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FOREWORD 

Despite some unexpected recent events, nuclear power continues to play an 
important role in meeting energy demands worldwide. The connection of NPPs to 
the grid in 1987 was almost at the same level (21 per year) as in the 1970s when 
nuclear power was considered to be one of the fastest developing branches of the 
world's industry. At the present time 119 units with a total capacity of more than 
100 GW(e) are under construction. Up to the end of the century nuclear power 
capacity is expected to increase by more than a factor of two in the developing world 
and by 65% in industrialized countries. In other words, nuclear power and its 
infrastructure have good prospects for stable and intensive development, at least in 
the coming decade. 

In using the term 'stable' one should be aware of important and predictable 
changes in nuclear power as a whole, and in the nuclear fuel cycle in particular. The 
1990s will be a period of unprecedented rapid growth of industrial reprocessing 
capacities with all its consequences. In the 1990s the utilization of MOX fuel in ther-
mal reactors is expected to be introduced on an industrial scale and this undoubtedly 
will influence both uranium market conditions and the back end of the nuclear fuel 
cycle. Advanced (laser) enrichment technology is becoming an objective reality. 
Thus, the international community has to be prepared for serious qualitative changes 
in the nuclear fuel cycle industry. 

It is necessary to keep in mind two important special features of the present 
nuclear situation. The first is the internationalization of nuclear power and its fuel 
cycle. It is important to understand that today any changes in nuclear policy in even 
one country may affect the interests of many other countries, not only the 
neighbouring ones. 

The second feature to consider is the industrial maturity of nuclear power. 
Maturity means (among other things) that the emphasis has shifted from a search for 
the optimal ways for national nuclear power programme development to the 
implementation of these programmes in accordance with previously determined 
strategies. Moreover, the national approaches may be completely different from one 
another (i.e. whether to have a closed or once-through fuel cycle), although they are 
all based on the same initial concerns — economics, safety and environmental 
aspects. This paradox will apparently become more acute as we approach the 
threshold of the 21st century. 

The first consideration, the internationalization of nuclear power and its fuel 
cycle, is a persuasive stimulus for further intensification and expansion of inter-
national co-operation. The second feature, the maturity of nuclear power, should be 



considered as an argument for the revision of historically formed methods of inter-
national co-operation in accordance with the requirements of the times. And, finally, 
it is evident that a well balanced analysis of prevailing trends in nuclear science and 
technology is of exceptional importance in the last decade of this century. This is 
particularly so in areas which, for one reason or another, are at present under 
review, but which can seriously influence nuclear power development in the future. 

On the basis of the above concerns, the International Atomic Energy Agency 
(IAEA) invited a number of well known experts from Member States to provide an 
analysis of selected stages of the nuclear fuel cycle with an outlook to the near future 
and with an emphasis on the feasible advantages as well as the disadvantages of the 
approaches discussed. 

Voluntary contributions from invited specialists as well as the results of com-
prehensive analyses from some nuclear fuel cycle trends performed by IAEA staff 
form the main content of this publication. Its aim is to highlight selected subjects of 
common interest (but not necessarily consensus) and establish a starting point for 
productive discussions on the future of the nuclear fuel cycle worldwide. 

The IAEA is grateful to all the authors who contributed to this publication and 
hopes that their efforts will find a positive response in the nuclear community. 

The views expressed in articles by named external authors do not necessarily 
represent those of the IAEA and the Agency accepts no responsibility for them. 
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TRENDS IN THE NUCLEAR FUEL CYCLE 
Development in the 1990s and international co-operation 

A.F. NECHAEV 
Division of Nuclear Fuel Cycle and Waste Management, 
International Atomic Energy Agency, 
Vienna 

Abstract 

TRENDS IN THE NUCLEAR FUEL CYCLE: DEVELOPMENT IN THE 1990s AND 
INTERNATIONAL CO-OPERATION. 

Objective and balanced determination of predominant trends is the milestone for 
successful evolution of any branch of industry and, in particular, nuclear power and its fuel 
cycle. In the overview some important aspects of nuclear fuel cycle development and interna-
tional co-operation worldwide are discussed, with emphasis placed on the changes to be 
expected in the 1990s and beyond. 

1. INTRODUCTION 

The nuclear fuel cycle continues to be one of the most significant areas for 
international co-operation despite recent events and the difficulties these have 
presented to nuclear power development. This is natural, because nuclear fuel is a 
basic element of nuclear power. Even those countries which do not plan to develop 
nuclear power may become involved in nuclear materials exploration and exploita-
tion. Since the nuclear fuel cycle is an essential part of nuclear power, it periodically 
requires thorough examination. In summing up the general results of international 
co-operation in the nuclear fuel cycle in 1988, it is worth drawing attention to the 
following facts: more than 600 specialists from more than 50 countries participated 
in meetings organized by the Nuclear Materials and Fuel Cycle Technology Section, 
Division of Nuclear Fuel Cycle and Waste Management, International Atomic 
Energy Agency (IAEA)1 ; the periodic joint IAEA/Nuclear Energy Agency of the 
OECD (OECD/NEA) assessment of the international uranium situation, compiled 
biennially in Uranium Resources, Production and Demand (the Red Book) [1], is 
based on information collected from about 50 countries; sixteen comprehensive 
reports have been published on subjects varying from uranium exploration to spent 

1 The programme of the Section does not include radioactive waste management 
topics. In the Division of Nuclear Fuel Cycle and Waste Management a separate section deals 
with waste management issues. 

1 



2 NECHAEV 

fuel management [2-17]; and technical assistance has been provided to more than 
30 countries, in accordance with their requests, amounting to more than 
US $2 million. 

2. SOME IMPORTANT ASPECTS OF INTERNATIONAL CO-OPERATION 

To understand the benefit that is accrued from joint co-ordinated efforts, it is 
important to bear in mind that at the international level nuclear fuel cycle problems 
take on a slightly different character from those of individual countries. The aim of 
the IAEA's international projects and their methods of implementation differ from 
the technological tasks and corresponding management systems in Member States. 
International projects in an area as sensitive as nuclear fuel cycle technology seldom 
concentrate on the finer details of technological processes. As a rule, the goal is to 
provide a forum for Member States to discuss principal strategic problems of 
common interest, to determine the objectives and long term trends in nuclear fuel 
cycle development, to elaborate generally acceptable positions on a number of dis-
putable technical or legislative topics and to make well grounded predictions of 
future changes in nuclear fuel cycle policy. 

The IAEA should not be thought of as a 'market' for technological ideas or 
commercial innovations; it is rather the collective 'mind' of the nuclear community 
and cannot exist in vacuo because global awareness cannot be considered a given. 
The worldwide situation of the nuclear fuel cycle is influenced by the individual tech-
nological, social and political factors in each country. In contributing to the joint 
knowledge base, the Member States create a comprehensive picture of the status of 
the nuclear fuel cycle. The data then become the starting point for serious analysis 
at the national level. Moreover, the second, and most important phase of interna-
tional co-operation, that of analysing the worldwide situation with regard to national 
conditions, becomes the basis for even more advanced development of common 
scientific and technical ideas. 

Such a sequence helps to provide an objective estimate of the situation in the 
world, independent of the current market position and other problems that arise in 
individual countries at any given period of time. As a consequence, Member States 
are given the possibility of comparing their own solutions to problems with other 
approaches and determining the advantages and deficiencies in their national poli-
cies, so enabling the necessary corrections to be made. 

It is evident that this is only a philosophical approach to international co-
operation. Actual activities include a number of concrete measures that are different 
in form, content and result. The key point is that active international co-operation 
is of use to countries even if their national nuclear industries are temporarily in a 
depressed state because: (1) participation in an international activity maintains the 
scientific and technological potential of each country at a permanently high level; and 
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(2) transfer of technical knowledge to those countries only starting to develop nuclear 
power may help them to use the experience already gained in other countries, thus 
avoiding mistakes; at the same time it also guarantees safety for all countries. 

One of the most important tasks of the IAEA is to generalize, systematize and 
analyse the current situation in order to follow the general trends in nuclear fuel cycle 
development and to provide Member States with information. In this study, an 
attempt is made to describe some important aspects of the current status of the 
nuclear fuel cycle worldwide in the second half of the 1980s and to determine the 
predominant trends in and possible problems of nuclear fuel cycle development up 
to the year 2000 and in the case of uranium supply beyond that date. 

3. FRONT END OF THE NUCLEAR FUEL CYCLE 

From the viewpoint of uranium consumers, the current uranium situation is 
generally stable and optimistic. On the world market the price of uranium has 
decreased by almost 2.5 times since 1979, while known uranium resources in the low 
cost category are sufficient to meet the expected uranium demands to the year 2020. 
As a consequence, uranium exploration declined to approximately 17% of its 1979 
peak and was concentrated in a few countries with proven uranium potential and a 
favourable political environment. In turn, uranium production between 1985 and 
1986 fell to about several thousand tonnes of uranium below the ahnual reactor 
related requirements. 

From the commercial point of view, the current position of the uranium indus-
try is understandable and justified by the laws of marketing, but the situation may 
have serious implications in the future. The international nuclear community should 
have a clear picture of predictable changes in this area in order to plan long term 
nuclear power programmes on a realistic basis. 

Although one should be wary of drawing any firm conclusions from forecast-
ing exercises, there is reason to believe that future conditions on the uranium market 
could prove to be 'metastable'. As has been shown in IAEA and other studies 
[1, 18], the amount of uranium produced by currently operating and committed 
uranium mines and mills in the world outside centrally planned economies area 
(WOCA) countries will apparently be insufficient to meet reactor related require-
ments from about the mid-1990s. The corresponding supply gap is expected to be 
17 000 t U by the year 2000, or over 30% of the annual demand. Thus, it is logical 
to conclude that in the early to mid-1990s it will be necessary to construct and put 
into operation new production centres, with an estimated capital investment of about 
US $1500 to 2000 million. Such a sizeable investment will be made only if 
reasonable returns on capital can be expected. This could, in turn, be achieved 
through higher uranium prices, or by mining low cost resources. 
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However, the above points are only the tip of the iceberg. In reality, the 
problem of long term stability in the uranium supply is much more complicated and, 
of course, economics is not the only factor that determines its importance for the 
nuclear community. A comprehensive analysis of the current situation is made in 
"Uranium supply and demand: are there reasons for anxiety?" another paper in this 
report. The future will show the correctness of this study. However, it should be 
clear that, in spite of the present favourable situation on the uranium market, the 
question of uranium supply deserves the continuous serious attention of non-
commercial international organizations such as the IAEA, which is the largest inter-
national organization involved and which has in its Statute the mandate "to acceler-
ate and enlarge the contribution of atomic energy to peace, health and prosperity 
throughout the world". 

The second area of importance is the development of uranium enrichment tech-
nology. It is expected that significant changes in this technology may well influence 
the general situation in the front end of the nuclear fuel cycle at the threshold of the 
21st century. 

According to Ref. [18], enrichment requirements in WOCA countries may 
increase from about 24 MSWU per year in 1985 to about 38 MSWU in 1995 and 
about 46 MSWU per year in 2000. The existing and planned enrichment capacity is 
more than adequate for the demand, at least for the coming 15 to 20 years, so that 
security of supply of enrichment services is no longer an issue [19-21]. Rather today 
the question is how the supply industry is to master the problem of a market in which 
there is strong competition because of overcapacity. According to prevailing 
opinion, gaseous diffusion technology, which currently dominates the industry (of 
the four main suppliers — the US Department of Energy (DOE), Eurodif, Tech-
snabexport and Urenco, only Urenco uses the centrifuge process; all the others base 
their technology on gaseous diffusion), will not continue to be the basic technology 
for the enrichment industry in the future. The reason for such a conclusion is not 
the deficiency of existing technology, but rather the potential advantages of the new 
methods, particularly the laser isotope separation process. 

Thus, two dominant tendencies in the world enrichment activity can be 
highlighted: 

(a) The aspiration to strive by various means for a stable position in the enrichment 
market; 

(b) The development of advanced technologies to allow the more economical 
production of enriched uranium, to re-enrich reprocessed uranium, and to 
enhance the quality of the enriched product. 

In regard to advanced enrichment technology, the deployment of the atomic 
vapour laser isotope separation (AVLIS) method is receiving most attention in such 
countries as France, the Federal Republic of Germany, Japan, the Netherlands, the 
United Kingdom and the United States of America. The motivation for deploying a 
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new technology as well as the level of technological possibilities are different in each 
country. In the United States of America the present programme is directed towards 
taking a final decision on the deployment of AVLIS technology in the early 1990s. 
Demonstration of the commercial feasibility is planned for around 1992 and initial 
operation from a production plant utilizing the AVLIS technology could be realized 
around 1997. In France, in the frame of the so-called SILVA project, the develop-
ment and testing of atomic laser process components are planned for the period 1987 
to 1992, the startup of a demonstration module for the mid-1990s, and operation of 
the first commercial plant by the year 2000. In early 1987, the Laser Atomic Separa-
tion Engineering Research Association of Japan was established to determine 
whether the laser process could be employed at the end of the century to provide one 
half of the planned 3 MSWU/a capacity. The United Kingdom has an intensive R&D 
programme in the laser separation process directed towards creating a basis for a 
decision on a commercial plant by the year 2000. In the Federal Republic of 
Germany the basic scientific and technological studies on the molecular laser process 
have been performed. At the next stage, from 1988 to 1992, development of the con-
ceptual design of a pilot plant which could start operation around 1995 is planned. 
In the Netherlands a laser R&D programme began in 1988. 

It is difficult to predict exactly when and in which countries the laser tech-
nology of uranium enrichment will be realized on an industrial scale. In addition to 
the purely physical and technological problems, which are briefly described in 
"AVLIS technology: principal advantages and problems", another paper in this 
report, there are some serious commercial and political barriers. The latter — the 
potential to use laser isotope separation technology as an effective, relatively cheap 
and simple method for production of nuclear weapons — can be considered as the 
main obstacle to broad international co-operation. On the other hand, it is necessary 
to keep in mind that the new high technology, even being implemented in only a few 
countries, would seriously influence the economics of the nuclear fuel cycle world-
wide by various means, and would give a new impetus to industrial evolution in a 
non-nuclear sphere2. Also of importance is that the discovery around 1970 of the 
turnable dye laser, the basic element of the isotope separation method, as well as 
good prospects for the industrial use of laser induced processes are encouraging an 
optimistic and creative atmosphere in many laboratories worldwide. This positive 
outlook, in turn, gives the hope of important new developments in the near future. 
Therefore, in spite of some limitations, one can predict that various aspects of this 
laser technology will be the subject of close international co-operation. 

2 The laser isotope separation process is actively discussed not only for the application 
to uranium enrichment, but also to such important technologies as, for example, neptunium 
and other transuranium element separation during spent fuel reprocessing [22], decontamina-
tion of platinum group metals recovered from high level waste [23], etc. 
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4. IMPROVEMENTS IN TECHNOLOGY AND UTILIZATION 
OF REACTOR FUEL 

Notwithstanding the more than 4200 reactor-years [24] of positive experience 
in the operation of NPPs and the good performance of existing schemes of uranium 
fuel utilization, R&D activities continue on improvements in reactor fuel design, 
performance, reliability and utilization. These activities are stimulated, first of all, 
by the recognition that there remains significant potential for improvement in the 
economic competitiveness of nuclear power over conventional sources of energy. 
The possibilities for the practical realization of this potential are, to a considerable 
extent, connected with improvements in reactor fuel technology. 

For example, by increasing the capacity factor of a 1000 MW(e) nuclear plant 
from 70% to 75%, a savings of US $5 million per year could be realized if this 
additional production replaced oil fired electricity generation [25]. To achieve the 
same amount of US $5 million per year by savings in any of the fuel cycle compo-
nents, it would be necessary (according to Sandklef [25]) to reduce their costs as 
follows: uranium by 40%, or enrichment by 35%, or fabrication by 75%(!). Utiliza-
tion of slightly enriched uranium in CANDU type reactors could reduce total fuel 
cycle costs by 25 to 50% relative to natural uranium fuel [26]. Advanced fuel 
management schemes including extended burnup, low leakage loading patterns, etc., 
can reduce uranium consumption for LWRs by about 20% and enrichment require-
ments by 10 to 14% [25]. 

The main trends in reactor fuel technology and utilization are well reflected 
in the scheme (Fig. 1) presented at the IAEA International Symposium on Improve-
ments in Water Reactor Fuel Technology and Utilization in Stockholm [27]. 

It should be noted that the desire to improve the reliability and safety of nuclear 
fuel (Fig. 1) is not a consequence of a perceived probability of the fuel's damage 
under normal and even abnormal operational conditions. Existing reactor fuel 
answers all the safety requirements and it is most unlikely that failures of the fuel 
rods will lead to a nuclear accident. At the same time, it is obvious that for both 
purely physical and, economic reasons, it would be impossible to construct fuel 
assemblies that would keep their integrity during crucial accidents at NPPs (i.e. in 
loss of coolant accident (LOCA) conditions). This is a problem of safe design and 
operation of nuclear plants rather than a problem of fuel reliability and safety. Inves-
tigations on the reliability and safety of reactor fuels are conducted to improve "the 
models and predictive capability of specialists for conditions that are different from 
or perhaps just beyond the realm of experience" [27]. In other words, the driving 
force of these studies is the necessity to guarantee a high level of reliablity for the 
fuel that is intended to be used in improved utilization schemes, such as extended 
burnup, Pu recycle, etc., or under improved plant operational conditions, such as 
increased capacity factor, load following, etc. This goal is achieved by obtaining 
ever improved design data and experience on current fuel. Improved knowledge of 
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Incentives and driving forces 

7 

Improved economics and safety 

Improved-*" 
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Lower 
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Fuel assembly 
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FIG. 1. Trends in reactor fuel technology and utilization [27]. 

current fuel is fed back into the design, and by continued iteration the design is 
improved and made more reliable. Such a cycling process, involving also elaboration 
and experimental verification of various modelling codes, is an ongoing procedure 
in many countries (see, for example, Refs [28-30]), and appears to be progressing 
successfully and fruitfully. 

Regarding improved schemes of reactor fuel utilization, burnup extension 
coupled with low leakage fuel management seem to be among the most popular as 
well as advanced and intensively developed concepts worldwide. The batch average 
burnup goals are generally similar for all countries, i.e. 40 to 50 GW-d/t U for 
PWRs and 30 to 40 GW-d/t U for BWRs. The major potential problems for extended 
burnups have been identified as rod bowing, clad corrosion, clad strain, irradiation 
growth and fission product release. However, extensive investigations performed 
independently in several countries show that there are no major obstacles to obtaining 
the desired burnups. This conclusion is based partly on proof of the relatively small 
influence of the above mentioned mechanisms of degradation on the fuel rod integrity 
under extended burnup, and partly on the practical possibility of eliminating all nega-
tive factors by currently available technological means. For example, the margin of 
the limit connected with the differential growth of zirconium alloys can be extended 
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by design modifications that provide more space for such growth and by closer con-
trol of fabrication methods to reduce the scatter in growth rate among various com-
ponents [31]; improved heat treatment schedules decrease uniform oxidation of 
Zircaloy in the PWR environment [32], and nodular corrosion in BWRs can be 
reduced significantly by composition control and special heat treatment [33, 34]; 
higher pressurization levels in BWR fuels reduce fuel temperature and gas release 
[35], etc. In several countries results from ongoing experiments on fuel irradiation 
up to a burnup of 50 to 56 GW-d/t U have demonstrated its satisfactory behaviour. 
Undoubtedly the various aspects of extended burnup will be a focus of the nuclear 
community in the 1990s. 

Another steady trend in a number of European countries, as well as in Japan 
and Argentina, is the development of plutonium recycle in thermal reactors [36, 37]. 
Although some additional investigations are needed, the MOX technology, as dis-
cussed in "Use of MOX fuels: the reasons to start", another paper in this report, 
is at an adequate level of development to permit immediate industrial scale use. In 
Europe marketing capability was set up in the form of the COMMOX Joint Venture 
created by Cogéma and Belgonucléaire, backed by the designer Fragéma, and the 
manufacturing plants of Belgonucléaire (Dessel, 35 t/a as of 1988), the Commissariat 
à l'énergie atomique (Cadarache, 15 t/a as of 1989) and Cogéma (MELOX factory 
at Marcoule, 100 t/a as of 1995). Recent R&D programmes aimed at determining 
the real possibilities for the practical introduction of MOX fuel into the LWR fuel 
cycle lead to the following conclusions: 

(1) MOX fuel rods behave in a way similar to U 0 2 rods, with integrity as good 
as that of U 0 2 fuels. Pelletized and alternative vibrocompacted fuels perform 
similarly; 

(2) Excellent neutronic prediction can be achieved in power and burnup calcula-
tions in PWRs; 

(3) Although an increase in fission gas release is noticed in MOX fuel rods, this 
effect is important only if the fuel operates close to the thermal instability 
threshold which is never reached in normal operation conditions; 

(4) MOX fuel shows a lower fuel clad mechanical interaction than U 0 2 rods; 
(5) MOX fuel cycle is already economically attractive. 

Economics, with emphasis on decreasing uranium consumption and obtaining 
some national independence from the uranium market3, is one of the main stimuli 
for one group of countries to recycle plutonium; the other part of the nuclear coramu-

3 It should be taken into account that LWRs use only a small proportion of the total 
energy potential in uranium fuel: they achieve a fuel utilization factor of about 0.6% at a con-
version ratio of 0 .6 and, consequently, have a natural uranium consumption of 4220 t of 
natural uranium over 30 years of operation at an average load factor of 70%. 
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nity does not accept this approach, again for economic reasons, so that the options 
may be many. However in the process of the industrial utilization of Pu in thermal 
reactors, unique and invaluable experience for future fast breeder fuel management 
will undoubtedly be obtained. This is an important reason for an international organi-
zation, such as the IAEA, at least to monitor the general situation in plutonium 
recycle [38]. 

As mentioned before, the most effective method to improve the fuel cycle eco-
nomics of existing NPPs is by increasing the plant capacity factor. In order to relieve 
current operating restrictions, it is first of all necessary to avoid the consequences 
of pellet-cladding interaction. Two approaches for achieving this goal have received 
the greatest attention worldwide: (a) reducing the linear heat generation rate by 
introducing the 9 x 9 and 10 x 10 array BWR fuels and the 18 x 18 array PWR 
fuels; and (b) using a zirconium barrier on the clad inner diameter. 

An analysis of improved LWR fuels [35] predicts that the above methods, as 
well as annual pellet and water-cross designs, may all be capable of recovering 95% 
of losses of the fuel related capacity factor. Active R&D in this field of nuclear tech-
nology, together with investigations on efficient load following operations and their 
effect on fuel performance, seems to be an important subject for close international 
co-operation in spite of commercial sensitivity in some aspects. This conclusion is 
based on the high level of interest in a majority of developed countries and their 
understanding of these possibilities. In addition, there is a realization that countries 
which are just beginning to develop nuclear power programmes will have to have an 
adequate degree of technological maturity to join the nuclear community. In many 
respects this will provide mankind with guarantees of universal safety, so that by 
assisting the new members of the 'nuclear club', developed countries will be helping 
themselves. 

Improved fabrication methods (Fig. 1) are being developed to provide better 
quality, along with a further reduction in exposure to personnel and/or lower costs. 
In general, fabrication technology is developed to ensure the conditions necessary 
for the economical and safe operation of NPPs. "Fabrication, characterization and 
quality control of nuclear fuel ceramics", another paper in this report, describes in 
detail the main means of achieving this goal and the most important trends in technol-
ogy development. 

5. BACK END OF THE NUCLEAR FUEL CYCLE 

The back end of the nuclear fuel cycle is a major focus of the nuclear commu-
nity, not only because of its potential impact on uranium requirements (reprocessing 
and recycling can reduce natural uranium requirements by up to 40%), but also 
because there remain some political, environmental, socioeconomic and technical 
problems. 
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In general the nuclear community is divided into two groups. Such countries 
as China, France, the Federal Republic of Germany, Japan, the UK and the USSR 
are committed to the reprocessing of spent fuel and to the utilization of MOX fuels 
in thermal reactors as well as, eventually, in fast breeder reactors. Economics seems 
to be one of the main factors in favour of reprocessing in these countries, particularly 
in view of the large investments that have already been made (e.g. F.Fr. 50 billion 
in France)4. These countries also consider the separation of high level waste from 
bulk spent fuel as an advantage in waste disposal. 

Other countries, such as Canada, Spain, Sweden and the USA presently are 
following the alternative of long term spent fuel storage as a necessary step before 
direct disposal into deep geological formations. In the USA such storage is the 
responsibility of the utilities, until such time as spent fuel is accepted by the DOE 
after the commissioning of monitored retrievable storage facilities. 

Thus, as before, two main concepts dominate in the back end of the nuclear 
fuel cycle, but there is a clear trend towards a rapprochement of the positions. Coun-
tries such as the USA, which in previous years was very strong in supporting the 
so-called once-through fuel cycle, observe today a more flexible policy which does 
not, in principle, exclude the possibility of accepting a reprocessing strategy in the 
future. For example, speaking at the opening plenary session of the Société française 
d'énergie nucléaire International Conference on Nuclear Fuel Reprocessing and 
Waste Management in Paris in August 1987, the representative of the DOE asserted 
that US utilities are free to make the commercial decision to reprocess if they so 
wish. Their apparent lack of interest is, however, likely to be influenced by the fact 
that they are already paying one mill5 per kW-h charge towards the DOE waste 
management programme, which promises to provide them with a central repository 
for spent fuel in the near future [39]. 

According to Ripon [39], "in relative cost terms, the European and Japanese 
utilities may pay slightly more for their recycle fuel in the early 1990's than US utili-
ties will pay for new fuel. But if one applies the promised 30 to 40 per cent reduction 
in reprocessing costs to the comparative study of the OECD/NEA published in 1982, 
then the recycle route could become the more competitive in the late 1990's, espe-
cially if uranium prices creep back above US $130/kgU" (see also Section 3 above). 

Of course, the choice between the two alternative concepts is not a purely eco-
nomic question. Bloser's paper, "Back end of the fuel cycle in the Federal Republic 
of Germany: strategy and current status", presented at the 1987 IAEA Symposium 
on the Back End of the Nuclear Fuel Cycle: Strategies and Options [40] gives a good 
overview of the variety of the subjects to be analysed and of the main methodological 
approaches for solving problems on a national scale. In each case the choice of back 

4 One billion = 109. 
5 One mill = US $1(T3. 
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end strategy is the responsibility of government. However, reviewing the state of the 
art of the world's spent fuel management, one may affirm that the two main strate-
gies are not at the same evolutionary stage: reprocessing is an established technology 
on an industrial scale, whereas permanent spent fuel disposal has not been demon-
strated yet. It is enough to say that the reprocessing capacity for LWR fuel can be 
expected to reach about 5000 t U/a in the mid-1990s (including the reprocessing 
plant planned in the USSR [41]). For comparison: the annual discharge of spent fuel 
in OECD countries in 1985 was slightly more than 5500 t U, including CANDU 
fuel; in the year 2000 the annual spent fuel arisings are expected to be about 
9400 t U [42]. At the same time, the first geological repositories for spent fuel are 
not expected to be in operation before the beginning of the next century, on the 
assumption that performance assessment and licensing of constructed repositories 
will be performed in time and successfully. 

In this connection, there are a number of important questions. One of them is 
how many countries are presently interested (directly or indirectly) in reprocessing. 
Assessments show that at least 15 of the 32 countries having nuclear power reactors 
in operation or under construction are interested in reprocessing. A number of addi-
tional countries have yet to make a final decision. 

