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FOREWORD 

The OECD/NEA Nuclear Science Committee set up in June 1992 a Working Party on Physics of 
Plutonium Recycling. It deals with the status and trends of physics issues related to plutonium recycling 
with respect to both the backend fuel cycle and the optimal utilisation of plutonium. For completeness, 
issues related to the use. of the uranium coming from recycling are also addressed. 

The objectives set out are: 

l To provide the Member countries with up-to-date information on: 

- The core and fuel cycle issues of multiple recycling of plutomum in partly-loaded LWRs 
with MOX fuel, and full MOX fuel recycling LWRs cores; 

- The flexibility of fast reactors to produce or burn plutonium within standard fuel cycles 
(ex.: using MOX fuel), or advanced fuel cycles (ex.: metal, nitride fuels); 

- The core and fuel cycle physics issues related to the use of plutonium fuel without uranium 
(e.g., plutonium in inert matrices) to enhance plutonium burning capability; 

- The physics issues related to the use of uranium from recycling, and; 
- The core and fuel cycle issues of recycle of plutonium through advanced converter; 

l To provide advice to the nuclear community on the developments needed to meet the 
requirements (data and methods, validation experiments, strategic studies) for implementing the 
different plutonium recycling approaches. 

A co-ordination with complementary studies performed by other task forces/working parties of 
NSC and by other committees is in place. 

The Working Party met three times: once in 1993 to better define the studies to be undertaken and 
twice in 1994 to discuss results and finalise the reports describing them. About seventy experts from 
thirteen countries have contributed to this work. The results are summarised in the present volume. 

This general volume addresses the issues as seen from the physics point of view and puts into 
perpective the experience gained. It summarises the results obtained from a series of “benchmark’ 
studies covering physics problems arising from different recycling scenarios. These specific studies, of 
great interest to the scientific community, are the object of four further volumes. 

Finally some further investigations that should answer the questions concerning the physics 
limitations to multirecycling of plutonium in LWRs are proposed. 

This report is published on the responsibility of the Secretary-General of the OECD. The opinions 
it expresses are those of their authors only and do not represent the position of any Member country or 
international organisation. 
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EXECUTIVE SUMMARY 

The future of the nuclear industry will depend crucially on considerations of economics, resource 
utilisation and environmental impact/waste management. For nuclear utilities who opt for reprocessinp/ 
recycling of spent fuel, one of the main issues pertinent to these three areas is that of recycling 
plutonium. Moreover, with the recent commitment to reduce the nuclear weapons stockpiles, there has 
been renewed and generalised interest in the capabilities of both thermal and fast reactors to help make 
weapons grade plutonium less readily accessible for use in weapons. Additionally there is renewed and 
widespread interest in the possible role of fast reactors in burning minor actinides. For all these reasons 
the OECD/NEA Nuclear Science Committee decided to convene an international study group, the 
Working Party on Physics of Plutonium Recycling (WPPR), to review the physics aspects of plutonhrm 
recycle. 

The remit of the WPPR was broad, covering most of the plutonium recycle systems, including the. 
mainstream thermal reactors, (Pressurizcd Water Reactors and Boiling Water Reactors), advanced 
converter thermal reactors and fast reactors. The Study commissioned benchmark studies in areas it 
considered to be of particular interest. 

l A first set investigated particular issues related to mixed oxide (MOX) usage in PWRs with 
plutonium both of typical ’ and poor isotopic quality. This last plutonium is expected to become 
available for recycle early in the next century when multiple recycle of plutonium, as PWR 
MOX, could be expected to be. implemented. The benchmarks were designed to question 
whether present nuclear data and lattice cc&s are likely to require further development and 
validation to be able to satisfactorily calculate the core physics performance with such 
plutonium. 

l A second set of benchmarks examined fast reactor systems to determine the level of agreement 
as to the rates at which plutonium can be burnt and minor actinides can be fissioned, in 
particular in order to reduce the source of potential radiotoxicity. Of special interest were 
studies focused on fast reactor systems ,which then are optimised for consuming plutonium 
rather than establishing a breeding cycle, me physics of which has been widely investigated. 
Such systems may have an important role in managing plutonium stocks until such time that a 
major programme of self-sufftcient fast-breeder reactors is established. 

1 e.g.. at fuel discharge with burnup of 33 MWdkg. 
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The report organisation and main findings are as follows: 

Chapter 1 sets the scene for the report and introduces each of the subsequent chapters. 

Chapter 2 reviews all the aspects of the physics of plutonium recycle in PWRs and BWRs. 

Chapter 3 discusses the findings of the first two benchmarks. The agreement between the various 
solutions is not completely satisfactory: whatever the benchmark considered, the spread in k-infinity is 
not less than 1%. Furthermore, this spread in k-infinity could translate in a much larger spread in the 
plutonium content required to achieve the given reactivity lifetime. This means that there is still a need 
for improvement in both methods, e.g., self-shielding treatment of Pu-242, and basic data for higher 
plutonium isotopes and minor a&ides. Further experimental validation would also be needed, in 
particular for integral parameters, e.g., reactivity coefficients, in the case of degraded plutonium 
isotopic composition. In general, this report underlines that recycle of plutonium in LWRs offers a 
practical near term option for extracting further energy from LWR spent fuel and reprocessed 
plutonium. Multirecycling of plutonium in PWRs of current design beyond a second recycling can have 
intrinsic limitations and the related physics issues have been considered, in particular the plutonium 
content limitation to avoid positive void effects and the minimisation of minor actinide production 
during multirecycling. The conclusions reached in this report indicate a good understanding of the 
physics, although further scenario-type studies (including lattice optimisation) would be needed. 

Chapters 4 and 5, devoted respectively to plutonium recycling and waste radiotoxicity reduction and to 
me role of fast reactors, indicate that the fast burner reactors / LWR symbiosis offers a potential for 
significant nuclear waste toxicity reduction by further extraction of energy from me multicycled LWR 
spent fuel and reprocessed plutonium. However, it has been stressed that for the long term, me best use 
of plutonium is still in fast breeders. Concerning physics issues, the plutonium-burner fast reactor 
physics benchmarks display a larger spread in results among participants than has been experienced for 
more conventional breeder designs, High leakage cores, higher content of minor plutonium isotopes and 
higher actinide isotopes all need further validation work, including critical experiment performance. 

Chapter 6 provides a review of the topic of plutonium fuel without uranium. By using inert carriers for 
plutonium it is possible to avoid the production of fresh Pu-239 from U-238 captures, This is a topic 
which has been investigated in the past but is presently of relevance to explore the highest plutonium 
burnup rates in fast and thermal reactors. New research and development is under way to find potential 
fuel candidates. The work in this field is closely related to the so-called heterogeneous recycling of 
minor actinides (i.e. Am) in me form of targets baaed on inert matrices 

Chapter 7 reviews the possible role of advanced converter reactors as an intermediate step between 
today’s thermal reactors and future fast breeder systems. Advanced converters are thermal reactors in 
which me conversion ratio is significantly increased above that which conventional thermal reactors can 
achieve. 

Chapter 8 finally provides a brief review of the physics of recycling uranium recovered from spent fuel 
reprocessing. Although not directly relevant to the subject of this Study, it was felt important to include 
this for completeness given the close relationship between uranium and plutonium recycle. 

Chapter 9 finally gathers the overall conclusions and gives some recommendations for future 
co-ordinated international work, in particular related to possible limitations in MOX muldrccycling 
in LWRs, nuclear data needs and experimental work 
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Chapter I 

INTRODUCTION 

The future shape of the nuclear industry world-wide will be strongly infhrenced by three major 
considerations - economics, optimal use of finite resources, and environmental impact/waste 
management: 

l Economics 
There is generally increasing pressure on nuclear power to be genuinely economically 
competitive with other large scale energy sources, such as coal, oil and gas. Developments such 
as improved coal burning systems and combined gas cycle power plants are changing the 
economics of the fossil sector and increasing the pressure on nuclear utilities to reduce capital 
and operating costs while not compromising safety. 

l Resource uMis&~on 
Another factor which is becoming increasingly important is that of making the best use of the 
world’s finite energy resources. The important considerations here are increasing power plant 
efficiency, energy conservation, improved energy efficiency and improved fuel utilisation. 

l Environmental impacthvaste management 

There is increasing public awareness of the importance of proper accounting of the 
environmental impact of energy production and use. The emphasis is on global analyses which 
account for all of the environmental effects of energy production wherever they occur and not 
just on the impact on the area local to a power plant. This is an area where it can be very 
difficult to quantify all of the environmental costs and benefits, making comparisons between 
different strategies very difficult. A crucial element of minimising environmental impact is the 
responsible management and minimisation of all waste arisings and there is increasing 
understanding of the need for planners to take proper account of the full costs to society of 
waste managementkiisposal in intercomparing the costs of energy production among various 
alternatives. No matter what the energy source, past practice has often been to neglect the full 
enviromnental and health costs of waste disposal, an approach whose shortcomings are now 
recognised. For example, disposal of CO2 to the atmosphere carries no costs in most analyses of 
fossil plants, while decommissioning costs are often ignored for plants other than nuclear. 

Moreover, the issues of safety and non-proliferation, while not quantifiable like economics, 
resource utilisation and environmental impact, must be accounted for because of the necessity for the 
widespread public acceptance of any options selected for the future nuclear industry. It hardly needs 
saying that the safety of all activities associated with nuclear power is of paramount importance. 
Although some of the physics and engineering aspects referred to in this report impinge on questions of 
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safety, detailed discussion falls outside the scope of this Study. As with safety issues, the question of 
non-proliferation also falls outside the scope of this Study. All of the plutonium recycle activities 
described in this report will need to conform to the highest standards as regards non-proliferation and 
verification. 

The management of spent fuel from nuclear reactors and a full understandhrg of the underlying 
scientific issues are crucial to all of the above areas. There are a number of options for spent fuel 
management, ranging from interim storage followed by direct disposal of the intact fuel assemblies to 
chemical reprocessing of spent fuel assemblies and recycling of some or all of the iissile materials 
recovered in either thermal or fast reactors or via a combination of both. There is at present no clearly 
accepted best option and there is a tendency for each country and indeed each nuclear utility within a 
country to have its own viewpoint and its own preferred strategy. It is therefore essential to clarify as 
far as possible the scientific issues related to the different options. 

Regarding the economics of nuclear power, the choice of spent fuel management strategy has a 
modest but nevertheless significant impact on overall generation costs. Economics of plutonium and 
uranium recycling have been well studied and an account can be found in recent OECD publications 
(Plutonium Fuel: An Assessment, OECD/NEA, 1989 and Economics of the Nuclear Fuel Cycle, 
OECD/NEA, 1994). Only a few facts are reminded here that help putting into perspective the physics 
issues discussed in the present report, Spent fuel management normally constitutes about 15% of the 
fuel cycle costs of a thermal reactor such as a Pressurised Water Reactor (PWR) or a Boiling Water 
Reactor (BWR), although it can be substantially larger in countries whose projected costs of waste 
management facilities are particularly high. Although spent fuel costs are very large in absolute terms, 
their impact on overall generation costs are very modest, bearing in mind that fuel cycle cost component 
of modern PWRs and BWRs typically only represents about 20% of the overall cost (the other 80% 
being made up of capital charges for the nuclear power plant, which is the dominant cost and operating 
and decommissioning provisions). 

The spent fuel management strategy which a nuclear utility opts for in the context of a national 
policy has a direct influence on resource utilisation. In fact it is well known that a once-through thermaI 
reactor fuel cycle with ultimate direct disposal of spent fuel does use only part of the original uranium 
ore (approximately 1%). In order to conserve uranium reserves (if this objective is of relevance), recycle 
ilssile materials from spent fuel may be envisaged so that increased amounts of energy from the 
uranium ore are extracted. This may extend to re-use of the residual U-235 and tlssile plutonium in 
spent fuel in thermal reactors to recycling of these products in fast reactors. Studies show that the 
impact of the various options available on resource utilisation ranges widely, from a modest figure of 
perhaps 30% increase in energy output per kg of uranium ore to the case of one-time recycle in thermal 
reactors to a factor of up to 100 times in the case of extended recycle in fast reactors. 

Finally, there is the issue of the environmental impact of spent fuel management. A nuclear power 
plant operating normally retains all but a minuscule fraction of the fission products and transuranics in 
the spent fuel. The spent fuel management option chosen by the utility determines the eventual fate of 
these radioactive by-products. As for plutonium, its presence in spent fuel or radioactive waste intended 
for geologic disposal has a significant impact on the long-term potential radiotoxicity source. 

