or aven increase this cost disadvantage"
thus worsening its competitive power. What does tha expert
zroup mean when it aays "up to 60X"? It applies to base locad
plant only it saems. Coal-fired stations however would not be
placaed on besaicad if they were 60X more costly than nuclear
powar, In the UK, which hassshunusually large proportion of
samai-fired plant, o0ld and inefficient coal-fired plant is rarely,
L2 aver, nNlaced on baseload. Modern baseload cocal plant is less
23atTly than nuclear,

Looking to tha future. There is not one coal price, but many. It
dapandas »n what market coal 18 bought in and to whare it has to
e Takan.The transport costs for internationaly traded coal can
ha twice the pithead price when it has to be delivered to inland
saitus, Moreover, coal prices have fallen rather than risen.
Modals for fission power built on coal price rises have collapsed

{CEGB 1983,/7) recently. Thay are not likely to sustain fusion.

THE CONCLUSION THAT WE ARE LEFT WITH IS THAT THE CAPITAL COST OF
FUSION REPRESIZINTS A NEAR INTRACTABLE PROBLEM. ONl1lY A VERY HIGH
RATE OF RETURN WILL ATTRACT INVESTORS TO FUSION. OPTIMISM ABOUT
FUSION MEANS HEXTREME PESSIMISM ABOUT OTHER ENERGY PRICES.
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Chapter Eight Decision-making

CHAPTER EIGHT. DECISION-MAKING AND ACCOUNTABILITY.

8.1 Reviewing the Fusion Programme.

The European Fusion Programme is more than ten years old, and we
looked for evidence of Appraisals in that time, and what c¢riteria
ware used. In 1981, the Fusion Review Panel reported. This was
followed by an update three years later. They confined
themgelves largely to the technical aspects of the programme.
There is reference in their reports, to the need for ‘continuocus
assessment', and various 'in depth' studies. As the reports
raised no critical issues these recommendations went largely
unnoticed. There is the intention by the Commission to have
another major Panel Raeview in two/three years time, in order to
assasns taechnical progress and look at the next stage. Our view
is8 that a more searching appraisal is required.

WE RECOMMEND THAT THE COMMUNITY SHOULD BEGIN THE PROCESS OF
BRINGING FUSION RESEARCH INTO A RECOGNISABLE FRAMEWORK OF

ASSESSMENT, CONSISTENT WITH COMMUNITY POLICY AND PRACTICE WITHOUT
DELAY.

We make this recommendation for the following reasons. Firstly,
because before the next stage of funding (into the NET programme)
there 18 an evident need for something more than a Review of
progress. Thare should, we suggest be a Full Feasibility Study.
This would subject the fusion programme to a searching policy
axamination, as well as a high quality technical appraisal. The
result should be more than a short-term go ahead for the next few
s3ars of funding. The report which follows a Full Feasibility
3tudy should be one that can bear the weight of the decisions
that have to ba made into the medium and long term.

Jacondly, we askK the Qquestion, shculd not a Full Feasibility
Study inveolve all the relavant interests and expertise within the
Community? For example, the Office of Project Evaluation within
the Reseaarch Directorate General of the Commission; the Science
and Technical Options Aassessment Project of the Parliament;, the
Directoratas General for Energy, Environment, Finance and
Economics, Social Affairs and Employment: and the relevant
Committees of the Parliament. Do not all of these bodies have an
interest in the fusion programme and itas impact on the
Community's future?

Thirdly. the Appraisal ought to be independent. By which is
meant independent of the bodiee involved in the European Fusion
Programme. One reason is that the specislists involved ought to
possess a range of experience far wider than nuclear power, and
there ashould be persons with recogniced expertise in energy

economics, in environment assesament, in project management in
different industries.

Fourthly., all sections of the Fusion Programme, including of
course the Directorate, should be requested to take part in the
appraisal, eand especially in its preparation. We suggest that
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this should include papers covering the technical, economic and
cther aspects of the programme, and projections for the future.
They should bte encouraged to present their own distinct view of
the future, and to use their knowledge and information to the
best effect. Different points of view should be welcome.

Fifchly., the appraisal itself should seek to be cost effective.
We understand that the 1981 Panel Review cost 150,000 ECU (we do
not Know 1f this figure includes the Commission's staff costs).
The results hardly Jjustified the cost, as the expertise of the
Panel was too close to that of the Fusion industry. We suggest
that the appraisal process involves at least one team of
management consultants with a high profile in public sector
investment appraisal. The results should be accessible
throughout the ingtitutions of the Community and within the
member states. It should produce a document which will enhance
thae understanding of fusion power, and of the importance of
anergy policy in the Community generally. It should bring about
a major step forward in evaluation techniques for the future and
improve thae quality of decision-making.

Sixthly., we suggest that a Full Feasibility Study would be an
spaen ended appraisal of the coats and benefits of all aspects of
fusion - touching the environment, energy futures, safety, gocial
acceptablility, as well as the technical and economic aspects. It
i3 generally understood that the next major stage in
dacision-making will take place in the early 1990's. The next
few years are therefore crucial. Fusion will be entering the
trangition from the Research to the Development stage. No-one
Knows wWith any accuracy how long that will be, and beyond that
1,239 “he Demonstration stage, and beyond that the Commercial

tage, nhich in ocur view. will probably necessitate one or more
Jrototypa artages btefore commercial viablity is reached.

THE QUESTION OF "HOW FEASIBLE IS THE FUSION OPTION ™ NEEDS TO BE
LSKED AND ANSWERED IN A FULL AND OPEN MANNER. SUCH MAJOR
TWNG-TERM DECISIONS SHOULD BE BACKED BY A BROAD CONSENSUS OF
COMMUNITY OPINION. THIS IS NECESSARY TO SUSTAIN THOSE WORKING IN
THE FUSION PROGRAMME.

TOR THIS REASON WE BEZLEIVE THAT A REPETITION OF THE FORM OF THE
PREVIOS REVIEWS WOULD NOT BE ADEQUATE. THE EXERCISE THAT WE
EINVISAGE WOULD BE RIGOROUS, SETTING OUT ALL THE COMPLEX OF
FACTORS DEFINING THE OBJECTIVES AND THE OPTIONS THAT ARE AVALABLE
FCR REALISING THEM. AND INCLUDING THE LEVELS OF EXPENDITURE THAT
FACH OPTION WOULD DICTATE.

THY OVERALL AIM SHOULD BE TO MAXE IT POSSIBLE FOR CLEAR DECISIONS
TO BE TAKEN AT THE POLITICAL LEVEL.