Keeping in mind that reprocessing capacity will be available in the near future 
in only five countries (France, the Federal Republic of Germany, Japan, the United 
Kingdom and the USSR), it can be concluded that increased reprocessing activity 
will lead to a corresponding increase of the long distance transportation of highly 
radioactive materials (spent nuclear fuel, recovered fissile elements and radioactive 
wastes). As a consequence, even non-members of the 'nuclear club' will be 
indirectly involved in the global strategy of spent fuel management. There are also 
a number of other predictable results of the development of large scale reprocessing 
that may have worldwide repercussions: changes in the uranium market as a conse-
quence of plutonium utilization; strengthening the role of international safeguards 
and the complications of their implementation; increasing safety requirements of 
NPPs using plutonium fuel and of storage facilities for plutonium, etc. In other 
words, many aspects of the closed nuclear fuel cycle will not be the internal affair 
of only the reprocessing country. Nor can these aspects be ignored. They will require 
discussion on an international level. The IAEA is clearly the best forum for exchange 
of information and for the organization of considered and well balanced joint studies 
on the important questions of reprocessing and recycling strategy. 

For the time being the main efforts of the Agency's programme are concen-
trated on technology, economics, technical safety and regulation of spent fuel 
storage, radioactive waste processing, storage and disposal, and decontamination 
and decommissioning of nuclear installations. These topics will continue to be the 
focus of attention of the nuclear community in the early 1990s. 
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6. NUCLEAR TECHNOLOGY DEVELOPMENT AND SAFETY 

Safety is and will remain the dominant factor in public apprehension of nuclear 
power and its fuel cycle development. After the nuclear accidents in 1979 and 1986, 
safety has become the magic word, a subject divorced from the technical aspects of 
nuclear power development. As a result in publications, oral presentations and offi-
cial documents, a division has been drawn between specialists in nuclear technology 
and those in nuclear safety, and between issues in nuclear technology and in nuclear 
safety. Under the circumstances it is useful once again to concentrate attention on 
some key points of the general philosophy of nuclear technology development. 

The nuclear power industry is the only branch of world industry for which 
'maximum safety for the greatest throughput' was formulated as a basic principle 
from the very beginning and continues to be so at present. Even the most excellent 
technical proposal from the economic point of view will not be accepted by 
designers, technologists and operators if it does not correspond to the maximum 
safety requirements. In the nuclear industry it is not a question of electricity produc-
tion; rather it is the question of the safe production of electricity. It is not a question 
of spent fuel storage; it is the question of the safe storage of spent fuel. 

In practice, the safety of nuclear installations is provided for by carefully con-
sidered design concepts, improved technology, reliable equipment and structural 
materials, precise and steady control systems, continuous technical training of opera-
tion personnel and the direct responsibility of the operators. Safety is maintained 
through the application of safety standards, norms, guides, results of probabilistic 
risk assessment and of special experiments as well as on the application of periodic 
control. It should be clear that probabilistic risk assessment itself does not provide 
safety — safety is provided by the use of these results in technical solutions. Stan-
dards themselves cannot guarantee safety; rather safety is guaranteed by the techno-
logical discipline of attaining the requirements formulated in standards. The nuclear 
accidents at Three Mile Island and Chernobyl happened not because the regulatory 
documents were bad, but because the safety requirements formulated in these docu-
ments were violated by the personnel and because the technical principles and design 
of reactor systems made this possible. 

It should also be clear that regulatory philosophy is based on an existing tech-
nological and scientific reality and is inevitably limited by this factor. The higher the 
level of scientific and technological understanding, the more realistic, reliable and 
effective will be the technical embodiment of safety principles in practice. Safety 
does not exist as an independent fact; it is an inseparable component of the technol-
ogy. The alternative, though obviously absurd conclusion, is that absolute technolog-
ical safety can be achieved only by stopping all technological activity. 

Thus, there is no antagonism between nuclear technology and nuclear safety. 
It is incorrect to consider nuclear specialists in terms of two independent groups, one 
of which is worried only about the safety of nuclear installations, the other only con-
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cerned with technology and having nothing to do with safety. In reality there is a 
group of specialists responsible for the elaboration and control o f wel l grounded 
regulatory requirements. There are also specialists w h o put these requirements into 
practice through corresponding technical or legal solutions and w h o are responsible 
for the provision o f the safe design and utilization of nuclear facilities. 

Lack of a clear understanding of these questions can have a strong negative 
inf luence on the stability o f nuclear power development in the future. The nuclear 
community has an obligation to clarify its o w n understanding in order to prevent any 
misunderstanding on the part o f the public. Only in this way can nuclear power 
continue to play a major role in meeting energy needs worldwide . 
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Abstract 

URANIUM SUPPLY AND DEMAND: ARE THERE REASONS FOR ANXIETY? 
The status of the uranium situation of the world outside centrally planned economies 

area (WOCA) is described and its implications for the future supply analysed in the context 
of short term (until the year 2000) and long term (for the years 2001-2035) supply-demand 
analyses and sensitivity tests. The results indicate supply deficits in the second decade of the 
next century for demand scenarios with very modest annual growth rates. 

1. INTRODUCTION 

This study is intended to update the long term supply-demand projections for 
the world outside the centrally planned economies area (WOCA), using more recent 
resource estimates and reactor related requirements. In addition, a number of sensi-
tivity tests were made to analyse the impact of some modified model assumptions 
on the future supply outlook. The exercises included a part of the International 
Atomic Energy Agency (IAEA) publication, International Nuclear Fuel Cycle Evalu-
ation (INFCE) in the late 1970s [1], the Nuclear Energy Agency of the OECD 
(OECD/NEA)-IAEA report Uranium Resources, Production and Demand ('Red 
Book') 1986 [2], the IAEA Long-Term Uranium Supply-Demand Analyses [3] as 
well as the OECD/NEA—IAEA Nuclear Energy and its Fuel Cycle, Prospects to 
2025 ('Yellow Book') [4]. 

As in the previous long term study done by the IAEA [3], a modified version 
of the RAPP 3 computer model, developed by the US Department of Energy (DOE) 
and modified by the model's author, P. de Vergie, under contract to the IAEA, was 
used [5]. 

It is understandable that this long term supply-demand study cannot present 
hard facts, but it can show which variables may influence the long term supply situa-
tion. Thus, this study may provide information on the interrelationship between the 
variables used and the supply-demand projections. Periodical updates of the sup-
ply-demand analyses with current databases will be needed from time to time. 

17 
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2. DATABASES USED 

The basic data for supply and demand were taken from a number of recently 
available sources [6-9]. As they cover the period through the year 2025, extrapola-
tions had to be made for the period 2026 through 2035. 

2.1. Supply 

Main data for this part of the analysis are the estimated production capability 
through the year 2035, supported by reasonably assured resources (RAR) and esti-
mated additional resources — Category I (EAR-I) recoverable at costs of $80/kg U1 

or below and the uranium resources of the different categories of the same cost 
category. Basic sources for the information for these data were the Red Books 1986 
[2] and 1987 [10]. For the purpose of this report, production capability data for the 
period 2025-2035 were extrapolated on the basis of available RAR and EAR-I below 
$80/kg U. In addition to. the known resources, undiscovered resources consisting of 
EAR-II [10] and speculative resources (SR) [11] were used. 

The SR base selected for this study was the "low most favourable quartile" 
[11]. This term is defined in the IAEA document as the "lower bound of that 25% 
portion of the estimated resource range, in which the estimator considers the 
resource value to be most likely' '. As the original estimates of SR [11] used a below 
$130/kg U cost category, assumptions for the purpose of this study had to be made 
for a $80/kg U SR portion. In line with the US estimate of $80/kg U SR, which is 
about 50 % of the $ 130/kg U SR [ 12], the $80/kg U SR input was adjusted accordingly. 
In addition, it was assumed that 50% and 25% of this portion will be discovered, 
resulting in a total discoverable $80/kg U SR base of 25% and 12.5% respectively 
as high and low cases. The entire resource base used in this study is summarized in 
Table I. 

2.2. Reactor related uranium demand 

Available demand data, expressed in t U, were used for two time-frames: the 
short term through the year 2000 and the long term through 2035. As the two datasets 
do not match, they were treated separately in this study. 

Short term demand data were taken from the 1987 Red Book [10], while the 
long term demand through 2025 was computed from data presented in the Yellow 
Book [4] and extrapolated for the period 2026-2035. 

1 All amounts are given in US dollars. 
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TABLE I. URANIUM RESOURCE BASE (1000 t U) 

RAR a b EAR-Ia b EAR-ir 
Low most favourable 

quartile SR° 

1342.5 712.2 662.6 9370 

a $80/kg U cost category. 
b Adjusted. 
c Low most favourable quartile SR, recoverable at costs of $130/kg U or below. 

3. STATUS AND TRENDS OF PRESENT URANIUM SUPPLY 

In this section status and trends of the main features determining the future of 
uranium supply are discussed. These features include uranium exploration, 
resources, production, production capability as well as uranium inventories, based 
on the recent compilation in Ref. [10]. 

3.1. Uranium exploration 

This term refers to all activities carried out in the search for uranium deposits. 
Exploration in general includes a number of stages, the most important ones being 
literature research, regional exploration and detailed exploration including the evalu-
ation of the occurrences found. 

The selection of geographical areas for exploration takes into account a number 
of criteria, including geological favourability to locate uranium deposits, but also 
political and commercial considerations. Exploration expenditures are a measure of 
the level of activities, and therefore the Red Books since 1972 compile total explora-
tion expenditures in respective countries and foreign exploration expenditures 
incurred abroad (Fig. 1). 

Although the information is not quite complete, especially for the early years, 
the development over the entire period is approximated. In 1972, total exploration 
expenditures amount to about $70 million (in year of expenditure dollars) and 
increase in 1979-1980 to a peak of about $750 million. The subsequent decrease 
reaches the $120 to 150 million level in 1985-1986 or less than 20% of the peak 
expenditures. 

Foreign exploration expenditures (Fig. 1) funded by the uranium consumer 
countries increase similarly from about $17 million (23 % of the total) to a peak in 
1980 of over $178 million maintaining a share of over 20% of the total of expendi-
tures. The decline to a $70 million level in 1983-1986 or to 40% of the maximum 



20 MÜLLER-KAHLE and PATTERSON 

FIG. 1. WOCA uranium exploration expenditures 1972-1987 (in year of expenditure 
dollars). 
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is less pronounced as compared to the total expenditures. The 1986 ratio of foreign 
exploration expenditures to the total WOCA is about 1:2, indicating that about 50% 
of the total is funded by the consumer countries such as France, the Federal Republic 
of Germany, Japan, the United Kingdom, etc. 

In practice, this development reflects the fact that many exploration projects, 
initiated prior to 1978-1980 in a large number of developing countries (Bolivia, 
Brazil, Colombia, Guyana, Indonesia, Iran, Mexico, Paraguay, Somalia, etc.), were 
abandoned and that present exploration activities concentrate mainly in Australia, 
Canada, France and the United States of America. The combined share of expendi-
tures in these countries is estimated at about 85% of the 1986 total. 

The expected trend of uranium exploration in WOCA indicates a levelling off 
on the current low plateau and a continued strong participation of the uranium con-
sumer countries in the funding of uranium exploration. The continued geographical 
concentration of uranium exploration in some of the present producer countries 
(exceptions, however, are programmes in some East African countries) will lead to 
an even stronger resource position of those countries and will fuel existing concerns 
about a potential dominance of the uranium market by a few countries. 

Of additional concern is the adequacy of the expected exploration expenditures 
to assure future supplies. Figure 2 shows the development of WOCA's $80/kg U 
RAR and total exploration expenditures between 1977 and 1987. The correlation of 
both variables indicates a decline of RAR and exploration expenditures between 1979 
and 1983, and a subsequent increase of the RAR to about 1985. This indicates 
relatively large resource additions caused by the Olympic Dam discovery in South 
Australia and the transfer of some higher cost South African RAR into the lower cost 
category. The figure also suggests that the new discoveries in Australia and Canada 
are still the effects of the 1979-1980 exploration peak. Given exploration expendi-
tures of $150 million/a and assumed discovery costs of $15 000/t U, it can be 
expected that about 10 000 t U may be discovered annually, equivalent to about 40% 
of the 1987 production. This may be acceptable for the short term in view of the 
existing inventories, but hardly conforms with the principle of 'reserve 
replacement'. 

3.2. Uranium resources 

The OECD/NEA-IAEA classification system subdivides uranium resources by 
geological assurance of existence and by economic attractiveness (cost category) 
[10]. According to their geological assurance of existence, the classification distin-
guishes between RAR, the best known resources, EAR — Categories I and II, and 
SR (Table II). 

The further subdivision, using economic attractiveness as the criterion, is 
divided into the three cost categories, at which these resources can be recovered: 
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TABLE II. WOCA'S LOW COST URANIUM RESOURCES IN THE 
DIFFERENT RESOURCE CATEGORIES AS OF 1985 AND 1987 [10, 11] 

Category 1985 1987 Change 

RAR 1 609 000 t U 1 557 000 t U - 5 2 000 t U - 3.2% 

EAR-I 897 000 891 000 - 6 000 - 0.7 

EAR-IIa 600 850 662 600 + 6 1 750 + 1 0 . 3 

SRb 6 400 000 16 000 000 

a Incomplete, as many countries do not make estimates of EAR-II. 
b Range estimated by the International Uranium Resources Evaluation Project (IUREP) and 

compiled in Réf. [1]; resource range thought to be recoverable at $130/kg U or less. 

$80/kg U or less (equalling about $30/lb U3Og)2, $80-130/kg U ($30-50/lb U3Og) 
and $130-260/kg U ($50-100/lb U3Og). At the current market situation with ura-
nium spot prices of about $47/kg U and average long term contract prices of about 
$70/kg U, only resources of the lowest cost category are of economic interest. As 
a matter of fact, the correlation of current uranium prices with the $80/kg U cost 
category shows that the introduction of an even lower category of $50/kg U or $20/lb 
U 3 0 8 would better reflect the reality of the market. 

In the assessment of these resource estimates (RAR, EAR) provided by the 
relevant government organizations for the Red Books, judgement ought to be applied 
as to the future availability of these resources as supply. Unrealistic resource and cost 
category estimates may reduce even the 'known' resources (RAR and EAR-I), and 
the resources which would be produced and made available as supplies may be even 
lower. 

3.3. Uranium production 

The understanding of the development of the past uranium production is impor-
tant for the projections of the future. Figures 3 and 4 show the WOCA production 
by country between 1977 and 1987, as well as a more detailed distribution of the 
1986 production. 

The uranium production 1977-1987 reached its peak in 1980 and 1981 at about 
44 000 t U. At that time, three countries, the USA, Canada and South Africa, 
produced 68% of the total, and the USA as leading producer contributed about 38%. 

2 1 lb = 0.4536 kg. 
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In the period 1980-1981 through 1986, the uranium production decreased to about 
37 100 t or to about 85% of the 1980-1981 peak; also the distribution of the produc-
tion among the producer countries changed, particularly for the USA, Canada and 
Australia. The US production declined to about 35% of that of the peak years, while 
the Canadian and Australian productions increased by 52% and 42% respectively, 
making Canada the leading uranium producer of WOCA. 

The decrease in WOCA's uranium production, for the first time in the com-
mercial era in the mid-1960s, has caused the production to be below uranium reactor 
related requirements since 1985. 

Summarizing the geographical distribution of the 1986 production as shown in 
Fig. 4, one sees evidence of the strong concentration of the distribution. Nearly the 
entire WOCA production comes from eight countries, and the production by conti-
nents shows that about 46% is produced in North America, 32 % in Africa, 11 % in 
Australia and over 9% in Europe. This situation will not change substantially as no 
new supplier country other than China is expected. 

The projection of future production is largely dependent on the uranium price. 
Under present market conditions, it can be expected that high cost producers, espe-
cially in the USA, may continue to cease operations, and that this production will 
be replaced by low cost producers, especially in Saskatchewan, Canada. 

A price increase seems unlikely as long as existing stocks can be used to fill 
in supply deficits. This, as it will be shown, cannot continue for too long and produc-
tion will have to increase in the mid-1990s or earlier in case of unforeseen supply 
restrictions. 

3.4. Production capability 

The term, production capability, refers to an estimate of the level of production 
that could be practically and realistically achieved under favourable circumstances 
from the production centres, given the nature of uranium resources tributary to them. 
For the purpose of the analysis in the 1986 Red Book, the projections of production 
capability are supported only by RAR and/or EAR-I recoverable at costs of up 
to $130/kg U. 

For the first time in 1987, however, the Red Book [10] introduced production 
capability supported by $80/kg U resources, in addition to the one supported by 
$130/kg U resources. This is a very useful subdivision in line with existing 
U resource cost categories and ensures an analysis more in accordance with the cur-
rent market conditions. 

The projection of production capability is used as an indicator for future sup-
ply, both for the short term (1988-2000) and the long term (to 2035). Data for the 
short term have been derived from the 1987 Red Book [10]. 

Figure 5 shows short term production capability from existing and committed 
centres supported by $80/kg U resources. WOCA's 1988 production capability of 
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FIG. 5. WOCA $80/kg uranium production capability from existing and committed ceritres 
(1986 shows production partly estimated). 

FIG. 6. WOCA long term production capability projection. 
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about 40 000 t U is expected to peak at over 42 000 t between 1990 and 1994, and 
to decrease to about 36 000 t U in the year 2000. 

As the definition of the term production capability denotes the production 
achievable under favourable circumstances, future production may be smaller and 
may reach only 85-90% of the total production capability. 

The distribution of the current production capabilities from existing and com-
mitted centres is similar to that of the production. Five countries, Australia, Canada, 
Niger, South Africa and the USA, have an aggregate share of about 76%, while the 
remaining 24% is also distributed among a few countries (Brazil, France, Gabon, 
India, Namibia, Portugal, Spain), of which France, Gabon and Namibia occupy the 
leading positions. 

The long term production capability projection (through the year 2035) also 
supported by $80/kg U resources was developed using the short term production 
capability from existing, committed, planned and prospective centres as a starting 
point and projecting the production capability on the basis of existing low cost 
resources. This was necessary as no low cost production capability data were avail-
able for this period. 

As shown in Fig. 6, the production capability between the years 2000 and 2035 
is projected to gradually decrease from a high in the 36 000-37 000 t U range in the 
early years of the next century, to a low of 1000 t U in 2035. 

3.5. Uranium inventories 

As described in Ref. [10], the continuing uranium overproduction since the 
beginning of the commercial era through 1984 has led to a buildup of significant 
stocks in different forms (natural uranium, enriched uranium, etc.) held by 
producers, consumers or governments. The total quantity is not known but it is esti-
mated to be around 150 000 t U. It is suggested that of this only about 70 000 t U 
may be available for the market place, the remainder being held as security against 
supply interruptions. 

4. URANIUM DEMAND PROJECTIONS 

4.1. Short term (1988-2000) 

The short term demand data were taken from the 1987 Red Book [10] and are 
shown in Fig. 7 together with three other recent projections: those of the Energy 
Information Administration (EIA) of the United States DOE, 1987 [13], the Nuclear 
Exchange Company (NUEXCO) [14], and the Uranium Institute (UI), 1986 [15]. 

Annual demand data of these projections are compiled in Table III. A compari-
son between the lowest and highest projections and between the lowest projection and 
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FIG. 7. WOCA short term uranium demand projections. 

TABLE III. ANNUAL SHORT TERM URANIUM DEMAND (1000 t U) 

Year EIAa NUEXCOb UI OECD/NEA-IAEA 

1988 40.38 c 46.40 42.90 40.10 

1989 40.78° 48.23 43.00 42.90 

1990 41.08 48.47 42.70 44.80 

1991 48.93 43.40 45.30 

1992 49.85 43.90 45.80 

1993 49.23 44.40 46.20 

1994 49.23 44.40 46.20 

1995 45.12 51.54 45.40 47.20 

1996 55.39 46.10 48.30 

1997 55.09 47.90 49.30 

1998 55.37 46.30 50.40 

1999 56.92 47.70 51.40 

2000 52.89 56.47 48.60 52.50 

a Upper reference case. 
b Generated from curves. 
c Interpolated from annual demand 1987 and 1990. 
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TABLE IV. CUMULATIVE SHORT TERM URANIUM DEMAND 

. Cumulative demand 
P r o j e c t l o n (1000 t U ) 

EIA 588.66 

NUEXCO 673.63 

UI 587.40 

OECD/NEA-IAEA 610.90 

those of the OECD/NEA-IAEA for the years 1988, 1995 and 2000 shows that the 
total range differs by about 16%, while the spread between the lowest projection and 
the Red Book data increases from about 0 in 1988. 

Cumulative requirements over the period 1988-2000 as projected by the same 
forecasters are compiled in Table IV. The different totals range from a low of 
587 400 t U to 673 630 t U, or to about 14% above the lowest estimate. The 
OECD/NEA-IAEA aggregate is estimated at about 611 000 t U, about 4% above 
the lowest and 9% below the highest demand. 

The reasons for the difference in both the annual and cumulative requirement 
estimates are not quite clear, as few forecasters report on the assumptions made. It 
is suggested that the more important differences are the estimates of reactor capacity 
factors, fuel management features and the use of reprocessed U, as well as different 
inventory policies. 

For the Red Book projection, allowances for an inventory policy were consid-
ered. However, in times of larger than desirable stocks and a production deficit, this 
matter is of no significance. 

4.2. Long term (to the year 2035) 

Long term uranium demand data covering the period 1988 through 2035 
(Fig. 8) were developed from basic data for the years 1988-2000 in the 1987 Red 
Book [10] and from two long term scenarios for the period 2000-2025 in the Yellow 
Book [4]. The interface between the datasets around the year 2000 had to be 
smoothed out. Additional data for the years 2026-2035 were determined by 
extrapolation. 

The long term cases were developed from the low scenarios of the two reactor 
strategies: the 15% improved and the Pu recycle LWR which are shown in Fig. 8 
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TABLE V. ANNUAL LONG TERM URANIUM DEMAND (1000 t U) 

High cases Low cases Mid-cases 
Year 

2001 53.01 

2005 59.05 

2010 62.60 

2015 69.10 

2020 70.55 

2025 73.10 

2030 75.40 

2035 78.00 

- 2 . 0 51.01 

+ 2 . 0 61.05 

+ 7 . 0 69.60 

+ 2 . 0 72.10 

+ 1.0 71.55 

+ 1.0 74.10 

+ 1.0 76.40 

+ 1.0 79.00 

51.50 - 2 . 0 

51.50 + 2 . 0 

51.50 + 3 . 0 

55.80 + 1.0 

53.70 - 0 . 2 5 

53.30 - 0 . 2 5 

52.80 - 0 . 2 5 

52.00 - 0 . 2 5 

49.50 52.25 

53.50 55.27 

54.50 57.05 

56.80 62.45 

53.45 62.12 

53.05 63.20 

52.55 64.10 

51.75 65.00 

- 2 . 0 50.25 

+ 2 . 0 57.27 

+ 6 . 0 63.05 

+ 1.0 63.45 

+ 0 . 1 62.22 

+0 .25 63.45 

+ 0 . 5 0 64.60 

+0 .25 65.25 

1. Reactor related demand. 
2. Assumed inventory movements: - from inventory, if it exceeds 2 years forward demand 

+ to inventory, to adjust inventory level. 
3. Total demand to production centres also referred to as base demand. 
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TABLE VI. CUMULATIVE LONG TERM TOTAL URANIUM DEMAND3 

Cases 
Cumulative projected demand 

(1000 t U) 

High case 

Low case 

Mid-case 

2458 

1871 

2165 

Based on totals of columns 3 in Table V. 

as the upper (15% improved LWR) and lower lines (Pu recycle LWR). For this anal-
ysis the following cases were selected: 

(a) High case: the midpoint between the two reactor strategies mentioned above, 
(b) Low case: the low projection of the Pu recycle LWR, 
(c) Mid-case: the midpoints between the high and low cases. 

As regards the strategies represented by the high and mid-cases, both represent 
mixed reactor strategies, the high case being a mix between the 15% improved LWR 
and the Pu recycle LWR, while the mid-case constitutes a further mix with a stronger 
emphasis on the Pu recycle LWR strategy. 

The annual uranium demand projections for the high, low and mid-cases as 
described above, separated between reactor related demand, assumed inventory 
movements and total demand, are compiled in Table V and shown in Fig. 8. 

A comparison of the high and low demand cases for the year 2035 with the 
corresponding value of the C33 projection made by Frisch [16] shows that they 
reach only 58% and 34% respectively of Frisch's projection for that year. 

The three cases used in this analysis (Fig. 8) show a very modest annual 
increase, ranging from slightly over 1 % for the high case to zero for the low case. 
The mid-case shows an annual growth of about 0.7%. 

Total cumulative uranium demand data for the years 2001-2035 derived from 
the annual demand projected for the three cases are compiled in Table VI. 

The range between the high and low cases' cumulative demand for the period 
2001-2035 is nearly 0.6 million t U or 31% of the low case cumulative demand. 

3 C3 refers to the central projection for a mixed option of current type reactors and 
maximal deployment of breeder reactors. This projection is the lowest of the nuclear scenarios 
presented in Ref. [16]. 
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TABLE VII. TOTAL CUMULATIVE URANIUM DEMAND (1988-2035) 

_ Demand 
T e r m s . (1000 t U ) 

Short term 

OECD/NEA-IAEA 611 

Long term 

High case 2458 
Low case 1871 
Mid-case 2165 

Total 
High case 3069 
Low case 2482 
Mid-case 2776 

4.3. Cumulative short and long term uranium demand projections 

On the basis of the cumulative demand projections for the short term [10] 
(OECD/NEA-IAEA) and the long term, the cumulative uranium demand projected 
for the period 1988-2035 was determined (Table VII). 

Rounded off, the cumulative demand for the period 1988-2035 ranges from 
a low of 2.5 million t to a high of 3 million t U. 

5. SUPPLY-DEMAND ANALYSES 

This section includes the short term (1988-2000) supply-demand projection as 
well as the scenarios and results of the computer modelled long term projections 
(2000-2035). 

5.1. Short term (1988-2000) 

The present study contains two supply-demand analyses for this time-frame. 
One is based upon the correlation between the short term demand and the production 
capability as derived from the 1987 Red Book [10]. The other fills this demand with 
the RAPP 3 simulated production both from existing and committed production capa-
bility and additional modelled productions supported by available known uranium 
resources. The difference between these two alternatives is that the first one shows 



32 MÜLLER-KAHLE and PATTERSON 

60 000 

50 000 

40 000 

^ 30 000 

20 000 

10 000 

1986 88 90 95 

\mm\ u s a 

Canada 

Australia 

South Africa 

Niger 

Rest of WOCA 

Uranium demand 

2000 

FIG. 9. WOCA short term uranium supply-demand (1986 shows production partly 
estimated). 

TABLE VIII. SHORT TERM SUPPLY-DEMAND PROJECTION 

1988 

Demand (t U) 41 000 
Supply (t U) 38 000 

Deficit (t U) 3 100 
Deficit (%) of demand 7.50 

1990 1995 2000 

44 800 47 200 52 500 
42 100 41 750 35 650 

2 700 5 450 16 850 
6.00 11.50 32.10 

the supply-demand relationship based, for the purpose of this report, only on exist-
ing and committed production capability supported by $80 resources, thus pointing 
out supply shortages, while the computer simulation 'creates' additional production 
as supply for the projected demand, not allowing any supply shortages. 