Underlying all the issues touched on so far are the technical questions and the physics issues 
relating to the recycling of plutonium. In line with the discussion above, attitudes to plutonium 
management vary from country to country and from utility to utility. Some see plutonium as a 
constituent of spent fuel which is best committed to direct disposal along with the intact fuel assemblies. 
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Others with past or future reprocessing commitments vary in their attitude to the plutonium. Some 
regard plutonium as a liability and others as a valuable energy resource. The new issue of the use or 
disposal of ex-weapons plutonium is a further complicating factor with many wide ranging implications, 
although it forms only a small fraction of current world-wide reserves. 

This Study was initiated with the intention of comprehensively reviewing the current status of the 
physics of plutonium recycle, as a contribution to a wider understanding of the broader issues discussed 
above. It complements another recent study carried out in the frame of the Nuclear Development 
Committee, and being published by the OECD/NBA on the available technologies for plutonium 
management. 

The physics of plutonium recycle is a broad and complicated technical area some aspects of which 
are well understood and well proven, while others may be uncertain to a greater or lesser extent or even 
very speculative. The purpose of this Study is to review the physics of plutonium recycle as it stands 
today and to identify what tasks remain to be done to support future plutonium recycle strategies. 
Although it is not the purpose of the Study to fully examine all aspects of plutonium recycle such as 
waste management, proliferation and risk, it is not practical nor is it appropriate to entirely divorce the 
physics issues from them. Consequently this Study will specifically address amounts, compositions and 
toxicities of plutonhnn and transuranic flows and inventories as they are impacted by various choices 
for managing the back-end of the fuel cycle. Also addressed explicitly are the impacts of reactor safety 
and safety of alternative systems. 

The various chapters of this report consider the following broad areas: 

l Thermal reactor plutonium recycle 
With the large scale deployment of fast reactors a distant prospect in most countries, many 
nuclear utilities are plannhtg, or have already implemented plutonium recycling schemes in 
thermal reactors, principally PWRs (though there is limited experience and plans for future 
plutonhun recycle in BWRs). Plutonium is normally recycled as Mixed Oxide (MOX) fuel in 
which it is mixed with uranium dioxide (UOZ) in the form of plutonium dioxide (PuOz). 
Regarding the use of MOX derived from current reprocessing plants in PWRs at least, the 
physics aspects are essentially fully understood and give rise to no operational, licensing or 
safety concerns in those commercial power plants where it is already in use. Uncertainties are 
always present, of course, but their importance increases in significance when considering 
future MOX fuel cycles with higher discharge bumups and consequently higher initial 
plutonium contents. This is compounded when the plutonhnn itself may be recovered from spent 
MOX fuel assemblies which have themselves been reprocessed and the isotopic quality of the 
plutonium (meaning the ratio of thermally tlssile isotopes Pu-239 and Pt.241 to total 
plutonium) is degraded. This is a situation which is likely to arise in some countries with mature 
programmes of thermal reactor recycle starting sometime beyond the turn of the century. Since 
this is the area where the greatest unknowns and uncertainties lie, the issue of multiple recycle 
of plutomum in thermal reactors is a central theme of this Study and forms the basis of the 
thermal MOX benchmark exercises described in Chapter 3. 
In the context of multiple recycle of thermal MOX, the question most often posed is “how many 
times can thermal MOX be recycled”. This question which is discussed in Chapter 2 is of 
particular relevance. In fact, each time thermal MOX is recycled, the isotopic quality of the 
plutonium degrades and there will come a point where its further recycle in thermal reactors is 
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not practicable. Even if all the physics issues associated with multiple recycle were understood 
perfectly, this question could not be answered simply, because it depends on the particular 
scenario, especially on the ratio in which UO2 and MOX assemblies are blended in the 
reprocessing operations, In current thermal reprocessing plants it is not desirable to process 
campaigns made up entirely of MOX assemblies and the intentions are to admix MOX 
assemblies with U02. This delays the degradation of the plutonium and allows an increased 
number of recycles to be achieved. Other factors affecting the number of thermal recycles are 
the reactor type, the fuel design and the discharge bumup, all of which would contrive to 
complicate the answer. 
A simpler approach to the question is, however, possible. It involves asking not how many times 
MOX can be recycled, but what is the maximum concentration of plutonium in thermal MOX 
that is practicable. Although the exact answer is not yet known, this Study has concluded 
tentatively that the upper limit lies in the range 10 to 12 w/o total plutonium, assuming thermal 
MOX designs similar to those already in use today. For blending ratios foreseen in today’s 
reprocessing plants (typically three or four UOz assemblies blended with every MOX 
assembly), this would permit at least two recycles of plutonium as thermal MOX. With a 
higher blending ratio or with a modified lattice geometry, an increased number of recycles could 
be possible, but the precise number is not yet determined. Moreover, actinide buildup during 
multiple recycling, whatever the moderator-to-fuel ratio, will increase and can become a 
potential criterion for multirccycllng feasibility. ‘IhIs point is discussed in Chapter 4. 

l Thermal benchmark exercises 
Benchmarks relevant to the recycling of plutonium in PWRs were specified as part of the Study. 
One of these was a wide comparison of lattice code predictions for a simple LWR pin cell with 
plutonium of good isotopic quality representative of that coming from today’s commercial 
reprocessing plants. For this case there exists a large amount of crucial validation evidence in 
the form of experimental measurements from zero power critical facilities and operating 
experience in power reactors. It was included so as to act as a baseline against which to 
compare a similar exercise in which very poor quality plutonium similar to that which might 
arise in future with multiple recycling in PWRs (i.e. when PWR MOX assemblies are 
themselves reprocessed and recycled) and for which there is no validation at present. Finally, a 
void effect benchmark was specified to determine whether the various physics codes available 
world-wide would agree as to the sign of the moderator void effect in a hypothetical and 
computationally challenging voiding pattern in a supercell containing a MOX assembly also 
containing poor quality plutonium. The analysis of these benchmarks is detailed in Chapter 3. 

l Plutonium recycling in fast reactors 

Chapter 5 considers the physics of plutonium recycle in both oxide fuelled fast reactors 
(withconventional PUREXbased recycle) and metal alloy fuelled fast reactor systems 
(with PYR0-based recycle). Two topics of particular interest today are the potential of fast 
reactors for consuming plutonium and fissioning minor actinides because burner reactors have 
not received the same level of focus in the past as breeder reactors. These two topics underlie 
the fast reactor benchmark exercises which were devised as part of this Study. A major driving 
force for the Study was the lack of international validation in this area. 
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l Fast reactor benchmark exercises 
Benchmark exercises were defined for both oxide fuelled fast reactors and metal alloy fuelled 
fast reactors. The purpose was to establish the level of agreement between different fast reactor 
code systems regarding the rate of destruction of actinides and plutonium in particular. A novel 
aspect of the benchmarks is the departure from the usual assumption of a fast reactor breeder - 
cases with non-breeding fast reactor systems (with conversion ratios in the range 0.5 to 1.0) 
were considered. At least as far as a breeding ratio of 0.5 is concerned, existing fast reactor 
designs could easily be redesigned to become non-breeders simply by omitting the radial 
breeder region. 

In addition to the two main areas above, this report also looks at two other aspects of plutonium 
recycle and also the topic of uranium recycle: 

l Waste and radiotoxicity reduction 
Recycle of plutonium has an important impact on the waste arising and on its radiotoxicity. In 
the long term, the radiotoxicity is dominated by the arisings of transuranics which can differ 
significantly depending on the plutonium recycle strategy. In particular, fast reactors can be 
used to achieve considerable reductions in the transuranic arisings per unit of electricity 
production. Chapter 4 considers the physics basis underlying this. 

l Plutonium fuel without uranium 
There has recently been increasing interest in using specially designed thermal reactors to 
optimise the management of civil plutonium stocks, The objective is to remove the plutonium 
from store and place it in-reactor where it is inherently more safeguardable. There is also a 
great deal of interest in the possibility of using ex-weapons plutonium for reactor fuel as a 
means to decrease the world stockpiles of plutonium pits. The concept of plutonium fuel with a 
carrier other than uranium has been extensively studied in the past and there is renewed interest 
since it offers the potential for incinerating plutonium by fission without at the same time 
generating any new F’u-239 from U-238 captures. Chapter 6 covers both thermal and fast 
reactors with plutonium fuel without uranium. 

l Recycling of plutonium in adVMCed converter reactors 
Chapter 7 provides a brief review of advanced converter reactors and their relevance to 
plutonium recycle. These are thermal reactors which are optimised to achieve high conversion 
ratios and, in the case of heavy water moderated variants, low tissile inventories. The low 
critical mass can allow the Assile content of discharged fuel to be burnt down Tao the point where 
recovery of the residual fissile material is not worthwhile. Advanced converter reactors 
therefore represent an intermediate step between today’s thermal reactors and fast breeders, 
either as the final irradiators before disposal, or as an “active store” for plutonium in the interim 
period. 

l The use of recycled uranium 
Chapter 8 provides a brief review of the physics of recycled uranium. Although this is not 
directly relevant to the topic of the Study, this is included for completeness because not only 
plutonium but uranium as well is a product of recycle. 
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Chapter 2 

PHYSICS AND SOME ENGINEERING ASPECTS 
OF PLUTONIUM RECYCLING IN LIGHT WATER REACTORS 

This chapter deals with the neutron physics aspects of plutonium (Pu) recycling in PWRs and 
BWRs. In addition, such engineering aspects as mechanical and chemical properties of MOX are also 
discussed. The results of the physics investigations arc compared with measurements from critical 
experiments and measurements from LWR power reactors. The issue of multiple recycling of Pu in 
LWRs will need further investigation in due course. 

2.1 Introduction 

Considerable amounts of Pu are generated in uranium fuelled light water reactors (LWRs). About 
220 kg of fissile Pu are available per 1 GWy from discharged fuel. Pu recycling in LWRs is beneficial 
with respect to resource, environmental and safeguards considerations. This chapter presents a review 
mainly of the reactor physics aspects of Pu recycling in LWRs. In particular, it identifies those aspects 
of reactor physics which are already well proven and those which have yet to be fully established, such 
as multiple recycling. Economic questions are outside the scope of this review, but the experience of 
recycling of Pu in LWRs is one of the main items. 

We will deal specifically with Pu generation and consumption in LWRs and high burnup fuel 
utilisation concepts. The investigation of neutron physics aspects will be the central part of this Chapter. 
MOX design problems and verification of Pu recycling in PWRs and BWRs via benchmarks, critical 
experiments and with LWR reactor cores containing MOX will be discussed in detail. A consideration 
of material properties of MOX fuel as regards fabrication and reprocessing will also be given. 

This overview will summarise the present status of various Pu recycle concepts, their technical 
feasibility and the practical limits in reducing Pu quantities by burning in LWRs. 

2.2 Plutonium utilisation concepts in LWRs 

2.2.1 Plutonium generation in LWRs 

As there is no significant difference in the neutron spectra of different LWRs, the Pu production at 
present day bumup values (up to about 45 MWdkg) is about 220 kg fissile Pu (Pu-239 + Pu-241) 
per GWy. The final burnup of unloaded UO? fuel assemblies governs the isotopic composition of the Pu 
as is shown in Figure 2.1 for a fuel assembly with an initial enrichment of 4 w/o U-235 in a modem 
PWR. Only the Pu-239 concentration decreases with irradiation from its highest value, because in-situ 
production of fresh Pn-239 is insufficient to offset the removal rate. In contrast, the concentrations of 
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the other Fu isotopes increase with burnup, reflecting the high rate of neutron captures. Of principal 
interest for Pu recycling are: 

l The content of thermal tissile Pu isotopes F’u-239 and PI-241, 

l The disadvantage for nuclear design of increasing amounts of thermally non-fissile Pu-240 and 
Pu-242, 

l The increase of Pt.238 and F’u-241. 
These are the main sources of radiation (neutrons from Pu-238, gammas from decay of Pu-241 
via Am-241) and decay heat (from Pu-238). which are important considerations for the 
fabrication and handling processes. 

2.2.2 Plutonium utili.vat?on strategies 

Since any design of MOX fuel assemblies and MOX containing cores has to obey the same safety 
requirements as UOZ cores, Rubearing fuel rods and fuel assemblies have to meet the same thermal and 
mechanical limits as specified for UOz fuel. 

Specific additional costs associated with the fabrication of MOX fuel, which are thought to be 
significantly reduced at increased throughputs, give an incentive to select the Fu concentrations as high 
as possible consistent with nuclear and thermal limitations. 