The OTA study provides useful guidance. While it 1s primarily
technological in ites range, within that range it meets the
requiremants of a feasibility study. The European programme has
not had the tenefit of a study of comparabla calibre. Comparison
between the OTA atudy and collection of uncoordinated reports in
COM (87) 302 1s instructive. The former confronts a number of

8-2

e

—



Chapter Eight Decision-making

major problems, including the cost and it offers four options
based on the lavel of apending. We summarise them in Appendix 2.
The US Department of Znergy makes clear its own inclination,
which is to enter into an international programme, (eg ITER). but
the document remains open ended. The decision is clearly left as
ona for the politicians to make. Notwithstanding the

differences of political structure, the distinction between the
role of specialist, and that of the politician is implicit to the
OTA report, and it is a distinction which remains cardinal to the
decision-making process - in Europe as in other democratic
states.

We have differed on one major matter with the OTA report: namely
its treatment of resource allocation. It sidesteps this problem
for reasons with which we fully sympathise. We accept that the
value of cost/benefit studies applied to a technology which is
8till in the research stage, must be Qquestionable. Nevertheless
wa have felt it necessary to make an economic appraisal, and to
cffer at least 8 range of options, based not on fiscal
zonsiderations (as in the OTA report) but on what we understand
to be the best use of resources, Despite the difficulties, we
falt that it was necessary to make a first aseault on this
problem principally because we do not see how politicians can be
asked to decide ¢on a programme of such vasat expenditure without
tha veneflt of economic Jjudgements, even 1f those judgements are
no more than btest estimates.

WE THEREFORE ASK THE QUESTION, '"CAN WE WAIT UNTIL $20 BILLION
HAVE BEEN SPENT BEFORE WE DECIDE IF THE MONEY HAS BEEN WELL
SPENT, OR WHETHER IT SHOULD BE ABANDONED?" WE ARE AWARE THAT
TANCELLATION AT A LATE STAGE HAS BEEN DONE BEFORE IN THE NUCLEAR
FACGRAMME (ag the US decision to cancel the Clinch River fast
reactor projact). BUT WE FELT THAT THE ANSWER TO THE QUESTION IS
"HOM, AND THEREFORE A FULL APPRAISAL INCLUDING A LOOK AT THE
PROPOSED ECONOMIC BENEFITS IS ONE THAT OUGHRT TO BE UNDERTAKEN.

8.2 Options and Decision-making.

8.2.1 Introduction.

In the discussicn above we have confined ourselves to the form
and structure of the next appraisal. But what of the objectives
that should guide 1it? In our view, therea is a very strong case
for saying that it should aim to produce options. Each option
should be sean in principle to have equal validity, in that each
is teachnically sound. They will differ in that they offer
different solutionas, dapending on how the authors read the
future. In this way the assumptions and the valua judgements
that underpin the options can be made plain. The decisions that
have to made are seen to be the responsibility of the politiciaus
who have had the benefit of being exposed to differing solut!ons.
aach advanced with the desirable lavel cf axpertisae.

Wa 40 not suggest that the importance of such an approach to
dacislion-making is not understood and accepted within the
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Community - only that it has not been pursued in practice in
fusion research. To pursue such a path, rather than one which
amounta to a process of self-validation by the fusion resesarch
directorate and its asasociations, is an appropriate change that
could now be mada to bring decision-meking in this field into
l1ine with the Community policy. Expert panels can be very
effective when technical matters have to be decided (although:
aven then it 1is8 important that they do not weaken the ultimate
responsibility of the decision-makera). But for major decisions,
such as the future programme of the fusion programme, the Expert
Panel is too narrow, both in composition and conception.
Inevitably it is technologically driven, and understandably seeks
to arrive at single minded decisions when more flexible open
ended judgements are required which take into account the
uncertaintiaes of energy futures and the complex socio-economic
issues that are involved in long term decision-making. Providing
cptions as the result of open ended feasibility studies ig also a
useful way of introducing the specialiste within the research
programme to the thinking of those outside and causing a
creoss-fartilisation of ideas.

8.2.2 Independent Appraisal.

One of the reasons why external and independent specialists are
neceggary to major apprailsals arises from the difficulty for
those working within a project, in distinguishing their
perceptions of its future from their own individual or collective
commitment - to it,. Using external consultants is, we recognise
only a part of the answer. It may be only palliative unless
shoza who eventually have to take the decisions accept their
raaponsibility to lay down the ground rules at the outset.

In this study we have found that laying down ground rules for
avaluating fusion is more than usually difficult, because of the
nature of the technology, but also because of the strength of the
institutional interests involved. It is for this reason that we
have included in this report discussions devoted to critical
isgues in the task of fusion appraisal.

The objective of establishing a conceptual framework is not only
that a dialogue can take place between those within the project,
but also batween those within, and those outside the project.
Fugion research has so far largely been evaluated through peer
review systems. This is appropriate when only qQquestions of
pPlasma physics are under congideration. But not when economic
and social criteria are of major importance.

8.2.3 Management Strategy and Management Structure.

In our view this topic needs to bde brought within any feasinility
study or review process. We consider that it would be a psart of
the broadening process necessary as fusion makes the transition
from a aclience research project to a development project. We
think that the neaed for this is reflected in the Commission's
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document COM(87) 302. This encapsulates the conceptual problems
that we have identified above.

Because the fusion programme is funded entirely from the public
saector it 18 not subject to any competitive or market constraint.
This makes it all the more important that the procesaes of
internal assessment should be rigorous and get against a
recognigable set of criteria. The criteria that are used in
COM((87) 302 do not meet this requirement. They are not always
transparent, and except on strictly technical matters they are
not well supported either with data or by reference to accredited
sources (eg. the research documents of the Community on energy
futures). We have made a small number of specific suggestions
for changes in the proposed articles of the Proposal to go before
the Parliament and Council in order to bring them into line with
generally accepted perceptions of energy futures. We suggest
that studies by expert groups are desirable but they should be
ragarded as inputs into the co-ordinated Feasibility Study. that
wa have recommendsed. We recommend that the study of the expert
group on fusion economics should be set aside or referred to
another extarnal consultancy for a second opindion.

One of the reasons for the shortcomings we have drawn attention
to in the Commisasion's report lies in the unduly restricted range
of managemant skills that they appear to have at their disposal.
So tar as we could discover the management is undertaken entirely
by acientizta and engineers, and largely drawn from within the
fiald of fusion reasearch. WHe do not doubt that they are
axtremeliey able peopla. But we find it a little incongruous, for
axampia, that the expert group on aconcmics and the environment
~ontains no trained economist or seasoned environmentalist.