As the simple correlation between the supply and demand data is considered 
more useful and realistic since this relationship determines supply shortages and the 
inventory drawdown to fill them, emphasis is placed on the results of this correlation 
as shown in Fig. 9 and summarized in Table VIII. 
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This projection shows that the undersupply which began in 1985 continues 
through the year 2000 considering currently existing and committed production 
centres supported by RAR and EAR-I recoverable at $80/kg U or less. The under-
supply is expected to remain in the 3000 t/a range until about 1991 and to increase 
thereafter to over 16 000 t U in the year 2000. Expressed as a percentage of the 
annual demand, the supply deficit amounts now to about 7-8 % and grows to 11 % 
in 1995 and to over 32% in 2000. 

The cumulative supply deficit over the period 1988-2000 reaches nearly 
90 000 t U or over 14.5% of the cumulative demand. The deficit is being covered 
from the large inventories estimated at 150 000 t [10] and this is expected to continue 
in the same way until the drawdown of these inventories reaches the quantity of about 
2 years' forward demand, i.e. about 100 0001. This level may be reached in approxi-
mately 1995 or somewhat later, if no unforeseen supply interruptions occur. 

By that time, new production centres beyond those currently included in the 
planned and prospective category supported by $80/kg U resources and/or planned 
and prospective centres [10] supported by $130/kg U resources must be in place to 
fill this supply gap. Both cases may require a slight increase in uranium prices to 
provide for an attractive return on the needed capital investment. 

5.2. Long term (2000-2035) 

Using the RAPP 3 model and its model parameters, six long term supply-
demand cases were simulated. Their supply and demand variables are summarized 
in Table IX. 

Input data also include the model parameters such as lead times, resource 
development rate, as well as constraints on the development of the resources in the 
model. Definitions and values used are described below. 

5.2.1. Lead times 

Lead times describing the duration of the different activities leading to produc-
tion are subdivided into three stages (see Table X and Ref. [5]). T1 refers to the time 
needed from the start of projection to the start of exploration, T2 to that period from 
the start of exploration to the first discovery and T4 to the time from the first discov-
ery to the completion of the constructed production centre. The portions for the lead 
times vary for the different special resource units and modelled production centres 
from SR as shown in Table X. These are base lead times which, in addition, are 
modified by other country parameters, such as the economic development class, ura-
nium development status and accessibility of the resources. 
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TABLE IX. LONG TERM SUPPLY-DEMAND VARIABLES 

Case Supply base Demand 

1 С RAR and EAR-I "j 
High j EAR-II J High 

L SR: 25% of low most favourable quartlie 

2 Same as in Case 1 Low 

3 Same as in Case 1 Mid 

Г RAR and EAR-I 

4 Low j EAR-II j High 
(^SR: 12.5% of low most favourable quartile 

5 Same as in Case 4 Low 

6 Same as in Case 4 Mid 
(Base case) 

TABLE X. BASE LEAD TIMES 

Production centre T1 T2 
(years) 

T4 

Special resource unit ' 1 1 6Ъ 

Special resource unit c 1 1 9 

Special resource unit d 1 3 6 

Modelled production centre e 1 5 6 

a Refers to countries with production capabilities [10] and remaining RAR and EAR-I. 
b With the exception of an African producer, set at 9 years. 
0 Refers to countries with known resources, but without production capabilities. 
d Refers to Canada, the Federal Republic of Germany and the USA with low cost EAR-II 

[10]. 
e Refers to majority of countries modelled from 'low cost' SR. 
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5.2.2. Resource development rate 

The resource development rate models typical rates of converting undisco-
vered resources to known resources. Totals for the different deposit types and por-
tions are shown in more detail in Refs [3,5]. For the purpose of this sùpply-demand 
analysis, these rates were not modified. As an example, the resource development 
rate for the development of undiscovered resources contained in unconformity 
related uranium deposits is 50 years for 100%, divided into three portions of 15 years 
— 40%, 15% years — 30% and 20 years — 30%. As regards the special resource 
units, the resource development rate is 5 years for those units supported by remain-
ing RAR and EAR-I, 10 years for those supported by RAR and EAR-I in countries 
without production capability, and 20 years for units based on EAR-II. 

5.2.3. Constraints 

The constraints placed on the resource development in this model include: a 
25% limit of demand filling supply averaged over two years, for all countries; a res-
triction on the maximum annual production of certain special resource units, of 
10 0001U for Australia, Niger and the USA and 15 0001U for Canada. In addition, 
an annual production growth constraint ranging from 2000 to 30001U over a 2 year 
period is, in effect, depending on the economic development classification of the 
country [3, 5]. 

The supply-demand cases referred to in Table IX as Cases 1 through 6 are 
shown in Figs 10 to 15, on which the following discussions are based. 

Cases 1 to 3 (Figs 10, 11 and 12) combine high resources consisting of 
$80/kg U RAR, EAR-I and EAR-II as well as 25% of the low most favourable 
quartile of the SR, with the high, low and mid-demand cases (Table IX). As regards 
the resource base, these cases are the most optimistic ones of the supply-demand 
cases presented in this study. 

As shown in Figs 10, 11 and 12, supplies from the high resource base cannot 
fill the high demand of Case 1, while they can fill the low and mid-demand cases 
(Cases 2 and 3). " 

Case 1 (Fig. 10) shows a small supply deficit in the years between 2025 and 
2035 of about 40 000 t or less than 2% of the cumulative demand, indicating the 
limits of a balanced supply-demand situation under the set of assumptions used 
('border case'). 

The suppliers for these three cases are the present major producing countries 
(Australia, Canada, Niger, South Africa, USA), whose cumulative share in Cases 
1-3 is about 78% in the year 2001, and increases then to over 95% in 2025 and 
slightly decreases again to between 82 and 90% in 2035. The balance is supplied by 
minor suppliers, which in the year 2001 include 12 countries, producing between 
50 t U (Pakistan) and 3200 t U (France, Namibia). The number of countries 
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increases to about 14 to 16 in the years 2015—2020 and declines to about 5 in 2035. 
The most consistent minor suppliers are Argentina, Brazil and Namibia. 

Cases 4 to 6 (Figs 13, 14, 15) correlate low resources ($80/kg U RAR, EAR-I 
and EAR-II as well as 12.5% of the low most favourable quartile of the SR) with 
the high, low and mid-demand cases (Table IX). 

As shown in Figs 13, 14 and 15, the resource base is not sufficient to fill the 
demand assumptions of Cases 4-6. Case 4 shows the largest supply deficit both in 
time (the years 2022 through 2035) and quantity (250 000 t U, equivalent to about 
10% of the cumulative demand of the period 2001-2035). In individual years the 
supply gap increases from about 8% in 2025 to 38% in 2035. This development is 
a result of the decline of supplies from the major producing countries, whose share 
falls from a peak of over 96% in 2020 to less than 60% in 2035 and is due to the 
absence of any minor supplier country able to compensate for this shortfall. 

Case 5 is similar to Case 1 and shows only a small supply gap between the 
years 2027-2035 of about 40 000 t, or less than 2 % of the cumulative demand of 
the period 2001-2035. This case also resembles closely a balanced supply-demand 
situation under the given assumptions. 

In Case 6, the demand can be met through the year 2025 and the resulting gap 
over the following 10 year period totals about 110 000 t U, or 5 % of the cumulative 
demand. The undersupply grows gradually from about 8% in 2025 to 38% in 2035. 

5.3. Summary of the supply-demand analyses 

In summary, the assessment of the supply-demand analyses covering the short 
and long term time-frames has the following results: 

(1) The short term (1988-2000) supply-demand situation based on the relationship 
between existing and committed production capability supported by 
US $80/kg U resources and reactor related demand [15] shows an undersupply 
of about 2000 t U/a through about the year 1990. This gap increases to about 
5500 t U in 1995 and nearly 17 000 t U in the year 2000. 

(2) It is expected that the existing uranium inventories can cover this gap through 
about 1997 when the inventories will have decreased to the desirable level of 
about 2 years forward reactor related demand. By that time, however, new 
production centres would be needed to fill the growing supply déficit of 
between 10 000 to 15 000 t U/a. 

(3) The six long term supply-demand cases (Cases 1-6) show for the high resource 
base and the high, low and mid-demand cases (Cases 1-3) a balanced or nearly 
balanced supply-demand situation (Table XI). However, the small deficit in 
Case 1 indicates that for this demand case, the supply is becoming insufficient, 
and therefore this case is considered a 'border case'. 
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TABLE XI. SUMMARY OF LONG TERM SUPPLY-DEMAND ANALYSES 
(1000 t U) 

Case Projected demand Supply Deficit Starting year 

1 2457.5 2418.1 39.4 2026 

2 1871.3 1871.2 0 n.a." 

3 2164.6 2159.1 5.5 2030b 

4 2457.5 2208.6 248.9 2022 

5 1871.3 1835.2 36.1 2027 

6 2164.6 2057.1 107.5 2026 

a n.a. — not available. 
b Supply balances demand; deficit only due to one temporary supply decrease in the year 

2030. 

(4) Cases 4 to 6 confirm this situation, as they show that the low resources are 
insufficient to provide the supplies to fill the demand cases (Table IX). Large 
deficits over 9-13 years occur in Cases 4 and 6, while Case 5 develops a small 
deficit, which is, however, similar to the 'border case' of Case 1 discussed 
above. The supply gaps shown in Cases 4 and 6 are more significant reaching 
over 30 to 40% of some individual years. These combinations of low resources 
and high and mid-demand cases seem to indicate that the supply possibilities 
are insufficient to meet these demand cases after the years 2022-2026. 

(5) The share of supplies contributed by these two supplier country groups varies 
in Cases 1-6 over the period 2001 through 2035. In general, the major sup-
pliers in 2001 have a share of nearly 80%, which increases to over 95% in the 
years 2020-2025 and decreases in the high resource cases (Cases 1-3) to 
around 85% and in the low resource cases (Cases 4-6) to 60-80% of the 
demand of these respective years. The minor suppliers contribute over 20% 
in 2001, decrease to less than 5% in 2020-2025, but increase their relative 
share in the high resource cases (Cases 1-3) to 8-15%, remaining, however, 
at the below 5% level in the low resource cases (Cases 4-6). 

(6) The supplier countries emerging in this study can be divided into major and 
minor suppliers. The major ones are those whose resources can sustain a large 
and continuous production. They include Australia, Canada, Niger, South 
Africa and the USA. The minor supplier countries comprise 18 countries, 
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which at any time between the years 2001 and 2035 supply uranium. The more 
important ones in this group are Algeria, Argentina, Brazil, France, India, 
Namibia and Spain. All of them, except Algeria, have current uranium 
production. 

(7) The major suppliers' group, which maintains its leading position as uranium 
producers through the year 2035, is also currently important; in 1986 this 
group produced over 77% of WOCA's production, the same share it is 
expected to have in 2001. The minor suppliers, however, in general are not 
as stable suppliers, but include France and Namibia which have a share of 
nearly 9% each of the 1986 production. The other important suppliers within 
this group are Algeria, Brazil, India and Spain, of which Brazil emerges as the 
most consistent supplier of this group. 

6. DISTRIBUTION OF SUPPLIES FOR THE SHORT AND LONG TERM 
FROM DIFFERENT RESOURCE CATEGORIES 

This section analyses the distribution of supplies for the two time-frames dealt 
with in this report: 1988-2000 and 2001-2035. For the long term, reference is made 
to Case 6 which combines supplies from low uranium resources with the mid-
demand case. The objective of this analysis is to determine the resource categories 
(RAR, EAR-I, EAR-II, SR) from which the supplies were produced. 
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Figure 16 shows the supply-demand situation of Case 6 (Fig. 15), without 
assigning the supplies to the different supplier countries. Instead, it subdivides the 
supply into five segments, which are referred to as (Fig. 16): 

(a) 'Known resources, RAR and EAR-I, committed to production', including the 
known resources which will support the projected production capabilities 
through 2035; 

(b) 'Known resources, RAR and EAR-I, uncommitted', referring to those portions 
of the known resources which are not needed to support the projected produc-
tion capability and thus are available to be used in modelled production centres; 

(c) 'EAR-II, undiscovered', including supplies from EAR-II for modelled produc-
tion centres; 

(d) 'SR, undiscovered', referring to supplies from SR; 
(e) 'Demand not filled', defined as the supply deficit of Case 6 discussed in the 

previous section. 

Quantitatively these five segments represent t U of the different four categories 
and for the unfilled demand. These quantities for the period 1988 through 2035 
amount to: 

— 'Known resources, RAR and ÈAR-I, committed': 1 224 650 t U, 
— 'Known resources, RAR and EAR-I, uncommitted': 784 470 t U, totalling 

2 009 120 t U, 
— 'EAR-II, undiscovered': 540 500 t U, 
— 'SR, undiscovered': 47 900 t U, 
— ''Demand not filled': 107 365 t U. 

A comparison of the total supplies needed to fill the demand between the years 
1988 and 2035 with the resource base for this study (Table I) is provided in 
Table XII. 

Table XII shows that the resource base (Table I) is not exhausted by the 
produced supplies for the demand in the period 1988-2035; the known resources, 
RAR and EAR-I, still have a remaining balance of about 45 000 t U, the EAR-II one 
of about 120 000 t U and the SR a balance of 1.12 million t U. 

Therefore it can be concluded that the unfilled demand of Case 6, amounting 
to about 107 500 t U, is not a resource deficit, but rather a supply deficit, due to 
the model parameters. 

7. THEORETICAL 'COULD DO' SUPPLY 

Cases 7 and 8 were developed to illustrate the 'could do' supply situation. The 
term 'could do' refers to the highest feasible production, subject only to the growth 
constraints of the model. These 'could do' cases are not fitted to any demand case. 
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T A B L E XII. C O M P A R I S O N O F T O T A L S U P P L I E S F O R T H E Y E A R S 

1 9 8 8 - 2 0 3 5 W I T H U R A N I U M R E S O U R C E B A S E (1000 t U) 

Total supplies 
by resource category 

Resource base 

RAR and EAR-I 
Committed: , 

RAR and EAR-I 
Uncommitted: 

1224.65 

784.47 

Total: RAR and EAR-Í: 2009.12 

EAR-II: . 540.50 

SRa 47.90 

Total: RAR and EAR-I: 2054.70 

662:60 

1171.25" 

Refers to 12.5% of the low most favourable quartile. 
12.5% of 9 370 000 t U. 

1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 

FIG. 17. Uranium supply-'could do' scenarios — Case 7 and Case 8. 
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Figure 17 includes, however, the high, low and mid-demand cases to provide the 
necessary perspectives for the 'could do' supply. 

Cases 7 and 8 use the same low and high resource base as shown in Table IX 
and as used in the long term supply-demand cases. 

Both cases as shown in Fig. 17 have the same development through about the 
year 2005, when they reach 134 000 t or, related to the mid-demand, 150% of that 
year's mid-case demand. 

Case 7 peaks in about the year 2007 at 140 000 t U and declines then to a low 
of about 15 000 t U in 2030 equivalent to one-fifth of the mid-demand. This demand 
case is crossed in the year 2020 at about 62 000 t U. 

The supplier countries for Case 7 are identical with those in Cases 1-6. The 
maximum supply in about 2005 is provided by the traditional major suppliers with 
nearly 85% of the share. The balance is produced again by 12 minor supplier coun-
tries led by France and Namibia. 

The 'could do' supply from high resources (Case 8) reaches its maximum at 
about 150 000 t U in the year 2010, at 2.4 times the mid-demand. The supply curve 
declines, then crosses the mid-demand in about 2023 and bottoms out at about 
36 000 t U in 2030. The distribution of this supply among the producer countries is 
similar to those cases already discussed. 

In conclusion, Cases 7 and 8 (Fig. 17) illustrate that the uranium supply could 
more than triple to 140 000-150 000 t/a within about 10 years. This supply level, 
however, cannot be maintained over more than about 5 years. This time-span would 
increase with a lower uranium supply level. In any case, it is indicated that the ura-
nium supply capabilities located mostly in present day producer countries can be 
increased and can fill a much higher demand for a limited time than currently 
projected for the long term. 

8. SENSITIVITY ANALYSES 

To test the reaction of the model to modified input parameters, a number of 
sensitivity analyses were made using Case 6 (low resource base - mid-demand case) 
of the supply-demand scenarios as the baseline. The parameters which were modi-
fied are as follows: 

(1) Resource development rate, by extending by 50% the years which are required 
to develop undiscovered uranium resources to known resources; 

(2) Lead times, by extending by 50% the number of years which are required to 
the start of an exploration programme, to the first discovery and to the start 
of production (Table X); 

(3) Major supplier country, by simulating an interruption of supplies from one 
major producer country; 
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FIG. 18. Uranium supply-demand scenario — Case 9. 

(4) Market share, by lifting the market share limitations of 25 % of demand placed 
on all supplier countries. 

8.1. Resource development rate 

The resource development rate of 1, as used in the base case (Case 6), was 
modified to 1.50. This case is referred to as Case 9 shown in Fig. 18. 

Under this assumption, the mid-demand can be filled only through the year 
2015, when a small deficit of 250 t occurs which through the year 2035 increases 
to nearly 30 000 t U/a or to nearly 45% of that year's demand. The total supply gap 
amounts to over 320 000 t U, equivalent to over 14% of the cumulative demand of 
the period 2001-2035. 

A comparison with Case 6 shows that a resource development rate increase of 
50% causes the deficit to increase by approximately 200%. Therefore, it must be 
concluded that the resource development rate has a significant effect on the supply 
outlook. This finding agrees with those made in the previous sensitivity studies [3]. 

8.2. Lead times 

Case 10 was developed to test the effects of a 50% lead time increase. The lead 
times referred to comprise the time needed to initiate uranium exploration, to the first 
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FIG. 20. Uranium supply-demand scenario — Case 11. 
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discovery of uranium mineralization, and subsequently to the start of uranium 
production. While in the base case (Case 6) total lead times for the different produc-
tion centre types (Table X) varied from 8 to 12 years, these time-frames were 
extended by 50% to 12 and 18 years respectively. 

As shown in Fig. 19, this modification has the main effect of an early supply 
gap between 1995 and about 2005. This coincides with the undersupply projected in 
the short term (Section 8.1), and indicates the consequences of delayed activities 
especially in regard to that lead time portion (T4) that applies to the construction of 
production centres. In addition, a small supply gap occurs between the years 2026 
and 2035 and resembles the one found in the base case. 

The main result of Case 10 is an undersupply in the years between the short 
and long term; this supply deficit is expected to occur when the construction of addi-
tional production centres needed after 1995 (Section 8.1) is delayed by 50% from 
6 to 9 years (Table X: SR unit in countries with production capability and remaining 
low cost RAR and EAR-I). Otherwise the impact of a lead time modification seems 
to have little effect on the long term supply outlook. This result is in agreement with 
the lead time sensitivity study in Ref. [3]. 

8.3. Major supplier country 

This part of the sensitivity tests reviewed the effects that a supply interruption 
from a major supplier in the year 2001 would have on the supply-demand projection 
of Case 6. Case 11 models the elimination of South Africa and its effects on the 
future supply situation. 

As shown in Fig. 20, the supply seems to be assured through about the year 
2018 when a deficit occurs for the time through 2035, totalling about 220 000 t U 
or 10% of the demand between 2001 and 2035. This is about a 100% increase of 
the deficit as compared to Case 6, indicating that under the assumption of a low 
resource base, the remaining suppliers of this model are not flexible enough to 
increase their supplies to offset the loss of this major supplier. 

This is in contrast to the results of a similar sensitivity test [3] which, however, 
uses a larger resource base from which the offsetting suppliers could be developed. 

8.4. Market share 

In the six supply-demand cases, Cases 1-6, a blanket ceiling of 25% of the 
demand averaged over a two year period was used. Case 12 was run allowing the 
market share to be increased proportional to the supply deficit. 

As Fig. 21 shows, the supply-demand projection under this assumption does 
not change significantly. The supply deficit as compared to Case 6 as the base case 
is reduced by about 60% totalling 45 000 t U for the period 2015-2035. 
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FIG. 21. Uranium supply-demand scenario — Case 12. 

The major suppliers who would benefit from this assumption do not seem able 
to take advantage of the possibility to increase their share. Only Australia reaches 
38% over a short time around the year 2035, while the USA sustains a 26% share 
between 2025 and 2035. The minor suppliers have a very similar stable share in the 
long term supply as in Case 6. This applies in particular to Brazil. 

8.5. Summary of the sensitivity analyses 

Cases 9-12 were modelled in comparison to Case 6 to test the sensitivity of 
the model to the modification of some parameters (resource development rate, lead 
times, supplier country and market share). The results are summarized as follows. 

The strongest effect of the modified parameters shows the extended resource 
development rate (Case 9); an increase of 50% in the time required to discover ura-
nium from undiscovered resources caused an increase of 200% in the supply deficit. 
This shows the importance of a timely exploration effort for the long term supply 
assurance. 

The lead time sensitivity (Case 10) was found to be of minor importance. 
However, an early supply gap between the years 1995 and 2005 shows the effect the 
extended lead time portion T4 (Table X) can have on the relatively near term supply. 
The present undersupply, as pointed out in Section 8.1, reaches a point where exist-
ing inventories can no longer offset these short term gaps. If construction of new 
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uranium mines and mills will not be carried out in a timely manner, this gap may 
constitute a supply problem as early as the mid-1990s. 

The supply interruption scenario (Case 11) simulated by the elimination of a 
major supplier country shows a relatively early effect under the assumptions used. 
The total deficit starting in about 2018, or 17 years after the interruption has started, 
reaches a total of 220 000 t U or 10% of the cumulative demand 2001-2035, an 
increase of 100% over Case 6. Case 11 further shows that the remaining supplier 
at the assumption of a low resource base cannot offset the supply lost from one major 
supplier in the longer term. 

Case 12, testing the effect of a lifting of the 25% market share constraint, 
illustrates the limit for most of the suppliers to increase production significantly. The 
supply deficit, however, is reduced by about 60% of that of Case 6. 

9. CONCLUSIONS 

The conclusions that can be drawn from the assessment of the current uranium 
situation, of the supply-demand projections and the sensitivity analyses are from the 
'anxiety' perspective as follows: 

(1) The low level of uranium exploration activities, estimated to replace about 
40% of the annual productions, as well as the geographical concentration of 
uranium exploration may have negative consequences on future supply, but do 
not seem to be of immediate concern. 

(2) The uranium resources of the best known resource categories which are 
recoverable at costs in line with current market conditions are slightly decreas-
ing. This may be the effect of the decline of the low exploration activities in 
WOCA. 

(3) Unrealistic resource and recovery cost estimates influence the resource data-
base and are designed to create a more positive picture than justified on the 
resource situation. But even the adjusted low cost resource base of about 2 mil-
lion t U is sufficient to fill the cumulative demand of over 30 years at an aver-
age annual demand of 60 000 t U, if produced and made available to the 
market and if no unforeseen supply interruptions occur. 

(4) Uranium production is nearly balanced with demand. In fact, the annual 
production since 1985 is below demand by a few thousand t U/a. As in the case 
of exploration, uranium production is heavily concentrated in a few countries. 
Nearly the entire uranium production comes from 8 countries, and one country 
alone (Canada) produced over 31% of WOCA's 1986 production. 

(5) As a consequence of uranium exploration's being concentrated in a few coun-
tries, no new producer country except China is in sight. 
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(6) The short term supply-demand projection indicates that uranium production 
has to be increased. The current undersupply can be offset by the large ura-
nium inventories through about 1995. By that time, new production centres 
must be in place to fill this gap. They are expected to mine currently known 
uranium resources of the low cost category. 

(7) This situation clearly shows the difference between 'resources' and 'produc-
tion' or 'supply'. Although all are part of the same chain, the main concern 
must now be focused less on resources but rather on production, and (to add 
one more qualifier) on low cost production to conform with current market 
conditions which may not change drastically in the near term. 

(8) For the long term, supplies were developed from a high and low resource base, 
assumed to be recoverable at costs of $80/kg U in current terms. 

(9) Three long term demand scenarios were developed on the basis of the low Pu 
recycling LWR scenario from the Yellow Book [4]. They have modest growth 
rates ranging from 0% (low case) to slightly over 1%/a (high case). It is 
assumed that these scenarios with emphasis on Pu recycling provide a realistic 
view. 

(10) Given the assumptions of the model as regards the undelayed and timely 
resource development and production centre construction, the long term sup-
ply-demand using the high resource base seems to be assured. However, the 
supplies for the high and mid-demand cases (Case 1 is a 'border case') indicate 
that a much higher demand could not be met. 

(11) Consequently, the supply from the low resource base for the same demand 
cases shows deficits over longer periods. The high demand can be met only 
through the year 2022 and the resulting supply gap reaches 10% of the cumula-
tive demand from 2001 to 2035, and even the low demand case can be filled 
only through 2027. 

(12) These cases indicate the potential supply shortage in the long term, even for 
very modest demand growth rates. 

(13) The supply-demand studies show that the major uranium suppliers will essen-
tially be similar to the present suppliers. Their share of supply continues to be 
over 70% in 2001 reaching over 90% in about 2015-2025. The studies also 
show that most minor suppliers do not have the resources for a continuous 
longer term supply. Algeria, Brazil, France, India, Namibia and Spain are 
modelled as important producers in the long term, and all except Algeria have 
current production. 

(14) It follows that the few major uranium producers will continue to dominate the 
market through the long term, and that the consumers' concern may be the 
diversification of supplies. 

(15) The analysis of the distribution of supplies for the short and long term 
(Case 6), from the different resource categories, shows that the known 
resources (RAR and EAR-I) and EAR-II, after providing for the supplies, still 
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have positive balances of 45 000 and 120 000 t U, respectively. The adjusted 
low case of SR has an even larger balance of over 1.17 million t U. In spite 
of this positive balance, an unfilled demand (Case 6) occurs, totalling 
107 000 t U. It can be concluded that this deficit is not due to a lack of 
resources, but rather to the delay in resource development and production 
centre construction. 

(16) 'Could do' studies show that if needed, the suppliers could increase production 
from the 40 000 t/a level to over 140-150 000 t/a within 10 years. This sup-
ply, however, cannot be maintained over more than 5 years or so for the 
resource cases used. 

(17) The resource development sensitivity rate illustrates the effect of prolonged 
times for the discovery of uranium from undiscovered resources and their con-
version to known resources [17]. Under the assumption of a 50% increase of 
that time, the supply deficit grows by 200%. This case shows the longest and 
largest supply gap of all cases used in this study, indicating the importance of 
a timely and undelayed resource development for an assured future supply. 

(18) A similar conclusion is reached in the study, using extended lead times. 
Related to the supply deficit found in the short term projection, this case shows 
a gap from 1995 through 2005 that is expected if the needed production centres 
referred to in Conclusion 6 above will not be constructed in time. 

(19) The tested supply interruption from a major uranium producer shows an effect 
17 years after the start of the interruptions. The resulting déficit is about 100% 
over that of Case 6 and indicates that the remaining suppliers are not flexible 
enough to respond to this change even within this relatively extended period. 

(20) In summary, any anxiety regarding the short or long term uranium supply does 
not seem to be justified, as the resource base is adequate. However, a number 
of items have to be observed to ensure influence on the future supply. These 
are: 
(a) In the short term, the timely construction of new mines to be in place 

by about 1995; 
(b) Timely extension of the low cost known resource base by converting 

EAR-II to EAR-I and RAR, as well as the discovery of new uranium 
from SR and its conversion to EAR-I and RAR; 

(c) Construction of new mines and mills, if justified, to fill the additional 
future demand; 

(d) Needed investments for resource development and production centre 
construction will only be made if the uranium market provides the 
appropriate incentives [10]. 