Related to the MOX content of the cores me following cases are of interest [l]: 

. Self generated recycling (SGR) assumes that only a F’u quantity equivalent to that previously 
generated in the same power station will be recycled, allowing for a delay of some years 
following discharge for pond cooling, reprocessing and fabrication; 

l Open market recycling (OMR) allows an earlier start to recycling through the availability of Ru 
from other reactors and also allows higher MOX fractions in the core than is possible with 
SGR; 

l A thermal Pu burner with 100% MOX fuel (i.e. without UOa fuel assemblies) is the limiting 
case of OMR. As there are no UO2/MOX tmnsition effects to be concerned about, this allows 
tbe MOX fuel assembly and core designs to be optimised and simplified and still satisfy the 
safety requirements, though there may be requirements for upgraded control rod and boron 
systems. 

22.3 MOXfiel assembly concepts for PWRs and BWRs 

To make the use of F’u in LWRs as competitive as possible there is not only the need to concentrate 
the Pu in the fewest number of fuel rods but also in the minimum number of fuel assemblies to minhnise 
the additional costs for fabrication and transportation. 
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Interface effects between IJOa and MOX have very important influences for the design of MOX 
assemblies for both PWRs and BWRs. For me latter there are also the water gaps between assemblies 
and inner water areas inside assemblies, both of which have important additional influences on the 
MOX assembly design. 

Two assembly configurations have been investigated and tested in the past [2]: 

l The ‘pLuronium island” assembly. This is an assembly with the MOX fuel rods located in a 
central zone and enriched uranium rods at the periphery. This concept appears more suited for 
BWRs or any reactor having large water gaps between assemblies; 

. The “all plutonium” 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 are 
corrected by an adequate choice of enrichment zoning. New proposals for BWRs USC this 
contlguration type, too. 

In the centre part of a MOX rod area the plutonium content is selected high enough to satisfy the 
required reactivity and bumup. There is a tendency to have rather large areas of this kind. This favours 
fuel assemblies with MOX rods only, where the fissile plutonium content must be lowered only in the 
outer rods to avoid the power peaking induced by the thermal flux of the surrounding uranium fuel and 
moderating water areas. 

Up to now, a significant fraction of MOX fuel assemblies have used natural uranium as the carrier 
material. Depleted uranium produced downstream of uranium enrichment plants as a waste product 
(tailings) with a U-235 concentration of 0.2 to 0.3 w/o is now considered a more attractive carrier 
material and is currently used in more than 60% of all MOX assemblies fabricated. Owing to their low 
tlssile uranium content, uranium tailings offer the opportunity of maximising the plutonium content. 

‘Ibere is a general tendency toward increased bumup levels, This is especially advantageous for the 
economics of MOX fuel assemblies and leads again to higher fissile plutonium concentrations. 

Figure 2.2 and Figure 2.3 show examples of the design of MOX fuel assemblies in use in German 
[3,4] and French [5] PWRs. Figure 2.4 shows me MOX assemblies fabricated for insertion in 
Gundremmingen B/C. Finally Figure 2.5 shows a MOX assembly with improved water structure for 
future use in BWRs [3,4]. Also undergoing the licensing process are MOX fuel assemblies (FA) 
designed by SVEA which give improved inner moderation. 

Hexagonal MOX fuel assemblies proposed for WWER-1000 reactors also incorporate three 
regions of different Pu content. To achieve a bumup of about 40 MWcUkg, Pu contents of 
1.6/4.0/6.3 w/o are required in regions of 66/48/198 fuel pins respectively, using U-tails as carrier [6]. 

2.2.4 Improvedfiel utilisolion, ml&recycling strategies 

The present trend is to increase the tlssile content of UOz fuel assemblies to reach higher bumups. 
This trend is of interest for me MOX fuel assemblies, too, especially since the fabrication cost is 
essentially independent of bumup On the other hand, as a consequence of the in situ burning of Pu, the 
resource utilisation only improves slowly with bumup. 
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‘Ihe concept of a closed fuel cycle with reprocessing and recycling implies also the reprocessing of 
MOX fuel assemblies [3]. A separate reprocessing campaign for MOX would result in the extraction of 
poor quality plutonium (low fissile content higher Pt.238 content) from the fuel cycle. Present 
intentions, however, are to mix all available plutonium, thereby avoiding such a rapid degradation of 
plutonium quality. At the present time, the optimal strategies for multirecycling have yet to be clearly 
defined (reactivity coefficients, limitations on minor actinide production, etc.). Additional studies of the 
nuclear conditions are needed in this context. 

The resulting changes in the plutonium inventory of a PWR fuel cycle without and with recycling 
up to the third generation as function of time are shown in Figure 2.6 [7. 

2.3 Neutron physics 

2.3.1 General aspects [21 

Within the neutron spectrum typical of LWRs, Pu-239 and Pu-241 are me only tissile isotopes, 
although the other isotopes are lissile for high energy neutrons. Due to neutron-gamma reactions in 
competition with the fission reactions, the various plutonium isotopes are transmuted into plutonium 
isotopes of higher atomic mass. This coupled chain, containing two fissile isotopes separated by a fertile 
isotope, results in a variation of reactivity with burnup which is much flatter for MOX than for UO2 
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 UOZ fuel, providing better stretch-out capabilities. 

The variation of the cross-sections of plutonium isotopes with energy is more complex man for the 
uranium isotopes. The absorption cross-sections of the main isotopes @‘u-239, Pu-241) are about twice 
as important as for U-235 in the thermal energy spectrum, resulting in a relatively smaller reactivity 
value for the control rod worth or for the boric acid in a U0a-Pu0~ lattice. In addition, the absorption 
cross-sections of the plutonium isotopes are characterised by absorption resonances more numerous and 
much more important in the epitbermal energy range (0.3 to 1.5 eV) than those of the uranium isotopes. 
Moderator temperature and fuel temperature (Doppler) c&flcients are therefore more negative for 
MOX fuel than for UO2 fuel. 

The overlapping of all the plutonium isotopes and all their resonances makes the analysis of UOz- 
Pu02 lattices a challenge. 

The rather small differences between the isotopic composition of fission products from plutonium 
and uranium isotopes have multiple consequences, but generally result in lower overall fission product 
activity. 

The fission yield of iodine and its precursors is slightly higher from plutonium fissions than from 
uranium fissions. Besides the environmental impact, this feature might be expected to lead to a higher 
propensity for stress corrosion cracking and therefore pellet clad interaction 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 PWRs and negligible for BWRs. It may even be nil or beneficiaI if 
burnable poisons have to be used as a result of recycling plutonium. 
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Xe-135 is a strongly absorbing fission product, affecting the operation of a LWR in such areas as 
the reactivity margin (to allow for reactor start up within the hours following a shutdown), xenon peaks, 
and power distribution oscillations. It has approximately the same yield from uranium and from 
plutonium fissions. However, due to the higher absorption cross-sections of MOX fuel at thermal 
energies, the reactivity effect and power distribution oscillations are reduced. A plutonium recycle core 
is thus more stable with regard to xenon oscillations than current LWR cores, 

The fraction of delayed neutrons [8,9] produced by Pu-239 is only about one-third of the fraction 
produced by uranhtm isotopes. For Pu-241 the fraction of delayed neutrons is about the same as for 
U-235 (see Table 2.1). Consequently the contrast between MOX cores with respect to UOz cores is 
reduced for Pu of highly burnt fuels and is of no significance for control and safety behaviour. 

The activity inventory of equivalent UOZ and MOX fuel assemblies at the same power and burnup 
is determined by the fission products. As stated above the differences in fission product yields are small. 
For short times after shutdown and in accident conditions, the MOX fuel assemblies (FA) show a 
somewhat reduced activity for fission products and actinides. The decay for MOX is less steep, 
however, and so the advantage in favour of MOX has vanished by the time of unloading from the 
reactor core. For very long final storage times of burnt FAs or their reprocessing wastes, the 
contribution from the decay chains of actinides (such as Am-243, Cm-244, and Np-237) becomes 
dominant compared to fission products. 

Due to its long half-life, Np-237 dominates the toxicity of highly active waste after about 
10 000 years, Reactor designs with a reduced production of this isotope may be of interest. Some 
reduction could be reached by increasing the moderation ratio of the MOX fuel lattice. As significant 
quantities of Np-237 result from the decay of Pu-241 via An-241, short out of core times should be 
sought as far as possible, too. 

In the closed fuel cycle the activity level in the long term is less than that of the open fuel cycle 
because of the lower quantities of Pu following MOX recycle. Although minor actinldes enhance me 
activity initially, their half lives are generally fairly short and in the long term the plutonium dominates. 

A comparable behaviour can be found for the decay heat. The storage of burnt MOX-FAs in the power 
station leads under very conservative boundary conditions to a small but not limiting temperature 
increase in the storage pond, during tmnsport and at final disposal. 

This conclusion on activity and decay heat takes into account CEC studies completed in 1982 as 
well as actual results, and corrects the misleading conclusions drawn in the summary report of me 
CEC studies on “Conbol and safety of LWRs burning F’u fuel” [lo] 

2.3.2 Calculational methods 

This section addresses in general the question of nuclear data and methods for application to 
Pu use in LWRs. The particular emphasis will be to comment on aspects which are of importance in 
dealing with multiple recycling of Pu in LWRs. 
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The situation of nuclear data 

As a first comment, the nuclear data of all Pu isotopes should be taken from modem data libraries 
such as for example the European Joint Evaluated Files JEF-1 or JEF-2 [ll], the US ENDF/E-VI [12] 
or Japanese JENDL-3 [13]. These data were assessed in many international discussions and Enalised 
following these discussions. They have been checked carefully in applications covering both LWRs and 
fast reactors. These data have been available for some time from the OECD/NEA Data Bank. In case 
other data sets are used in calculations for Pu recycling as in the benchmarks (see Chapter 3) 
a comprehensive assessment of data differences is needed, which may subsequently help to explain any 
substantial differences in the final results and possibly indicate data which would need improvement 
(i.e., uncertainties’reduction). 

Similarly detailed attention should be given to the generation of effective group constants, 
especially if only a few neutron energy groups are used in me calculation. Here again fuel isotopes are 
me most important ones. The effective group constants are generated mainly by using the code system 
NJOY [14], also available from the OECD/NEA Data Bank and RSIC. 

As a special aspect, Pu-242 should be mentioned. In conventional LWR applications this isotope 
occurs at very low concentrations and needs no resonance self shielding treatment. But in multiple 
recycling schemes the concentration of Pu-242 is increased and resonance self shielding can no longer 
be neglected, as it will then have a significant influence on k-effective. 

As regards determining the coolant void coefficient when a large part of me core is voided, it is in 
principle necessary that the voided zones be. treated with a group constant set, generated with the harder 
weighting spectrum of the voided areas. This aspect is often neglected, and affects the reactivity change 
Akvoid calculated. 

Another effect that has to be considered is the following: the different Bssile isotopes, such as 
U-235 or Pu-239 have different fission spectra. lberefore in principle an average fission spectrum is 
needed, necessitating an iterative procedure in nuclear design calculations. K-infinity may change by up 
to 1% while the reaction rate ratio (i.e., U-235 fission to Pt.239 fission) can change up to 5%. 

A point worm noting is that me use of appropriate models for neutron scattering on Hz0 molecules 
is essential. The model used nowadays is that of Haywood [15]. With other simpler models 
(e.g., the heavy gas model), the thermal flank of the neutron spectrum in the thermal energy range is not 
properly described. 

Another important aspect is the treatment of gadolinium as a heterogeneous absorber in the form of 
rcdlets in the fuel bundle. Here the theoretical description is more laborious. The nuclear data used are 
sometimes uncertain and further improvement of the data should be sought. 

As a last point, me spatial shielding via me Dancoff factor gives non-negligible effects, especially 
with regard to the question of how the fuel clad is taken into account, or indeed whether it is accounted 
for at all. 

Many of the aspects mentioned above have been thoroughly studied in the context of investigations 
for the tight lattice Advanced Pressurized Light Water Reactor (APWR). The calculational methods 
have been checked against experimental results from me PROTEUS facility at PSI/Switzerland [ 161. 
A very comprehensive discussion of data and methods is given in [17]. 
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The determination of the space-energy distribution 

The methods used are conventional, with transport methods such as S,, collision probabilities, or 
Monte Carlo codes. ‘Ihese methods usually are very well tested. Recently nodal methods have attracted 
increased interest [18] for application in LWRs. They are also a very powerful tool because a reduction 
in computing time can be achieved. If those tools are used, then a detailed description of the fine flux 
reconstruction inside a calculational mesh has to be given [ 191. 