The forces ¢f 'ha point we are making will we hope, not be seen as
reing hostile te the fuasion management, WE ARE SOLELY CONCERNED
TO DRAW ATTENTION TO THE MISMATCH BETWEEN THE VERY COMPLEX ISSUES
THAT FUSICN AS A TECHNOLOGY OF THE FUTURE INVOLVES, AND THE
PREISENT MANAGEMENT STRUCTURE. WE BELIEVE THAT TO GET THE RIGHT
BALANCE HERE, IS EVERY BIT AS IMPORTANT AS THE MCORE TECHNICAL
ASPECTS OF THE APPRAISAL EXERCISE.

The development of a management strategy to fill the space that
now aexiste will take time, but we envisage that it will begin at
differant levels. One level, the creation of an acceptable
concaptual framework, wa have already canvassed at scme length.
With this we link the need to develop the management astructure.
with the human and materisl resources to be able to co-ordinatae
the fusion programme in all its aapects. With regard to the
strategy that guides the day to day operation of the fusion
programme, wWa can say little because we have not had the
opportunity to observe it in operation. We understand that there
are special problems in guiding an internaticnal programme, out
our gZenaral impression is that while the co-ordination magy be
painatakinz.ylt may not be asufficiently forward-looking in the
laadership that Llts gives, and that it dcesn't always succecd in
pringing ell the parts of the progranme and the Associa:tions
togethar to addrese key issues - particulsarly the non-tacnnic.ual
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Strategy., structure, and conceptual framework are all important.
We judge that the fusion programme is in need of changes in all

three araas,

coupled with better resourcing, in terms of expert

research staff, especially in the non-technical fields. WE

SUGGEST THAT
COMMITTEE OF
LIAISON WITH
PROGRAMME IN
SUGGEST THAT

IT WOULD BE DESIRABLE TO STRENGTHEN THE CONSULTATIVE
THE FUSION PROGRAMME, AND TO CREATE MORE EFFECTIVE
OTHER DIRECTORATES WITH AN INTEREST IN THE FUSION
ADVISING THE COUNCIL AND THE PARLIAMENT. WE ALSO
STRONGER LINKS ARE ESTABLISHED WITH THE PARLIAMENT

AND ITS ENERGY AND RESEARCH COMMITTEE IN ORDER TO BRING POLICY OF
FUSION INTO LINE WITH THAT ON ENERGY.

i
B
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Chapter Nine Public Acceptadbllity

CHAPTER NINE. PUBLIC ACCEPTABILITY.

9.1 Risk Assessment and the Learning Process.

It is possible that the most problematical of the tests that
fusion technologlies will face, will be that of public
acceptability. As the successor designate to nuclear fission, it
will inherit a complex situation. 1t cannot be sure what the
social environment will be in the next century. Perceptions
about fusion will be influenced by the factors beyond 1its
control. Public attitudes to high technology are now beginning
to undergo critical formation, and these will affect the approach
to fusion power.

The technical complexity of a fusion reactor will make formidable
demands ¢n risk analysis. Risk assessment of the classic kind,
pitting numbers to each part of the "event sequence" leading to a
release of radiocactivity, will be speculative until a reactor has
been designed, and it will only gain credibility with operating
axperience. Any statement abocut safety, must therefore be
heavily qualified, not only by the level of available
information, but also by the critical attitude that has developed
with regpect to risk analysasis.

Risk aseasment 18 concerned to project the future possibility of
an accident. 1t arose because of public concern of accidents
lying beyond the bhounds allowed for in the deaign and the normal
operaticn of the plant. Initially it became a ‘'contract'
ratweeen tha cperator and the regulator. This comfortable
relationship was disturbed by the appearance of a third set of
actors - interest groups cf various kinds, and members of the
publie not asaociated with any interest group. Their appearance
nas greatly complicated the validation of a plant for the
lLicensing authoritieas, and the planned benefits of the power
utilities. Riask assessment has been moved into the area of
public acceptability. What we have now is the assessment of risk
agsesament. The experts themsalves are a part of the process;
invelved, committed, and not without self interest. A widespread
view amongst those engaged in this dialogue, including those
with expertise in the risk field, is "that despite an appearance
of objectivity, risk assessment is inherently subjective"
(Fischoff et al 1980). ©One analyst has described it "as a kind
of science of shooting in the dark" (Cannell), 1986).

The broadening ocut which hsas taken reactor validation from
technical acceptablity to public acceptabllity iLuas happened
rapidly.. 1t is formalised through public inquiry proceduraeas,
referendums, eatc. Many technical experts have been axposad to
social and psychologlical forces, that are mot only novel., but
which appear to challenge their professional integrity. Where
Judgments and, very often, decisions ware taken on techalca!
groundsa, this 1s being checked, if not challenged by those who
balieve that thay have a right to be consulted, and Lf nacesdary
to assert their right to decide, even though they may only have s
rudimentary knowledge of the technica)l issues involvad. The
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rasult is a complex interaction between social groups, involving
political institutions, the media, industry and specialised
interests. Within that interaction, changes are taking place
which affect the distribution of power in the decision-meking
process. It would be a false simplication to present either the
'aupply side' interests or the wider public as being monolithic.
It is apparent that going up the learning curve in establishing
gsoclio-economic feasibility is, if anything, more difficult than
in achieving technical feasibility.

Some facets of thisg learning process can be identified as
follows:

(1) Interest groups, and aven more go the wider publiec, have
found themselves 1ll-informed about the nature of the
technology that faces them. Therafore they find that they
have to try to c¢close the ‘'understanding' gap. They seek
more information. They insist on more ‘'openness' from
government, research and industry.

(2) Riak asseasment as a way of determining technical risk,
has not proved to be the answer, It has 1led ¢to the
development of another specialism exercising technically
hased expertise. But it has not gone unchallenged and is
subject to comsiderable scepticism, The attempts to use
it to create a 'risk assurance' message to the public, has
l1ed <*to the opposite of what was intended. It has created

a widespread distrust of experts and expertise. As a
result there 138 widespread demand for ‘independent'’
Judgement.