As the lead times for the reactor construction are similar to those for mineral 
resource development and mine and/or mill construction, the careful monitoring of 
nuclear power development should give early enough notice to the uranium suppliers 
to take action. In this way sudden anxieties will be avoided. 
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A valid concern seems to be of another nature, the concentration of resources 
and production even for the long term in a few countries and controlled by a few 
mining organizations as well as the difficulties for any additional possible supplier 
country to enter the market. The current lack of any uranium activities in countries 
which are modelled to participate in the future uranium supply of W O C A makes it 
improbable that these countries will develop into uranium suppliers. This, however, 
would not fundamentally change the findings of this study, but would provide 
material for thought. 
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AVLIS TECHNOLOGY 
Principal advantages and problems 
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Abstract 

AVLIS TECHNOLOGY: PRINCIPAL ADVANTAGES AND PROBLEMS. 
A brief view of the atomic vapour laser isotope Separation (AVLIS) process for the 

separation of uranium isotopes is given, outlining problems and advantages, with reference 
to the widely applied gaseous diffusion process. 

1. INTRODUCTION 

Natural uranium is a mixture of isotopes made up principally of 99.2% 238U 
and only 0.72% of the fissile isotope 235U. Most nuclear energy generation plants 
use as fuel uranium that is slightly enriched with 235U at a mole fraction of 3.5%. 
The separation work is the effort required to separate the natural uranium into a 
given quantity of uranium enriched to a given mole fraction N1 of the fissile isotope 
and a given quantity of uranium depleted of that isotope. This work is usually meas-
ured in separative work units (SWU) (the French abbreviation is UTS). These units 
are expressed per kg of uranium. Worldwide needs today stand at around 
25 million SWU/a and the price of an SWU in 1986 was approximately US $1002. 

Dozens of processes have been developed since 1942 when the Manhattan 
Project for isotopic separation of uranium was launched in the United States of 
America. These processes are based on the tiny differences in the physical and 
chemical properties of the various isotopes of this element. The unitary separation 
apparatus, or separator, is characterized by the flow of processed uranium and its 
enrichment factor a, which is the ratio of the abundance ratio R of the product flow 
to the abundance ratio of the feed flow in the required isotope (R = N/(I-N). The 
separative power, or number of SWU produced per period of time, depends on the 
feed flow and a power of a. 

The process therefore requires a high level of feed flow as well as an a level 
much greater than 1 in order to obtain high separative power. No process to date has 
been able to reconcile these two requirements except the atomic vapour laser isotope 

1 N = The concentration in isotope 235U (in per cent). 
2 All dollar amounts are given in US dollars. 
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separation (AVLIS) process (SILVA in French). Processes are described according 
to their specific energy consumption, expressed in kW-h/SWU and by their specific 
capital cost expressed in $ per SWU capacity per year. 

In fact, worldwide production of enriched uranium today only uses two 
processes, gaseous diffusion (for 90% of production) and centrifuge if we discount 
a very small plant in South Africa. Both processes use the only volatile compound 
of uranium, uranium hexafluoride. Both technologies are well developed at present; 
gaseous diffusion plants have had a particularly reliable record since 1944. This 
process uses too much energy, however, with each standard 10 million SWU/a 
factory consuming 3000 MW. This gives a specific energy consumption of 
2400 kW-h/SWU, the equivalent of a barrel of oil. The marginal cost of an SWU 
by gaseous diffusion, capital costs excepted, is around US $60/SWU. The only 
process that can hope to replace the high capacity existing gaseous diffusion plants 
in the future is one with a total cost of under $50/SWU. This possibility is described 
in many North American papers on the subject of AVLIS. Recent studies mention 
a price of $25/SWU, to which $15/SWU should be added to cover specific feed 
preparation expenditures. 

2. RECAPITULATION OF THE PRINCIPLES OF AVLIS 

The AVLIS process is described in a number of papers, mostly North Ameri-
can. It may be useful, however, to give a short recapitulation of the advantages and 
disadvantages and thus allow some comparison to the gaseous diffusion process. 

2.1. Physical principles 

The AVLIS principle is apparently extremely simple: selective photoionization 
of the atoms of the 235U isotope is carried out in a low density vapour of uranium 
atoms (at an absolute pressure of 0.001 mbar). The ions thus formed are collected 
on a plate. The energy of ionization of the uranium atom is 6.19 eV. The absorption 
peak frequencies of thé atoms of 235U and 238U differ by an isotopic shift of 
10 GHz, while visible light has a frequency of 106 GHz. Tunable lasers stable to an 
accuracy of at least 10~6 are needed to obtain the exact excitation frequencies of the 
required isotope. Only dye lasers are tunable over a wide frequency range, but they 
can only be used in visible light. 

The ionization process will therefore be carried out in three stages by three 
photons, the sum of whose energies will exceed 6.19 eV (Fig. 1). The first photon 
will have a frequency of vl and will take the atom from ground level to its first level 
of excitation; the second has a frequency of v2 taking the atom to its second level 
of excitation; the third has a frequency of v3 which ionizes the already excited atom. 
All three photons belong to the red-orange light range. To avoid any fallback during 
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FIG. 1. Three step quantum scheme using the 0.076 eV or 620 cm'1 metastable level (a two 
step scheme was also tested in preliminary experiments). 

this step-up process, through radiative decay for example, the pulses should be very 
intense, typically several dozen kW/cm2, and very brief, typically several dozen 
nanoseconds. 

Dye lasers are pumped by groups of copper vapour lasers emitting in the green 
and yellow range pulses with a repetition frequency of the order of 10 kHz. 

The ions thus formed are collected by polarized plates, set parallel to the flow 
of atoms; the plates are 10 cm high and are located 1 m from the uranium source. 
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2.2. Technological details 

Uranium is a metal with very low volatility: it has to be heated to a temperature 
of 3500 К in order to obtain a vapour of the required density in the radiation area, 
typically 1013 atoms/cm3. At this temperature, the uranium is in a liquid phase 
(melting point: 1400 K). This vapour is obtained by heating a uranium ingot with 
an electron beam from an electron gun. The ingot is placed in a cooled crucible so 
that the uranium is solidified on contact. Vapour is given off at an angle of 90° and 
is radiated between the collector plates for the enriched product, and then collected 
on these plates in its liquid phase. The depleted uranium is, in turn, collected in its 
liquid phase on a horizontal plate located above the vertical enriched uranium 
collector plates. 

As the vapour has a low density, its absorption of the three ranges of light 
v2, and e3 will be low. For optimal use of the photons, an optical path length of 
about 100 m should be provided for. 

The pulse repetition frequency of 10 kHz of the copper vapour laser pulses 
pumping the tunable dye lasers is required in order to illuminate all the atoms given 
off by the source, whatever their speed or path between the collector plates. 

( a ) Laser isotope separation using uranium vapour 

Uranium 
vapour 

Laser beam 
crucible 

Electron gun 

FIG. 2. Diagram of the separator. 
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2.3. Industrial possibilities 

In several North American papers, the outline of industrialization of the 
process has been described. The basic unit would be the module or separator, with 
separative power of 1 million SWU/a (Fig. 2). The separator would be a cylinder 
30 m long and 5 m in diameter. The isotopic separation area itself would be 8 to 
10 m long. At each end, there is a chamber with the optics needed to reflect back 
the light beams. This module would be fed the photons required from the sets of dye 
lasers pumped by the copper vapour lasers. The 'standard' plant with a capacity of 
10 million SWU/a would comprise ten of these modules. The total power of the pho-
tons (in three carefully monitored frequencies) would be 40 kW. Generous provision 
would be made for refurbishing workshops for the separators and the laser sets. 

One important point is that this plant would receive the natural uranium in the 
form of uranium hexafluoride arid would supply the enriched uranium not in metal 
form but also in the form of uranium hexafluoride. These steps to prepare the metal 
for the module feed and the reconstitution of hexafluoride from the metal add 
$15/SWU extra to the specific cost of $25 of the isotopic separation itself. 

3. THE ADVANTAGES OF AVLIS 

3.1. A high enrichment factor 

At a low density, typically 109 atoms/cm3, lower than densities required for 
an industrial process, enrichment factors a of several thousand units are easy to 
obtain with AVLIS. At the density required for an industrial process, parasitic 
phenomena tend to reduce the enrichment factor. These phenomena include charge 
exchange between the 235U ions and the neutral 238U atoms and the clogging of the 
enriched product collector plates by the flow of the vapour from the source, as yet 
unradiated, etc. It does seem feasible however to organize industrialized enrichment 
of uranium to 3.5% in one step, as opposed to the gaseous diffusion process which 
required thousands of successive operations to obtain the required mole fraction. 

3.2. High throughput and very high separative power per module 

Several processes already in operation, such as the Oak Ridge National 
Laboratory calutrons in the USA, are giving high enrichment factors but their 
throughput is limited for physical reasons to a few dozen kg/a. The AVLIS industrial 
module described above has a processing capacity of the order of 1 million kg/a. The 
separative power should be 1 million SWU/a. The largest gaseous diffusion plants 
(10 m long, diameter 5 m, excluding the compressor and exchanger) with a separa-
tive power of 10 000 SWU/a, and the most powerful centrifuge known to date 
(length 10 m, diameter 0.5 m) only have a separative power under 300 SWU/a. 
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Although ancillary equipment for AVLIS is probably greater than for gaseous diffu-
sion (module and laser refurbishing workshops, etc.), an AVLIS plant with a 
capacity of 10 million SWU/a would cover 5 hectares in buildings whereas the 
Eurodif plant represents 25 hectares of built-up area for the same separative power. 

3.3. Low energy consumption 

The overall efficiency of conversion of electrical energy into light energy 
would be of the order of 10"3. For a simple case of a 'standard' enrichment, i.e. 
using natural uranium to obtain a product enriched to a mole fraction of 3.5% with 
depleted uranium at a mole fraction of 0.28% in ideal conditions where every 
ingoing photon into the radiation area is used and where every 235U atom is ionized 
and collected on the enriched product plates, a rough calculation gives the following 
figure: 

Wphoton = 5 kW-h/SWU 

To this energy should of course be added the energy consumed for the vapori-
zation of the natural uranium using the electron beam. 300 kW can be taken as the 
capacity of the electron gun needed to evaporate 10 kg U/h. Using the standard case 
again, the following calculation results: 

^electron gun = 70 kW-h/SWU 

Total specific energy consumption will therefore be: 

W = Wphoton + Welectrongun * 100 kW-h/SWU 

which can then be compared with the 2400 kWh/SWU, the classic figure for the 
gaseous diffusion process whose minimum level, for physical reasons, cannot fall 
below 600 kW-h/SWU. 

3.4. Modular structure 

The standard 10 million SWU/a AVLIS plant will comprise 10 modules, 
whose photon feed is provided by a number of laser groups. The first module will 
provide 3.5% enriched uranium production. The plant can be built in phases, accord^ 
ing to market needs. Each phase could integrate successive technological advances 
in the AVLIS method. 
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3.5. Re-enrichment of reprocessed uranium 

This uranium contains 0.9% 235U, some radioactive fission products such as 
l06Ru, and two minor isotopes of uranium, 232U and 236U. The former is a problem 
because of its radioactivity and the latter is neutrophage. Neither gaseous diffusion 
nor centrifiiging can get rid of these isotopes that preclude the elaboration of fuel 
elements. Because of its selectivity, AVLIS can provide a product enriched in 235U 
that will only contain very small quantities of these two isotopes. Towards the year 
2000, the production of reprocessed uranium will rise to about 2000 t/a. Two 
modules could be earmarked specifically for re-enrichment of reprocessed uranium. 

4. PROBLEMS RAISED BY THE DEVELOPMENT OF AVLIS 

Although the advantages of the AVLIS process are obvious even at the design 
stage, successive problems only appear during development. They are both more 
basic and more numerous than any simple description of the process might suggest, 
both from the basic physics and technology points of view. 

4.1. Physical problems 

The success of the AVLIS process presupposes, imperatively, the solution of 
a considerable number of physical problems; this process is a great leap forward 
from very detailed laboratory experiments to an industrial process. 

A non-exhaustive list of these problems follows: 

(a) Spectroscopic problems. Identification of hundreds of levels of excitation of 
the uranium atom, especially at self-ionizing levels and measurement of the 
isotopic shift (IS) of those levels. 

(b) Measurement of the hyperfine structure (HFS) of these levels. The 235U 
nucleus has a nuclear spin of 7/2 and each level is therefore broken down into 
8 sublevels. The sublevel spacing will be of the same order as the isotopic shift 
(10 GHz). 

(c) Measurement of the transition cross-sections between the excited levels. If the 
transition cross-sections starting at the ground level are generally known, the 
upper transitions are little known and the transitions taking up to the self-
ionizing stage of the last step are almost unknown. The AVLIS process is only 
viable if the ionization efficiency (ratio of number of 235U atoms ionized to 
the number of these atoms entering the radiation area) is at least 0.5. This ratio 
will depend on the laser capacity and the transition cross-sections. 
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(d) Interaction between matter and radiation. Once the transition cross-sections 
are known, the correct radiation configurations have to be determined: fluence, 
pulse length, staggering of the three laser pulses, if necessary. 

(e) Transmission of laser pulses. The laser light pulses are transmitted over a long 
distance in a medium that is by definition highly absorbent. These pulses will 
undergo considerable spatial, spectral and temporal deformations. This will 
need to be rectified by the appropriate means. 

(f) The physical problems of plasmas. The extraction of positive ions by the elec-
trical fields created between the enriched product collector plates raises 
difficult plasma problems. 

4.2. Technological problems 

The technological problems are not easier to overcome. It is a well known fact 
that liquid uranium is highly corrosive at high temperatures and even attacks high 
temperature metals such as tungsten and tantalum. Special materials must be 
provided for the enriched product collector plates, vapour containment plates, etc. 
Protective coatings will be necessary. 

The electron guns heating the uranium crucible work with a potential of some 
dozen kilovolts and release into the separator a charge of the order of 1 MW per 
linear metre. Harmful arcs may be created and therefore the electrical supply of the 
guns should be provided with short time interruption devices of about a millisecond. 
This considerable power released into the separator has to be channelled out while 
ensuring careful monitoring of the temperatures of the various parts of the inside of 
the separator, for example, of the enriched product collector plates (Fig. 3). 

At 3000 K, only 50% of the uranium atoms are at ground level and the others 
in various already excited states. They are, therefore, not affected by the initial selec-
tive excitation and can be considered as lost. A second laser at a frequency 
noticeably different from »»j, must be provided to excite those at the first level of 
excitation of the uranium atom at 620 cm"1 above ground level. Some of the feed 
atoms of uranium coming from the vapour source will also be ionized and may there-
fore be deposited on the enriched product collector plates. 

To these problems we should, of course, add the technological hitches linked 
to the development of the power laser systems and subsystems, both copper vapour 
pump lasers and the dye lasers supplying the excitation photons at very precisely 
defined wavelengths. Both copper vapour and dye lasers should have average capaci-
ties of a few hundred watts. A multiplexer system to mix the three colours before 
release into the module (the separator) would be needed. The many mirrors for trans-
mission and return of the light beams should have an excellent reflection factor and 
be located in a highly precise and stable manner in order to avoid any photon loss. 
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H Helmholtz coils 

FIG. 3. Major inner components of the vapour chamber. 

4.3. Industrialization problems 

The separator module must be designed for continuous duty of several hundred 
hours, since the uranium is constantly recovered from the enriched and depleted col-
lector plates in a liquid state and run off into tanks. Each component part of the sys-
tems or subsystems must therefore be designed for an adequate service life. This is 
a tough requirement for internal separator equipment, since many of the subsystems 
are subjected both to high temperatures and corrosion by liquid uranium. In the same 
way, the copper vapour lasers, which work at repetition rates of the order of 10 kHz 
for weeks at a time at an average power level of several hundred watts, must be 
designed for unprecedented durability. 

5. CONCLUSIONS 

Gaseous diffusion processes for isotopic separation are based on a simple prin-
ciple, Knudsen's law, that has been known for the last 100 years. Apart from the 
diffusion barrier and the compressor packing ring, the subsystems used are well 
known in classic chemical engineering processes: compressors, heat exchangers, 
valves, etc. AVLIS requires a knowledge of aspects of physics unknown 20 years 
ago and only made accessible by the advent of lasers. 
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The basic element of this process, the tunable dye laser, was only discovered 
around 1970. Application makes demands constantly on very advanced technologies 
similar to those that the isotope detection system plans to use. The emergence of 
composite materials has also heralded a revolution both for space technology and for 
isotopic separation by centrifuge by providing the possibility as of 1975 of building 
supercentrifuges, with one hundred times the capacity of the class steel models. Like-
wise, high technology in the laser field will foment a revolution in uranium isotope 
separation techniques. Experiments under way in a number of countries suggest that 
enrichment plants using this process may be commissioned towards the end of this 
century. This sort of plant would radically change the economics of the nuclear fuel 
cycle and would improve the cost efficiency of nuclear fuelled electricity generation, 
whose burnup performance may be upgraded by the use of an enrichment a little over 
3.5%. This would contribute to better management of world uranium resources. 
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Abstract 

USE OF MOX FUELS: THE REASONS TO START. 
The concept of plutonium utilization in nuclear power plants is reviewed in historical 

terms from the 1950s up to present. Some important fundamental and technological data 
related to Pu and MOX fuel are analysed with a view towards justifying MOX fuel utilization 
in thermal reactors. It is shown that in a number of countries there exist not only serious 
technical and economic reasons for Pu utilization but even corresponding industrial infra-
structure considerations. Although some questions are still open, the large scale introduction 
of MOX fuel technology is on the threshold of practical implementation. 

1. HISTORICAL MILESTONES 

Since the earliest days of the commercial utilization of nuclear power, it has 
been recognized that plutonium from reprocessing is best used in FBRs. In the 
1950s, the general opinion was that reprocessing capacities in excess of the require-
ments for feeding FBR prototypes would be available. Most forecasts predicted that 
the excess plutonium would have to be utilized in LWRs during an intermediate 
period of 10 to 20 years. It was then decided to launch an important R&D 
programme, conducted mainly within the framework of a co-operative agreement 
between Euratom and the United States Atomic Energy Commission (AEC) (1964). 

The work sponsored by the AEC was mainly performed at the Hanford 
National Laboratory (Plutonium Utilization Program) and at Westinghouse (Saxton 
Program). The overall programme was aimed at developing all the necessary back-
ground data for plutonium recycle in LWRs. The Saxton Program consisted of a 
demonstration recycle in a small PWR. 

The programme sponsored by Euratom considered two aspects: plutonium 
recycle in LWRs and in situ plutonium utilization in GCRs. The recycle in LWRs 
was developed by an association between Belgonucléaire (BN) and the Belgian 
National Laboratory (CEN/SCK) at Mol, Belgium. Like the programmes in the 
United States of America, the Euratom programme covered all facets of the problem. 
The MOX assembly loaded in the BR3 PWR in 1963 constituted the world's first 
plutonium recycle in an LWR. 

65 
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The parallel programme on in situ plutonium utilization in GCRs, by increas-
ing the discharge burnup, was performed by the French Commissariat à l'énergie 
atomique (CEA) and consisted almost exclusively of the determination of the nuclear 
properties of plutonium. 

In the 1960s, interest in plutonium recycle grew steadily as plutonium sur-
pluses appeared inevitable. As a result, additional countries, including France, the 
Federal Republic of Germany, Italy and Sweden, started activities in the field of 
MOX utilization in LWRs. Most of the demonstration assemblies incorporated in 
power plants in the 1970s resulted from decisions taken during a period of confidence 
in the capability of the reprocessing industry to cope with the fuel discharged from 
the power plants. 

In the early 1970s, the AEC organized the preparation of the Generic Environ-
mental Statement on the Use of Mixed Oxides (GESMO) to facilitate industrial 
application of plutonium recycle. 

However, in the second half of the 1970s, difficulties in building and commis-
sioning large size reprocessing plants and the political decision of the USA to defer 
indefinitely reprocessing decreased forecasts of plutonium availability and hence cast 
doubts on the justification of industrial recycle of plutonium in LWRs. As a result, 
GESMO was not pursued beyond its draft version. 

In December 1974, the Commission of the European Communities (CEC) 
started and sponsored a research programme for plutonium recycling in LWRs to 
complement and co-ordinate the development programmes pursued at the national 
level in several countries. Most of the member countries at that time participated in 
the programme which was more particularly devoted to the control and safety aspects 
of using plutonium in a power plant and to the environmental impact of each 
plutonium recycling step. Because of the faith of France and the United Kingdom 
in an early massive industrial deployment of FBRs, no consensus could be reached 
to pursue this co-ordinated action beyond 1980 and the European Community did not 
renew its plutonium research programme. Most of the activities related to plutonium 
recycle in LWRs were phased out in the 1980s. Only two countries, Belgium and 
the Federal Republic of Germany, continued to implement the necessary background 
research for a timely industrial expansion of plutonium recycle activities. This was 
done at considerable expense since all the available plutonium was needed for the 
FBR programmes. 

Over the last few years, with the successful commercial operation of the 
Cogéma reprocessing plant and the delays foreseen in the large scale deployment of 
FBRs, concerns about plutonium utilization have re-emerged. The market price of 
plutonium has dropped and the quantities available exceed the demand. An 
increasing number of utilities are therefore now faced with the choice of either stock-
piling the plutonium or recycling it in their own power plants. 

As of 1987, most utilities in Europe and Japan were facing the commercial 
phase of plutonium recycling in LWRs. Belgium prepared itself by loading without 
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FIG. 2. Programme in the Federal Republic of Germany for Pu recycle in LWRs. 

interruption since 1963 increasing amounts of MOX fuel in the BR3 PWR culmi-
nating in a proportion of 70% MOX fuel in the 1986 reload (Fig. 1). 

Switzerland has pursued a motivated policy by loading MOX fuel in Beznau 
steadily since 1984. This loading had been preceded by a demonstration incorpora-
tion of MOX assemblies in Beznau 2. 
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In the Federal Republic of Germany, the industrial MOX utilization started in 
1981, after a demonstration period from 1968 to 1977 (Fig. 2). It is based on a 
progressive implementation of an industrial manufacturing capability at ALKEM. 

The French utility, Electricité de France (EDF), decided to recycle plutonium 
on a commercial basis (1985) and a group of 16 plants are being licensed with this 
aim (Fig. 3). The decision was based on demonstration assemblies incorporated in 
the Chooz PWR in 1974 and 1975 and on the assessment of the industrial 
background and capability of COMMOX. 

In Japan, a three step programme has been launched, starting in 1986 with a 
small scale demonstration programme in Tsuruga 1 and Mihama 1, to be followed 
by a large scale demonstration programme in one BWR and one PWR, each of the 
800 MW(e) class, and culminating in the commercial use of MOX around 1997 in 
6 BWRs and 6 PWRs of the 1000 MW(e) range. This activity can partially benefit 
from the advanced thermal reactor (ATR) development activity being pursued by the 
Power Reactor and Nuclear Fuel Development Corporation (PNC) since 1972 and 
from close relationship with the European achievements. 

Source : FRAGEMA 
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FIG. 3. MOX fuel loading in EDF power plants. 
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2. THE REPROCESSING OPTION 

Recycling plutonium in water reactors is linked to the choice of whether or not 
to reprocess spent fuel. The problem has been analysed for many years and all 
aspects, i.e. economic, ecological, technical and political, have been envisaged. The 
choice of the nuclear option was originally based on the possibility of obtaining, 
starting from a high potential energy source (uranium), a competitive energy capable 
of liberating users from the insecurity of resources. The full use of this potential 
depends on the setting up of a complete uranium cycle including breeders. 
Reprocessing is an essential step of that uranium cycle. 

Furthermore, reprocessing permits separation in the spent fuel of the high level 
radioactive material from short life fission products, the final storage of which would 
generate fewer long term environmental problems. 

The option without reprocessing, the so-called once-through cycle, thus 
appears as a replacement option in the event of failure of the complete cycle, either 
for economic or political reasons. On the one hand, economical analyses have shown 
that the reprocessing technique is very costly and not compensated by the value of 
the recovered materials at the present time. Those analyses are, however, influenced 
by today's existence of surplus mining and enrichment facilities and the resulting 
regression in the price of natural uranium and, more recently, of enrichment 
services. On the other hand, the exposure risks for personnel and the risk of diverting 
plutonium are greater with reprocessing which entails increased security measures 
compared with the storage of spent fuel. 

However, despite its high cost, it is not correct to state today that reprocessing 
is a more costly solution than the final disposal of spent fuel when taking into account 
all environmental safety requirements and unbiased spent fuel disposal cost. An 
extensive evaluation of the Economics of the Nuclear Fuel Cycle, organized by the 
Nuclear Energy Agency of the OECD (OECD/NEA) and based on January 1984 
prices and published in 1985 is still the most comprehensive comparison of the two 
cycle options. 

Table I provides the results for the reference case. All cost items were based 
on commercial prices, except spent fuel disposal, for which no commercial 
experience was available and one had to rely on the prospective costs evaluated by 
the promoters of the open cycle option. As an illustration of the sensitivity of input 
data, the last column in the table introduces, in the open cycle option, the offer made 
by China for the final disposal of Federal German spent fuel. It indicates the danger 
of basing a long term policy on economic evaluations, when some open issues are 
still to be commercially validated. 

Likewise, safety and non-proliferation arguments, which are today in favour 
of non-reprocessing, are reversed as time goes on because of the easier 'access' to 
plutonium owing to the decreasing activity of fission products in spent fuel. 
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TABLE I. FUEL CYCLE COSTS FOR PWRs (1984 US $ million/kW-h) 

Closed Once-through 

Cost item 
cycle cycle 

OECD/NEA 1985 Revised 

Uranium 3.48 
Conversion 0.17 
Enrichment 2.28 
Fuel fabrication 0.88 

(Total front end) (6.81) 
Transport of spent fuel 0.14 

Spent fuel storage 0.17 0.65 
Reprocessing + vitrification 2.18 

Spent fuel disposal — - 0.18 0.75 

Waste disposal 0.08 

(Total back end) . (2.57) (0.97) (1.54) 

Uranium credit -0 .54 
Plutonium credit -0 .28 

(Total credits) (-0.82) ( 

Grand total 8.56 7.78 8.35 

Finally, it is useful to recall that the non-reprocessing option or the once-
through cycle originated from non-proliferation political considerations; the validity 
of these considerations was not confirmed by the extensive work carried out by the 
International Nuclear Fuel Cycle Evaluation Working Group on an international 
scale during the Administration of President Carter. 