2.3.3 MOX design issues 

The neuuonlc design of Pu bearing fuel rods, fuel assemblies and cores has to take into account the 
conditions given by the established LWR technology. Changes in dimensions e.g., of fuel rods, rod cells, 
and fuel assemblies could cause incompatibility to existing PWR and BWR systems and could only lx 
realised in the case of new reactor systems. 

On the basis of elementary cells the changes in properties caused by me Pu content can easily and 
explicitly be d&cussed. The design of fuel assemblies reflects the need to ensure compatibility with UOz 
fuel assemblies as long as MOX and UO2 fuel assemblies are in the same reactor at the same time. So 
the MOX fuel assembly design takes place preferably in a geometric model including more than one 
assembly. As the cores have to obey many safety related and economic boundary conditions as well, the 
fuel assembly design is not independent of the core design. The properties of respective cells cannot 
answer the question on global core properties which are mainly dependent on the amount of MOX in me 
core. 

Plutonium-containing cells 

When comparing Pu containing cells with similar U02 cells, for given dimensions of fuel pellets, 
canning and lattice pitch, it emerges that me Pu content causes a hardened thermal neutron spectrum 
(Figure 2.7) and a stronger under moderation as shown in Figure 2.8, where k-inilnity is displayed as a 
function of tlssile content and moderation ratio. The optimisation of the initial reactivity at a given Pus. 
content of the fuel requires a widening up og me lattice, or, to me extent that this is forbidden for 
exixting reactors (especially so far PWRs), the changing of me rod/pellet dimensions as insertion of 
some water rods in the MOX lattice. With increasing moderation, however, the conversion ratio 
decreases. These two opposite effects favour unchanged MOX lattices as long as no other limiting 
conditions as e.g., a positive void effect at very high Pu contents, are reached. 

MOXfuel assemblies 

The neutronlc design of MOX fuel assemblies has to allow for the effects caused by neighbourmg 
fuel assemblies [4,5]. As long as IJO2 assemblies are in the core there must be provision made for me 
transition from the UOz neutronic spectrum to the spectrum in the MOX fuel rod arcas. The design and 
optimisation of me Pu content in the different types of MOX rods aimed at avoiding too high power 
peaking in the area of spectrum transition is normally supported by calculations with a sufftcient 
number of (thermal) neutron groups in a geometry including UOZ and MOX rods. Such a geometry can 
be treated by two-dimensional transport calculations using pin cell multigroup cross-section data of 
spectral burnup calculations or directly with two-dimensional multigroup spectral calculations. 
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In the centre part of a MOX rod area, the plutonium content haa to be high enough to provide the 
required reactivity [2,4]. It is generally advantageous to have rather large areas of this kind. This 
favours fuel assemblies with MOX rods only, where the fissile plutonium content must be lowered only 
in the outer rods in order to avoid the power peaking induced by the thermal flux of the surrounding 
uranium fuel. 

If burnup equivalence is required for MOX to UOZ fuel this has to be assured by core calculations 
for unchanged reload fractions and cycle length. A local power peaking form factor of 1.10 is obtained 
by using two to three plutonium content zones in the MOX fuel assemblies for PWRs. 

Two design aspects must be balanced: 

l The power distribution within the MOX arear surrounded by uranium rods must be flattened 
out by using a minimum of different tissile plutonium contents and adjusting the distribution of 
the respective rods; 

l The reactivity and bumup potential of the MOXfuel assembly must be adjusted with respect to 
the uranium fuel assemblies via its average tissile plutonium content. 

Therefore, in a PWR, design starts with a power distribution study in a macrocell model of a MOX 
fuel assembly surrounded by uranium fuel assemblies. For symmetrical fuel assemblies, the calculation 
can be done for oneeighth of a MOX fuel assembly with three-eighths of the uranium fuel assemblies 
building a triangle aa shown in Figure 2.9. 

In MOX fuel, there is an incentive to select the highest possible plutonium concentrations under a 
given power peaking limitation and to use only a minimum number of different plutonium contents. 
Thus, in the self-generated plutonium recycle mode, only one-third to one-fifth of all fuel rods in the 
reload and the core contaht plutonium, dcpcnding strongly on the average core burnup, the plutonium 
composition and the carrier material. 

Phi power reconstruction methods exist to include the rodwise results acquired during MOX-FA 
design into the core calculations with a small number of neutron groups (e.g., only 2) and coarse mesh 
representations (up to 1 box /FA). 

The design of the MOX fuel assemblies under the above mentioned conditions is such that, in 
conjunction with unmtxlitied reload strategies and an unchanged number of reload fuel assemblies 
(with or without U-Gd fuel assemblies), they achieve burnups comparable to uranhtm fuel assemblies 
and do not noticeably alter the length of the cycle. Early in life, this design approach produces slightly 
lower average linear heat generation rates than uranium fuel assemblies, together with a somewhat more 
wavy power distribution in the MOX-FAs throughout insertion, 

The same considerations are valid for MOX-FAs for BWRs and PWRs, respectively [4]. Whereas 
in BWRs the MOX-FAs are rather weakly intluenced by the surroundhtg FAs, they arc strongly 
influenced by the water gaps between the FAs and void fraction inside FAs. 

The extreme situation occurs when designing a 100% MOX-core. In this case there is no need to 
ensure compatibility with UOz-FAs. Moreover, there are no constraints on the assembly geometry and 
the rod and cell geometry can be altered to optimise the core for Pu use. As long as no other limits are 
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reached, one would use approximately the same moderation as in use in normal U-feed LWRs. For 
PWRs different Pu contents in the MOX-FAs are not necessary. However, in a 100% MOX BWR it is 
still essential, as a consequence of the water gaps, to have a Pu variation over the MOX-FA. 

MOX-conraining LWR cores 

Given MOX-FA designs which obey the requirements of design and compatibility with U02-FAs, 
the core properties are determined by the core loading pattern and are generally perturbed to an extent 
which reflects the MOX content. 

A prerequisite for plutonium recycling is the granting of a license for the use of MOX fuel 
assemblies in the reactor on the basis of given design requirements, Therefore, the technical feasibility is 
examined on the basis of realistic and enveloping designs. For this purpose, studies are carried out for 
different categories of rquirements, as shown in Table 2.2 [4]. On this basis the validated limits of 
MOX fuel use are defined in the licensing procedure. Within these limits, licensing for individual cycles 
is then simply a matter of proving that existing analyses cover the case at hand. 

Important cycle characteristics for various examples of PWR equilibrhtm cores with MOX fuel 
assemblies are listed in Table 2.3, [4]. The assessment of the core characteristics is considered with 
reference to the differences between MOX and uranium equilibrium cycles. With MOX fuel assemblies 
in the core, the more negative moderator temperature cocfftcient and the smaller boron worth are 
especially apparent. As regards the net control assembly worth for the stuck rod configuration at EOC 
in the hot-standby condition, data depend more on the loading scheme than on the fraction of MOX fuel 
assemblies in the core. Thus, the change from the traditional out-in reload pattern to a low-leakage one 
decreases the stuck rod worth enough to allow a MOX fraction of up to approximately 50% without the 
need for more control rods. 

Table 2.4, [4], illustrates important characteristics of an equilibrium core with 31% MOX fire1 
assemblies for a 13OOMWe BWR. Core loadings have been investigated with up to approximately 
50% MOX fuel and fissile plutonium concentrations providing sufficient reactivity to be equivalent to 
uranium fuel designed for an average discharge bumup of 45 MWd/kg. Especiahy in those cases of 
large amounts of tissile plutonium, it is important to mitigate the slightly less favourable neutronic 
characteristics of MOX fuel in comparison to uranium fuel, such as decreased control blade worth, 
burnable poison effectiveness, and increased void reactivity feedback 

Transient and accident analyses for LWR cores containing MOX fuel showed only small 
differences compared with those for pure uranium cores. For the rod drop accident as the limiting 
reactivity transient, the positive influence of the reduced control blade worth and the increased 
temperature and void reactivity feedback as well as the reduced number of delayed neutrons are 
important. Overall, no significant changes occur by the introduction of MOX fuel. 

Under realistic operational conditions, the more negative void coefticient will even lead to a more 
favourable behaviour during that transient in comparison with a core without MOX fuel assemblies. 
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23.4 Vetifuafion of pltionium recycle cases 

Measures to qualify the calculational methods to bc used in design and modehhtg of MOX 
insertion in LWRs take various forms: 

. Performing theoretical benchmarks, e. g., as performed by this working group, 

l Critical experiments for realistic fuel configurations by various interested organisations, 

l Special mcasurcments and normal core follow for MOX-containing cores, including post 
irradiation experiments as e. g., rod to rod relative power and bumup distribution inside FA and 
isotopic composition measurements. 

Because of the commercial implications, complete information on these verification and validation 
data is accessible only to the organisations directly involved. Only a survey from published results can 
be given in a report such as this. 

Theoretical benchmarks 

A CEC benchmark of 1977 on MOX pin cell bumup calculations for a PWR (SENA) and a BWR 
(Carigliano) showed k-infinity variations of up to about 10% for different codes [20]. 

Benchmarks related to tight lattice reactor concepts [21] covered different moderating ratios and 
voiding and suggest that practicable designs are feasible up to Pu contents of about 12 & 1%. 

The WPPR has defined a new set of benchmarks covering different Pu compositions and higher 
Pucontents to be used in future in LWRs. Their improved results, compared to the mentioned 
CEC benchmark of 1977, are presented in detail in Chapter 3. 

As the calculations are based at most on comparable nuclear data, an experimental verification 
would be of high interest. For better understanding the relevance of the calculations related to voiding, 
detailed calculations for reactors (e.g., threedimensional realistic reactor voiding) could be of 
significance. 

Critical experiments 

In relation to early Pu recycling programmes several (clean) crhicals have been measured, 
e.g., Battelle criticals [22] and Westinghouse criticals [23], (see Table 2.5). As they were carried out 
using low Pu content and also Pu of low Pu-240 content, they are no longer relevant to the present 
situation and to future validation requirements, except for the utilisation of military Pu. 

If Pu with large fractions of the higher isotopes is used at Pu concentrations which are not too high, 
the basic cross sections are sufficiently qualified with the relevant calculation methods so that there is 
no need for further clean critical experiments. But the measurements carried out in connection with the 
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design of an epithcrmal high conversion reactor (HCLWR) have relevance, especially in connection to 
the question of lhnits due to a positive void coefficient i.e., experiments in PROTEUS and EOLE [24]. 

The main questions related to starting large scale MOX use in LWRs that were answered by 
critical experiments performed since the early 70s were : 

l The spectral transition from UOZ- to MOX-areas, 

l ‘Ihe power distribution in the vicinity of UO&IOX-borders: 

l The reactivity worth of control rods, 

l ‘Ihe moderator temperature coefficient of such configurations, 

l The interpretation of local activation measurements and fission chamber signals, 

These prograrmnes were carried out at the zero-power facilities VENUS, KRIIZ, MINERVE and 
EOLE [5,24,25,26,27]. 

As early as the mid-60s, Belgonucl&ire and the Belgian Nuclear Research Centre (SCK-CEN) 
started a close collaboration to perform R&D experimental work on the use of MOX fuels in LWR 
lattices. A full series of critical experiments were conducted in the VENUS critical facility with SS-clad 
fuel rods containing a moderate amount of relatively clean Pu (> 80% Pu-239, 17.4% Pt-240) 
(see Table 2.6); fission density distributions were partlculsrly investigated around different lattice 
perturbations (water gap, absorbing rods, boundary MOX-UOz, etc.). 

In the early SOS, the same MOX rods were used in another series of experiments devoted to 
pressure vessel surveillance dosimetry, where computed and measured fission density distributions were 
shown to agree within a few percent. 

At the end of the 8Os, in the context of large-scale MOX utilisation programmes being considered 
in various countries and on the basis of their many years of expertise in the subject, Belgonucleaire and 
the SCK-CEN resumed their collaboration to implement the VENUS International Programmes (VIP); 
additional MOX rods were made available with up-to-date Pu amounts and isotopic vectors 
(Zr-clad about 62% Pu-239, about 24% Pu-240), and also a number of U02-GdaO, poison rods 
(see Table 2.6). A programme was devoted to Pu recycle in PWRs and another one in BWRs. Basic 
measurements such as critical mass, axial bucklings, radial fission density distributions and detector 
responses, were performed in VENUS within mock-up configurations representing as close as possible 
current BWR or PWR assemblies; several core loadings were investigated in detail. Typical ones for 
both series are illustrated on Figures 2.10 and 2.11, where the measurements are also compared with the 
results of Belgonucl&be computations; (C-E)/E values derived from SCK-CEN calculations have been 
presented at the Tel Aviv Conference [28]. 