{3) The public discussion that takes place about new

technologies and their impacts on the environment and on
a2conomic and social life, is not susceptible to the logic
or the rigour that scientists are accustomed to. It 1is
too political to meet those requirements. HOWEVER, THERE
IS A8 YET, NO BODY OF CRITERIA BY WHICH JUDGEMENTS CAN BE
MADE FOR THE LONGER TERM AND WHICH COMMANDS WIDE SOCIAL
ACCEPTANCE. Hence the debate may make no headway becanza
there are what appear to be fundamental disegrezment-.
These are not however written in tablets of atone end they
can change Quickly in the light of experience.

(a) In the interplay between large technologies, and those who
resist the conseqQquent impacts, there is8 no oblcectire
source of appraisal or of decision-making. Plecirione ~n
high technology are political decisions. That this is nout
yet understood or accepted is obvious, and it causas
understandable frustration.

(5) Public opinion is itself volatile. It <~an ranga Trom
acquiescence to extensive hostility. Dramatic ea7ev . .
enlarged upon esometimesa by the media can crargad . ..."

perceptions very qQquickly.

(6) Public attitudesa are shaped by belief sy3ta.s :

9-2
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paradigma, which differ widely from each other, and 1if
these are not recognised and taken 1into account, the
1ssues which more directly effect new technologies will
not be resolved either.

(7) THE EVOLUTION OF LARGE INSTITUTIONAL INTERESTS 1s
ASSOCIATED WITH THE GROWTH OF NEW TECHNOLOGIES. THE
INSTITUTIONS HAVE BEEN A FACTOR IN POLARISING THE DEBATE
BY THE MANNER IN WHICH THEY HAVE WIELDED THEIR POWER.,
Countervailing forces 1in the public domain, may be the
answer, but are not conspicuous, only by the small amount
of power that they wield. Regulatory bodies with legal
powers are now extensive, but they have powers which
normally fall short of what consumer and environmental
pressure groups are seeking.

Q.2 A3sesmaing Safety.

seaesament of safety, for some of the reasons we have explored,
i3 now parcaived by many aspecialists as something which can only
have meaning 1if placed in a social and economic context. Some
would add a political context as well.

deapita the reat changes brcught about by the emergence of a
large, 2ctiva and frequently disorganised public opinion the
regulatery Dodies and the industry continue to talX to each other
ag though risk assessment i3 a precise science. It is as though
hey can Jd0 no other than wait to be disproved by significant
aceirlianrs, Tra Nuclear Regulatory Committee in the USA abandoned
zhe 131,000,000 raeactor years syndrome as a method of public
raassurance ¢n nuclear power, after the Three Mile Island
aceidant. The UK Nuclear Inatalletions Inspectorate still repeat
Lt as thougn it had some meaning. The result can only be a
publiz atvitude that ranges from scepticism to outright
distallias,

The problem for the fusion programme should be defined in the
context of tha unresolved problem of how public acceptabllity is
to ba axprasaed and recognised. The solution has to begin by
avandoning a rationala which is skewed by an agsessment process
whose firat taak 1s to defend the industry by reassuring its
eritices tnat risk is minimal. The responsibility for assessing
risk haa %0 be placed on a broader basis, with regulatory bodies
strong enough to respond to the concerns of those who feel
threstenad by nuclear power. This implies a research capacity to
make avaluaticns separately from those made by the industry.

¥hat we have read about safety and public acceptability in the
*ualen srograsmme ag 1t is projected from its present
tnarituvional hHasas, is sufficient to tell us that the lessons of
tha lLagt <ecada have not yet besan fully interpreted by the fusion
induastry. Parhaps this is becsuse 1t is8 so far from the
ap=Tation ataga as a power producer, that it ia felt to bde
premsture To Cnine to terms with what is happening at the
intarace Cotweesn the nuclear and other advanced technologies and
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the public.

The treatmant of waste disposal ~ ever a sensitive barometer of
public attitudes - confirms this. The assumption that waste
disposal will be sasily managed by low level disposal has been
contradicted by recent research of the UK NRPB,. It is not
difficult to see the wider implications of this failure to be
aengitive about the waste problem. To a sceptical publiec, it is
sufficient that there is only the appearance of trying to cover
over the problem, for the conclusion to be drawn that this could
be symptomatic of an attitude to the environmental effects of
fusion as a whole.

The snvironmental control of fusion will mesh with cost. For
example, reducing tritium releases by 50X on 1980 costs amounts
to around $170,000 per man rem, (Otway et al 1980). The actual
cost to a utility would be a combination of clean-up cost and the
levels laid down Dy regulatory bodies. Siting plants in remote
areas would relax the clean up problem, but the trade-off between
siting and transmiasion costs rules it out as a solution. A
maximum ralsase of tritium could amount to many tens of millions
of curies. Risk assessment studies that conclude that such a
reloase is so improbable as to offer no threat to populations
~otentially at risk, 1is not only not likely to reassure - it may
navae the opposita effact,

3acausa perception of riazk 1s ncw central to the determining of
¢tublic atsitudes (indeed it may be the most single important
factor), Then atudy of what affacts public attitudes would seem
to be alementary research exercise for the fusion industry. It
i3 A matter cof aelf interest.

n princlple, researchers now start frcm an agreement that
paercaptions of riask 10 not necassarily have anything to do with
actual risk. The bdlame for this 1s something that the industry
itaelf ought to ahare because the agsessment of risk for which it
fas been responsible nas had to be frequently revised. Bellef
systema, fear, media dragatisation, alarmiasat statements,
disbeliaf in sxperta, melf-interest, - these and others will
oring about the formation of attitudes, causing some tc be
totally in favour of nuclear power and others to totally reject
it Most attitudes will lie somewhere between. Once attitudes
harden dlalogue becomes difficult to develop, especlially 1€ the
attitudes start from different underlying premises that are
strongly felt.

Iin very briefly looking how those who are taken up with recaarcer
in fusion powar are appraising these sort of acceptability

sroblems, we have -~ baan seized by a feeling of deja vu. The
fiislion experta begin by insisting that fusion is environmentally
nanign. The reason - bHecause 1t does not produce fission
oreducts and actinidas,. They offar their assurances to the

public on thea asis of this key fact. Of course, this is a
differenca of asubstance, betwaen fisamsion and fuasion. Bt he
great that dAifference is8 in practice. is an open question vt~ 3
to make Lt Iinto a protective technological wall saperatin~ <

»
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from its more risky near neighbours is more an atavistic response
that an objective fact. It suggests that the first instinct of
the nuclear specialiast is still to reassure the public without
confronting the problem.