Among all these arguments for or against reprocessing, none is conclusive. Up 
to now, a majority of countries having an important nuclear programme have shown 
a marked preference for reprocessing. Table П shows this to be particularly impor-
tant in areas, like Japan and Western Europe, which rely massively on nuclear power 
and which are without significant national energy resources. In these countries, it is 
then necessary to face in parallel the development of the reprocessing facilities, the 
FBRs and the plutonium technology background for this new type of reactor. 
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TABLE П. COUNTRIES WITH REPROCESSING OR SPENT FUEL TAKE 
BACK CONTRACTS AND WITH A SPENT FUEL DISPOSAL OPTION 

Nuclear _ 
R = reprocessing 

„ electricity „,„ , , , 
Country , „ „ / ТВ = take back 

in 1985 ^ 
D = disposal 

France 

Belgium 

Taiwan (China) 

Sweden 

Switzerland 

Finland 

Bulgaria 

Federal Republic of Germany 

Spain 

Hungary 

Japan 

Republic of Korea 

United Kingdom 

United States of America 

Czechoslovakia 

Canada 

German Democratic Republic 

Argentina 

65 R 

60 R 

53 D 

42 D + R 

40 R 

38 D + ТВ 

32 ТВ 

31 R 

24 D + R 

24: ТВ 

23 R 

22 D 

19 R 

15 D 

15 ТВ 

13 D 

12 ТВ 

11 R 

At present, it appears that the commercial period of the FBRs is postponed 
until the 2010s or beyond and the reprocessing facilities are producing plutonium 
under long term contracts between the utilities and the reprocessors. Consequently, 
two possibilities remain for the increasing amount of plutonium available from the 
reprocessing facilities: either to store it until the FBR commercial period or to 
recycle it in existing LWRs. The analysis of the choice between those two solutions 
will be dealt with in Section 5. 
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TABLE Ш. MAIN RADIATION FROM COMMERCIAL Pu02 

Source 
Determining 

half-life 
Radiation 

Representative 
energy 
(MeV) 

Pu-236 daughters 2.85 a-72 a gamma 0.5-2.7 
Pu-238 87 a gamma 0.04-0.15 
Pu-Am, -241 14 a gamma 0.04-0.1 
Pu-236, -238, 

-240 and -242 
Spontaneous 

fissions 
neutron 2 

O/Pu-238, -239, 
-240 and -242 

alpha, neutron neutron 

Fission products beta 0.7-1.7 
(impurities) gamma 0.17-0.5 
Cs-Ba-137 30 a 
Ce-Pr-144 2.84 d 
Ru-Rh-106 367 d 
Zr-Nb-95 65 d-35 d 
Ru-103 40 d 

Ua-Np-237 7 d gamma 0.06-0.42 

a Results both from the alpha decay of Pu-241 and from the potential use of recycle U as 
diluent for the MOX fuel. 

3. SPECIFIC PLUTONIUM CHARACTERISTICS 

3.1. Radioactivity 

Plutonium, and its technical form Pu02, is highly radioactive (Table Ш). It is 
essentially an alpha emitter but also a producer of neutrons, X rays, gamma rays and 
beta particles. The alpha and beta emissions of Pu and their toxicity require that Pu 
be handled in airtight boxes which are provided with large Plexiglas windows and 
with gloves in neoprene (hence the name of 'glove boxes'). Since this radiation does 
not penetrate, the radiological hazard almost disappears once the MOX is in the fuel 
rods. The heat generated by the alpha activity (especially from 238Pu) results in 
storage problems and in a gradual degradation of fabricability if PuOz is stored over 
long periods. 
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TABLE IV. TYPICAL FUEL FABRICATION GAMMA DOSE RATES FOR 
MOX FUEL CONTAINING 4.3 wt% Pu02 (mrem/h) (1 rem = 100 X 10"2 Sv) 

900 MW(e) PWR 
Manufacturing stage Pu02 MOX pellets all-Pu 

assembly 

Days since Am separation 200 600 200 600 200 600 

Surface dose 
(unshielded) 6000 18 000 1400 2300 50 80 

Surface dose 
(1/4 ina lead shield) 15 15 5 5 3 3 

2 ftb from surface 
(unshielded) ndc nd nd nd 5 8 

' One inch = 2.54 X 101 mm. 
b One foot = 3.048 x 10"' m. 
c nd = not determined. 

Neutron activity is practically constant with time and depends mainly on the 
isotopic composition of the plutonium. Proper shielding has to be taken into 
consideration at all stages of the MOX fuel cycle, but it is usually not a limiting 
feature for LWR fuel. 

The gamma activity builds up continuously after the last purification step of 
the Pu02 at the reprocessing plant. The main source is the decay of 241Pu into 
241 Am; each year, 4.7% of the 241Pu decays, leading not only to radiological 
problems but also to a reduction of the fissile plutonium inventory; This major 
contributor is relatively easy to shield, since the radiation is at a low energy level; 
the problems stem essentially from the dust depositing on the equipment and on the 
internal surfaces of the glove boxes. Most of the high energy radiation arises from 
the decay of 236Pu eventually into 212Bi and 208T1; this source is however much 
smaller than the 241Am and builds up at a 5 times slower rate. For all practical 
purposes in Pu02 handling and in the front end of MOX fuel manufacturing, the 
241Am content is the main dose contributor. 

As a result, incorporating the plutonium into MOX fuel provides effective 
shielding. This has been confirmed by dose rate measurements during fabrication 
campaigns in various facilities. Evaluation calculations, benchmarked on these data, 
illustrate the impact of self-shielding for Pu02 , for mixed oxide and for a fuel 
assembly as a function of time since plutonium purification (Table IV). 
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As plutonium is usually transferred from the reprocessor to the fuel manu-
facturer as Pu02 powder, personnel at the manufacturing plant (mainly the main-
tenance personnel in an automated plant) will receive important doses at the fabri-
cation stages of powder mixing and pelletizing, while the dose rates measured when 
manufacturing fuel assemblies are two orders of magnitude lower. After prolonged 
storage, use of the plutonium will become economically impractical and environ-
mentally unacceptable. The limiting storage period depends on the Pu composition 
and on whether plutonium is stored as Pu02, master blend, MOX pellets, fuel rods 
or fuel assemblies. 

Practical storage limits are 3 years (present manufacturing plants) to 5 years 
(design basis for future plants) for typical LWR Pu feed and 10 years for MOX fuel 
stored as fuel rods. 

If Pu02 is stored for longer periods before proceeding with fuel fabrication, 
an extra processing step is required, namely the elimination of 241Am. This process 
consists of the following sequence of operations: dissolution, purification and recon-
version to Pu02. The cost of such reconditioning is an important economic penalty 
on the use of plutonium in LWRs as well as in FBRs, almost equivalent to doubling 
the reprocessing cost. It is the reason why plutonium should not be stored as Pu02 

powder as delivered by the reprocessing plant but should be manufactured into MOX 
fuel rods or even assemblies as soon as possible. The fuel rods can safely be stored 
at the fuel fabrication plant and the fuel assemblies in the power plant dry storage 
vaults or spent fuel pools. The transportation and storage of rods or assemblies rather 
than Pu02 powder also simplify safeguards procedures. 

3.2. Nuclear characteristics 

The insertion of MOX fuel in water reactors requires a nuclear design 
technology specifically tuned to cope with the plutonium in-pile characteristics which 
differ from the uranium ones in the same reactors. Table V provides a comparison 
between U and Pu nuclear design characteristics. 

The plutonium recycled in LWRs essentially arises from the reprocessing of 
spent U0 2 fuel. Its isotopic composition is a function of the discharge burnup of the 
fuel, especially if the plutonium arises from the reprocessing of a fuel which 
consisted initially of MOX fuel (so-called second generation plutonium). 

In most of the reprocessing scenarios envisaged for the future, MOX assem-
blies are assumed to be dissolved and reprocessed jointly with enriched uranium 
assemblies. 

The following plutonium isotopic composition can be considered as repre-
sentative of U 0 2 fuel, initially enriched at 3.2 wt% 235U in a 900 MW(e) PWR and 
discharged at 33 GW-d/t : 236Pu : 0.11 ppm; 238Pu : 1.5 wt%; 239Pu : 58 wt%; 
240Pu : 23 wt%; 241Pu : 13 wt%; 242Pu : 5.2 wt%. Within the neutron spectrum 
typical in the LWRs, 239Pu and 241Pu are the only fissile isotopes although the other 
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isotopes are fissile for high energy neutrons. Owing to neutron-gamma reactions in 
competition with the fission reactions, the various plutonium isotopes are transmuted 
in plutonium isotopes of higher atomic mass. This coupled chain, containing two 
fissile isotopes separated by a fertile isotope, results in a slower reduction of 
reactivity with burnup for MOX fuel than for U 0 2 fuel; as a result, the reactivity 
of a core containing MOX fuel assemblies decreases less rapidly with burnup than 
that of a core containing initially only U0 2 fuel, providing an easier increase of 
reactivity lifetime. 

The variation of the cross-sections of plutonium isotopes with energy is more 
complex than for the uranium isotopes since: 

(a) Absorption cross-sections of the main isotopes (239Pu, 241Pu) are about 
twice as important as for 235U in the thermal energy spectrum, resulting in 
relatively smaller reactive values for the control rod worth or for the boric acid in 
a U0 2 -Pu0 2 lattice; 

(b) Absorption cross-sections of the plutonium isotopes are characterized by 
absorption resonances more numerous and much higher in the epithermal energy 
range (0.3 to 1.5 eV) than those of the uranium isotopes; moderator and fuel temper-
ature coefficients (Doppler) are therefore more negative for MOX fuel than for U0 2 

fuel. An LWR core loaded with MOX fuel assemblies is therefore more stable than 
a core containing only U0 2 fuel and presents better reactor cycle stretch-out 
capabilities. 

However, such a core is characterized by a potentially more adverse response 
to accidental events resulting in an increase of the coolant density, such as steam line 
break (PWR) and main heat sink failures (BWR), namely loss of feedwater heating, 
generator load rejection without condenser bypass and turbine trip without bypass. 

The interplay of all the plutonium isotopes and of all their resonances makes 
the analysis of U0 2 -Pu0 2 lattices a challenge. Methods have been developed and 
benchmarked on the basis of many LWR critical experiments in Europe (prominently 
in Belgium). The benchmarking database accessible to concerned organizations also 
includes the core surveillance of LWR power plants operating with a large propor-
tion of MOX fuel and the post-irradiation examination results of MOX fuel after 
irradiation to intermediate and final burnups. 

3.3. Fission product yields 

The differences between the spectra of fission products from plutonium and 
uranium isotopes have multiple consequences, but generally result in lower overall 
fission product activity for the MOX fuel. Use has been made of these differences 
in building up a database to benchmark nuclear codes and also for implementing 
safeguards. Gamma spectrometry of irradiated fuels (rods or assemblies) is used to 
determine experimentally relative power and burnup distribution of the fuel and even 
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the absolute value of the irradiation level. Extensive work is being conducted in this 
field in various laboratories. 

Among the fission products, it is interesting to consider the particular 
behaviour of iodine, tritium and 135Xe. 

The fission yield of iodine and its precursors is higher for plutonium fissions 
than for uranium ones. Beside the environmental impact, this feature should lead to 
a higher propensity for stress corrosion cracking (SCC) and therefore pellet-clad 
interaction (PCI) failure. This is balanced by the better creep properties of MOX 
fuel, observed experimentally. 

The tritium fission yield is also increased. Under normal power plant operating 
conditions, the environmental impact is small for BWRs and negligible for PWRs; 
it may even be nil or beneficial if burnable poisons must be used as a result of 
plutonium recycling. 

Xenon-135 is a very absorbing fission product, affecting the operation of an 
LWR in such areas as the reactivity margin to allow for reactor restart within the 
hours following a shutdown, xenon peaks and power distribution oscillations. It has 
approximately the same yield for uranium and for plutonium fissions. However, 
owing to the higher absorption cross-sections of MOX fuel in the thermal energy 
range, the reactivity effect and power distribution oscillations are reduced; a core 
incorporating MOX fuel is more stable with regard to the xenon oscillations. 

4. TECHNICAL CHARACTERISTICS OF MOX FUEL 

Great effort has been devoted to determining for fast reactors the physical 
properties of MOX fuel, which generally has a 20% plutonium content. These 
studies have shown that several of these properties are poorer than those of U02 . 
However, for a water reactor these databases are overly conservative for application 
to MOX fuel which has a plutonium content below 10%. For such fuel, the perfor-
mance and safety related characteristics have been studied in various experimental 
programmes in order to demonstrate to the licensing authorities and to the utilities 
the differences compared to U0 2 fuel. A large database already exists and is being 
extended. 

4.1. Thermal, mechanical and chemical properties 

4.1.1. Thermal conductivity 

Thermal conductivity is influenced by stoichiometry, porosity, plutonium 
content and irradiation. Correlations have been developed to incorporate the correct 
input in the fuel modelling codes. The melting point of stoichiometric MOX (at 5% 
plutonium) is about 20°С below that for U0 2 . Within practical limits, 
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hypostoichiometry does not have an effect on the melting temperature. Nuclear self-
shielding is more pronounced in MOX fuel than in U02 . Hence more heat is 
generated at the periphery in MOX fuels, mitigating the effects of the poorer thermal 
properties of MOX fuel. 

4.1.2. Thermal expansion 

Thermal expansion is about 1 % higher than for U0 2 . The improved accom-
modation of MOX fuel results however in a reduced pellet-cladding mechanical 
interaction (PCMI) compared to U fuel. MOX fuel swelling is smaller than in U0 2 

fuel, as has been deduced from the fuel column length changes measured in 
experimental programmes. However, the power histories and some design 
parameters (e.g. pellet density) played an important role. The detailed fuel charac-
teristics and power histories are therefore essential to properly perform licensing 
evaluations. 

4.1.3. Plutonium migration 

Plutonium migration towards the high temperature region of a fuel rod has 
been observed at power levels above 430 W/cm, mainly in FBRs. It is not a concern 
for LWR fuels, because the linear heat generation rate is generally lower than 
430 W/cm, mainly in FBRs. It is not a concern for LWR fuels, because the linear 
heat generation rate is generally lower than 430 W/cm and the self-shielding effect 
results in a lower central fuel temperature in LWRs than in FBRs. The homogeneity 
of the plutonium distribution in the uranium matrix of the pellets depends on the 
fabrication route and is a key attribute of MOX fuel in LWRs. It affects directly the 
fission gas release, the thermal limitation on particle size under reactivity excursions 
(rod ejection accidents) and the capability of the fuel to be reprocessed. Adequate 
fabrication routes have been developed to ensure the homogeneity of MOX fuel. 

4.1.4. Varying the oxygen/metal (O/M) ratio 

The impact of the varying O/M ratio in the course of irradiation of MOX fuel 
is a potential contributor to the observed fuel rod behaviour. More direct obser-
vations have confirmed the importance of the internal fuel rod chemistry. Specifi-
cally it was observed that: 

(1) During power excursion irradiation tests dendrites deposited in the dishes. 
These dendrites are composed of U0 2 -Pu0 2 at their roots and pure U0 2 at 
their extremities; 

(2) Composite intermediate layers formed between fuel and cladding in a BR3 
(11 MW(e) PWR) fuel rod irradiated to very high burnup; 
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(3) Caesium migration occurred at pellet interfaces in fuel rods irradiated to high 
burnup, sometimes only at the fuel column ends and not at all in the hottest 
part of the fuel column. This indicates a higher Cs mobility than in U fuel. 

4.1.5. Fission gas release 

Fission gas release is larger for MOX fuel pellets obtained by the former 
blending fabrication process than for U0 2 pellets. Several reasons explain this 
observation: 

(i) Pellet fuel temperatures are different in MOX because the thermal conductivity 
of the oxide is lower than that of pure U02; 

(ii) Pu02 agglomerates induce very local fission density spots; 
(iii) Pellet fabrication characteristics (density, stability, shape) varied in this fabri-

cation process and tended to increase the gas release; 
(iv) Final product structure (porosity distribution, grain size) plays an important 

role; 
(v) Power history during irradiation was often more severe in the MOX fuel rods; 
(vi) Modification of internal fuel rod chemistry induced by the plutonium and its 

fission products tends to enhance fission gas release. 

For the modern fuels made by the OCOM, MIMAS and AUPuC processes, 
published results on fission gas release are quite rare. However, two datapoints for 
the homogeneous AUPuC fuel at 27 GW-d/t HM lie just on the U0 2 reference 
curve used by KWU/ALKEM. Belgonucléaire MIMAS fuel rods confirm the 
reduced fission gas release of modern fuel. 

4.2. Effect of the fabrication process on the MOX characteristics 

Manufacturing constraints (use of Ar-H instead of H and limitations of the 
sintering furnace) result in greater difficulties in obtaining high density fuel; 
nevertheless the specifications for LWR fuel can be met industrially. 

The fabrication process used before 1981 at ALKEM and BN was based on 
the blending of U 0 2 and Pu02 powders, the resulting powder being pressed and 
sintered to reach the required characteristics. The final product is a pellet made of 
a U0 2 matrix surrounding plutonium rich agglomerates of variable sizes. The in-
pile fuel behaviour is influenced by this configuration because the agglomerates of 
high enriched material lead to hot spots in the pellet, localized (and not gross) 
swelling and improved thermal conductivity of the matrix. However, the main 
disadvantage of this process is that the fuel is not sufficiently soluble at the disso-
lution step as presently implemented in the commercial reprocessing plants (only 80 
to 90% of the plutonium is recovered) and this process was thus commercially 
unacceptable. 
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The present reference fabrication processes are OCOM in the Federal Republic 
of Germany and MIMAS in Belgium, both based upon the mixing and milling 
(micronization or co-milling) of a master blend made of 30% Pu02 and 70% U0 2 

powders. This master blend is then mechanically blended with U0 2 to reach the 
final product. The pellet produced by these processes contains agglomerates of the 
starting master blend, thus containing 30% Pu02 regions of less than 100 um, in a 
U0 2 matrix. The product is 99% soluble in nitric acid in the as-fabricated 
conditions and almost entirely soluble after irradiation. This fabrication process, 
leading to plutonium containing agglomerates having various sizes or plutonium 
contents, is an important characteristic to take into account in assessing in-pile fuel 
behaviour under normal and licensing basis conditions. Another parameter, which 
is perhaps even more dominant, concerns the properties (e.g. porosity distribution, 
grain size) of the U0 2 which represents about 80% of the pellet material in this type 
of LWR MOX fuel. 

Organizations dealing mainly with FBR fuel, namely CEA in France and PNC 
in Japan, have not developed a specific manufacturing process for LWR (and ATR) 
MOX fuel but apply as such the FBR fuel fabrication route, namely a complete 
dilution of the Pu in the matrix. In the French process, sometimes referred to as 
MIGRA (micronization-granulation), the Pu02 powder is blended by micronization 
with all the U0 2 necessary to obtain the required pellet enrichment. In the Japanese 
process, it is a co-converted U02-50% Pu02 (denitrated by microwave) which is 
co-milled with the adequate amount of U0 2 to reach the required pellet enrichment. 
Both types of MOX fuel have properties quite different from MIMAS and OCOM 
fuel, which should properly be taken into account in fuel design and safety 
evaluation. In particular, the Doppler coefficient is weakened in this fuel compared 
to MIMAS or OCOM fuel. 

5. JUSTIFICATION FOR MOX FUEL UTILIZATION 

Justification for the use of MOX fuel is based on the following factors. 

5.1. Cost of Pu storage 

The storage of Pu is costly. Beside the storage costs themselves, some 
countries take into consideration the value of Pu and therefore the carrying charges 
of this capital. It is clear that the utilities have the opportunity to put their capital 
to work rather than store it with no return. 

5.2. Decay of 2 4 ,Pu 

The Pu progressively loses part of its fissile content owing to the decay of 
241Pu into 241Am, so that the valuable fissile material is lost for recycling since it 
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TABLE VI. LOSS OF FISSILE Pu DURING STORAGE 
EQUIVALENT Pu-239 DUE TO Pu-241 - Am-241a 

EXPRESSED IN 

Storage period LWR FBR 
(a) (%) (%) 

0 0 0 

10 9 9 

20 14 14 

30 19 17 

a If purification is required, 1-2% should be added to these figures. 

is converted into a neutron absorber which, moreover, adds significantly to the 
radioactivity of the Pu to be handled. When too much 241 Am is accumulated, this 
Pu needs to be purified. The losses in this process are usually evaluated to be 
equivalent to the losses due to reprocessing. Table VI presents the amount of fissile 
Pu which is lost during storage. It depends to a minor extent on whether this Pu is 
to be used in LWRs or in FBRs, owing to the different fissile value of the Pu isotopes 
in each reactor system. 

5.3. Buildup of decay products 

As a result of the buildup of decay products from 236Pu (228Th, 224Ra, 212B 
and 208T1) and 241Pu (241Am and 237U), Pu becomes more and more radioactive, 
after it has been produced by the reprocessing plant. This process is usually referred 
to as the 'ageing' of Pu. As a consequence, Pu must be used for fabrication within 
a definite period after reprocessing. The length of this period depends on the Pu 
isotopic composition. For typical LWR fuel irradiated to standard discharge 
burnups, the Pu produced should be used within 3 years after reprocessing. There-
after it must be purified. With the progressively increasing burnup of LWR fuel, 
this acceptable age of Pu will decrease in the future. Using more automated equip-
ment in the fabrication plant is likely to provide a limited extension of the acceptable 
Pu age. 

5.4. Plutonium arising 

Plutonium arising from the reprocessing of MOX fuel is nearly as adequate for 
fuelling FBRs as virgin Pu arising from the reprocessing of U fuel. There is therefore 
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TABLE VU. INFLUENCE OF STORAGE AND OF RECYCLING ON THE 
FISSILE WORTH OF Pu 

Equivalent Pu-9 content 

In LWRs In FBRs 

(%) (%) 

First generation Pu: 
After reprocessing 62 83 
After 20 a storage 54 70 

Second generation Pu 44 76 

no advantage to store either spent LWR fuel or reprocessed Pu for a long period, 
e.g. 20 years, rather than to use the Pu immediately in LWRs and the Pu recuperated 
from this MOX fuel in the future FBRs. Table VII presents the influence of storage 
and recycling on the fissile worth of Pu. Six cases are considered in this table, 
respectively: 

(a) First generation Pu, i.e. Pu issued from the reprocessing of LWR U fuel. The 
first line applies if this Pu is used immediately after reprocessing, either in 
LWRs or in FBRs. The second line applies if it is used after 20 years of storage 
in either type of reactor. It should be mentioned that this second line is equally 
valid if the spent U fuel is stored during 20 years before reprocessing; 

(b) The last line considers second generation Pu which is Pu issued from the 
reprocessing of MOX fuel irradiated in an LWR. 

From Table VII it can be seen that the best policy for the use of energy 
resources is to incorporate first generation Pu into LWRs (fissile worth of 62%) and 
to utilize the Pu recuperated from this MOX fuel as a second generation Pu in FBRs 
where it has a fissile value of 76%. This is better than the alternative of storing spent 
U fuel or Pu for 20 years with the expectation that it will be utilized in future FBRs, 
because it will then only have a fissile value of 70% with the danger that, if the FBRs 
are delayed, it will have to be utilized in LWRs at that time with a fissile value of 
only 54%. 

5.5. Plutonium utilization 

The progressive incorporation of MOX fuel into power plants allows for an 
increase in experience in Pu utilization and prepares in a timely manner for the 21st 
century when Pu will be one of the major energy resources. 
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These five considerations have been the major reasons why the concerned 
European countries have decided to reuse Pu and to go ahead in a reprocessing policy 
at quantities even in excess of the needs of the FBRs. 

5.6. Economy of MOX fuel 

As a result of this development policy, the cost of MOX fuel utilization is very 
economical. The fabrication cost in the present facility is already satisfactory and 
will be reduced in the future facilities mainly through the size factor, the planned 
match of the expanding capacity to needs as well as the adequate adaptation of the 
processes and equipment to each product. In this respect, it should be mentioned that 
the fabrication cost covers in fact the manufacturing itself, the fuel rod and assembly 
hardware, the fuel engineering (design, evaluation, QA, etc.), the transports and the 
warranties related to all these activities. Of course, only the first item is influenced 
by the manufacturing facility. Table VIII compares the resulting cost of the MOX 
fuel to the cost of U fuel. From this cost comparison can be deduced the value that 
the Pu has at present and will have in the future. Such value, sometimes called the 
equivalence value of Pu, is, in fact, the price that can be assigned to Pu to make 
MOX fuel competitive with U fuel. 

TABLE Vni. PWR 900 MW(e) FUEL COST (US $/kg HM)a 

Item 
U fuel 

3.4% U-5 

MOX fuel 

Present 
35 t/a 

DEMOX and 
MELOX 

Natural uranium 

Conversion 

SWU 

Fabrication 

Total 

Difference 

Pu value 

510 

40 

510 

Ref. 

Basis 

US $/g Puf 

Réf .+ 1000 

Réf .+ 1000 

- 6 0 

Ref.+700 

Ref .+700 

- 3 6 0 

10 

a One US $ = 40 B.Fr. = 6.2 F.Fr. (1987). 
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TABLE IX. EXEMPLATIVE COST RELATED TO Pu STORAGE 
(US $/g Puf)a 

Storage 2 a 3 a 5 a 

Storage cost 5.4 8 13 

Interest charges 1 1.5 2.5 

Purification cost 0 0 12 11 

Fissile Pu loss 2.2% 3.4Я 5% 7% 

Real cost 7 10 23 28 

a Discount rate: 5%/a. 

When looking at the Pu value in the present manufacturing context and in the 
future manufacturing facilities, one should ask whether Pu should not be stored to 
be fabricated in future manufacturing plants. The cost related to the storage of this 
Pu must take into account the storage cost itself, the interest charges on the value 
of Pu, the price of purification when the radioactivity of the Pu becomes too high 
(typically after about 3 years) and the loss of fissile Pu due to ageing during the 
storage and to the rejects of the purification operation. Each Pu owner must assess 
those cost factors from his own perspective. Table IX is an example thereof. 

In any case, it would be uneconomical to store Pu for 3 years or more with 
the expectation that the low fabrication cost will lead to a benefit. In fact the benefit 
from lower fabrication cost is lost in the costs associated with Pu storage and purifi-
cation. Practically, since the manufacturing capacity will gradually increase and 
therefore the fabrication price gradually decrease, it is not justified, on economic 
grounds, to store Pu for more than 1 or 2 years. 

6. CHOICES OF POWER PLANTS 

During the period of development of the technology for plutonium recycling 
much experience has been built up through loading MOX fuel into both PWRs and 
BWRs and through performing the safety evaluations required by the licensing 
authorities. Table X shows the plants and campaigns concerned with this period of 
development. 
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MOX fuel incorporated in power reactor cores has behaved outstandingly well, 
usually better than the uranium fuel also present. No unexpected licensing problems 
have been encountered. Potential limits to the quantity of MOX fuel that can be 
loaded in some types of reactors have been determined, and ways of circumventing 
these limits have been investigated. In addition, well characterized assemblies irradi-
ated to high burnups have demonstrated that MOX fuel can satisfy the general trend 
towards a progressive increase in discharge burnups. 

Three assembly configurations have emerged: 

(a) Plutonium island assembly : this is an assembly with the MOX fuel rods located 
in the central zone and enriched uranium rods at the periphery. This type is 
more convenient for BWRs or any reactor having large water gaps between 
assemblies; 

(b) All-Pu assembly: this is an assembly comprising MOX fuel rods only. It is 
more appropriate for PWRs where the effect of guide thimbles on flux and 
power peaking is corrected by an adequate choice of enrichment mapping; 

(c) Buffered MOX assembly : this proprietary concept is an intermediate solution 
between the all-Pu and the Pu island assembly. It consists of protecting an all-
Pu assembly from interface problems by replacing a reduced number of 
peripheral MOX rods by U rods of the same enrichment(s) as in the U assem-
blies of the same reload. The buffered Pu assembly can be designed with a 
smaller number of different Pu contents and a reduced fabrication cost. 

Vendors and utilities have studied and/or experimented with all three types of 
assemblies in LWRs in order to analyse their advantages in fuel management and in 
the balance of the fuel cycle. 

In typical PWR assemblies, 50-60% of the MOX rods are constituted of high 
enriched fuel (3.8 to 4.5% fissile content), some 6-16% of low enriched fuel (2.2 
to 2.9% fissile) and the balance of fuel of intermediate enrichment (3.1 to 3.7% 
fissile). In BWR Pu island assemblies, some 50% of the MOX rods are of high 
enrichment (3.5 to 4.7% fissile) and the balance 50% of lower enrichment (2.7 to 
3.2% fissile). In BWR all-Pu assemblies, four graded enrichments are required 
ranging from 1.2 to 5.2% fissile. 