Another VENUS programme is under way to investigate the reactivity effects of moderator voiding 
in MOX zones with different (high) Pu contents; critical masses, axial bucklings and fission density 
traverses are measured with and without a central void in the MOX zone, and corresponding 
calculations are being performed by all partners, 
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The KRIlZ facility is a flexible device for reactor physics measurements on water moderated cores 
of full length LWR fuel rods at temperatures up to 245’C. The programmes KRITZ-2 to KRITZ-4 
(as listed in Table 2.7) in the early 70’s were devoted to Pu recycling in BWRs and PWRs. 

KRITZ-3, conducted for Siemens with fuel that was later on inserted at KWO (NPP Obrigheim), 
refers to various PWR cores. The fuel region in each of these cores is approximately cylindrical with a 
radius of about 30 cm. The fuel rods consist of UO, with a U-235 enrichment of about 3%. In two of 
the cores, the UOz rods in the central assembly were replaced by U(nat)Oz, PuOa rods, some of which 
had 2% tlssile Pu and some about 3%. The boron content was between 400 and 1300 ppm. Some more 
details are given in Table 2.8 

The EPICURE programme was agreed in 1987 within a framework of a collaboration between 
CEA, EDF and Framdtome, in order to build an exhaustive experimental database related to 
Pu recycling in PWRs and consequently to enable the uncertainties associated with MOX fuelling to be 
reduced [25]. 

By means of the chosen experimental strategy, most of the main physical phenomena of such 
reactors have been measured. Clean core characterisations enable the qualification of both nuclear data 
libraries and cell codes; mock-up cores allow the investigation of power distributions by means of 
fission rate distribution measurements, the qualification of calculations of power maps within 
MOX-UO2 assemblies and at the interfaces and the interpretation of in-core chamber measurements in 
operating reactors [29]. 

K-effective calculations performed with the new CEA-93 library (JEF-2.2 evaluations) and the 
APOLLO-2 code show an overestimation by about 300 pcm for the UOa (3.7% U-235 enrichment) 
lattice and an underestimation of about 750 pcm for the UPuOa clean core (7% Pu). 

Calculations of the mock-up configurations are in very good agreement with the experimental 
results (1 standard uncertainty margin: +/-4%) and CEA considers that the power distributions within 
the subassemblies are given to within 1.5% (lo) with the improved calculational scheme (S. transport 
theory 99 groups). Nevertheless, the standard calculational scheme (2 group diffusion theory) gives 
4% to 6% discrepancies at the MOX-UOa interface [30]. 

Furthermore, specific experimental measurements have been devoted to study the local voiding 
effect in both clean UOZ and clean UPuO2 cores: 

l 2-D voided conjIgurarions (308, 50% and 100% of void): reactivity effect and power 
distribution measurements in both UOz and MOX clean lattices; 

l 3-D voided configurations (simulation of a “bubble”) were planned in 1994 (7% and 11% Pu 
rods). 

The last phase of the EPICURE programme will be devoted to temperature coefficient 
measurements in both UOa and MOX clean la&es in order to evaluate the uncertainties related to 
Doppler coefficient and moderator temperature effects. The experimental programme consists of a 
comparison between cold and “hot” (about 85°C) clean UOZ and MOX configurations with moderation 
ratios (moderator volume I fuel volume) of 1.2 and 1.5. This will enable water density effects to be 
separated from the temperature effects (Doppler broadening effect and thermal scattering effect). 
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Typical MINERVE results and an EPICURE core configuration are given in Figure 2.15. The 
given EPICURE MOX arrangement is comparable for example to KRITZ-3 Pu-WHl. 

As reported by me conducting organisations the experiments had been very valuable in validating 
the calculational procedures. It was stated, that a comparable agreement was found as for measured 
comparable UOa arrangements. 

For several years the PROTEUS facility in Switzerland was used for the study of the physics 
properties of HCLWR lattices. The Phase II series of experiments [16, 311 comprised the investigation 
of very tight and wider lattices fuelled with MOX. In older to provide a more thorough understanding of 
the physics of MOX fuelled and well moderated lattices, a wide lattice with moderator-to-fuel ratio 
typical for a more conventional LWR was investigated. The high enrichment fuel originally 
manufactured for HCLWR research was also used in this test configuration. 

A large variety of integral experiments, among them the measurement of reaction rate ratios and 
k-intinity was performed in a central test zone of 0.5 m diameter and 0.84 m height. All test zone 
configurations consisted of stainless steel clad fuel pins with an outer diameter of 9.57 mm arranged in 
triangular lattices In the tight HCLWR lattices the pitch-to-diameter (p/d) ratio was 1.12. In the wider 
HCLWR lattices it was increased to 1.26. The effective moderator-to-fuel volume ratio (VJVr) of these 
lattices was 0.48 and 0.95, respectively. 

The well moderated MOX lattice was created from the wider HzO-moderated HCLWR lattice by 
removing every third fuel pin in a central region of about 0.24 m diameter. The effective moderator-to 
fuel volume ratio of this lattice was thereby 2.07. The comparison of parameters measured and 
calculated provide a valuable basis for validating calculations of high enrichment MOX fuel in LWRs. 

In France, within the framework of a cooperation between the French utility EDF, the reactor 
designer Framatome and the French Atomic Commission CEA, an exhaustive experimental programme 
was undertaken in the centre of the EOLE facility at the Cadarache Research Centre in Order to measure 
tire main fundamental neuuonic parameters involved in tight lattice HCLWRs design calculations 
[32,33]. 

Two types of lattices have been investigated: 

. A very tight one, called ERASMUS (Mod. Ratio = 0.5) and, 

l A more realistic one, ERASMER (Mod. Ratio = 0.9) in order to bc representative for 
Framatome’s HCLWR projects 

Calculations are in good agreement with the experimental values [34]. 

Void contigurattons have also been investigated in both lattices. The reactivity effect was negative 
because of me very large effect of axial leakage. Calculations are in good agreement with the 
experimental results. 

In parallel, in two similar undermodcratcd lattices placed in the zero power MINERVE facility and 
in the 8 MWth MELUSINE core, neutronic parameters related to the evolution with irradiation (fission 
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products reactivity effect and capture cross-sections of the main heavy isotopes) have been measured 
[351. 

Calculational results show some discrepancies on capture cross-sections but the fission product 
reactivity effect seems to be well estimated [36]. 

Ongoing experiments are devoted to the necessary changes in MOX designs with higher Pu content 
and for Pu with degraded content of thermal fissile isotopes. In this area the theoretical results need 
further experimental verification. 

Eqverience with MOX-containing LWR cores 

After the early Pu recycling programmes depicted in Table 2.9, the initial commercial MOX 
insertion in LWRs was concentrated in PWRs. Figure 2.13 gives a survey on the German programme 
(by Siemens) including the starting phase at KWO (NPP Obrigheim) and the Swiss Plant Beznau-2 for 
the time interval 1972-1993. 

In parallel, 4 test-MOX-FAs bad been inserted (by Westinghouse) in 1978-81 in Beznau-1 and 
further 36 MOX-FAs had been loaded in this reactor in the time span of 1988-1990. 

The French programme for the EDF 900~MW PWRs starting with a tirst reload including 
16 MOX-FAs in 1987 at St. Laurent Bl is given in Figure 2.14 (and including 6 plants presently). This 
programme includes the insertion of 16 further MOX-FAs in SENA during 1987-1991. 

Ten additional 900~MW PWRs of EDF are licensed to recycle the Pu produced by the reprocessing 
of spent fuel, depending essentially on the availability of MOX fabrication capacity. 

In Germany three 18x18 KONVOI PWRs are licensed for the irradiation of up to 50% MOX-FAs; 
several BWRs have requested MOX insertion licences [4]. 

The neutron physics experience acquired in these reactors is based on : 

l Start-up measurements, 

l In-service cycle monitoring, and, 

l Specific measurements 

The reliability of the design methods is confllcd by measurements of cycle length, boron 
concentrations, reactivity coefficients (such as for coolant temperature and boron worth), control rod 
worth, and power density distribution. 

In addition to the measurements assuring the shutdown margin, special measurements were 
conducted to investigate the worth of control assemblies inserted in MOX-FAs. Starting e.g., from the 
KRITZ-3 measurements for the insertion of control rods into a UOr- and MOX-FA-arrangement for 
fresh fuel as a function of the temperature, further measurements were conducted to answer the question 
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for partly burnt MOX-FAs directly in MOX-fuelled PWRs via boron compensation and bank exchange 
techniques. 

No significant increase in the deviations between measurement and calculation were found with 
increasing MOX content of succeeding cycles if modem data sets and catculational tools were used. 
Table 2.10 gives examples taken from me French measurements on critical boron concentration, 
isothermal coefftcient and several control bank worth values [5,37]. 

Regarding me validation of power distributions [4,5], two examples are given in Figure 2.15 and 
Figure 2.16. They cover cycle 5 of the German NPP Grohnde in full low-leakage loading measured by 
the aero ball system and me EDF power plant St-Laurent-l with the content of 3x16 MOX-FAs 
(cycle 7), measured by movable detectors. 

A special aspect in the field of validation is that of isotopic composition measurements. Such 
measurements have been done on fuel rods extracted from MOX-FAs after 1 to 4 irradiation periods for 
first and second generation MOX fuel rodlets and for reprocessing batches of MOX-FAs irradiated in 
German PWRs. Included in these were burnup measurements. The calculational results on the basis of 
power histories give the opportunity to control me building and transmission rates covering Pu isotopes 
and higher actinides, too. The actual cross-section sets are valuable today as they cover the present day 
Pu isotopics to satisfactory accuracy. 

The task of validation is ongoing, as new MOX-FA designs, higher Pu contents and higher 
amounts of MOX-FAs in the cores are introduced Looking forward, the introduction of MOX insertion 
in BWRs will also be accompanied by validation measurements. 

2.4 Mechanical and chemical properties of MOX fuel and MOX fuel rods 

2.4.1 General aspects [2] 

Considerable effort has been devoted to determine me physical properties of mixed oxide fuel for 
fast reactors, which has about 20 per cent plutonium content. These studies have shown that several of 
these properties are poorer than those of UO2. However, these data are overly conservative for 
application to MOX fuel for water reactors, which has a plutonium content of 4 to 10%. For such fuel, 
the performance and safety-related characteristics can be summarised as follows: 

l Thermal conductivity is infhrenced by stoichiometry, porosity, ph~tonium content and 
irradiation. Correlations have been developed to incorporate the correct input in the fuel 
mcdehing codes; 

l ‘the melting point of stoichiometric MOX (at 5% plutonium) is about 20°C below that for UOz. 
Within practical limits, hypostoichiometry does not have an effect on the melting temperature; 

l Nuclear self-shielding is more pronounced in MOX fuel than in UOZ. Hence more heat is 
generated at the periphery in MOX fuels, mitigating the effects of the poorer thermal properties 
of MOX fuel; 

l Thermal expansion is about 1% higher than for UOz; 

35 



l MOX fuel exhibits better creep properties than UOa fuel. This is the most likely reason for its 
better pellet clad interaction behaviour; 

l The homogeneity of the plutonium distribution in the uranium matrix of the pellets depends on 
the fabrication route. It directly affects fission gas release, densitication and swelling, thermal 
limitation under reactivity excursions and the capability of the fuel to be reprocessed. 

Experience has shown that a properly founded design technology combined with adequate 
manufactuting techniques is adequate to provide for the engineering and the licensing of MOX fuel 
without undue conservatism. 

The chemical properties of Pu are only relevant at the reprocessing stage of the fuel cycle, where 
the solubility of the oxide and the treatment of Pu-ninate and its conversion to Pt-oxide is important. 

2.42 MOXfabiicdion [2,38,39,40,41] 

MOX fabrication is in principle comparable to UOa fabrication. The differences are caused by the 
radioactivity and radiotoxicity of Pu, which is used only in the form of PnOa. Commercial PuOa is 
extremely radioactive. It is essentially an alpha emitter, although it is also a producer of neutrons, 
X-rays, gamma rays and beta particles. 

Plutonium’s alpha and beta emissions and its toxicity require it to be handled in gas tight glove 
boxes provided with large Plexiglas windows and suitable gloves. 

The gamma activity builds up continuously after the last purification step of the PuOa at the 
reprocessing plant. The main source is the decay of Pt.241 into Am-241. This major contributor is 
relatively easy to shield, since the radiation is at a low energy level. The only problem stems essentially 
from dust deposition on equipment and on the internal surfaces of glove boxes. 