We suggest that the first task is not to reassure the public of
today, but to discuss how to approach the problem of establishing
credibility tomorrow. I1f the ‘anewer to this question is,
implicitly or explicitly, to proceed on the same institutional
and political manner that has guided fission into the present
state of public scepticism, then the future for fusion could go
by default. THERE IS NO REASON WHY FUSION SHOULD BE FUNDED IF IT
CANNOT MEET CLOSE SCRUTINY ON SAFETY AND ENVIRONMENTAL GROUNDS.
SECURING ACCEPTANCE ON THESE GROUNDS MAY BE MORE DIFFICULT THAN
ATTAINING TECHNICAL OR ECONOMIC FEASIBILITY. ACCEPTANCE OF
FUSION ON ENVIRONMENTAL GROUNDS COULD BE THE INDUSTRY'S BOTTOM
LINE.



Appendix One The US Fusloa Progoer:-

APPENDIX 1. THE US FUSION PROGRAMME.

1.1 A Brief History.

This section is based heavily on "Fusion Power. Science,
Politice and the Search for a New Energy Source'" (Bromberg
(1981)) for its history., and on the OTA report "“Starpower'" for
more recent material, and upon discussions with Gerald Epetein
from the OTA. Needlesg to say, neither authors are responsible
for any errors of fact or judgement in this appendix.

Since it's beginnings in the early 19508 as some part-time
calculations of military nuclear phyaiciasts, the American Fusin~
Programme has gone through four brocad phases.

The firat phase from 1952 till 1958, could be called the 'Age of
Optimism'. Born as a combination of cold war military politics
and a high belief and confidence in the ability of scienctists to
harness nature for society's benefit, the developing centres for
(sacret) fusion research were provided with ample to finance a
rapld expansion (1958: $2m, 1958: $29m). The Chairman of the
Atomic Energy Commission, Lewis L Strauss, was a typical ‘cold
war warrior', who feared defeat by the USSR in the eyes of the
raat of the world, was ideal for this highly speculative and
empirically based phase.

Praesaure for declassification developing within the fusion
programme coupled with political pressures led to
declassification on the eve of 2nd International Conference on
thea Peaceful Uses of Atomic Energy. The Sherwood team had been
furiously attempting to stage a spectacular demonstration of e
Controlled Thermonuclear Reaction at the Geneva Conference.
Tnstead they found previously untheorised plasma
'micro-instabilities'. Together with the discovery that the USSR
had not in fact succeeded in the goal of producing thermonuclear
neutrons, the 'Age of Pessimism' was ushered in. Although
declaagification did little to dampen the spirit of interna%tioral
compeatition, particularly at management lavel, 1ha awacr3itacs e’
other powars were not any further towarda a fuslon A.ld wuke Tha
emphasis on short-tarm reactor development seem a little
inappropriate. In the next period, the scientisgts would be Jar
more concerned with understanding plasma properties than wicn
reactor development. Scientific feasibility took on the meoanls g
of plasma confinement time, denasity s&nd temparature rathorr U s,
producing 'thermoneutrons'. The increasingly lcng-texrm and
"normal" appearance of the fusion research programme CZuplLcd Wi 'l
an interest aroculd the FBR meant & tightening of budgeaeic le "ling
to competition between the research <cerntres.

In 1970, the audden congressicnal and pubtlic eswwroien. of
anvironmental issues combined with the diecovery OF & PERwWMi& (N
confinement concept, the tokamak, res<orad th: fusi n progrvena>

‘ortunes, and it re-entered a period of expansion. Iw 9?2,
the politically astute Robert Hirsch hecame Director of tit.
Division of Controlled Thermo-Nuclear Reaction (CTR). €iaen -
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period of office can be characterised by:

1. A strong detarmination to move decision making
away from the project leaders and into the
Washington Office.

2. Skilful lobbying of Congresg, etc, and use of the
presa to obtain publie support.

3. An emphasis on large machines (particularly the
Tokamak) and reactor development and on industry
involvement.

In 1971, the Fast Breeder Reactor (FBR), previously seen as
aenvironmentally benelovent was running into trouble with the
environmental lobby, consequently (with a little help from the
fusion lobby) fusion began to be seen as an environmentally clean
alternative. The 1973 Energy Crisis spurred the search for
long-term non-fossil fuel energy supplies. Management of the
Controlled Thermo-nuclear Reaction (CTR) programme was moving
under more centralised management with correspondingly broader

araeaas of responsibility. As a consequence, fusion would in future

ha saen as a competitor with fission.

Finally, in 1977, the political context shifted again. Hirsch
departaed in dissatisfaction with the Carter changes. CTR was
moved into the newly c¢reated Department of Energy, further
shifting 1t into the area of Just another long-term research
programme. The firast Secretary of Energy, Schlesinger, shifted
his intsarest from fusion to solar, coal and conservation. The
programme leaders insisted that the emphasis on tokamaks be
raduced as it was no longer thought to be necessarily a good
candidate for commercialisation. Funding started a slow decline
in real terms to the present, causing slippage in the programme's
timetable, The American fusion programme was moving into a
situation where it was in danger of being caught between wanting
nore money for a full programme but not wanting to agk for too
much in case Congress says its too expensive. It wag also
realised that international cooperation is one way of cuttirg
expenditure but there was an unwillingness to commit the
Adminstration to a full international programme because there are
strong Defence Department pressures against such a move aven
Congrees could accept that a World Fusion Test Reactor would not
Ye built in the US. Today it seems unlikely that the US Fusion
community will get the money it needs to reach its target
decision date of 2005, but it is also unlikely that Congress wi:.
shelve the programme. Similarly, while full cooperation witn u
Soviet Union is unlikely, there will probably be some increaase in
US cooperation with the rest of the fusion powers.

Apl-2

e o



R

Appendix One The US Fusion Programme

1.2 The Present Context

The application for funding in the USA comes from the Department
of Energy. The "Fusion Energy Research, Development and
Demonstration Act"™ sent to the US Congress in 1980 from the
Committee on Science and Technology. described the objective very
clearly 1

"to provide for an accelerated programme for
research, development and demonstration of
magnatic fusion energy leading to the early
commercialisation of this technology to be carried
out by the Department of Energy".

By "commercial', the drafters of the Bill meant:

"utilised for the production of electricity,
hydrogen synthetic fuels, heat and other important
applications, berore the end of this century."