The central high enrichment MOX zone of the assembly determines to a major 
extent its reactivity lifetime, just as the U enrichment does in a U reload. It is now 
common practice to fix U enrichments of U reloads well ahead of time and to leave 
the number of fresh fuel assemblies as the only variable parameter to meet core 
management criteria. Similarly, for MOX fuel, the high enriched fuel rods can be 
specified early, leaving the number of high enriched MOX rods in each assembly 
to be established first and later the number of fresh assemblies to be incorporated 
into the reload. This opens up the possibility of storing excess plutonium as fuel rods, 
the advantage of which was explained in Section 3.1. 



86 BAIRIOT and VANDENBERG 

TABLE X. EXPERIENCE WITH P L U T O N I U M RECYCLE IN LWRs 

Design and MOX л „ , „ , Operating 
Power plant safety fuel 

analysis fabrication 

PWR BR3 BN BN 1963—»• 
Saxton W W 1965-1972 
San Onofre 1 W W 1970-1972 
KWO KWU ALKEM 1972—»• 
CNA BN-CEA BN 1974-1978 
CNA FRA ALKEM 1975-1978 
Trino W W 1976-1985 
Beznau 1 W W 1978-1981 
GKN 1 KWU ALKEM 1 9 8 2 — • 
KKG KWU ALKEM 1984— 
KKU KWU ALKEM 1 9 8 4 — • 
Beznau 2 KWU ALKEM 1 9 8 5 — • 
Mihama 1 W-MHI W future 
Tihange 1 BN — 

a 

Bugey EDF,-CEA — 
a 

Biblis KWU — 
a 

BWR VAK KWU ALKEM 1966-1984 
Garigliano GE-ENEL BN 1968-1979 
Big Rock Point GE + ENC GE + ENC 1969-1979 
Dresden 1 GUNF (UNC) UNC-ALKEM 1970-1977 
Dodewaard BN-GKN BN 1 9 7 1 — • 
KRB A KWU ALKEM 1974-1980 
Oskarshamn 1 AA BN 1975-1979 
Quad Cities GE GE 1975-1983 
Tsuruga 1 Hitachi-

Toshiba PNC 1986— 
Caorso , ENEL — 

a 

KRB В NIS — 
a 

KKI KWU — 
a 

a Design and licensing evaluations performed within the frame of the CEC programme 
(1978-1982). 
— O p e r a t i n g period is still going on. 

AA ABB Atom AB 
BN Belgonucléaire 
CEA Commissariat à l'énergie atomique 
EDF Electricité de France 
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TABLE X. (cont.) 

ENC Exxon Nuclear Corporation (now ANFC) 
ENEL Ente Nazionale per l'Energia Elettrica 
FRA Framatome 
GE General Electric 
GKN Gemeenschappelijke Kernenergiecentrale Nederland 
GUNF Gulf Únited Nuclear Fuels 
KWU Kraftwerk Union (now Siemens/KWU) 
MHI Mitsubishi Heavy Industries Ltd 
INIS Nuclear-Ingenieur Service 
PNC Power Reactor and Nuclear Fuel Development Corporation 
UNC United Nuclear 
W Westinghouse 

The low and intermediate (if any) enrichment MOX rods constitute a buffer 
zone to avoid power peaking at the interface between MOX and adjacent U rods or 
assemblies, or partially burned fuel assemblies. The design of this buffer zone can 
therefore only be finalized if the environment it has to match is well defined. These 
rods, therefore, have to be manufactured as late as practicable. 

6.1. Design criteria 

A MOX fuel rod can be designed to the same quality standard as a uranium 
one in the same cladding. The U fuel assemblies and the MOX fuel assemblies do 
have therefore the same hardware structure and the same geometry, resulting in iden-
tical assembly structure mechanical design and identical thermohydraulic design. 
The design criteria an LWR core has to meet are the same whether loaded with U 
or partially with MOX fuel. These criteria must guarantee that: 

(1) Values of the physical characteristics of the core are within the limits taken into 
account in the safety analyses. If this were not the case, for some licensing 
basis events, those safety analyses would have to be re-evaluated; 

(2) Fuel performance (power level, discharge burnup, cycle length) is not deterio-
rated by the substitution of some U fuel by MOX fuel. 

6.2. Safety studies 

The safety and control of power plants loaded with increasing quantities of 
MOX have been studied under the sponsorship of the CEG. Steady state accident 
analyses were performed for both PWRs and BWRs. The final results, available in 
1982, showed that the combination of well trained personnel and an adequate design 
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and safety analysis package properly adapted to the particular properties of MOX 
fuel can resolve almost all issues encountered with a plutonium recycle core. 

Practically, if one limits the insertion of MOX rods to one third of the reload 
fuel for each reactor cycle, there is no major licensing problem for the utilities. For 
the MOX fuel vendor this involves adequate know-how and design work in order to 
make sure that the uncertainty margin penalties are not larger than for a U core. 

From the preceding considerations, one can conclude that any LWR can be 
loaded with MOX fuel assemblies. The choice and the quantity of MOX fuel to be 
reloaded depend on external considerations such as licensing limitations and on 
considerations that are under the responsibility of the utilities (e.g. general policy, 
contractual commitments). 

7. IS INDUSTRY READY? 

7.1. Fuel vendors 

7.1.1. Discontinued facilities 

In the 1960s and 1970s, all plutonium recycle fabrication occurred in labora-
tories or pilot lines. Most of those facilities as listed below have discontinued opera-
tion and been mothballed or even dismantled in: 

— Belgium: a BN pilot line at Mol; 
— France: an LWR fuel facility at Cadarache; 
— Federal Republic of Germany: an ALKEM facility at Karlsruhe; 
— UK: a laboratory at Windscale (now Sellafield); 
— Italy: a Comitate Nazionale per la Ricerca e per lo Sviluppo dell'Energia 

Nucleare e delle Energie Alternative (ENEA) (earlier CNEN) facility at 
La Casaccia: 

— USA: the Babcock and Wilcox (earlier Nuclear Metals), Exxon Nuclear Corp., 
GE, Gulf United Nuclear Fuels (earlier United Nuclear) and Westinghouse 
facilities. 

Some facilities of this type, capable of manufacturing demonstration quantities 
of plutonium recycle fuel, are still operational, e.g. the PNC PFFF complex in 
Japan, with a capacity of 9 t/a for ATR fuel. 

The development to large scale MOX fabrication was stopped in many 
countries during the second part of the 1970s as a consequence of the non-
proliferation policy conducted by some governments. 
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7.1.2. Operational facilities 

Only two industrial plants of roughly equivalent production capacities are 
presently operational to manufacture commercial LWR MOX fuel: ALKEM in the 
Federal Republic of Germany and BN in Belgium. They result from the MOX fuel 
fabrication development pursued over the last 26 years without interruption in the 
Federal Republic of Germany and in Belgium. As indicated in Section 4, the 
reference process used in both plants is based on mechanical blending of U0 2 and 
Pu02 powders. 

The BN plant, located in the designated nuclear area of Mol-Dessel in 
Belgium, has been operational since 1973. Past operation has provided experience 
and improvements in the fields of fabrication and control processes, waste manage-
ment, safety and safeguards. It has established bases for further modifications that 
will be beneficial to the intrinsic fuel quality, overall safety and economy of the fuel. 

This plant has also been instrumental in assuring thorough on the job training 
of personnel, a key factor in operating a high technology facility of this kind. As a 
result of the experience gained so far, the capacity of the Dessel plant is 35 t/a. 

The ALKEM plant, located at Hanau in the Reaktor-Brennelement Union 
(RBU)-ALKEM complex, has been operational at a 16 t/a level since 1975 and is 
presently upgraded to 30 t/a. 

The largest process modification at both plants has resulted from the request 
of the reprocessing industry to assure single step dissolution of the MOX, whatever 
its irradiation status. To improve the solubility of the fuel, an alternative manu-
facturing process, called MIMAS (BN) or OCOM (ALKEM), has been developed. 
It is based on the manufacture of a master blend, 99% soluble in nitric acid after the 
sintering stage. Figure 4 gives a comparison between the new and the reference 
processes. 

By 1986, ALKEM and BN had fabricated more than 32 000 MOX fuel rods 
which have been or are being successfully irradiated in various LWRs. 

7.1.3. Co-conversion plants 

It is foreseen that the future generation reprocessing plants will produce a 
co-precipitated high plutonium content (20-40% Pu02) feed powder which will 
then replace the master blend. Co-conversion processes are e.g. being actively 
developed by ALKEM (the AUPuC process) and by Japan's PNC (the microwave 
heating denitration process). An analogous process, NITROX, has been developed 
in France. 

The operating experience will continue to be accumulated by the insertion of 
new fuel assemblies currently ordered in the frame of the commercial utilization of 
MOX in LWRs. The manufacturing industry has taken the necessary steps to face 
the demand and to adapt the capacity to the future market. 
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Reference M O X fuel New MOX fuel fabr icat ion 
fabrication process process (MIMAS and OCOMI 

FIG. 4. Comparison of the reference and the new manufacturing processes. 

7.1.4. COMMOX 

The decision taken by the French utility to recycle excess Pu in LWRs fostered 
the creation of COMMOX, which pools the Belgian and French capacities and know-
how and cares for the timely increase of the production capacity. Within this frame-
work, an interim LWR MOX fuel manufacturing line is being constructed at 
Cadarache (CEA) to reach 15 t/a in 1989. Larger plants are already foreseen in the 
1990s: MELOX in France: 100 t/a; DEMOX in Belgium: 70 t/a and contingently 
105 t/a; PNC PFFF ATR line in Japan: 35 t/a; ALKEM in the Federal Republic of 
Germany: 100 t/a, and a UK MOX plant, if market demand grows as currently 
anticipated. 
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This rapid expansion of the manufacturing capacity is possible owing to the 
proficiency acquired in handling Pu fuels, as a result not only of the LWR MOX fuel 
market but also the FBR fuel market (Fig. 5). 

7.2. MOX fuel technology 

The development of the fabrication capacity must be supported by a similar 
effort in the engineering field in order to perform the necessary design and licensing 
activities. Since the early 1960s, international, national ànd private R&D pro-
grammes have been able to set up an adequate methodology relating to plutonium 
recycling. Engineering teams and codes were developed in particular on reactor 
physics, fuel rod performance and safety analysis. 

This methodology is continuously validated and updated versus the database on 
MOX performance which is available at present. Additional work is needed however 
and already planned in the same R&D areas as those for U 0 2 fuel, i.e. load follow 
and high burnup behaviour. 



92 BAIRIOT and VANDENBERG 

8. SELECTION OF URANIUM TO BE INCORPORATED INTO MOX 

The choice of which uranium to utilize for the MOX fuel is based on the 
following considerations: 

— Impact on the fuel cycle cost, 
— Opportunity and/or policy factors, e.g. political motivations or U availability, 
— Technical impact. 

This last aspect will be briefly discussed below. 

8.1. Natural uranium 

Natural uranium has been the most commonly used diluent for MOX fuel in 
the past. Most MOX fabrications were then of a demonstration nature and required 
a long preparation. Natural uranium was the most flexible way to fabricate MOX. 

This flexibility was also the reason why the generic safety analyses sponsored 
by the CEC in the late 1970s considered only natural uranium. 

In the industrial phase of plutonium recycle, the preferential use of natural 
uranium is no longer justified. 

8.2. Depleted uranium 

Depleted uranium tails from the enrichment plants have a near zero value. The 
stock is plentiful for both the immediate use in the non-nuclear industry and for long 
term use in FBRs. 

The advantage of using this uranium source as the diluent for MOX fuel is 
twofold: 

(i) There is less competition between 235U and fissile plutonium burnups, 
especially in the low enriched rods. The reduced uncertainty in the depletion 
rate of those rods eases the licensing of the first industrial applications. 

(ii) The available plutonium can be incorporated into a smaller number of MOX 
assemblies, reducing the fuel fabrication cost of the reload and the number of 
MOX fuel assemblies to be transported, handled and stored. 

The use of depleted uranium should therefore be intensive during the first 
period of commercial utilization of MOX fuel. 

8.3. Reprocessed uranium 

Recovered uranium contains 236U, 237U, 232U and impurities the concentra-
tion of which depends on the quality of the reprocessing process. Compared to 
natural uranium, those elements constitute penalties regarding reactivity and 
radioactivity. 
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Owing to the reactivity poisoning effect of 236U, the reprocessed uranium 
from today's PWR reloads has approximately the same reactivity value as natural 
uranium. It is equivalent to 0.6% enriched uranium, if arising from the reprocessing 
of BWR fuel. From this point of view, reprocessed uranium presents the same 
disadvantages as natural uranium, without the advantages of the latter. 

The high fission cross-sections of the fissile plutonium isotopes minimize the 
poisoning effect of 236U. This is a first advantage of using reprocessed uranium in 
MOX fuel. 

The radioactivity level of reprocessed uranium is not a major burden in a MOX 
fabrication plant since such a plant is already engineered to handle such radioactivity. 

The uranium recovered from the reprocessing plant can be directly converted 
into a U0 2 feed appropriate for the MOX fabrication plant. 

These three advantages should progressively lead to an increasing use of 
reprocessed uranium in MOX fuel. The BN-Dessel plant manufactured for GE and 
Ente Nazionale per l'Energia Elettrica (ENEL) a full reload of MOX fuel from 
reprocessed uranium in 1973, during the first fabrication campaign in the Dessel 
MOX manufacturing plant. 

8.4. Available database and design validation 

The results arising from the experience gained with various types of MOX are 
sufficiently numerous, diversified and well documented to benchmark the design 
codes in a broad range of fissile compositions of the MOX fuel rods. For example, 
the BN demonstration assemblies have incorporated a variety of relative Pu fissile/ 
235U contents in the MOX fuel rods. 

The use of any U can therefore be contemplated in the MOX fuel, without 
increased uncertainty margins in the mechanical design of the fuel rod or in the 
nuclear design of the core. 

9. SPENT MOX FUEL 

9.1. Possibility of reprocessing MOX fuel 

Until now, reprocessing of MOX fuel has not been performed on an industrial 
scale mainly because the priority was given to standard uranium enriched fuel and 
because the quantity of MOX fuel available for reprocessing was very small. It 
appears however that with adequate precautions to cope with or to minimize undis-
solved residues, the reprocessing of MOX fuel could be performed with existing 
technology. The pilot campaigns performed at the Wiederaufarbeitungsanlage 
Karlsruhe in the Federal Republic of Germany have proved that the Purex process 
is applicable to MOX fuel. 
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The large scale reprocessing plants of Cogéma and British Nuclear Fuels pic 
have however been designed to reprocess current uranium fuel assemblies. Process 
or equipment modifications might be required to cope with criticality limits (at the 
dissolver step), process chemistry (more severe degradation of the solvent due to 
alpha activity), personnel exposure (in neutron emission) and back end capacity 
(plutonium purification stream). The problems are not unlike the technical issues the 
reprocessing industry has to face to cope with higher (than initially designed for) 
discharge burnups. 

9.2. Impact of reprocessing 

The impact of reprocessing spent MOX fuel instead of spent uranium fuel has 
been studied under the sponsorship of the CEC. Assuming a one year cooling time 
and simultaneous reprocessing of MOX and uranium fuel in the ratio 1:3, the 
following consequences arise from the difference in fission products (lower activity) 
and heavy metal (higher activity) composition: 

(a) MOX fuel assemblies require a dedicated criticality safe dissolver; 
(b) Larger amounts of plutonium necessitate both a 60% increase in the flow rate 

of the process stream carrying the reducing agent through the plutonium 
extraction pulsed columns and an adjustment of the evaporator capacity; 

(c) Decay heat of high level wastes increases by 25 % on account of the higher 
actinide content; 

(d) Neutron dose rates are increased by 35%, owing to the increased content of 
even plutonium isotopes; 

(e) Resulting collective doses increase by 10 to 20%, depending on decontami-
nation procedures prior to maintenance; 

(f) The essential difference in airborne activity release consists of a factor of two 
increase in alpha aerosol emissions. 

With due considerations of these factors, one sees that the reprocessing 
facilities are able to reprocess MOX fuel at no extra cost as long as it is diluted with 
U fuel at a ratio directed by the design of the reprocessing plant. 

With existing and scheduled reprocessing capacity, spent fuel discharged up 
to the end of the century will have to be stored for 10 years, on average, before being 
reprocessed. This means that, again on average, fuel contracted for today will not 
be reprocessed before the year 2000. Amongst the spent fuel to undergo intermediate 
storage, the MOX assemblies should be reprocessed last, both for technical (longer 
cooldown) and economic (lower grade plutonium) reasons. 

Even if massive plutonium recycle were decided on now, large scale MOX 
reprocessing would not be required before the year 2030. This is the period when 
the reprocessing plants will have accumulated adequate operating experience, when 
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FBRs are expected to be built commercially and will need plutonium, and when the 
industrial reprocessing of MOX fuel must be operational for the FBRs to be justified. 

As the plutonium contained in spent LWR MOX assemblies has the same value 
in an FBR as virgin plutonium from uranium spent fuel, the stored MOX spent fuel 
will then be exploited as a mine of concentrated plutonium to feed FBR deployment. 

10. CONCLUSIONS 

The existing database, the behaviour of MOX fuel (as good as that of U fuel), 
the timely expansion of the fuel industry, and the international regulations allow 
commercial deployment of plutonium recycle at any potential rate required by the 
arisings of plutonium surpluses. Storage of plutonium is expensive and results in the 
decay of its fissile content; it should be minimized for economic and safeguards 
considerations. 

This fact justifies immediate and massive MOX fuel utilization by utilities 
owning adequate Pu resources and having access to the required technology; it is 
the case for some countries of Western Europe such as Belgium, France, the Federal 
Republic of Germany and Switzerland, and it will be the case in the near future for 
other industrial countries having few natural resources, such as Japan. 

The MOX fuel utilization in large LWRs is, at present, restricted to routine 
discharge burnups and baseload service. To expand the MOX fuel utilization range, 
additional data will be necessary to enlarge the database on the FBR behaviour of 
the present industrial MOX fuel and the buildup of higher isotopes at extended 
burnups. This is true both for steady state and power ramp or transient conditions. 
The database accumulated should be sufficient for the fuel vendors to design MOX 
fuel with the same level of confidence as U fuel and the same reactor operation duty. 
This means that two of the present major R&D activities on U fuel (load follow 
operation and high burnup behaviour) must be extended to MOX fuel as well. 

From the long term perspective, one must be reminded that plutonium recycle 
in LWRs is, by essence, only a fringe industrial activity. The best use of the 
plutonium is in FBRs, which will always be served first. The commercial deploy-
ment of those reactors during the next century will put and end to plutonium recycle 
in LWRs. During the intermediate period, it is thus justified to reprocess LWR fuel 
and recycle the plutonium, since the plutonium constitutes a national energy 
resource, its storage reduces the fissile inventory and its utilization in LWRs does 
not degrade its quality for FBR applications. 
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Abstract 

FABRICATION, CHARACTERIZATION AND QUALITY CONTROL OF NUCLEAR 
FUEL CERAMICS. 

The paper gives a description of the production process for U 0 2 fuel pellets. Quality 
control is performed in parallel and includes a check of the chemical composition, structure 
and geometry of the product. The methods used to perform this control are described. Some 
of the quantities fixed in the specification are relevant to the economic operation of the reactor, 
while others have a bearing on reactor safety. Details of these safety related dependencies are 
given. 

1. PRODUCTION OF UOz POWDERS AND PELLETS 

One of the most important processes for producing nuclear grade U0 2 powder 
is the AUC (ammonium uranyl carbonate) process. For this process, UF6 is evapo-
rated from the transport vessel at a temperature of 90° С into the precipitation tank. 
Ammonia and carbon dioxide are added to the tank in carefully determined quanti-
ties. For criticality reasons, the batch size is limited to about 250 to 300 kg of ura-
nium. The precipitated AUC crystals are first filtrated and then washed with water 
and methanol; finally, the filtrate is processed further to remove the last traces of 
uranium. 

The washed AUC is reduced with hydrogen in a fluidized bed furnace at a 
temperature of about 550°C to obtain stoichiometric U0 2 powder. To reduce the 
fluorine content of the powder, the reduction process is interrupted a few times and 
steam is blown into the furnace. After reaching a fluorine value of less than 150 ppm, 
the process is stopped and the powder discharged. Afterwards, the discharged 
powder is oxidized under well controlled conditions to obtain an oxygen/metal 
(O/M) ratio of about 2.08 to 2.11. This slight oxidation is necessary to avoid uncon-
trolled oxidation of the powder in air. 

97 
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Some of the powder batches produced are blended together to form a new 
homogenized powder lot of about 2000 kg. Pellet production can start after quality 
control and determination of the pressing and sintering properties of the material. 

50 obtain the required texture and pore structure, the powder is blended to 5 to 
3Og before pressing. The pressed pellet bears a label indicating enrichment 

to avoid any interchange of pellets of different enrichment. Using an automatic trans-
fer device, the pellets are hexagonally close packed on to a molybdenum sintering 
boat. Depending on the pellet size, six or eight layers of pellets can be piled on top 
of each other. Two processes are used for pellet sintering: 

(1) For the standard process, the pellets are slowly heated in a hydrogen 
atmosphere up to a temperature of 1700 to 1750°C. After soaking for at least 
2 hours, the sintered pellets are slowly cooled to room temperature. During 
this thermal treatment the pellets are sintered and reduced to the specified 
O/M ratio. 

(2) A process called NIKUSI uses C0 2 as the sintering gas. Since cation diffusion 
is much faster in hyperstoichiometric urania, sintering temperatures can be 
reduced to about 1100 to 1300°C. After sintering, the pellets are reduced to 
stoichiometric U 0 2 in a hydrogen atmosphere at the sintering temperature. 

For gadolinia containing pellets, the gadolinia is added to the U0 2 powder 
and blended mechanically. In special cases, the addition of Al(OH)3 is used as a sin-
tering aid. Besides the enrichment label, gadolinia containing pellets bear an addi-
tional label. 

2. CHARACTERIZATION AND QUALITY CONTROL OF U0 2 POWDERS 
AND PELLETS [1-4] 

2.1. Introduction 

Quality control of uranium dioxide or uranium-plutonium dioxide pellets 
should start before the pellets are fabricated. To guarantee uniformity of quality of 
the final product it is essential that all the intermediate products are subject to con-
trol, beginning with the powder. In the controls that precede final control of the 
pellets, a basic distinction must be made between controls directly related to speci-
fied variables, e.g. enrichment, and controls in which the results serve as a controll-
ing parameter for subsequent fabrication steps, e.g. the properties of the powder. 

control methods can be further broken down into methods of characteriza-
tion and methods of quality control. The former are applied in qualifying a fabrica-
tion method and a new product, or if one simply wishes to know more about a 
product. However, they are not suited to routine quality control, since they are far 
too expensive and time consuming. Also, most of the quality control methods are 
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Fabrication step Control 

FIG. 1. Fabrication of U02 pellets and accompanying controls. 

applied only at the beginning of a fabrication lot if, in qualifying the fabrication 
method, it has been proved that the variables are not subject to variation. 

Since a complete description of all possible methods is beyond the scope of this 
paper, only some methods are presented, in particular those which show potential 
for future application. 

2.2. Fabrication of UOz pellets and accompanying quality control 

Figure 1 shows a greatly simplified flow sheet of pellet fabrication and accom-
panying quality controls for each fabrication step. From the figure it can be seen that 
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the source powders are analysed in detail for their chemical impurities and the 
properties significant to fabrication. The whole chemical assay is repeated on the 
fabricated pellets, and also in those cases where no bonding or lubricating agents 
have been added to the powder. The reason for this is that the impurity content may 
have been reduced by evaporation during the process of sintering (e.g. fluorine), or 
the metallic impurities may have increased, e.g. through mechanical abrasion. 

2.3. Chemical assay as an element of quality control 

The wet chemical analytical techniques used in the quality control of nuclear 
fuels are well developed. Relevant summaries can be found in the literature [5-7]. 
The novel analytical methods now being introduced must be compared with existing 
performance data and the advantages and disadvantages discussed. 

2.3.1. Analytical methods for determining uranium and plutonium concentrations 

Table I lists the analytical techniques that can be used in the quality control of 
individual products. The variation coefficients (s and e) were elaborated by the Euro-
pean Safeguards Research and Development Association (ESARDA) to the extent 
that they were available [8]. 

Before comparing the different methods, a brief description is given of the per-
formance data of the individual working techniques. 

2.3.1.1. Redox titration of uranium [9-11] and plutonium [12-14] 

Uranium is first reduced to U(IV). The U(IV) to U(VI) oxidation step is 
measured potentiometrically. Plutonium is reduced to Pu(III) using CuCl. The 
Pu(III) to Pu(IV) oxidation step is measured potentiometrically. The technique has 
undergone much progress and has been tested in routine operation. If 10 mg samples 
are used, high accuracy (0.15% for uranium and 0.2% for plutonium) can be 
achieved. Because of the technical complexity of this technique, trained staff are 
required for the analysis. 

2.3.1.2. The coulometric method [15, 16] 

Coulometry with a controlled potential relies on Faraday's law. The substance 
to be analysed is oxidized or reduced on the working electrode; the current consumed 
is measured by a coulometer. The working technique [15] has been generally 
introduced and tested in routine operation. One drawback is that U(IV) reduction 
takes place on a mercury bath electrode and is irreversible; it should be noted, 
however, that the technique has now been improved [16]. The amount of sample 
needed is very small (20 mg). The high measurement accuracy (0.15%) adds to the 
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importance of this technique particularly as it is absolute. The technique can be 
highly automated. Trained staff should be available for processing. 

2.3.1.3. The gravimetric method [17-21] 

The sample material is converted into U 3 0 8 [17-19] and Pu02 [20, 21] by 
heating. The uranium and plutonium concentrations are determined from the gravi-
metric data. Trace amounts not capable of evaporation are analysed by emission 
spectroscopy and are included in the computations as corrections. Gravimetry is one 
of the simplest and most accurate analytical techniques, but 5-10 g samples have to 
be used to obtain an accuracy of 0.18%. However, the material can be returned to 
the process because no foreign materials are added. The assay is easy to perform. 

2.3.1.4. X ray fluorescence spectroscopy [22-26] 

The assay relies on measurement of the X ray fluorescence of the spectral lines 
of the fissile material. The L series of X ray absorption edges is preferred. An X 
ray tube with an Ag anode is employed for excitation and a LiF crystal (110) is used 
in combination with a scintillation counter for analysis. The method is a proven one. 
When working with an internal standard (e.g. Th), accuracies of 0.5% can be 
attained. Sample conditioning is simple; 30 mg samples are used. 

2.3.1.5. X ray absorptiometry [27, 28] 

The assay relies on a differential measurement of photon transmission directly 
below and above the L and К X ray absorption edges, respectively, of the element 
to be assayed. For this type of measurement, an X ray tube with a W anode is used 
in combination with a 200 mm2 Ge detector. Such equipment has a resolution of 
550 eV at 122 keV. The method is still being tested, but accuracies of measurement 
of 0.2% have been attained [28]. Samples of 500 mg should be used. Since the sam-
ples do not undergo changes during measurement, the material can be returned to 
the process after analysis. No sample conditioning is required, so the technique is 
easy to apply. 