Most of the high energy radiation arises from the decay of Pu-236 into Bi-212 and ‘U-208 causing 
hard gamma radiation. This source is, however, much smaller than the one horn Am-241 and builds up 
at a rate five times slower. 

Neutron activity increases slightly with time and depends mainly on the isotopic composition of the 
plutonium. 

The heat generated by the alpha activity (especially from Pu-238) is somewhat higher during 
storage and a gradual degradation of the ease of fabrication results if PuOa is stored over long periods. 
The problems of gamma and neutron activity and heat generation increase with increasing bumup of the 
irradiated fuel from which the Pu has been separated. With the trend toward very high discharge 
burnups, the MOX fabrication plant must be heavily shielded with automatic process equipment which 
minimises operator involvement both for operations and maintenance to control the dose to the plant 
operators. 

Plutonium is usually transferred from the reprocessor to the fuel manufacturer as PuOa powder. If 
plutonium oxide is stored for too long before proceeding with fuel fabrication, an extra processing step, 
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Am-241 separation, may bc required unless the MOX fabrlcahon plant has been designed with the 
necessary additional shielding. It consists of dissolution, purification and reconversion to PuOa. 

Proper shielding has to be taken into consideration at all stages of the MOX fuel cycle; although it 
is usually not a limiting feature for LWR fuel. 

Until 1981 MOX fabrication for use in LWRs started from sinterable UOz powder of good 
flowability. In most cases, F’uOa was delivered as powder calcincd from precipitated oxalate with very 
fine particles or was prepared directly from plutonium/nitrate solutions. Mechanical blending of such 
powders gave a homogeneity with PuOz particle sizes which prevent hot spots in the MOX. Such fuel 
met me requirements of operation and exhibited excellent irradiation behaviour. Results from 
reprocessing of such fuel showed a residual insolubility in pure nitric acid. 

Therefore new powder preparation routes were developed to meet the new solubility specifications. 
The OCOM and MIMAS methcds (see Figure 2.17) avoid pure PuOz particles by co-milling or 
micronising a master-mix of about 30% Pu, which is men blended with pure UOa at the final Pu content 
to achieve complete homogenisation of the mixture. ‘Die COCA process avoids the master-mix and uses 
the final Pu content at the milling step. The Short Binderless Route (SBR) uses high energy cc-milling 
of PuOs and Integrated Dry Route (IDR) UOz at the final Pu content to achieve complete 
homogenisation of the mixture (see Figure 2.17). Alternative routes have been developed which produce 
mixed oxide powders directly from a blend of F’u and U nitrates, e.g., the German AuPuC process 
(Figure 2.17) or the Russian GRANULAT process. These routes are not presently used on the industrial 
scale, however. 

An important aspect of MOX fabrication is the treatment of isotopic variations in the source Pu. 
Differences in the isotopic makeup of me Pu would cause unacceptable variations in the physics 
performance of MOX assemblies unless special measures were in place. There are several different 
approaches to this question, The approach adopted in the Hanau plant involves characterising the 
isotopic makeup of various F’uOr lots and blending precisely the same quantities from each lot to make 
up all of the MOX powder required for a particular batch of MOX assemblies. This ensures that all the 
MOX assemblies have the same Ru isotopic mix. The approach adopted in the MELOX plant is similar, 
but involves the solution of a set of simultaneous equations to determine the appropriate blending ratios 
to attain the desired Pu isotopic makeup in me final product. This has the advantage that fewer F’uOz 
lots need to be available at any one time. The solution that has been adopted for the Sellatield MOX 
plant (SMF’) involves pairing batches of Pu0~ to obtain equivalent nuclear performance. In this 
instance, the isotopic makeup of the final product is allowed to vary within carefully defined limits. 

It is not appropriate in this report to dwell on the details of fuel pelleting and fuel rod and assembly 
fabrication, hut some important points are worth noting : 

l An appropriate heat treatment may be necessary for assuring me requisite low hydrogen 
contents of the fuel pellets; 

. In the absence of forced cooling the heat generation in powders places restrictions on the batch 
hold times before pressing since the heat destroys me lubricant; 

l Dust buildup on the inside of the glove boxes challenges the plant shielding (since it is 
addltional to the bulk source) and increases maintenance doses; 
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l The fuel rod fabricationalso has to be done within glove boxes (Figure 2.18); 

l Particular issues in fuel rod fabrication are contamination of the weld area and confirmation of 
the correct Pu content; 

l The use of multiple Pu content levels in the assembly places constraints on manufacture. This is 
especially important for BWRs. 

2.4.3 In-core behaviour of MOXfiel 

The design of MOX fuel rods follows the procedure for UOr mechanical fuel and rod design. The 
small perturbation in rhermo-mechanical properties caused by the content of PuOz as mentioned hi 
section 2.4.1 are included. The less homogeneous structure of the fuel by embedded master mix 
particles in the UOz matrix is of no relevance as long as the MOX particles are small enough to avoid 
local hot spots in the inner part of the pellet as well as on its surface. 

The structure determines the fission gas release and the dimensional behaviour during irradiation. 
As the power histories of MOX fuel rods tend to have a higher power at high bumup due to the less 
steep fall-off in reactivity with bumup compared with UO2 fuel rods, somewhat higher fission gas 
releases are calculated. The rod design has to take care of this effect by proper design of the plenum in 
the rods. 

The models used for the rod design have to be qualitled by appropriate experimental data. 

The irradiation behaviour of MOX fuel has been investigated in detail by surveillance of many 
MOX fuel assemblies in the different spent-fuel pools. In addition, irradiation progmnunes with 
pathfinder MOX fuel rods in special carrier fuel assemblies and with special MOX test rods in test rigs 
in selected nuclear power plants as well as in test reactors were performed followed by regular post- 
irradiation examinations (PIES) in the spent-fuel pool and in hot cells [42,431. 

Investigations of MOX fuel rods show that the overall rod dimensional behaviour is similar to UOr 
rods. This is because identical cladding tubes were used for the rods examined and the MOX fuel 
density behaviour was found to be similar to UOr fuel up to burnups of 50 MWd/kg. 

UnderstandIng the density behaviour of MOX fuel requires consideration of its structure. On a 
microscopic scale, the fuel structure appears heterogeneous with MOX agglomerates uniformly 
distributed. Contributions of the high local bumup in the MOX (master mix) particles, the matrix 
swelling rate related to the matrix bumup and the development of the porosity sum up to the global 
dimensional behaviour of the MOX fuel. 

Density measurements show a similar dimensional characteristics of OCOM (as well as 
comparable MIMAS- and COCA-type MOX fuels) and AUPuC types of fuel. This results from the 
superposition of two-dimensional proceases: the delayed dcnsification and swelling of the matrix due to 
the low bumup and the swelling of the MOX agglomerates. 

An analysis of the fission gas release shows that temperature has a strong inihtence. The highest 
gas release always occurred at the highest tempcramres. Under steady-state conditions, this was 
concluded from the power history of the MOX fuel rods. Transient test conditions are better suited to 
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quantitatively investigate the effects. MOX and U02 fuel showed similar fission gas release at similar 
temperatures. This can be understood from the fact that the fission gas is always released via the U02 
matrix. The remaining gas in the bubbles of the MOX agglomerates seems to be concealed, even at 
intermediate temperatures where the agglomerates are characterised by large bubbles within the 
agglomerates. Only at high temperatures, when release channels in the UOz matrix are formed, is the 
fission gas able to leave the fuel via these channels. 

Transient-tested MOX fuel shows a dimensional behaviour comparable to that of UOZ fuel. The 
transient fission gas release was also found to be similar to that in UOz fuel operated at the same 
temperature. 

The tight enclosure of MOX agglomerates by the UOz matrix and the implantation of fission 
products and fission gases into the UOa matrix also prevent the instantaneous release of the fission 
products into the primary coolant in case of fuel rod defects and are considered to be the reason for the 
similarity in defect behaviour of UOz and MOX fuel. 

In conclusion, a comparison of MOX and UOz fuel shows that both types of fuel, in spite of 
different structure and hence local bumup, have similar dimensional and fission gas release behaviour. 
Therefore, it is justified from a technical point of view to also use similar models for design 
calculations. 

Ongoing testing of MOX fuel is needed as a consequence of the following reasons: 

l Small changes in pellet density and diameter as well as canning dimensions and material 
properties influence the bumup behaviour; 

. Phumed changes in the MOX fabrication technology are to be investigated; 

. Higher Pu contents are to be included at actual Pu compositions; 

l An increase in bumup is planned. 

24.4 Reprocessing aspects 

In the reprocessing of MOX fuel, gcod solubility of plutonium in pure nitric acid is important. The 
actual fuel fabrication processes (AUPuC, OCOM, MIMAS, COCA) already warrant this property for 
the as-fabricated MOX condition (> 99%) [431. 

To determine the solubility behaviour of plutonium from irradiated MOX fuel rods, fuel samples 
were examined in Germany from one-, two-, three- and four-cycle AUPuC and OCOM MOX fuel rods, 
respectively. The content of tissile plutonium was approximately 3.2% and the bumup of the samples 
was in the range of 3 to 46 MWdkg. The solubility tests performed in pure nitric acid yielded high 
plutonium solubilitics (> 99,8%) comparable with that of UOZ fuel. 

Similar experiments were conducted in France. They showed that irradiation in LWR reactors led 
to the eradication of most of the homogeneity flaws of the plutonium in the tested MOX fuels. The final 
solubility of plutonium was consequently very good (> 99.97%) and had no effects on the process 
conditions. 
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The feasibility of reprocessing MOX fuel as manufactured today was demonstrated on 
semi-industrial scale at APM (2.1 t in 1992). and then on the industrial scale in the Cogema UP2 plant 
of La Hague (4.7 t in 1992) in conditions similar to those employed to reprocess UOa fuel. 

In total 16 MOX-FAs fabricated by OCOM and AUPuC processes burnt in four different PWR 
plants in Germany have been reprocessed under commercial contracts by Cogema. The analyses 
performed during me reprocessing operations confirm the good solubility of the plutonium in the 
operating conditions (solubility better than 99.95% with respect to the plutonium content before 
irradiation). 

The technological options selected by Cogema for reprocessing MOX fuel in UP2-800 were 
accordingly conikmed. This industrial-scale reprocessing of irradiated MOX fuels opens the way to 
multiple recycling of plutonium in reactors. 

2.5 Summary and conclusions 

This chapter deals with the neutron physics aspects of Pu recycling in PWRs and BWRs. In 
addition, some engineering aspects such as the mechanical and chemical properties of MOX fuel are 
also discussed. Calculational results arc compared with experimental findings from critical experiments, 
fmm experiments performed in commercial power reactors and recycling experience. The agreement for 
first pass recycling is fully satisfactory. Multiple recycling is discussed in the context of a new 
benchmark The results show an improvement over the first such exercise of the European Community 
of several years ago, but are not fully satisfactory yet. Calculations on the basis of new nuclear data 
sets show improved results (see Chapter 3 for details). Takhtg account of the more recent nuclear data 
sets and more sophisticated calculational methods only, the deviations in k-infinity are less than 1% at 
zero irradiation and about 1.5% at a burnup of 50 MWd/kg. 

