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In the two discussions we have had on this topic we have agreed that the 
use of phase diagrams is helpful, partly because they present information in a 
succinct way, and partly because that presentation is neutral. It is perhaps 
significant that our own discussions about these diagrams have been extremely 
constructive and nearly every delegate who has chosen to comment upon them has 
made a sharp, succinct and pertinent observation. 

I have ^&ry much benefitted from the joint discussions and from many 
individual conversations, and as a result, I have now drafted the attached paper 
which is for discussion only, and is a first attempt at a draft of our final 
conclusions on this matter. It is my intention that after discussion of this 
paper on Wednesday 31st January, I shall revise it for a further discussion at 
our next meeting in Vienna, and I hope these two discussions will give sufficient 
guidance to the Technical Secretariat so that they can then draft the economic 
sections of our final report. 
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TENTATIVE SUMMARY AND CONCLUSIONS FOR FINAL REPORT 

by W Marshall 

Any assessment of the role of reprocessing and the value of thermal reactor 
recycle must simultaneously take into account technical, economic, strategic, 
ecological and public acceptance points. Viewpoints of these matters are in turn 
affected by judgements about the future national and world needs for nuclear power, 
and the future price and availability of uranium ore. Since any judgement about 
the future cannot be rigorous and all are very much influenced by a country's 
individual position and historic involvement with nuclear power, as a result, the 
economic evaluation of nuclear power can be presented in a bewildering array of 
computer systems calculations, and it is then not obvious whether the results of 
these calculations depend upon the initial assumptions of the calculations or not. 

For this reason we have found it wiser to approach this subject in a 
different way, which is both simple and succinct. We have identified that tho main 
factors which affect our economic assessment of reprocessing and thermal reactor 
recycle are the following: 

(a 

(b 

(c 

(d 

(e 

(f 

(9 

(h 

(i 

the future national and world needs for nuclear power; 

the future availability and price of uranium ore worldwide and to 
to each nation individually; 

the cost of reprocessing; 

the cost of fabricating plutonium bearing thermal reactor fuel and its 
economic benefit; 

the capital cost of breeder reactors and the costs of the fuel 
cycle necessary to sustain them; 

the necessity for long lead times to develop and introduce any new 
energy technology; 

the influence of environmental and non-proliferation considerations 
on the economic assessment; 

uranium enrichment costs; 

relative costs of spent fuel storage or waste disposal. 

We have concluded that it is misleading to discuss the role of reprocessing 
without simultaneously recognising the link between reprocessing and the use of 
the fast breeder reactor in the future. This means that the two major factors which 
must affect our thinking are the cost and availability of uranium ore in the future 
and the cost of electricity from fast reactors - assuming we have acquired enough 
plutonium to launch them. Because both these major factors are questions for the 
future and necessarily must remain matters of judgement, we have found it helpful 
to treat these two factors as parameters to make up a two dimensional phase diagram 
in the way described more carefully and in detail in the Appendix to this report. In 
those phase diagrams the horizontal axis represents the cost of uranium ore in $ 
per lb, and the vertical axis represents "the fast reactor premium", which 1s defined 
as "the cost of electricity in $ per kilowatt hour from a fast reactor, relative 
to the cost of electricity in the same units computed for an L/rfR operating on the 
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once-through cycle with uranium priced (arbitrarily) at $25 per lb". The main 
value of this phase diagram is that it presents the role of the once-through cycle, 
reprocessing, thermal recycle, the breeder reactor and the CANDU reactor in a 
neutral and relatively uncontroversial way. For example; it is much easier for 
us to agree on the role of the fast reactor when the uranium ore price has reached, 
say, $100 per lb, than it is for us to agree the date at which that will happen. 
The phase diagrams shown in figures 1A and IB demonstrate that each of these reactor 
choices can have intrinsic economic advantages oyer the others in certain ranges 
of our basic parameters. There is, therefore, no possibility of saying that any one 
of them has an intrinsic merit over the other four. 