2.3.1.6. Comparison of methods (Table II) 

All the analytical methods described for the determination of uranium and 
plutonium concentrations conform to the specified requirements. If a comparison is 
made of the quantity of analytical samples required, the complexity of the working 
techniques, the cost of equipment and the waste arisings, considerable differences 
appear. Therefore, the choice of method depends on the possibilities offered. 
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2.3.2. Determination of the isotopic ratio [6, 29] 

The isotopic ratio is usually determined by gamma spectroscopy directly on the 
powder and the pellet. If the material is present as a solution, mass spectroscopic 
assay provides another possible means of determination. The two techniques are 
proven and do not call for further discussion. 

2.3.3. Determination of the O/M ratio [5, 30, 31] 

It is essential to specify the O/M ratio for the following reasons: 

(1) The maximum thermal conductivity of the fuel occurs for the stoichiometric 
composition. 

(2) Excess oxygen leads to oxidation of the cladding tubes. 
(3) The O/M ratio affects the chemical and physical behaviour of the iodine and 

caesium fission products. 

An overview of the methods is given in Ref. [3]. The eligible chemical 
methods are redox titration, the coulometric method and the gravimetric method, all 
of which have already been described. Mention should also be made of the polaro-
graphy method. 

An interlaboratory test has been performed on U0 2 pellets and powders [32]; 
the results are summarized in Table Ш. It can been seen from the table that the 
methods used yield comparable results. When selecting a technique, one has to rely 
on the experience accumulated at the laboratory in question. 

2.3.4. Determination of the total hydrogen content [33, 34] 

On account of the potentially harmful effects of hydrogen, which causes 
hydride defects in the Zircaloy clad tube, it has been specified that less than 1 ppm 
should be present in the fuel. To determine the hydrogen, carrier gas extraction 
together with coulometry are frequently used. By placing a CuO cell between the 
extraction furnace and the vessel used for final assay, hydrogen is oxidized to water; 
in this way, the total hydrogen content is recorded. This method has also proved its 
worth in routine operation. 

2.3.5. Determination of fluoride and chloride [35-38] 

Fluorine and chlorine may play a part in the generation of hydride induced 
defects. Therefore, specifications have been fixed for both elements and they must 
be controlled. For the assay, traces of fluoride and chloride are separated by pyro-
hydrolysis at high temperatures, with the oxygen saturated in the water vapour. The 
use of ion specific electrodes is the preferred method of detection, although for the 
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ultímate detection ion chromatography has recently become a proven technique. In 
this case, the final assay is performed by measuring the thermal conductivity. This 
technique is more sensitive and requires ' smaller quantities of sample than the 
technique using ion specific electrodes. 

2.3.6. Carbon assay 

The sample material is heated in a furnace in an oxygen stream. The carbon 
produced is converted into C0 2 , which is subsequently titrated by coulometry. This 
working technique has also proved its worth in routine operation. 

2.3.7. Trace assay by emission spectroscopy [39-42] 

In all cases, the fuel specification places a limit on the trace impurities of 
metals. In individual cases, the number of specified elements and the maximum per-
missible overall concentration of trace elements also undergo variations. Specifica-
tions have been established for up to 27 metallic trace elements, and these must be 
controlled. In this context, emission spectroscopy is the preferred analytical tech-
nique because it not only allows the required detection limits to be attained, but also 
offers the possibility of a multielement assay. These factors should be taken into con-
sideration when comparing this technique with atomic absorption spectroscopy. 

A direct current arc is usually used as the source of excitation in emission spec-
troscopy. The oldest working technique is the carrier distillation technique [39], but 
pre-evaporation should also be mentioned in this context. Both analytical techniques 
are directly applied to the sample powder. The more volatile traces are separated 
from the matrix by specific heating; this is absolutely necesssary for analysis. 
However, it is not possible to analyse, for example, the rare earth elements and 
thorium, for which specifications have also been fixed. For these elements, a separa-
tion step precedes the spectral analytical assay proper after the sample material has 
been dissolved. This means that two techniques must be used in order to make all 
the determinations required of trace elements. 

At this point if is worth while determining whether all the specified trace ele-
ments can be assayed in one working step using an improved analytical technique. 

An extraction technique has been tested in which all the requested trace ele-
ments can be separated from the matrix. The extracting agent used is a TBP-
kerosene mixture with a ratio of 1:4. The elements are extracted from 8M HN03; 
500 mg samples are dissolved in 10 mL of solvent acid. The trace elements contained 
in the aqueous phase are then analysed by emission spectroscopy following excitation 
by inductively coupled plasma (ICP). 

To obtain a plasma torch, an induction coil is placed around the open end of 
a quartz tube system. Energy is supplied to the plasma by a radiofrequency current. 
It is apparent that the argon flow carries and stabilizes the plasma. The bottom por-
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tion of the plasma is toroidal. The sample is introduced as an aerosol into the aperture 
of the toroid by means of a carrier gas. Because of this shape, the aerosol sample 
can be introduced into the plasma very effectively. The temperatures of the plasma 
are so high in certain zones that the sample material becomes ionized. Therefore, 
the interelement effects playing a role in arc excitation can be neglected. 

To be able to perform multielement analysis with this excitation technique, an 
ICP torch was installed in an alpha box. The configuration is such that, besides the 
sequential spectrometer, the existing 3.5 m grating spectrograph can also be used for 
analysis. The detector for the grating spectrograph has photographic plates which are 
evaluated automatically, making the technique comparable to arc excitation. 

A comparison made of the previously used spectroscopic working techniques 
showed that the quantity of sample consumed can be reduced by at least a factor of 
2, since all the elements can be assayed in one working step. It is not difficult to 
back-extract the fuel from the TBP bearing organic phase, so that the material can 
be returned to the process and no fuel waste is produced. 

2.4. Physical methods of quality control and characterization of nuclear fuels 

2.4.1. Basic characterization of source powders 

Characterization of source powders must coyer the chemical and physical com-
positions, the conveyance and compaction behaviour and the sintering properties. 

2.4.1.1. Gamma spectroscopy 

Of the controls relating to the composition of the powder, only gamma spec-
troscopic determination of enrichment is explained here. 

At the receiving control stage, a powder sample is collected and homogenized 
and a small fraction dissolved. The solution is placed in a sample receptacle in a 
borehole Nal detector where measurements are made of the characteristic gamma 
radiation of 235U (187 keV) and the radiation emitted by uranium decay products. 
Since both are measured, the measured value of the characteristic uranium radiation 
has to be corrected accordingly. . . 

For this purpose, the gamma spectrum to be measured is split into different 
energies in a multichannel analyser (with a resolving power of about 1% relative to 
the corresponding gamma energy) and the counting rates are summed in the range 
of characteristic 235U radiation. In the energy ranges adjacent to die characteristic 
uranium radiation, two windows are placed in which the background radiation of the 
uranium daughter products can be measured. The uranium counting rate is then cor-
rected accordingly, so that the net counting rate is proportional to the 235U content. 
The system is calibrated with reference to National Bureau of Standards, or European 
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Community standards. Acquisition and correction of the measured values are per-
formed on a minicomputer [43]. 

Immediately before compaction, the enrichment of the powder is monitored a 
second time. For this purpose, the filler is preceded by a chamber, to which a Nal 
detector has been flanged, which is shielded against background radiation by lead. 
The chamber is so designed that it is always filled to the same level with U 0 2 

powder. 
The detector signal is amplified and split in a multichannel analyser according 

to the different energies. The resolving power of the Nal detector is again about 7 %. 
The spectrum is evaluated on a microcomputer [43]. For automated energy calibra-
tion, a weak 241Am source was installed in the Nal detector; this emits a reference 
radiation of 59.9 keV. The software seeks this peak and calibrates the energies of 
the various channels with it so that the characteristic radiation of 235U at 187 keV 
is always exactly found. The system is calibrated in quantitative terms by means of 
a second powder chamber with the same geometry and filled with U 0 2 powder of 
known enrichment. The accuracy (2a) for the range of 0.2 to 5.0 wt% 235U is 
±0.05 wt% 235U for a measuring time of 500 s per measured value. 

2.4.1.2. Flow behaviour 

The behaviour of the powder when conveyed through pipes or poured is 
described by the flow behaviour. The coefficients that describe the fills of the dies 
are bulk density and tap density, No standardized methods exist as yet for these con-
trols, so individual companies have developed methods that satisfy their own require-
ments. However, it is to be expected that within the foreseeable future uniform rules 
of measurement will be developed to the standards of the Deutsches Institut fur Nor-
mung or the International Organization for Standardization [44]. 

2.4.1.3. Brunauer, Emmet and Teller (BET) surface area 

The BET surface constitutes a good measure of the sintering capability of pow-
ders fabricated by the same method. When the surface is determined according to 
BET, a gas, normally nitrogen, is deposited on the surface of the sample at the 
temperature of liquid nitrogen. With the use of this method, a good first approxima-
tion of the surface can be found from the amount of gas adsorbed, assuming a mono-
molecular layer. Alternatively, several adsorption isotherms can be recorded to 
provide information on the structure of the surface density. With this additional 
information it is then possible to calculate more precisely the surface of a sample 
[45]. 

For variable powder sources, knowledge of the specific surface is insufficient 
to describe the behaviour of the powder during fabrication and supplementary assays 
must be performed. Most often the particle sizes are subject to analysis. 
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FIG. 2. Comparison of vibration sieve and air jet sieve for U02 ex AUC powder. 

2.4.2. Sieving of the powder 

The powder particles visible under an optical microscope are mostly agglo-
merations of much smaller particles, i.e. primary particles. These can be recognized 
only under an electron microscope, particularly in the case of U0 2 ex ADU. Conse-
quently, 'particle size analysis' normally ascertains the size of the secondary 
particles formed by agglomeration. In most cases, this type of analysis is performed 
by sieving (the powders are usually sieved before being processed). This sieving is 
generally of the vibration type. If the powders to be processed are highly susceptible 
to agglomeration, then problems can arise with vibration sieving because new 
agglomerates are formed continuously and rapidly become larger than the sieve 
mesh. Sieving stops altogether when this point is reached. 

To remedy this situation, an air jet sieve should be used. It relies on the prin-
ciple that the woven wire screen is first flushed by an upwards directed air stream 
which originates in a slit type nozzle rotating below the screen. The feed is main-
tained in a free flying movement. The direction of the air stream is then reversed. 
This means that the air stream passes through the mesh from top to bottom and 
entrains the material that is finer than the mesh. The coarser material remains on the 
screen and is weighed at the end of the separation process. The fact that the screen 
is repeatedly flushed from bottom to top implies that the danger of mesh blinding 
is avoided [46]. Movement of the feed in an air stream also prevents agglomeration 
of the particles. 

Figure 2 [47, 48] compares the air jet sieve with the vibration sieve; the feed 
used was U0 2 ex AUC. It can be seen that there is practically no sieving effect if 
a 20 /xm screen bottom is used in the vibration sieve, whereas the same powder can 
still be sieved well on the same sieve bottom exposed to an air jet. This is equally 
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FIG. 3. Comparison of vibration sieve and air jet sieve for U02 ex AUC powder. Influence 
of sieve loading RQ. 

clear when a 40 pm sieve bottom is used. In the vibration sieve a residue of about 
12% remains after about 100 minutes, whereas under the same conditions the powder 
passes through the air jet sieve within about 5 minutes and only leaves a residue of 
about 2 to 3%. This simple comparison proves the advantages offered by the air jet 
sieve. However, with this sieve the measured secondary grain size distributions can-
not always be regarded as absolute because the permeability plots greatly depend on 
the surface loading of the sieve bottom. Figure 3 [47, 48] shows this phenomenon 
in a series of measurements in which a 20 ц т sieve bottom was loaded with 25, 50, 
100 and 200 g of U 0 2 ex AUC. It can be seen that the residue remaining after 120 
minutes varies between 20% (25 g) and 30% (200 g). Under the same conditions, 
the amount remaining in a vibration sieve varies between 95% (25 g) and 99% 
(200 g). It is evident from these results that even with an air jet sieve, exact sieving 
is not feasible if powders with a high tendency to agglomeration are used. However, 
sieving of the powder prior to further processing is at least ten times faster using an 
air jet sieve and much smaller amounts of residue are left behind. 

A satisfactory solution to characterization of powders has still to be found, 
even if an air jet sieve is used. No decision has yet been made on how best to deter-
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mine new absolute data for powder characterization because of the expected high 
expenditure. Instead, we have tried to provide reference parameters for the manufac-
turers, since they certainly possess a wealth of experience concerning the behaviour 
of individual powders. These parameters make it possible to state which batch for 
which experience is already available is similar to some new batch. Comparisons are 
made by means of image analysis on the basis of the PACOS image processing sys-
tem [49]. 

2.4.3. Optical means of powder characterization 

The structural characteristics of the powder particles which determine sintering 
and flow behaviour cannot be observed under an optical microscope as these struc-
tures can only be detected by an electron microscope. Therefore, the secondary 
grains were selected for optical analysis, the reasons being: 

(1) They are usually so large that they can easily be observed and measured. 
(2) In terms of their shape and size, they reflect the agglomeration behaviour of 

the powder. Since this behaviour greatly depends on the morphology of the 
primary grains, it provides, together with the specific surface, an indication of 
the sintering capability as well as the specific surface. 

Consequently, an appropriate measuring method must be capable of measuring 
the different powders by grain shape and size and of comparing the measured values 
with those applicable to other powders. If the reference parameters are appropriately 
selected, assignment is possible. 

Powder classification by shape and size uses a technique which had been devel-
oped for the PACOS image analysis system [49]. The powder particles are compared 
with templets (structuring elements) of different shapes and sizes. If image transfor-
mation 'erosion' [49] or 'opening' [49] is performed on the images of the prepara-
tions for these templets and the area is subsequently measured, a vector of the 
measured values for each of the templets is obtained. A method of assignment has 
been developed [50] by which an unknown powder is assigned to one of several 
known specimen powders. However, it is essential that the specimen and the sample 
be measured under the same conditions. The specimen powder should be measured 
only once because the measured values are stored in a computer as a 'specimen 
library'. 

Special procedures have been developed for testing the efficacy of the templets 
and the significance of assignment. The theoretical background to this classification 
procedure has been described in Ref. [50]. 

Table IV shows the discriminator dk values for the assignment of these five 
test samples to the individual classes. Even if the assignment is obviously correct, 
its significance must be examined in a detailed evaluation [50]. 
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TABLE IV. ASSIGNMENT OF UNKNOWN TEST POWDERS BY USE OF 
DISCRIMINATOR dK VALUES. THE UNKNOWN SPECIMEN IS 
ASSIGNED TO THAT TEST POWDER FOR WHICH THE 
DISCRIMINATOR dK IS MAXIMUM 

Standard specimen number 
Unknown 
specimen ^ ^ ^ 
number 

1 3.2 X 10"' 4.4 x 10 "9 4.9 X 10"8 3.5 X lO"10 0.0 

2 3.1 x 10"5 3.4 x 10"' 1.7 X К Г 2 3.4 X ю-2 
0.0 

3 0.0 0.0 2.1 X 10"' 1.1 X 10"2 1.4 x 10"1 

4 0.0 0.0 2.2 X ю-' 5.2 X 10"' 7.0 x 10"3 

5 1.3 x 10~5 0.0 7.6 X КГ3 
1.0 X кг3 

2.3 x 10"' 

2.5. Testing of pellets 

2.5.1. Tests on whole pellets 

2.5.1.1. Geometry and density 

After the pellets have been sintered and ground, their geometry and density are 
examined. Since these measurements have to be made frequently, a fully automated 
device is necessary. The following parameters have to be measured: diameter, 
length, dishing, volume, perpendicularity, and chamfer width and height. The first 
four measurements can be made using an automated device. In addition, the 'geomet-
ric' density of the pellet can be calculated from these four values. As an example, 
a description is given of an automated device used at the Reaktor-Brennelement 
Union (RBU) workshop in Hanau. 

The device consists of three measuring gauges and a small robot arm which 
moves the samples from gauge to gauge. The gauges form a circle, with the robot 
arm at the centre. The robot removes the pellet from a magazine and then moves 
along the circle perimeter. First, the pellet is placed in a gauge which has three sen-
sors for measuring the diameter at three different locations on the pellet surface. The 
pellet is then placed in a combined meter which measures the pellet length, dishing 
depth and perpendicularity. The length and dishing depth are measured by normal 
path sensors and the perpendicularity by a cardanically suspended plate with four 
induction coils on the back. The third gauge is a small balance. 
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FIG. 4. Automatic control of pellet geometry and density at the Reaktor-Brennelement Union 
(RBU) workshop in Hanau. 

These gauges are connected to a microprocessor which controls all the gauges 
and the robot arm takes over the measurement values and monitors the results. The 
computer calculates the diameter from the three values furnished by the sensors and 
compares it with the specified tolerances; it also calculates the dishing volume from 
the dishing depth. 

Figure 4 depicts the entire measuring facility. Figures 5(a) and (b) show the 
devices used for measuring the diameter and the pellet length, dishing depth and per-
pendicularity, respectively. 

In addition, the computer needs the chamfer width; this is measured indepen-
dently by a microscope and has to be entered manually into the system. This meas-
urement is carried out at the beginning of each shift and a new measurement is 
necessary only if the punch has been changed during the shift. 

The computer can calculate the geometric density from these geometrical data 
and the pellet weight. All the values obtained are compared automatically with the 
valid values in the respective specifications and drawings. In the event of deviations, 
either the measurements have to be repeated (second sample) or the material has to 
be scrapped. All accepted data are transferred to a central computer for storage and 
final documentation. 

The pellet density is defined either as the 'geometric density' or the upthrust 
density. Although the geometry of the pellets is often inadequately measured on 
account of chamfer and dishing, the upthrust density can be determined in nearly all 
cases. Water is normally used as the buoyancy medium. The buoyancy method pro-
vides an accuracy in the density determination of 0.2% (2a); the error in the determi-
nation of the geometric density is approximately twice as high [12]. 
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( a ) ( b ) 

FIG. 5. Automatic device for determination of pellet geometry: (a) control of diameter; (b) 
control of length, perpendicularity and dishing depth. 

Another way of determining the density is to assess the volume using a 
mercury pycnometer or by mercury porosimetry, a method by which the pellet 
volume is also determined. 

2.5.1.2. Mercury porosimetry 

Mercury porosimetry provides additional information on the fractions of open 
and closed porosities. In this method, mercury at high pressure is forced into a speci-
men evacuated in advance. The pore size distribution can be determined from the 
amount of pressure applied and the volume of mercury forced into the specimen. The 
mercury forced into the pores at a given pressure does not completely fill the pores 
but it approximates the pore shapes to a surface characterized by the minimum radius 
of the mercury meniscus. This radius corresponds to the smallest channel into which 
mercury can penetrate in a measurement performed at the given pressure. To be pre-
cise, this means that the measurements correspond to the size of the channels in 
between the pores and that part of the pore volume which can be accessed by chan-
nels corresponding to the pressure of the mercury. 

Figure 6 [1] shows the results of such a measurement. In the diagram, the 
volume of the mercury forced into the open porosity was plotted in a cumulative plot 
versus the logarithm of the pore size. In this example, there is a marked rise in pore 
volume accessible from the outside in the range of meniscus radii between 0.2 and 
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Pore channel measurement (/jm) 

FIG. 6. Example showing the hysteresis in mercury intrusion porosimetry [1]. 

0.1 ц т and in the range below 0.01 ц т . If the mercury pressure is reduced after 
the maximum pressure has been attained, the mercury, subject to the pressure 
applied by its surface tension, is again forced out of the pores. If an experiment of 
this kind is carried out, pronounced hysteresis is observed between the pore volume 
when the pressure is increased and the pore volume associated with the reduction in 
pressure. This allows conclusions to be drawn about the pore structure. 

From this hystereris an estimate can be made of the difference between the 
volume of pores accessible from the outside and the volume of the channels connect-
ing these pores. Mercury porosimetry can also be used to detect cracks and other 
surface flaws. These volumes can be distinguished quite easily from those of the 
pores because they are voids with dimensions not normally encountered in pellets 
[1]. 

2.5.1.3. Sound velocity 

From the travel time of elastic waves, which can be measured conveniently and 
quickly, the velocity of elastic waves can be calculated using the known linear 
sample dimensions. In turn, this velocity depends on the elastic properties of the 
workpiece. In the case of longitudinal elastic waves, the following relation holds 
between Young's modulus E and the rate of propagation ('sound velocity') 

where p is the density of the sample. If the measurement is performed with transverse 
waves, Young's modulus in the above relation must be replaced by the shear modu-
lus. On account of the close relationships existing between the velocity of elastic 
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FIG. 7. Velocity of sound versus density for green pellets made from different powder 
preparations. 

waves and the structure, this measurement is particularly suited to characterize 
porous samples because these properties greatly depend on the porosity and the shape 
of the pore [51]. By means of such measurements, both green compacts and sintered 
bodies can be studied. 

Figure 7 [47, 48] shows the dependence of the velocity of sound on the density 
of the sample. In the diagram the measured values have been combined for two types 
of green compact, namely green compacts fabricated from granulated powder 
((U, Pu)02i, granulated) and those from non-granulated powder (U02 , single 
pressed). It can be seen that the values measured for the two types of green compact 
can be combined into two distinctly separate scatter bands. The difference between 
these two types of samples is attributable primarily to the different structures and not 
to the differences in plutonium content. The difference in sound velocity of these two 
types of samples can be explained by the fact that samples having rather spherical 
pores have a higher sound velocity than those with rather flat pores. Experience has 
shown that pellets fabricated from granulated powder possess a greater fraction of 
flat or tetrahedral pores. Although some samples from a different manufacturer or 
vendor do not lie within these scatter bands, they basically follow the same laws. It 
has been noticed that modifications of any parameters during the manufacturing 
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FIG. 8. Velocity of sound versus density for pellets made of granulated powder [47, 48]. 

process lead to a change in structure which can be detected with great sensitivity by 
measurement of the sound transmission time. 

Similar statements can also be made for sintered sample material (Fig. 8 
[47, 48]). It is apparent that, in a similar manner to the situation encountered with 
green compacts, a scatter band exists for samples which have been fabricated accord-
ing to one single fabrication method. If samples from other manufacturers are con-
sidered, some samples are found at great distances from the scatter band. To evaluate 
the homogeneity and reproducibility of a fabrication technique, it is interesting to 
note that the sound velocity scatters within a wide band for samples A, B, C, D and 
E fabricated according to the same method. While samples D and E lie within the 
traced scatter band, the sound velocity of samples А, В and С is clearly lower. A 
reduced sound velocity indicates rather oblong pores. In the case considered here, 
a reduction in sound velocity is an indicator of a more or less high microcrack frac-
tion in the sample. Sample F, supplied by manufacturer A but fabricated under a 
different method, also occurs within the scatter band of granulated (U, Pu)02 

pellets. 
These simple examples show the high sensitivity with which a qualitative struc-

tural analysis can be performed by measuring the sound velocity. 
In addition, as only a few seconds are required to make such a measurement, 

the potential of this measuring method for quality control can be appreciated. 

2.5.2. Characterization of sections, of pellets 

The sample is cut into two halves for ceramographic investigation of the pellet 
structure. To obtain reliable information on the structure, both the longitudinal and 
transverse sections of the samples must be investigated. Using ceramographic 
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FIG. 9. Determination of open and total porosimetry. 

methods and subsequent image analysis, the following pellet properties can be deter-
mined: the homogeneity of the structure, the grain sizes, the pore sizes and the 
presence of flaws (cracks, inclusions). 

While it is helpful to use unetched samples to determine the pore size, grain 
sizes can only be measured on etched samples. The grain sizes are described by 
either chemical or thermal etching. If the grain boundaries in the samples prepared 
ceramographically have been developed in a reliable manner, the problem of deter-
mining pore and grain sizes is almost identical. The basic problem is that a size per 
se does not exist for these two dimensional bodies. Every size description is directly 
linked to a shape. The shapes are only capable of approximating the shapes that occur 
in nature. A proven and theoretically well founded description of the shape of such 
pores or grains consists in the determination of the largest inscribable gauge of a 
defined pattern [50, 52]. If this is done with different patterns, the size distribution 
of these patterns in the sample can be determined. If counting of particles according 
to the different classes of size and pattern is adequate for the particular purpose, clas-
sification is performed by the different steps of image transformation 'erosion'. If 
areas are to be measured to determine the volumetric fractions, transformation open-
ing or templet matching is used. If surfaces are to be estimated, templet matching 
is the only image transformation method that can be used. 

To determine pore size distributions, it is appropriate to measure the area frac-
tions of the porosity. For better comparability, it is preferable to apply a measuring 
technique that simulates mercury porosimetry [53]. In this type of measurement the 
area fractions of pores whose surfaces are characterized by a minimum radius of cur-
vature are determined. At the same time, this radius of curvature is the radius of the 
smallest pore considered in the measurement. If the radius of curvature is selected 
as a parameter, the dependence of the pore volume on the radius of curvature is 
obtained, as in a mercury porosimeter. Figure 9 shows a comparison of the principle 
of measurement applied to mercury porosimetry and the image analysis technique 
chosen. 
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If the same meniscus radius is used in both cases only the large pores which 
are assumed to be connected with the surface of the specimen by a sufficiently large 
channel will be filled. In image analysis, both pores will be included in the 
measurement. 

These measurements were done by an image analyser using various stages of 
overture image transformation [54] and subsequent measurement of the areas. In 
these measurements, the smallest pores considered had a diameter of 1.39 ц т , The 
porosity fraction in smaller pores was not taken into account. However, it can be 
seen from the results that the volume fraction of such small pores is certainly low 
enough not to have had any influence on the conclusions drawn from this study. 

Figure 10 shows the results of measurements made in this way as well as the 
distribution measured by mercury intrusion porosimetry . It can be seen that the pores 
measured by image analysis are much larger than the channels between the pores. 
This has been confirmed by a pore model which is based on large pores intercon-
nected by narrow channels. In plotting the measured results, the fact that the pore 
size only reflects sections of the three dimensional structures was not taken into 
account because the main purpose was a comparison of pore sizes which, in such 
a double logarithmic plot, are hardly influenced by a conversion to three dimensional 
structures. 

The second example of application explains the differences in the pore struc-
tures of samples fabricated by two different techniques. In the analysis a distinction 
has to be made between the almost tetrahedral pores present between large powder 
particles (granulate grains) and the rather spherical pores. This difference specifi-
cally influences the fabrication process because the pore shapes are typical of the 
different steps in pellet fabrication. 

To make a distinction between these types of pores, analysis can be performed 
once with a triangular templet and once with a square templet [2]. In addition, for 
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( a ) ( b ) 

FIG. 11. Classification of pores of a pellet made of granulated powder by size and shape: 
(a) data as measured; (b) data after applying assumption A. 

triangular patterns, it has to be borne in mind that in a discrete Cartesian co-ordinate 
system there exist four congruent equilateral rectangular triangles which can be 
transformed into each other by rotation. These four possible orientations must be 
taken into account in the measurement. After measurements of triangles and squares 
have been made (by templet matching and particle counting), the individual measure-
ments have to be assigned to these figures. 

Two assumptions can be made for this separation [55]. Assuming that the pore 
shapes can be described rather well by triangles or squares, it can subsequently be 
assumed that in each figure into which a square can also be inscribed, a triangle of 
equal size can also be inscribed (assumption A); this means that these triangles 
cannot be counted. However, a square of half the lateral length can be inscribed into 
each triangle. Since in this case the square is the smaller figure, it is eliminated from 
the counting. If the figure cannot be so well assigned, assumption В is made. On this 
assumption, the figure is evaluated as being a square if a triangle of equal edge length 
can be inscribed or if the area of an inscribable square is greater than that of the 
inscribed triangle. Consequently, figures having the same area constitute the limit 
case. 