Some of the principal conclusions -essential for multiple recycling - are as follows: 

1. Regarding nuclear design calculations, modern methcds incorporating rigorous resonance self- 
shielding and modern nuclear data libraries such as JEF-2, ENDF/B VI or JENDL-3 are essential. 
Some data improvement, e.g., higher plutonium isotope data in the resonance region, etc., might be 
needed: 

2. Appropriate and well tested calculation methods are widely available and should be used; 

3, The interaction of neighbouring UOz and MOX elements should be investigated in more detail to 
obtain a clearer understanding of the results observed; 

4. The optimal control of high bumup LWR cores (which may include burnable poisons) should be 
examined further; 

5. Additionally, questions of material damage in the case of high bumup need to be clarified as well 
as other engineeting constraints; 

6. Sophisticated (three-dimensional) core calculations are recommended to study the void effect and 
could also be the object of a future benchmark exercise, possibly in relation with the analysis of an 
experiment to be made available to the international community; 
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7. At present, it appears that plutonium recycling in high burnup LWR cores can be performed twice 
without modifying current LWR designs: 

8. Future experimental verification related to maximum plutonium content in the case of degraded 
plutonimn isotopic composition arc needed in clean lattice configurations with different modcrator- 
to-fuel ratios and for possible void experiments with different leakage components. A co-ordinated 
international effort in this field would be highly beneficial; 

9. For unchanged lattices the limit on Fu content is in the range 12 ? 1%; 

10. Changes in the lattice in the sense of higher moderation can be foreseen to minimise the buildup of 
higher a&tides and to.increase the limits on Pu content; 

11. Multiple recycling of plutonium with high bumup (e.g., 50 MWdIkg) can have limitations due to 
considerations such as me buildup of F’u-238 and Pu-242 or me existence of positive reactivity 
feedback effects on complete coolant voiding at high Pu contents or the increase of the buildup of 
higher actinides (Am, Cm, etc.). A specific future benchmark in this field could help in obtaining 
an international consensus on these limitations. 
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Figure 2.1 BuiIdup of Pu isotopes in a U&FA of 4.0 w/o initial enrichment 
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Figure 2.2 MOX-FA in use in German PWRs of 1300 MWe 
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ZONE 1: 64 LOWER CONTENT RODS 
(3.35% PLUTONIUM) 

ZONE 2: 100 INTERMEDIATE CONTENT RODS 
(5.10% PLUTONIUM) 

ZONE 3: 100 HIGHER CONTENT RODS 

a 

(6.75% PLUTONIUM) 
GUIDE THIMBLES AND INSTRUMENTATION TUBE 

Figure 2.3 MOX-FA in use in French PWRs of 900 MWe 
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Control Rod Position 

TYpe 
Flsslle Content (wt%) Number 

of Rod FlSSlle =u of Rods 
Plutonium 

0.66 0.711 

1.02 0.711 

1.45 0.711 

2.60 0.711 

3.40 0.711 

4.07 0.711 

0 3.00 
+ 1.5 wi% Gdz03 

0 3.95 
+ 1.5 wt% Gd203 

Water Channel 

4 

8 

22 

8 

10 

16 

8 

4 

Figure 2.4 Existing MOX-FA for BWR Gundremmingen B/C 
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Figure 2.5 MOX-FA proposedfor German BWRS 
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Figure 2.6 Evolution with Pu multirecycling 
PWR of 1300 MWe, 45 MWdIkg, recycling delay 12.5 years 
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Figure 2.7 Thermal neutron flux spectrum in UOI and MOX PWR fuel cells 
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Figure 2.9 Macro-cell scheme of a MOXfuel assembly surrounded by (IO1 fuel assemblies 
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Figure 2.10 VIP program for BWRs - schematic view and typical results 
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Figure 2.11 VIP program for PWRs - schemadc view and typical results 
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Figure 2. I2 Examples of MINERVE and EPICURE memuremem 
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Figure 2.13 MOX insertion in PWRs by Siemens KWU Group until December 1993 
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Figure 2.16 Valiaiatton of power distribution for St-Laurent I, loaded with 3x16 MOX-FAs 
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Figure 2.17 FIowchartfor MOXfabricationfor LWRs 
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u-235: “d = 0.01668 f 0.00070 n/f 

m (WC) Relative Yield 

0.188 * 0.024 
0.407 * 0.010 

0.026 + 0.004 

Pu-239: vd = 0.00645 zt 0.00040 n/f 

3OUP 7% (set) Relative Yield 

F’u-241: v,, = 0.0157 f 0.0015 n/f 

II 
isotope Delayed neutron 

tiactions 6 

U-235 
U-238 
h-239 
h-240 
h-241 
h-242 

0.0164 
0.0022 
0.0029 
0.0054 
0.0051 

U-238: v., = 0.0460 i: 0.0025 n/f 

Relative Yield 

Table 2. I Delayed neutron yield and hanrf-life data [81[91 
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Areas 

core Characteristics Reactivity Coefticients 
Control Rod Worth 

Thermal Hydraulics 

Systems Dynamics Control Rod Worth 

Fuel Rod Design Fission Gas Pressure Fuel Rod Failure Limit 

FA Structure Design 

Table 2.2 Safety evaluatins related to MOX fuel assembly licenses 

(number /%) 

Loading scheme 

Reload MOX and uranium 
fuel assemblies 
MOX fuel assembly type 

Fissile Pu content (wt%) 2.0/2.6/3.9/5.0 
U-235 content (wt%) 

Uranium fuel assembly 
U-235 emicbment wt% 

MOX batch (MWd/kg) 
maximum MOX fuel 

assembly (MWd/kg) 
initial baron concentration 
@pm) 
Reciprocal boron worth, 
BOC @pm/% Ap) 
MTC at EOC (pa/K) 

Net con1101 red worth at 

Table 2.3 Equilibrium fuel cycles for kwge PWRs with MOX 
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MOX fuel assembly loading (number /%) 

Loading scheme 

Reload 
MOX fuel assembly 

average fissile plutonium content (wt%) 
average U-235 content (wt%) 

Uranium fuel assembly 
average U-235 enrichment (wt%) 

Cycle length. including coastdown (days) 

MOX fuel assembly burnup 
MOX batch (MWd/kg) 
maximum MOX fuel assembly (MWdkg) 

BOC hot excess reactivity (W Ap) 

BOC cold shutdown margin (% Ap) 

MCPR 
uranium fuel assembly 
MOX fuel assembly 

Maximum linear heat rate 
uranium fuel assembly (W/cm) 
MOX fuel assembly (W/cm) 

264/31 

low leakage 

40 
3.26 
0.80 

96 
3.4 

296 

45.2 
41.3 

1.3 

1.4 

1.35 
1.50 

412 
399 

0 

136 
3.4 

298 

1.1 

1.3 

1.38 

431 

Table 2.4 Equilibrium fuel cyclefor a .krge BWR with and without MOX 

NAME FUEL LATlTCeTYW mcHllNcs RADIAL SAVING/CM BUCKLING IN Td2 

Batelle ’ 2 w/o PuOz inU02 hiangular 0.85 
ClitiCal 7.65 w/o Pu-240 

‘I 2 w/o PuO2 inU02 ili~gUl?lI 0.85 
23.50 do pu-240 

Westinghouse’ 2 w/o Pi102 inU02 
ClitiCal 7.65 w/o Pu-240 quadratic 0.69 8.37 69.6 f 1.0 

“  0.69 8.37 68.7 f 0.8 “ I‘ “ 0.75 7.46 f 0.09 90.0 * 0.9 I 

0.9758 6.95 f0.11 104.72 f 0.86 

0.9758 1 6.50 f 0.15 107.11 f 1.2 

1.0607 6.76 f 0.17 98.4 * 1.2 

1.38 6.46 f 0.13 50.3 f 0.3 

UOZ with 2.72 w/o 0.69 
U-235 II 

0.9758 1 

Table 2.5 Bat&e and Westinghouse criticals 

II 

1 UNC-5211, [22]. 
2 WCAP-3726.1, [23] 
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4/o 
3/l. 

2i2.7 
213.1 

1.7613.2 
0.715 
0.714 

3.310 

0.4A4.4 
0.319.7 
0.3h.4 
0.614.8 

3.5/o- I.2 

AN-304 4.1 or 4.04% 
hcdoy-800 3.cm 

AN-304 2.00% 
AN-304 2.00% 
AM-304 1.79% 
AN-304 u nat. 
Am-304 u nat. 

zircaIoy 3.30% 

ZiidOY 0.35% 
ZiidOY 0.28% 
ZiicaIoy 0.25% 
ziicdoy 0.58% 

ZimIoy 0.035 3 

0 
1.08% 
2.70% 
3.08% 
3.17% 
5.04% 
4.37% 

0 

14.30% 
9.70% 
5.40% 
4.80% 

0 

F 
E 
D 
D 

Table 2.6 VENUS fuel inventory 

U-235 enrich = U-235 /(U-235 + U-238) w-t% 

Pu co”tc”t = Puo* / (UOI + PuO2) wt% 

Pu isotopic composition = (Pu-238 / h-239 I F’w240 I h-241 / Pu-242) 

A 0.08/80.65/17.41/1.42/0.45 
B 0.01/92.43t7.29/0.24/0.03 
C 0.0/95.72/4.10/0.17/0.01 
D 1.23/63.2~23.67/7.68/4.20 
E 1.34/61.10/24.12/8.67/4.77 
F 1.27/61.88/23.50/8.95/4.40 

Decay of Pu-241 into Am-241 is not accounted for the indicated Pu isotopic composition 

3 rods containing 7.2% Gdzo, (Cd&h I UOz + Cd&). 
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II KRlTz-1 I 20 210 a uniform U rod core II 

KRITZ-2 

KRrl7r3 

20,245 

20,230 1 BWR cores containing 

20,230 PWR cores with U or U and Pu with or without control rods I KRrlz-4 
I 

20,245 BWR cores with U and BA (= Burnable Absorber) 

20,245 BWR cores with U and BA with or without void in the central 
assemblv 

Table 2.7 Survey on KRITZ experiments at Studsvtk/Sweden 

1. U-WHl 22.0 small uoz none 
229.0 I 

II 2. u-CR1 19.9 
243.4 I 

small 
I 

uoz 
I 

AgCdIn rods 
II 

II 3. Pu-WHl 21.2 
223.2 I small 

I 
UO2PuO2 

I 
none 

I 4. Pu-CR1 24.5 
225.7 I small 

I 
uoptlo2 

I 
AgCdIn rods 

II 

5. u-wH2 27.4 large uo2 tlOtK 

228.7 

6. U-CR2 21.3 large uo1 thick B&Y rod 
220.8 

1 

Table 2.8 Informalion about the cores in KRITZ-3 
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0 
-2 
-2 

-0.1 
-0.5 
-0.7 

St Laurent St Laurent 3ravehes 
31,cycle5 B2, cycle 6 3. cycle 8 

‘ critical boron 
:oncenmation 

; mm) all rods out -27 0 -5 +32 
R in -20 +l -11 +21 
GG’ in -14 -14 -6 +24 

i sothermal 
‘ xefticient 
[ ,pcm (“C)l all rods O”t +0.7 -0.8 +0.2 -0.4 

R in -0.3 -0.9 co. 1 -1.0 
GG in +1.5 -0.6 -0.5 -3.3 

‘ mm01 bank 
\ North (46) R +2.8 -2.5 +3.4 +2.3 

Gl -5.2 +2.5 +11.2 +1.3 
G2 +O.l +3.2 +2.1 +1.5 
Nl +4.2 -0.6 +2.9 +4.7 
N2 +I.1 +0.6 +4.3 +3.4 
SB +5.1 44.1 +5.9 +0.8 
SC -4.3 -1.1 +4.2 +3.8 
SA + SD2 +1.9 -0.7 +1.3 +7.0 
SDl(SA+SD2in) -6.4 +4.5 +7.1 +3.1 
N2-l(SA+SD2in) +7.9 +4.9 +6.8 +3.1 

II 
GG in +4.1 -6.4 +4.1 -0.2 

=I 

+1.5 
+2.4 
+1.7 
+2.8 
+5.3 
+4.0 
+0.6 
+2.4 
+5.4 
+5.7 
-0.1 

- 

I I 

Table 2.10 Validation of MOX-insertion in French PWRs 

’ GC = gray control banks (Cl + G2 + Nl) at zero-power position. 
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Chapter 3 

ANALYSIS OF PHYSICS BENCHMARKS FOR PLUTONIUM RECYCLING 
IN PWRS 

3.1 Introduction 

The recycling of plutonium in PWRs in MOX fuel assemblies is a technology which is now well 
established and many countries have many years’ experience to draw on. As discussed in Chapter 2, it 
is fair to say that witbm the constraints of current fuel management schemes, discharge bumups and 
plutonium isotopic vectors, physics methods are available, which can be considered to be mature and 
fully proven. 

The validity of present methods cannot be assumed to extend outside the current constraints, 
however, and further validation will be required to demonstrate that both the basic nuclear data and the 
calculational methods remain adequate for the more challenging problems that are expected to arise 
within the next decade. The challenges to existing physics methods will come from high burnup fuel 
management schemes and feed plutonium with lower fractions of the tlssile isotopes Pi-239 and 
Pu-241. The effect of both these changes will be to increase the total plutonium loading necessary in the 
MOX fuel. ‘Ibis will increase thermal neutron absorption and drastically alter the thermal neutron 
spectrum. 