The analysis in the Appendix shows that the diagrams fall into one of two 
types, described by figure 1A and IB respectively, and in both diagrams the 
precise boundary lines between the different phases are a matter of technical 
and economic judgement of a non-controversial type. Figure 1A represents the 
economic position of the various concepts on the judgement that, broadly speaking, 
the storage and disposal of spent thermal reactor fuel will turn out to be rather 
expensive, and that the fabrication of plutonium bearing fuel for thermal reactors 
will turn out to be much larger than the fabrication costs for the equivalent 
uranium bearing fuel. Figure IB, roughly speaking, represents the opposite conclusions. 
Since no "away-from-reactor store" or disposal site for spent fuel has yet been 
constructed and operated, and since the fabrication of plutonium bearing fuel for 
thermal reactors has not yet been demonstrated on an industrial scale, no country 
is able to say definitely whether its own situation is represented by either the 
one figure or the other. However, many countries have given their best estimates 
of the parameters applicable in their own country, and from those parameters have 
constructed the phase diagrams as they would perceive them now in their own country. 
That collection of phase diagrams has been gathered together in a working paper 
of INFCE Working Group 4. The two figures shown in this paper have been prepared 
by the Technical Secretariat to represent a reasonable range of possibilities as they 
themselves see it at this point in time. 

The phase diagrams themselves convey more information than many thousands 
of words, and for the scientific or technical reader it is best, therefore, to let 
the diagrams speak for themselves. However, for those who find the concept of 
phase diagrams difficult, here are a few generalised observations which can be made 
about them. 

1. The most important boundary line is that between the thermal and fast 
reactor systems. There is very little uncertainty about where this occurs, 
but it is not easy to get a consensus about when it will occur, because we 
neither know how the cost of uranium ore will vary with time, nor do we know 
the way in which the capital cost of the fast reactor will come down in time 
as they become ordered in quantity rather than one-off demonstration projects. 

2. Once fast reactors have become economically attractive there will be a 
great incentive to build them in quantity in those countries which have nuclear 
power programmes, and if they have not made adequate preparation to do so, 
they will suffer a large economic regret. 
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3. In contrast, the economic differences between all the thermal systems 
are more modest and the economic advantage of thermal reactor recycle is 
relatively a marginal matter. The diagrams have been constructed to 
represent the case of a large industrial country and show that thermal reactor 
recycle is economically attractive provided the cost of uranium ore is 
sufficiently high, but, because this is a marginal matter that economic advantage 
might well become an economic disadvantage in a developing country or in a 
country with a small nuclear power programme. Only a careful assessment by 
the country concerned taking detailed account of its own individual 
circumstances, can put a financial value on this judgement. 

4. Careful study of these phase diagrams and an appreciation of how in detail 
they vary from one country to another, makes it possible to understand why 
different countries make different judgements about what they wish to do in 
the future. In this way, we regard the use of phase diagrams as a useful 
technique to illuminate and explain national policy. 

5. However, the diagrams cannot be used by themselves to determine national 
policy, or to determine a nuclear power strategy, because they do not make 
any reference to time, and eyery national strategy must necessarily flow 
from a perception of when specific activities are best undertaken. For 
example; the diagram represents yery completely the idea that reprocessing 
is essential if we are to have fast breeder reactors, but it does not tell 
us when we need to do that reprocessing. 

It is also important to recognise that such a simple presentation cannot capture 
all the facts which are important. It particular, we can recognise the following 
points which are not represented in this phase diagram. Some of these are the 
following: 

(1) Any two dimensional representation of a complex problem must be a 
simplification. 

(2) The reference to uranium ore price is itself a simplification. The 
availability of the ore, or the conditions attached to its supply, need 
also to be included. 

(3) We cannot move from the phase diagram to national strategy without 
adding some estimates about the variation of parameters with time. 

(4) In addition, these technologies need long lead-times for their intro
duction, and the estimate of the necessary lead-time Is another 
difficulty and important judgement which has to be made. 

(5) Macro economic factors are not represented by this presentation because 
they are not easily quantified. 

(6) The presentation assumes that as the uranium price drifts upwards, 
other costs remain unchanged, whereas recent history suggests that 
an Increase in energy costs causes a substantial upward drift in the 
cost of capital and services. 
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(7) The diagrams, as given, do not represent the effects of new 
technological ideas such as the improvement in LWR performance, the 
introduction of a new, advanced, thermal system, or the possibility 
of recycle into CANDU reactors. They could be extended to include 
these new ideas but only by introducing considerable complexity. 

Our discussion of this subject leads us to the following set of conclusions: 

Conclusions 

A In those countries operating gas cooled reactors early reprocessing is 
essential for technical reasons. 

B For those countries operating water cooled reactors, either reprocessing 
and the subsequent disposal of vitrified waste, or the long term storage of 
spent fuel are both possible from a strictly technical point of view. 

C Some countries judge that, marginally for ecological arguments, and 
more strongly because of the perception of their population of those ecological 
arguments, they must reprocess and demonstrate subsequent waste disposal. These 
arguments by themselves do not, however, determine the timescaie for reprocessing. 