Figure 11 shows the measurements obtained from a sample made of granulated 
powder. In Fig. 11(a), the rough data are entered with the results of the four orienta-
tions of the triangles added. In Fig. 11(b), classification by shape and size has been 
entered. Since approximated triangular shaped pores are treated here, assumption A 
was used for evaluation. 
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It can be seen in the sample under consideration that the largest pores are trian-
gular rather than square. If these results are compared with the measurements 
obtained from single pressed material, major differences appear. The measurement 
shown in Fig. 11 could only be evaluated using assumption B; this means that the 
given shapes do not agree well with those of the pores. The dominance of almost 
round pores is clearly apparent. The fact that the small pores are rather triangular 
might not be very significant, since falsification of the pore shape by the given screen 
might already be considerable. 

These measurements enable the manufacturer to adjust the hardness of the 
granulate and the compacting pressure in such a way that for granulated powder a 
specified pore structure is obtained. 

By comparing the pore size distribution determined by an almost circular 
gauge with the results of mercury porosimetry, one can establish interesting relations 
between the pore sizes and the channels connecting the pores [1]. 

The problems encountered with plutonium fissile material in LWR fuel con-
cern the distribution of plutonium in the pellets. These problems are particularly 
important in fast breeder fuel; they are therefore best discussed in publications deal-
ing with this subject. Problems concerning the formation of a solid solution are of 
major importance; they are studied by means of X ray diffraction techniques 
[15, 55-57]. Problems relating to the size of plutonium rich zones are investigated 
by evaluating alpha autoradiographs, using image analytical evaluation [1]. 

2.5.3. Open questions 

The number of problems which cannot be handled by suitable measuring and 
testing methods is in fact very low. However, one such problem is the checking of 
pellets for flaws. At present, possible surface flaws such as spalling and chip-off are 
compared visually with the help of surface standards. This method is not satisfactory 
because the person applying it becomes tired and the results of this control are 
usually not uniform. Automated recognition by image processing techniques would 
be desirable because, in addition, it could read and control the label indicating the 
enrichment percentage. 

3. RELATION BETWEEN FUEL QUALITY AND FUEL OPERATION 

3.1. Introduction 

The fabrication of fuel pellets and fuel pins for nuclear power reactors follows 
certain specifications. These specifications ensure that the requirements for fuel 
pellets and fuel pins are met with regard to their behaviour, e.g. under the expected 
operation loads. These requirements comprise, for example, stability of dimensions, 
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homogeneity of distribution of the fission material, minimal chemical impurities, 
chemical compatibility between the fuel and the cladding, minimal mechanical inter-
action between the fuel pellets and the cladding, optimal heat transfer to the coolant, 
avoidance of fuel melting and avoidance of cladding damage. 

If these and other requirements are satisfied, the integrity of the fuel pins is 
guaranteed for the planned lifetime of the reactor and the reliability of operation, 
availability and desired target burnup are ensured. 

The effects of chemical impurities on operating behaviour, in particular the 
effects of hydrogen and halides, have long been the subject of discussion. High 
hydrogen contents in the fuel lead to hydriding failure of the fuel rods and halides 
provoke cracking of the cannings due to stress corrosion [58, 59]. 

The fabrication specifications of the product to be delivered by the manu-
facturer cover all the parameters needed to satisfy all the requirements mentioned 
above. Since fabrication of fuel pellets and fuel pins with diminishing variations is, 
in principle, not possible, tolerances have been defined which must be observed. 
Examination is carried out by quality control. 

The actual values of the parameters exhibit certain distributions within the 
tolerance limits. The specifications do not deal with these distributions. 

For the design of fuel pins and estimation of their operational behaviour, the 
influence of the bandwidth of the tolerances must be taken into account in addition 
to the real inaccuracies in the knowledge of the material data and the inevitable 
uncertainties in local operation data (see, for example, Refs [60, 61]). The designer 
takes these facts into consideration in a so-called 'hot spot' analysis. 

When several independently fabricated parts are combined in one unit, e.g. a 
fuel pin, the tolerance bands of each individual part must be selected in such a way 
as to ensure safe operation of the unit, even if certain parts have parameters which 
are at the boundary of the permissible tolerance bands. The distribution of the actual 
values of the various parameters should be taken into account in the operation of the 
respective unit. 

As a typical example of modelling, calculations were made for a fast breeder 
fuel pin of the Mark la type (SNR 300) with a view to finding answers to the follow-
ing questions: 

(1) What is the influence of variations of the fuel pin parameters (inner diameter 
of the cladding, pellet diameter, fissile material (plutonium) content and O/M ratio) 
within the given tolerance limits on the operational behaviour of the fuel pins at the 
beginning of life (BOL)? 
(2) How large are the probabilities for the occurrence of extreme combinations of 
the actual values of these parameters? 
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FIG. 12. Distribution of the actual values. 

3.2. Distribution of the actual values within the tolerance limits 

The modelling calculations took into account the tolerance of the pellet 
diameter, the inner diameter of the cladding and the plutonium content of the fuel 
pellets. The first two parameters determine the width of the gap between the fuel 
pellets and the cladding. The effect of a variation in the O/M ratio was illustrated 
by the choice of two representative values. 

To simplify the mathematics of such calculations, some assumptions were 
necessary: the pellets are absolutely cylindrical, the cladding is cylindrical in 
sections, each pellet is measured, and each cladding is measured at every point along 
the axis. 

Measurement of the inner cladding diameter and the outer pellet diameter is 
also assumed to have been carried out in.a measuring system whose accuracy is such 
that 99.7% (3a band) of, the measured values are within a range of variation of 
± 5 fim. Moreover, it is assumed that the variations in the fabrication parameters 
represent normal distributions or, in extreme cases, homogeneous distributions (see 
Fig. 12). 

In this context, two different assumptions were made: (1) the frequency 
maxima of the distributions are identical to the nominal values, and (2) the pellet 
diameters are systematically larger than the nominal values. 

In the second case, it was assumed that the frequency maximum is shifted 
towards larger pellet diameters by one half of the permissible tolerance. This 
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assumption is based on the practice of manufacturers of producing pellets that are 
as large as possible because these can always be ground into smaller pellets, whereas 
pellets that fall below the lower diameter tolerance can only be scrapped. 

With respect to the plutonium content, a normal distribution was chosen which 
is symmetrical around the nominal value, where in case 1, 99.7% and in case 2, 
68.3% of the fabrication were to be within the tolerance limits of 3a and la, respec-
tively. Since only random sampling is carried out to check the plutonium content, 
the calculations have been extended up to a deviation of 5a. 

3.3. Frequency distribution of the gap widths 

From the frequency distribution of the different actual values, including any 
inaccuracies of measurement, the frequency distribution of the possible combinations 
of actual values is obtained by multiple convolution. 

The convolution of two functions g(x) and f(x) is given by 

In the case considered, we have the convolution of the pellet diameter distribu-
tions T(x) with the inaccuracy of measurement M(x), and the distribution of the inner 
diameter of the cladding H(x) with the distribution of measuring errors as follows: 
TK = T (g) M and HK = H (x) M, where TK and HK are the distribution functions 
convoluted with the measuring inaccuracy. In this case, the distribution function of 
the gap widths is S = TK (x) HK. 

Figure 13 shows a schematic plot of the convolution. In the calculations, the 
assumptions listed in Table V were made for the distribution functions T and H. 

3.4. Probabilities of occurrence of certain combinations of 
gap width and plutonium content 

Since each fuel pellet may show independent variations in gap width and pluto-
nium content, in accordance with the distribution functions indicated in Fig. 12, the 
probabilities of occurrence of all possible combinations must be calculated. 

The probability, W, of a specific combination of fissile material content, P, 
and gap width, S, is given by the product 

W = S x P 

The function, W, can be plotted as lines of equal probability in the gap width-
plutonium content plane. This has been done for various cases (Figs 14-23). For the 
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FIG. 13. Example of the formation of the gap width distribution by convolution. 

lines of equal probability the numbers indicated as parameters represent the probabil-
ity of a point on this line. Since only plutonium contents exceeding the nominal value 
can result in adverse operating conditions, the bottom half of each diagram (the mir-
ror image) was omitted. 

3.5. Influence of variations in fabrication parameter on the in-pile behaviour 
of fuel pins at BOL 

The local in-pile behaviour of individual fuel pins depends on the combination 
of design parameters which happens to exist at the respective point. A parameter 
study was carried out to investigate the changes in load of a fuel pin at BOL that must 
be taken into account if the design parameters vary within the given tolerances. The 
data treated for calculations are summarized in Table VI. 
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FIG. 14. Probability of gap width and plutonium content limiting curves of adverse behaviour 
are indicated O/M = 1.965, O/M = 1.950 (cladding a = 8.3 цт, pellet 
a = 17 цт, Pu/U + Pu a = 0.0033). 

FIG. 15. Probability of gap width and plutonium content limiting curves of adverse behaviour 
are indicated O/M = 1.965, O/M = 1.950 (cladding a = 8.3 цт, pellet 
a = 17цт, Pu/U + Pu a = 0.01). 

FIG. 16. Probability of gap width and plutonium content limiting curves of adverse behaviour 
are indicated O/M = 1.965, O/M = 1.950 (cladding a = 12.5 цт, pellet 
a = 23 цт, Pu/U + Pu a = 0.0033). 
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FIG. 17. Probability of gap width and plutonium content limiting curves of adverse behaviour 
are indicated O/M = 1.965, - O/M = 1.950 (cladding a = 12.5 цт, pellet 
a = 25 fim, Pu/U + Pu a = 0.0033). 

FIG. 18. Probability of gap width and plutonium content limiting curves of adverse behaviour 
are indicated O/M = 1.965, O/M = 1.950 (cladding and pellets are homogene-
ously distributed, Pu/U + Pu a = 0.0033). 

FIG. 19. Probability of gap width and plutonium content limiting curves of adverse behaviour 
are indicated O/M = 1.965, O/M = 1.950 (cladding and pellets are homogene-
ously distributed, Pu/U + Pu a = 0.01). 
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FIG. 20. Probability of gap width and plutonium content limiting curves of adverse behaviour 
are indicated O/M = 1.965, O/M = 1.950 (cladding a = 8.3 цт, pellet 

a = 17:.цт, most frequent pellet diameter = nominal value plus 25 fim, Pu/U + Pu a 
= 0.0033). 

FIG. 21. Probability of gap width and plutonium content limiting curves of adverse behaviour 
are indicated O/M = 1.965, O/M = 1.950 (cladding a = 8.3 цт, pellet 
a = 17 цт, most frequent pellet diameter = nominal value plus 25 цт, Pu/U + Pu a 
= 0.01). 

3,5.1. Assumptions 

The operating conditions were selected so as to correspond to a pin subject to 
maximum thermal load. The axial distribution of the linear rod power and the clad-
ding surface temperature valid for this pin under nominal conditions at BOL is indi-
cated in Fig. 24. Other characteristic data are summarized in Table VII. 

The parameter study directly assessed the tolerances which affect the geo-
metric conditions in the fuel pin and the plutonium content of the fuel pellet. 
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FIG. 22. Probability of gap width and plutonium content limiting curves of adverse behaviour 

are indicated O/M = 1.965, O/M = 1.950 (cladding a = 12.5 цт, pellet 

a = 25 цт, most frequent pellet diameter = nominal value plus 25 цт, Pu/U + Pu a 

= 0.0033). 

FIG. 23. Probability of gap width and plutonium content limiting curves of adverse behaviour 
are indicated O/M = 1.965, O/M = 1.950 (cladding a = 12.5 цт, pellet 
a = 25 цт, most frequent pellet diameter = nominal value plus 25 цт, Pu/U + Pu a 

= 0.01). 

The influence of variations in oxygen content was indirectly taken into account 
by performing all calculations with a nominal value of 1.965 for the O/M ratio and 
with a smaller value of 1.950. Still lower O/M ratios, although permissible in accor-
dance with valid specifications, were disregarded because of their low probability. 

All combinations of design parameters taken into account were based on the 
same neutron flux conditions and unchanged coolant temperatures. 

The calculations were carried out by means of the SATURN-le computer pro-
gram [62], which provides a conservative prediction of the thermal behaviour at 
BOL. To improve the clarity of representation, the computer results were initially 
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TABLE VI. DESIGN DATA OF AN LMFBR FUEL PIN OF THE MARK la TYPE 

Fuel: 
Material 

Plutonium fraction Pu/(U+Pu) 

Oxygen fraction O/M 

Outer diameter 

Weight per unit length 

Theoretical density 

Pellet density 

Dishing volume 

U 0 2 - P u 0 2 pellets 

25% 

1.965 

5.09 mm 

I.907 g/cm 

II .05 g/cm3 

86.5% theoretical density 

2.0% 

Cladding: 

Material 

Condition 

Outer diameter 

Inner diameter 

Minimum wall thickness 

Surface roughness 

Fuel pin: 

Smear density 
Radial gap width 
Fuel column 

bottom 
top 

Plenum length 

Plenum volume 

Filling gas 

Filling pressure 

1.4970 

15% cw, 800°C/2 h 

6.000 mm 

5.240 mm 

0.35 mm 

1 цт 

80.0% theoretical density 

75 ц т . 

40 cm 
40 cm 

64.5 cm + 4.8 cm 

14.0 cm3 

He 

1 bar at 20°C 

restricted by considering only the point of maximum rod power. This is the point 
at which the thermal load of the fuel pin is at a maximum at BOL. Also, in the neigh-
bourhood of this point, the first complete contact takes place between the fuel and 
the cladding during the course of operation. 

The following characteristic parameters were further selected to describe the 
influence of fabrication tolerances on the in-pile behaviour of the fuel pin at BOL: 
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FIG. 24. Axial distribution of linear rod power (X) and cladding surface temperature (T). 

(1) The temperature at the centre of the fuel pellet after the attainment of full 
power but before restructuring occurred 

(2) The residual gap width after the attainment of full power 
(3) The time at which the gap volume has been consumed by the increase in fuel 

volume brought about by operating conditions (according to the material 
behaviour models used in SATURN-le). 

The representation was selected in such a way that the independent variables 
are the radial gap width and the plutonium content of each individual fuel pellet. In 
accordance with the design data, a variation of up to 37 /¿m (from the nominal value 
of 75 /¿m) was assumed for the radial gap width. The very extreme limits of variation 
in the plutonium content were assumed to be 19.5 and 30.5%. In Figs 25-31, the 
inner rectangle encloses the region defined by the limits given above. 

3.5.2. Influence of variations in gap width and plutonium content 

Figure 25 presents an initial survey of the change in linear rod power to be 
expected under the influence of variations in plutonium content and gap width. As 
indicated above, all these data refer to the nominal neutron flux. The slight decrease 
in rod power with increasing gap width, which can be observed when the plutonium 
content is kept constant, follows from the corresponding decrease in the weight per 
unit length of the fuel. 
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TABLE VII. NOMINAL OPERATIONAL 
PIN OF THE MARK la TYPE 

Linear rod power 
local maximum 

Coolant temperature 
inlet 
outlet 

Coolant pressure 
inlet 
outlet 

Mean neutron energy 

Total neutron flux 
local maximum ф, 

Neutron flux (E > 0.1 MeV) 
local maximum </>s 

In-pile time 

Maximum nominal burnup 

CONDITIONS OF AN LMFBR FUEL 

355 W/cm 

377°C 
590°C 

6.85 bar 
1.81 bar 

0.44 MeV 

6.35 x 1015 n - c m _ 2 - s ~ ' 

3.5 x lO'5 n - c m ~ 2 - s ~ ' 

0.55 

441 full load days in 3 cycles 

81.500 MW-d/t 

3.5.2.1. Centreline temperature 

The influence on the thermal load of a fuel pellet at BOL is described in Fig. 26 
on the basis of the temperature in the fuel pellet centre before restructuring has 
become effective. In the extreme case, which occurs with a very low frequency, cen-
tral temperatures of up to 3000 К must be expected at the onset of operation at a 
nominal oxygen fraction of 1.965. These values are approximately 320 К (or 14%) 
above the level of 2650 К to be expected under nominal conditions. 

The variation in plutonium content within the tolerance limits of 24 and 26% 
is matched by a variation in central temperature of about ± 5 0 К (or ±2% of the 
expected value under nominal conditions). 

The variation in gap width (within the given tolerance limits) with the pluto-
nium content kept constant results in a variation in the central temperature of about 
300 К at the point of peak rod power. 
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FIG. 25. Maximum of linear rod power (W/cm) as a junction of the radial as-fabricated gap 
width aR and the plutonium content (Pu) of the fuel pellet. 
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FIG. 26. Fuel centreline temperature (K) at full power as a function of the radial as-
fabricated gap width aR and the plutonium content (Pu) of the fuel pellet (O/M = 1.965). 

3.5.2.2. Gap width under operation 

As a function of the Pu content and the gap width as fabricated, there is a 
corresponding residual gap between the fuel pellet and the cladding. In the same way 
as the central temperature is used as a criterion for the thermal load of the fuel, it 
is possible to use the magnitude of the gap under operating condition as a criterion 
for the mechanical interaction to be expected between the fuel and the cladding. 



VOLLATH et al. 135 

Pu (% l 

FIG. 27. Residual gap width (цт) at full power as a function of the radial as-fabricated gap 
width aR and the plutonium content (Pu) of the fuel pellet (O/M = 1.965). 

Pu l % | 

FIG. 28. In-pile time (h) of the complete closure of the gap as a function of the radial as-
fabricated gap width aR and the plutonium content (Pu) of the fuel pellet (O/M = 1.965). 

It has been shown by in-pile irradiation and modelling calculations that fuel 
pins with oxide fuel are not likely to exhibit major cladding deformation as a result 
of the mechanical interaction between the fuel and the cladding under steady state 
operating conditions. However, power changes may lead to high stresses and conse-
quent strains of the cladding because of the differential thermal expansions of fuel 
and cladding, if no extra gap volume is available to compensate for the difference 
(for example, see Refs [63-67]). The probability of this type of cladding deformation 
is a function of the load cycles to which the fuel pin is exposed while in the reactor. 
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FIG. 29. Fuel centreline temperature (K) at full power as a Junction of the radial as-
fabricated gap width oR and the plutonium content (Pu) of the fuel pellet (O/M = 1.950). 

FIG. 30. Residual gap width (цт) at full power as a function of the radial as-fabricated gap 
width oR and the plutonium content (Pu) of the fuel pellet (O/M = 1.950). 

The earlier the available gap volume is consumed by an increase in the volume of 
the fuel, the higher this probability. Figure 27 shows the residual gap widths to be 
expected within the variation in gap width as fabricated and the plutonium content 
at full power at the point of maximum rod power in the fuel pin considered. As 
expected, the critical region is found with small fabrication gaps and high plutonium 
content. In these extreme cases, the gap volume originally available at the point of 
maximum rod power is already consumed when the fuel pin begins its in-pile life. 
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FIG. 31. In-pi le time (h) of the complete closure of the gap as a function of the radial as-
fabricated gap width aR and the plutonium content (Pu) of the fuel pellet (O/M = 1.950). 

The ô = 0 /хт limit curve is shown in Fig. 26. Figure 28 indicates the in-pile time 
after which a complete closure of the gap is to be expected (according to the material 
behaviour models used in the modelling calculations) for different combinations of 
fabrication gap width and plutonium content, assuming operation at a constant power 
level. 

3.5.3. Influence of variations in the O/M ratio 

Since the material properties and fuel properties such as thermal conductivity 
and restructuring due to transport phenomena depend on the O/M ratio, differences 
in this ratio also give rise to differences in in-pile behaviour of the fuel pins. A 
detailed description of this influence is found in Ref. [68]. 

The thermal conductivity of U0 2 -Pu0 2 fuel decreases as the O/M ratio 
decreases; this correspondingly leads to an increase in the thermal load of the fuel. 
The analysis carried out with the mean design value of O/M ratio of 1.965 Was there-
fore repeated with a lower value of 1.950; all the other conditions remained 
unchanged. 

Compared with fuel pellets with an O/M of 1.965, the central temperature 
levels were about 100 К higher after attainment of full power at the point of maxi-
mum rod power (Figs 26 and 29). 

For high plutonium contents, and therefore correspondingly high rod power 
levels, considerable densification of the fuel is already present as a result of pore 
migration within the given startup period of 10 hours, with a corresponding repercus-
sion on the central temperature of the fuel. This effect is more pronounced at the 
lower than at the higher O/M ratio. 
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FIG. 32. Fuel centreline temperature and residual gap width as a junction of the operation 
time (aR = 75 цт, Pu = 25%, X = 355 W/cm). 

Figure 30 indicates the residual gap widths calculated at the point of maximum 
rod power after attainment of full power. Because of the higher thermal load of the 
fuel with an O/M ratio of 1.950, the thermal expansion is higher. Accordingly, for 
the same parameter combinations of Pu content and gap width as fabricated, the 
residual gap widths in the hot condition are slightly smaller than in a fuel with an 
O/M ratio of 1.965 (Fig. 27). It should be mentioned that the fuel behaviour in the 
startup phase is strongly influenced by the dependence of the heat transfer coefficient 
on the actual gap width [69]. 

Figure 31 indicates the contact times, for an O/M ratio of 1.950, at which com-
plete closure of the gap between the fuel pellet and the cladding must be expected 
to occur at the point of maximum rod power (according to the material behaviour 
models used in the modelling calculations). 

After startup, the behaviour of the fuel is determined by restructuring, swelling 
and fission gas release. The higher the fuel temperature, the more pronounced the 
influence of the temperature dependent part of the swelling, and the greater the 
release of fission gas. While the increase in fuel volume due to swelling reduces the 
gap width and, hence, improves heat transfer, this improvement is counteracted by 
the fission gas release. In Fig. 32, the fuel behaviour resulting from the superposi-
tion of the two effects is plotted for a pellet with nominal values of the Pu contents 
(25%) and fabrication gap widths (75 /¿m) for the two O/M ratios (1.950 and 1.965). 

3.6. Frequency of occurrence of certain operating conditions 

For final assessment of the influence of variations in the fabrication 
parameters, the field of operating parameters represented in Figs 25-31 must be 
superimposed on the distribution of frequencies of the respective combinations of 
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parameters; this has been done in Figs 14-23. They represent the innermost right 
hand part of Figs 25-31, in which there are high central temperatures and small gap 
widths. In addition to the lines of equal probabilities of occurrence of specific 
parameter combinations, these figures indicate limiting curves for adverse operating 
conditions. The limiting curves for adverse operating conditions were defined as fol-
lows: closure of gap during startup (ó = О); and exceeding a central temperature 
of 2873 K. 

The interpretation of the figures can be explained in the following example. 
The Mark la core of the SNR 300 comprises, in total, about 4.3 X 106 fuel pellets 
at BOL. About 1.2 x 105 of these pellets are in the range of operating conditions 
considered in the study. In this case, a point on the line 10~5 means that the respec-
tive parameter combination is expected with 1 or 2 fuel pellets. The total probability 
for the occurrence of adverse parameter combinations is the integral of the probabili-
ties in the critical region beyond the two limit lines. 

As can be seen from Figs 14, 16, 18, 20 and 22, the frequency of adverse com-
binations of parameters is small whenever the variation in the plutonium content in 
the pellets is small (a = 0.0033) and the O/M ratio is 1.965 or higher. In this case 
also the effect of the mean value of pellet diameter deviating from the nominal value 
is not significant. There is a higher probability for adverse combinations and a 
stronger effect by production parameters when the O/M ratio is reduced to 1.950. 

Much more unfavourable conditions prevail in the case in which a relatively 
large scatter (a = 0.01) of the plutonium content is permitted (Figs 15, 17, 19,21 
and 23). The geometric variations in fabrication are then felt much more strongly. 
If we consider cases in which the nominal value of the specified pellet diameter is 
identical to the mean value of the diameters of fabricated pellets, the probability of 
adverse parameter combinations increases by almost two orders of magnitude with 
increasing standard deviation (Figs 15, 17 and 19). 

If one now compares fabrications with the same standard deviations but differ-
ent positions of the most frequent pellet diameters (Figs 15 and 21, 14 and 20, 17 
and 23, 16 and 22), one finds an increase of one order of magnitude in adverse 
parameter constellations leading to the 'ô = 0' criterion. The simultaneous decrease 
in the frequency of parameter combinations leading to T > 2873 К is less 
pronounced, especially when fabricating with higher variation. A comparison of 
Figs 19 and 21, and 18 and 20 leads to the conclusion that, with respect to the 
number of adverse parameter combinations leading to ô = 0, a shift of the mean 
value has the same influence on the number of adverse parameter combinations as 
fabrication with a very broad variation. 

3.7. Conclusions 

Variations in fabrication parameters have a local influence on the in-pile 
behaviour of fuel pins. For this reason, the study was limited, in the representation 
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of its results, to a pin cross-section. This was put at the point of maximum rod power, 
for which a nominal value of 355 W/cm was chosen, according to the nominal 
operating condition of an LMFBR fuel pin of the Mark la type. 

The study has concentrated only on the in-pile behaviour at BOL and selected 
fuel centreline temperature and residual gap width after attaining full power as the 
characteristic parameters. 

The aim of the various modelling calculations was to show how large the prob-
abilities of occurrence of certain combinations of fabrication parameters are if the 
actual values of the parameters themselves follow a defined distribution within the 
respective tolerance limits. The different parameter combinations result in different 
in-pile behaviour situations. Two criteria were chosen for the evaluation of these sit-
uations! a residual gap width after attaining full power equal to zero (<5 = 0) and a 
fuel centre temperature of 2873 K, which is about 100 К below the melting point. 

It was demonstrated that the total probability for the occurrence of adverse 
parameter combinations in the critical region beyond the two limits of ô = 0 and 
T = 2873 К is low if the variation in the plutonium content is small. 

The study has further shown that the effects of variations in the actual dimen-
sions of the gap as fabricated, as long as they are within a given tolerance band, are 
the smaller the narrower the variation in the plutonium content of the fuel content 
can be made. 

The frequency of adverse parameter combinations decreases if the distribution 
of the pellet diameters and the inner diameters of the claddings are close to the mean 
value. If the mean value equals the nominal value, the occurrence of adverse 
parameter combinations can be neglected. The situation is more critical if the mean 
value differs from the nominal value. This aspect must be taken into account in the 
design of the fuel pins. 

The same attention must be paid to the variation in the O/M ratio from the 
nominal value (1.965) to lower values; this increases the total probability of the 
occurrence of adverse parameter combinations. 

For fuel pins operated at lower peak loads and those parts of the fuel pins that 
fall outside the range of operational conditions considered in this study, variations 
in the fabrication parameters, plutonium content and dimensions of fuel pellets and 
cladding have a less pronounced effect on in-pile behaviour at BOL. This also applies 
to higher O/M ratios for fuel pellets. 

The influence of adverse operational conditions is taken into account in the so-
called hot spot analysis of the in-pile behaviour of fuel pins. The results of the analy-
sis demonstrate the tolerance bands that are acceptable for safe and reliable operation 
of the fuel pins in the reactor core. 

The present study is a sophisticated expansion of some selected topics of hot 
spot analysis. It points the way to a quantitative evaluation of the influence of the 
tolerance bands of different fabrication parameters on the in-pile behaviour when 
taking into account the distribution of the actual values of these parameters within 
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the respective tolerance limits. The methods applied can be extended to other 
parameters being considered in hot spot analysis. 
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