(US DOE 1980)

This wording is specific. Indeed so specific as to indicate that
the Congress Committee did not have any realistic assessments
beforae 1it. The future of hydrogen synthetic fuels was (and
remains) a Questionable objective, and the stipulation of
acheiving results in fusion research capable of being applied to
commerical enterprise, suggests that Congress had been persuaded
to pre-ampt the ascientific evaluation, and to jump the gun. The
too specific definition of objectives both in terms of material
potential of fusion and in terms of tha time taken to reach the
commerical stage, suggesta that there were lobbies at work, and
+that theay were able to call upon the concern of legislators that
tney should be at the ahead of international research in big
sclance and could not tolerate the poesibility that some other
satate or states would take the lead. The possibility that the
exercise might be non productive, or be a sub optimal use of
resources does not appear (o have been geriously explored. To
legislate for the conversion of an exceptiocnally complex and
therefore long term R&D programme, to be moved from that stage to
a commercial stage, before the scientific feasibility of the
project has been demonstrated is a contradiction in terms.

The following general points can be made about the US Fusion
Programme;

o The initiation and development of the
programme in the 'S0s and t6C8 was 1intensely
political.

o Although control of the programme was moved away

from the laboratory leaders relatively early in
the programme, this did not in itself lead to more
rational forwme of assesasment. For aexample, the
emphasis on large machines during the mid '60s and
early '708 onwards was a neans of the programme
leaders maintaining their centres rather than the
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best means establishing a set of scientific and
engineering objectives! .

Similarly, the programme was not correctly located
within a more broad set of social objectives of
securing a <c¢heap and clean 1long-texrm energy
supply. For example, the project head from 1957
to 1965, Arthur Ruark, through his impartiality
and honesty failed to secure high funding that his
successors, Amoega Bishop and Robert Hirsch, were
able to do so by promising what the programme was
supposed to found out - scientific, engineering
feasibility and even economic competitiveness=.

The advent of environmental c¢oncern 1led to the
fusion community expounding a form of scientific
journaliasm that certainly was not within their
realm of expertise to offer.

The programme suffereaed an abnormal leval of severe
fluctuations in direction due to heavy political
pressures and inadequate management
structure/programme appraisal

Degpite the willingness of the fusion community,
attempts to involve industry in investment in
fusion energy have beaen unsuccessful, industry's
involvement being both marginal and
short-lived®.

For example, James Tuck, head of the Losa Alamos
Laboratory, sald in 1964, '"We resisted the temptation to
build huge machine or hire large staffs... This sound very

virtuouas, but I have now come to realize that it was
suicidal™

Ruark stated the objective of the programme as being to;
"detarmine the poagsibility or impossibility of fusion
machines producing net power,... statements concerning the
probability of attaining net power production, or
concerning the production of economical power, lie beyond
the limits or our presaent knowledge.'" In contrast, Bishop
declared himself to be "econvinced of {the CTR
programme’'s] eventual success."

For example, two AEC staff, BI Eastlund and WC Gough, in
1971, told the presa of the phyaics and techology of sa
"fusion toreh" with the "vision of 1lrge cities, operated
alactrically by clean, safe fusion reactors that eliminate
the city's waste products and generate the city's raw
matarials.'" Similarly, and not untypically, the New York
Times told its resders in the same year that fusion
"produces 1little or no radiocactive by-products and (is]
virtually foclproof against runaway reactions."

Weatinghouse and Allis-Chalmers were involved from a early
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date (1954 and 1957) 4in sponsoring a couple of their
scientistas to work on fugslon, but this was little more
than paying expert consultants to keep them informed. In
1957, General Atomic and the Texas Atomic Energy Research
Foundation put $5m each into joint research, but in 1967
TAERF withdrew and GA persuaded the government to pick up
the tab for their continued project. General Elesctric
were the only private utility with a large interest in
fusion, having been involved since declassification. In
1965, the GE Cook Committee carried a detailed assessment
of the potential of various reactor concepts and concluded
that "The 1iklihood of an economically successful fusion
eleactricity station being developed in the foreseeable
future is small" and the programme was terminated in 1967.
Standing Committe member Keith Brueckner caused a
sensation when he Joined KMS in 1969, saying he would
demonatrate sclentific feasibllity for an ICF concept
within 18 months, later KMS was only able to c¢ontinue
under Dept of Energy contract.

4.3 Possible Futures.

It may be expacted that the US decision about fusion will be
taken at two levels. One is the cost, and past Administrations
have emphaised that funding must depend upon results, and as the
1680 Act makes clear, they see fusion operating in a competitive
market ccontext. That criteria will be impossible to meet within
the tima laid down, and the fusion programme will be hard pressed
to get the funding it needs. On the other hand the strategic
implicationas for the US of not going ahead with the fusion
programmee, if the other powers do, are not difficult to see.

The comprominze soluticn will be to suport the proposed
International programme - ITER. That, however, brings to the
surface freah complexities, by bringing the great powers together
(except China) to collaborate together in a sensitive technology.
To do that they have to sink thelir differences. The implications
go wider than the future of fusion, and it will be one indication
such a possibility 1if the US government agrees to put its
regources into it.

In January 1987, the $1.5m "Technical Planning Activity" waa
published, a remarkably detailed document, outlining the funding
required to reach a decision on building the IFF by 2005.

This reaport was critically discussed in the OTA Report
"Starpowear" (OTA 1987) publieshed later in the year (see Appbendix
2). The omissions parhaps say more than all the detail. For
example, $20b between now and 2005 is an extremely large level of
inveatment in an unknown technology before one is goling to look
at aconomicec conaideracvions of verious'reactor conzcepts and supply
scenarios. Thera is alsoc absolutely no machanism involved in the
Planning activity for termination of the programme, be it expense
or engineering/sclentific infeasibility or possible environmental
damage. Deciasicns are only acceptable when they involve chooeing
batween alternative paths forward not bsestween carrying on or
stopping, eg '"the positive E3 (decision] 18 appropriate, because
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Appendix Two The OTA Report

APPENDIX 2. THE OTA STARPOWER REPORT.

The Potential Role of Fusion.

"Research aimed at developing fusion as an energy
source, has been vigorously pursued since the
19508, and, despite considerable progress in
recent years, it appears that at least three
decades of additional research and development
will be required before a prototype commercial
fusion reactor can be demonstrated."

The Policy Context.

The US Department of Energy. who are the managers
of the fusion programme are responsible for making
a positive evaluation to determine 1if 1t will be
feasible 1Iin the 218t century. "However this
schedule cannot be met under existing fusion
budgets. The DOE plan requires that either the US
budgetas be incrzased substantially or that the
world fusion programs collaborate much more
clogely on fusion regearch."

Findings.