D Most countries attempt to judge the timescaie for reprocessing by a 
mixture of economic and strategic reasons. Because these can differ greatly 
from one country to another we have found it helpful to consider in a neutral way 
the relative economics of: 

(1) the once-through cycle 
(2) the reprocessing mode (recycle of uranium only) 
(3) thermal reactor recycle (recycle of both uranium and plutonium) 
(4) the fast breeder reactor 
(5) a uranium efficient thermal reactor such as CANDU 

We have been able to agree the broad circumstances, influenced strongly by 
uranium price and fast breeder premium, where each of these shows an economic 
advantage over the other four. There is therefore no possibility of saying 
that one of these Is intrinsically better than any other. Any of them, 
potentially, may have a role to play in appropriate circumstances. This 
simple conclusion by Itself illuminates the role of reprocessing because 
reprocessing is an essential preliminary to (2), (3) and (4) above. 

E Most countries judge that reprocessing would be accomplished best in very 
large industrial plants for both economic and non-proliferation reasons. It 
follows that as countries successively build reprocessing plants they ought 
to offer reprocessing services to countries which are at an earlier stage 
of nuclear development. However, in at least one country (India), the 
economics of reprocessing favours plants of modest size, and, therefore, this 
general conclusion must be applied with caution for fear the particular 
circumstances of a particular country Invalidate it. 
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F The economic arguments for reprocessing depend on both the subsequent 
u t i l i z a t i o n of plutonium and the pr ice of uranium ore. The economic 
advantage of thermal reactor recycle is not large unless i t is done on a 
lar^e scale. Nevertheless, some countries see i t as a posi t ive contr ibut ion 
to "energy independence". 

6 I f the capi ta l costs and cycle costs o f fast breeders can be brought 
down the use of plutonium in fast reactors becomes economically j u s t i f i a b l e . 

H For these reasons the economic "regret" for missing an opportunity to 
cycle plutonium to thermal reactors j s not large in most countr ies, whereas 
the economic regret for missing an opportunity to launch fast reactors at 
the proper t ime, ŝ_ large. 

I Therefore, most countries planning to use plutonium look mainly to i t s 
use in fast reactors and regard thermal recycle as a marginal matter which 
might be valuable for a l imi ted number of decades. 

J Against th i s background we have to weigh p ro l i fe ra t ion arguments which 
involve a d i f f i c u l t judgement between two extremes; i t is not prudent to 
make any plutonium in excess of actual needs for development and indust r ia l 
programmes of FBR and/or plutonium recycle. On the other hand, i t s long 
term non-use ( i e the once-through cycle) is not prudent e i ther . 

K In view o f the complexity of these various considerations i t i s not 
surprising that d i f fe ren t nations make d i f fe ren t judgements o f the ro le of 
reprocessing and of thermal reactor recycle. Most nations would, however, 
subscribe to the fol lowing points which suggest that although they have 
d i f fe rent plans for the future the i r judgements do not d i f f e r as much as, 
super f i c i a l l y , they might appear to do. 

( i ) Between now and the year 2000, there is no poss ib i l i t y that the 
bulk of world spent fuel ar is ing can be reprocessed. Most spent fuel 
in the world w i l l therefore, a t that date, be in storage ponds. 

( i i ) Beyond the year 2000, the balance between storage and reprocessing 
and disposal w i l l be determined by economic and strategic arguments (or 
environmental arguments i f they are decis ive). 

( i i i ) When reprocessing is done, then for both economic and non-
p ro l i f e ra t ion reasons, i t i s best done in large industr ia l scale plants 
I t is therefore not necessary, wise or prudent for every country to 
establ ish that technology. 

( i v ) The need and timing of reprocessing is a complex judgement of 
technica l , economic, s t ra teg ic , ecological and public acceptance 
factors. 
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(v) Although some countries wish to establish the option of thermal 
reactor recycle, (because their best judgement is that i t is required) 
they would not actually use recycle on a large scale i f either 

(a) the price of uranium remains low and is available 

or (b) the price of uranium grows so rapidly that breeders 
overtake thermal recycle in attractiveness 

or (c) advanced converter reactors become attract ive. 

(vi) Although some countries wish to establish the option of fast 
reactors (because i t is their best judgement that they wi l l be required 
in the foreseeable future), they would not actually use them on a large 
scale i f either 

(a) the price of uranium remains low 

or (b) the capital cost of fast reactors is too high. 

( v i i ) Although some countries plan to use the once-through cycle for 
the foreseeable future, (because i t is their best judgement that that 
wi l l be satisfactory) they wi l l be obliged to change plans i f the price 
or uranium to that country grows rapdily or i f i t is unavoidable for 
some other reasons. 