(o]

“"Even if no major aurprises are uncovered in
reactor engineering, "It will take at least 20
vears under the bhesgst circumstances to determine
wnether congtruction of a prototype commercial
fusicin reactor will be pcassible or desirable."

"It is ncw tToo early to tell whether fusion
reactores. once developed, can be economically
compatitive with other energy technologies."

""Even under the most favourable circumstances, it
does not appear likely that fusion will be able to
satiasfy a significant fraction of the Nation's
alactricity demand beforae the middle of the next
century."

"The cnly regources possibly constraining fusion's
devalopment might be the materials needed to build
fusion reactors."

"With appropiate design, fuaion reactors could be
anvironmantally superior to other nuclear and
foagil fuel procduction technologies."

"If fusion technology 1is developed successfully,

it ghould be possible to design fusion reactors to
a higher degree of sa’ety assurance than fission
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reactors."

© "There is little to be gained and a great deal to

be loast, in introducing fusion before its
potential economic, environmental and safety
capabilities are attained."

o "It would be unwise to emphasise one fusion
feature - aconomics or safety or environmental
advantages - over the others before we know, which

aspect will be the most important for fusion's

eventual acceptance."

o "Due to the high risk and long lead time beaefore
any return can be expected, private industry has
not 1invested apprecliably 1in fusion research and

cannot be expected to do ego."

o "If the international cooperation *can

be

extrapolated in the future to an unprecedented

level level of collaboaration, much of

the

remaining cost of developing fusion power can be
shared among the world's major fusion programs."

o "International collaboration cannot substitute for

a strong domestic research program."

o YA variety of potentisl difficulties associated
with large s8scale collaborative projects will have
to he resolved, and Preaidential support will be

reqQquired."

Future Pathsa.

The Report identlifies four options for the future.
funding decreases from Option I to Option 1IV.

Option 1I. 'The Independent Path. '

"To aggressively eastablish the sacientific

The level of

and

technological bages necessary to evaluate
fusions's potential... "On average between $500
million and $1 billion per year would be reqQuired
over the next 20 years, with peak annual funding

poesibly exceeding $1 billion."

Option II. 'Tha Collaborative Path.'

“The collaborative would accomplish the
tachnical tasks as the Indevendent Path
s8imilar time scale."

Ap2-2
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I1I. ‘The Limited Path.'

", ..fusion research would continue but would. not
be supported at the level necessary to evaluate
fusion's potential domestically in the early 21st
century."

Iv. 'The Mothballed Path.'

", ..the magnetic fusion research program would be
shut down... it would be implemented in a manner
that preserved the existing state of Knowledge in
the field."

"CURRENT DEPARTMENT OF ENERGY LONG RANGE PLANS FOR
THE FUSION PROGRAM ARE AIMED AT THE ‘'COLLABORATIVE
PATH'. IF RECENT FUNDING DECLINES CONTINUES,
HOWEVER, OR IF THE UNITED STATES DOES NOT
SUCCESSFULLY ARRANGE ITS PARTICIPATION IN MAJOR
COLLABORATIVE ACTIVITIES, THE U.S. FUSION PROGRAM
WILL EVOLVE ALONG THE 'LIMITED' PATH."
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APPENDIX 3. FAST BREEDER REACTOR AND FUSION COMPARISONS.

The closest technological (and historical) relative of Magnetic
Confinement Fuaion (MCF) is the Fast Breeder Reactor (FBR), and
gliven the level of uncertainty of fusion power at this time one
of the most useful ways of foreseeing the kind of problems that
may be experienced in a fusion reactor programme is by analogy
with the FBR programme. In their early R&D phases they both
shared & common vision of clean, cheap, and virtually unlimited
supply of energy. The FBR travelled down the road to
demonstration much faster and thus came under public scrutiny as
many of the proposed gains to society turned out to be illusory.
Electricity produced by the FBR has proved to be more expensgive
than fission or fossil fuelled generation and has caused a
recourse to non-economic or sgspeculative arguments. These vary
from the crude arguments that essentially that there is no choice
because energy wWill simply run out as fossil fuels are depleted
to the point of extinetion. An alternative argument is that
fossll fuels will become more expensive, as will Uranium Oxide
for thermal reactors and at some point in the 218t century, Faat
Breeders will become cheaper and/or more secure. After nearly
four decades of fusion R&D when engineering concepts are becoming
concretised, the vision of the fusion community is also shifting
more towards the kinds of argument used by proponants of the FBR,
for example, the gstatement from the ESECOM Report summary that:

“"Neither the economic competitiveness nor the
anvironmental and safety advantages of fusion will
materialize automaetically... Research is needed
to clarify these possibilities, and a commitment
to pursuing fusion's highest potential 1is needed
to ensure that the resulta of such research are
embodied in the mainstream of fusion development."
(Holdren et al 1987)

Statementas such as these certainly present a picture of an
unknown technology trying to find a place for itaself in an
uncertain future, rather than the earlier impression that fusion
WAS the future. Many now see it as replacing the FBR as the
dominant technology sometime during the second half of the 21st
century as a backstop against rising FBR generating costs.
Others see 1t replacing the FBR as international concern with
damage to the environment makes the FBR politically and socially
unacceptable. The FBR's promise of being able to burn _
radiactive waste and thus 'close the fuel cycle' was indeed a
tantalising prospect. Howavar, the environmental prospects of
the FBR programme have been tarnished both by fear of nuclear
accidenta, radioactive pollution and the realisation that
reprocessing actually increase the volume of low level and
intarmediate radiocactive waste,. As a result the fusion community
nas becoma more vocal in expressing it's advantage over the FBR.
In 1980, John Clarke, then Deputy Associate Director for Fusion

Energy in the US, summarised the main ‘'potential' advsantages of
fueslon as:
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(1) “, .. their intrinsic safety and 1low environmental
impact should allow siting closer to their points
of application."

[2] "o, a much smaller radiocactivity and waste
disposal problem than fission reactors."

(3] "L the flexibility of design inherent in fusion
reactors, wherein the energy recovery region is
external to the reactor region, such reactors may
be used for other purposes, such as the production
of hydrogen and nuclear fuel, as well as
electricity production."

(Clarke 1980)

The last of thesge points is neither here nor there. The only
other purpose given any serious attention is hybrid fusion,
creating fission fuels in the breeding blanket of a fusion
reactor, which 1is generally accepted as incorporating the least
attractive features of both systems. Also, as we shall see, a
fusion programme may well be hard pushed to breed it's own fuel
let alone adding to the Pu stock.

One of the unexpected problems which promises to dog the
development of the Fast Breeder 18 located within the logistics
cf the fuel cycle and critically, the Pu balance. To develop a
Fast Breeder programme, inputs to the Pu stock must increase such
that the stock can meet the demanda of the existing reactors, and
any new ones coming on line. The critical variables are the
Breeding Gain (BG), the out-of-reactor-time (ORT) while the spent
fuel 1s reprocessed, the Pu loss associated with reprocessing,
the intitial size of the Pu stock, and the timing of the
programme. There ls every reason to belleve similar constraints
would apply to a fuasion programme. Figure Ap3.1 and Figure AP3.2
ahow the fual cycle for tha Faei Breeder and fusion respectively.
Both fuel cycleda are subJa2or to four major contraints:

Constraint 1. Inputs to initial stock.

Initially, the FBR's Pu gtock 18 obtained by
reprocessing the wasta of the thermal reactor
programme. It was thcught that the phasing ocut of
the thermal reaeactor programme would be possible
after a while as the FBR programme became able to
bread 1%3 own fuel Zrom Uranium®=®, However, it
would appear that given other fuel parameters this
would seversaly ccnsirain *the gpeed of the FBR
programme 720 for the time being at least the two
types of reecctor are acen ag ‘complementary'.

The stock of Tritium available for a fusion
programme mnust be seen as limited. Tritium currently
costa eround currently £10000/g. This would
involve a prchibitively hnigh fuel Dbill for a
fusion reactor. Cenasaquently, the substitution of
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such suppliega by Tritium bDred in the reactor
blanket must be a priority of a commercial MCPF
programme.

Constraint 2. Reprocessing loss.

Eatimates for the Pu 1loss in reprocessing FBR
blanket material generally vary between 2X and 6X%.
For the proposed British programme with the most
favourable parameter values (ORT:; 9 months, BG;
1.2), an increase in Pu loss from 2X to 6% results
in an increagsing in the Doubling Time (DT) from 30
to 86 years (Sweet 1982).

There has been very 1little work done on the
Tritium reprocesaing concepta. Current conceptual
designs for a prototype commercial fusion reactor
involving either 1liquid Lithium and Lead (Li/Pb)
breeding elemants or solid Lithium metasilicate
involve oxidising the Tritium into T=O. This
will be necessary as Tritium is highly mobile and
diffuses readily through structures. In the
absence of any detailed studies into Tritium loss
involved in reprocessing and storage, one can only
assume that 1t 18 1likely to be greater than loss
asgociated with Pu reprocessing. In absence of
any estimates on Tritium loss, values between U¥%
and 12X might be reasonable.

Constraint 3. Qut-of-Reactor-Time.

The time spent reprocessing emerges as a crucial
congtraint in the fuel cycle equation, For the UK
programma with most favourable parameters (Pu
loas; 2%, BG; 1.2), the doubling of the ORT from
the most favourable 9 montha to 18 months would
result in a Doubling Time increase from 30 years
to 53 yvears (Sweet 1982). The nine month ORT 1is
recognised as not being achievable for some time
(at least 20 years) and 1is only being pursued
bacause the penalty for doing so would be rapid
expansion of the thermal programme!

We can find no estimates for the possible ORT for
Tritium reprocessing as the discussion of the
tachnology is at such a rudimentary stage.
However, it 4is possitble to predict that an
unfavourable CRT for a fusion programme would
assume a far more critical role due to the very
shcrt half-life of Tritium. The short half-1life
of Tritium (12.36 years) is usally presented as an
unambiguoua pluas for fusion over fission, as it
grestly’ reduces the environmental risk from fuel
leaks, and the storage of long-term nuclear waasta.
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However, the decay rate 1is so faat that it makes
the reprocessing and storage of Tritium extremely
unfavourable for maintaining a positive Tritium
balance. For example, an ORT of 1 year would
result 1in Tritium losgs through decay of 5.45%, ah
ORT of 3 years would mean a Tritium loss of
15. 48%. This, compounded with an ag yet unknown
reprocessing loss, could prove fatal to the
Tritium balance and the timing of the programme.
The question of decay in the Pu fuel cycle 1is
simply 1inasignificant due the very long half-life
of Pu. It was thought that Lithium would be
suitable to circulate through the breeding area
with "online extraction". However, this approach
was deemed unworkable due the high fire risk ana
hizh stored energy content involved, so present
designs use Helium as the cooclant with a Copper
Oxide bed to oxidise ¢the Tritium content into
Tz 0 (IAEA 1985A). If this process ie as
stralghtforward as people hope, then the ORT may
indeed Dbe very short, but there may be unforeseen
problems in thisa infant technology s8such as
impurity control and cooling problems. It would
not be wise at this stage to ASSUME there will be
no problems with reprocesging Tritium which may
laad to decay time becoming an important factor in
a fusion power programme'as fuel cycle logistics.

Constraint 4. The Breeding Gair.

The Lreeding gain ias th=2 ratio of fuel out to fuel

in. For an TBR estimates vary tcetween the
optimistic value of 1.2 to the perhaps more likely
value of arcuand 1.1, Hizher ratios are
theovratically obtizinable but it has to be
rememberad that there is e highly constrained
trade-o?vf between Dreeding =and power output.
Simply. the more ncutrons used to breed the less

arae avajlliable for conversion intc electricity.
Current BG estimates for fusion are greataer than
or equal to 1.3% and 1.5 for s8o0lid and liquid
breed2re respectively (IAEA 1985A). At this stage
of degizn 1t is unwise to attaeh too much
importancse rto these figures except asa upper linits
on breeding gain. The reactor concepts involved
may ba g2 a8 an exercise in trying to get the
moet favourable regultg by sunning other
paramaeters at thair limics. It wculd Dbe
surpriaing 41f *hieg eiterclige ccoculd be tranaslated
‘inzo reallty withocut the relaxation of at least
gome of these agsumpticra given the extremely
immature nature of the project.

Feaaibllity of fusion a8 a source of energy cannct Dde
demoriatrated by w—eference te & single reactor design and
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o Appendix Three FBR and Fusion Comparisons

operation. The essential requirement is a system model which
will display the logistical requirements in the fuel cycle,
reactor operation, supply of essential materials, etec. From this
model a realistic idel of the scale and cost trade-offs of a
fusion programme might be derived. The Faat Reactor system
provides a useful starting point because of the similarities
between the two systems.

Figure Ap3.1. FBR Fuel Cycle.
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Figure Ap3.2 Magnetic Confinement Fusion Fuel Cycle.
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