Unfortunately, experimental validation will not be forthcoming for the new situation for several 
years, yet it is important to have some indication of what level of development effort will be required to 
address the possible shortcomings of present physics methods. Faced with this situation, the WPPR 
agreed that a set of benchmark exercises would be a valuable means of making progress in the interim 
period before any practical results become available from in-reactor irradiation experience. As 
mentioned in Chapter 2, a set of three benchmarks were devised and solutions submitted from a large 
number of contributors. It was hoped that a comparison of the results would give valuable insights into 
the likely requirements as regards improving the nuclear data and methods. While accepting that such 
benchmarks could not possibly identify the ‘true’ answer, it was anticipated that a consensus view on 
the most probable answers would emerge which would be helpful in guiding future work 

This chapter presents a detailed analysis and critique of the results of the three PWR benchmarks 
and presents the principal results in a convenient summary form. Because of the large number of 
participants and tbe complexity of the physics solutions, it is not practical to present the full set of 
results. These have, however, been compiled in separate volumes, [l] [2], for the benefit of those with a 
detailed working interest, which are available on request from the OECD/NEA. These also include 
working papers that will be of value to specialists interested in analysing the results in detail. 
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3.2 Objectives of PWR MOX benchmarks 

Three benchmarks were devised for MOX in PWRs. The first two arc simple in&rite array pin cell 
problems designed to allow intercomparison of infinite multiplication factors as a function of bumup. 
‘the first such pin cell problem, dcsignatcd ‘Benchmark A’ comprises a pin cell with plutonimn of a low 
isotopic quality (i.e. a low fraction of the thermally fissile isotopes Pu-239 and Pu-241). It is expected 
that such plutonium will become available for recycle at some future date, when MOX fuel assemblies 
are themselves reprocessed. The quality of plutonium recovered from PWR spent fuel decreases during 
each recycle, the rate depending on the discharge bumup of the reactor fuel cycle and on the ratio in 
which MOX assemblies are co-processed with UOz assemblies in the reprocessing plant. 

The particular isotopic composition specified for Benchmark A represents a hypothetical case of 
the fifth recycle of plutonium for a scenario in which the MOX assemblies are blended with UOa 
assemblies in a ratio which reflects that which will arise in a self-generation recycle mode in a PWR. 
The total plutonium content is 12.5 w/o (6.0 w/o tissile) and the isotopic vector is as follows: 

PIP238 1 Pu-239 1 Pn-240 1 Pn-241 1 Pn-242 
4% 1 36% 1 28% 1 12% 1 20% 

The poor plutonium isotopic quality in Benchmark A demands a high concentration of total 
plutonium in order to compensate for neutron absorption in Pu-240 and Pu-242 isotopes. The high 
plutonium concentration poses a severe challenge to existing nuclear data libraries and lattice codes, 
which was the driving force behind the specification. 

The other pin cell problem, designated ‘Benchmark B’ specified a plmonhnn isotopic vector with a 
higher fissile fraction that is representative of commercial PWR MOX recycle at the present time. The 
total plutonium content is 4.0 w/o (2.8 w/o tissile) with the following isotopic vector: 

Pn-238 1 Pn-239 1 F’u-240 1 Pu-241 1 Pn-242 
1.8% 1 59% 1 23% 1 12.2% 1 4.0% 

This problem was intended to act in the form of a ‘control’ to show whether me spread of results in 
the more challenging problem could be attributed to the poor quality plutonium vector or to underlying 
differences in the nuclear data and methods which also apply to today’s situation. 

The final problem, designated the ‘Void Reactivity Effect Benchmark’, specifies a more 
complicated geometry corresponding to a supercell configuration of a 30x30 array of PWR fuel cells, 
with reflective boundary conditions. The central 10x10 region (see Figure 3.1) consists of either UOa or 
MOX rods (with tbrce different plutonium contents), the configuration of which alternates between full 
moderator density and complete voidage of the moderator. In every case the outer part of the macrccell, 
which consists entirely of UOr pincells, is assumed to bc fully moderated. This supercell is a.n 
idealisation of a series of experiments that were recently carried out in the VENUS experimental reactor 
at Mol, Belgium, as part of the VIP-O international collaborative programme. The intention was to 
specify a problem in which it would be possible to compare the void reactivity defect calculated by 
various nuclear data libraries and codes. 
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The void coefficient is a very important parameter in any water reactor. It determines the reactivity 
feedback associated with steam formation, which for inherent safety should always be negative (i.e. an 
increase in void decreases the core reactivity). At the high plutonium concentrations expected with poor 
plutonium isotopic quality, it was known that the void coefticient in mixed U02/MOX lattices becomes 
much smaller in absolute magnitude and at some point would become positive. Calculating the point at 
which the void coefficient changes sign is a difficult problem, as there is a delicate balance between the 
opposing effects of moderation and absorption and the plutonium resonances also play a significant 
complicating role. Ensuring that the void coefficient inherent in the MOX regions of a PWR core 
remains negative will be an important constraint determining the limits to multiple recycle in PWRs, as 
it may prove unacceptable for licensing to have regions in the core where the inherent void reactivity 
feedback is positive. 

The void ccefftcient issue first arose in connection with studies of tight lattice PWRs which were 
carried out some 10 years ago. It does not normally cause any concern for standard lattice PWRs, with 
the modest plutonium concentrations required in the context of single recycle. With multiple recycle, 
however, the pcor plutonium isotopic makeup demands high plutonium contents and assuring a negative 
void coefficient becomes an important factor. 

For a full specification of the void reactivity effect benchmark, refer to Volume 3, [2]. Section 3.4 
provides a detailed description and discussion of the void reactivity effect benchmark 

3.3 lnfmite lattice benchmarks 

A complete specification of the two infinite lattice benchmark problems, designated Benchmarks 
AandB,canbefoundinVolume2, [l]. 

3.3.1 Partkipants, methods and data 

A total of 14 solutions were contributed for Benchmark A and 13 for Benchmark B, representing 
12 institutions from 9 countries, A full list of all the contributors is provided in Table 3.1. It identifies 
the codes and nuclear data libraries used by the various contributors and where necessary makes 
pertinent remarks. The acronyms for the institutes or organisations will be used to identify each 
contributor throughout the chapter. 

The two CASMO-3 solutions were withdrawn as the cross-section libraries used were not suited 
for high plutonium fuel as specified in the benchmark 

As can be seen most conveniently from Table 3.1, most of the contributors to Benchmarks A and B 
used deterministic lattice codes. These are the usual tools used for nuclear design applications such as 
calculating reactivities and irradiation depletion effects. Some contributors used Monte. Carlo methods, 
which provide a useful cross-check on the methods, but which cannot carry out depletion calculations 
and are therefore restricted to the zero bumup step. The Monte Carlo codes are also restricted in that 
nuclear data tabulations are only usually available for a limited set of materials temperatures. Table 3.1 
highlights where the temperatures available did not coincide with the benchmark specifications. 
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ANL U.S.A. 
BEN Belgium 
BNFL U. K. 
CEA France 
ECN Netherland 
EDF France 
Hitachi Japan 
IKE-1 Germany 
IKE-2 Germany 
JAERI Japan 
PSI-1 Switzerland 
PSI-2 Switzerland 
Siemens Germany 
Studsvik Sweden 

VIM ENDFIB-V infinite 300 K. Zinxloy, no depletion 
LWRWIMS 1986 WIMS 69 
LWRWIMS 1986 WE-AS 69 
APOLLO-2 JBF-2.2 CEA 93 172 
WIMS-D JEF-2.2 SCALE 172 
APOLLO-1 CEA 86 99 
VMONT JFNDL-2/FNDF/EbIV 190 
CGMRSYST JEF- 1 224145 
MCNP 4.2 JEF-2.2 infinite 300 W6CQ K, no depletion 
SRAC JENDL-3.1 107 
BOXER JEF- 1 70 
CASMO-3 ENDF/E-IV 40 Zircaloy. withdrawn 
CASMO-3 J70 70 withdrawn 
CASMO-4 JEF-2.2 70 

Table 3.1 Summary of participants in pin cell benchmarks 

At this stage it is appropriate to draw attention to some of the special physics aspects that need to 
be accounted for in the MOX benchmark calculations and to highlight aspects which parttcipants took 
particular care to model rigorously: 

The relatively large thermal absorption cross-sections of plutonium reduces the thermal neutron 
flux considerably compared with uranhtm, while the flux at higher energies is less drastically affected. 
The result is that the neutron spectrum in a MOX assembly is much harder than that in a UOZ assembly 
and the resolved resonances have a much higher impact on the calculation of group cross-sections. In 
addition, the unresolved resonances and the threshold reactions in the MeV range also require mom 
careful attention. Some of the contributors used codes where resonance self-shielding in all plutonium 
isotopes is treated rigorously, and this has an important bearing on the results, as will be seen later. 

The energy per fission values to be used were defined in the benchmark specifications, with five 
isotopes only contributing to energy release. Only six of the participants used the specified values and 
only the EDF and CEA solutions omitted the energy release from other isotopes. The other participants 
calculated me energy production according to their normal design methods, which account for all fissile 
contributions. The effect is that the EDF and CEA solutions have a slightly stretched effective burnup 
scales. 

Most participants took account of (n,2n) reactions by lowering the absorption cross-sections 
artificially. The effect increases the multiplication factor by about 0.2%. A rigorous treatment, however, 
involves modifying me actinide chains explicitly and shows that artificially reducing the absorption 
cross-sections introduces for higher burnups a systematic error due to the higher levels of Np-237 which 
build up. ‘the influence of the fission product spectrum is of the same order. 
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3.3.2 Rest& 

Figures 3.2.A and 3.2.B show compilations of k-infinities for Benchmarks A and B respectively 
from the various participants. Tables 3.2.A and 3.2.B list the same data. These are me principal results 
of the benchmarks. The spread of results at zero irradiation is 3.1% for Benchmark A and 1.3% for 
Benchmark B. There is also some spread in the slope of k-intinities versus burnup. The corresponding 
values for 50 MWd/kg are 4.9% and 2.9% respectively. 

Detailed comparisons (both tabular and graphical) of the burnup dependence of the actinides and 
fission products number densities, absorption rates, fission rates, neutrons per fission and neutron 
spectra are displayed in Volume 2, [l]. 

3.3.3 Discussion 

Multiplication factors 

Referring to Figure 3.2.A, it can be seen that there is a disappointingly large spread of k-infinities 
for Benchmark A (approaching 3.1% at zero burnup), although it is encouraging that there is 
substantial agreement as to the slope of k-infhrity with bumup. Some of this spread is, however, 
straightforward to account for. 

Not all current lattice codes are able to represent resonance absorptions in the higher plutonium 
isotopes. This is because historically the absolute concentrations of the higher plutonium isotopes in 
both U02 and MOX fuels have always been low enough that self-shielding in them was less important. 
As explained earlier, the purpose of Benchmark A was to test code predictions in a challenging situation 
where this no longer applies. Thus Benchmark A specifies 3 w/o absolute of Pu-242, for which self- 
shielding can by no means be neglected. In view of this, it is not surprising that some of the results are 
systematically in error. For the conditions of Benchmark A, the effect is estimated to be worth a 
systematic bias of about 2.5% in k-infinity, so that the code predictions in which higher isotope self- 
shielding is not applied should be increased by this amount. The solutions provided by BEN and BNFL 
(both LWRWIMS) fall into this category. From Figure 3.2.A, it is apparent that if these contributions 
are corrected upwards by 2.5%, or if only those codes whh rigorous higher isotope self-shielding are 
included, the spread of results is considerably narrowed to about 0.9-1.5% depending on the burnup. 

Considering the solutions incorporating rigorous self-shielding, the 0.9% spread in k-imTnities most 
probably arises from underlying differences in the nuclear data libraries. Other physical effects could 
contribute to this spread, such as the variation of shielding factors within the fuel pin, or the variation of 
those factors with bumup. These effects have been calculated with APOLLO-2, the results of which can 
be found in Volume 2, [l]. There is a clear tendency for solutions based on a common data library to bc 
very close, for example PSI-l and IKE-l (both JEF-1) as one sub-group , CEA, ECN, IKE2 and STU 
(all JEF-2) as a second sub-group and HIT and JAE (both JENDL) as the third. This suggests that 
differences in the lattice code methods are less important man the nuclear data evaluations. 

In respect of the 1.5% residual spread, it has to bc said that if this was representative of the 
uncertainty on the lattice calculations, it would be unacceptable for design and licensing applications. 
Current nuclear design methods typically claim uncertainties on reactivity of about 0.2%, with 
occasional outliers of up to 0.5%. A concerted effort will clearly be necessary to resolve the outstanding 
differences and this will necessitate experimental validation, The situation is particularly unsatisfactory 
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because the reactivity of MOX fuel tends to increase only very slightly as the plutonium content 
increases, an effect which is greatly exaggerated in the Benchmark A situation because of me low fissile 
fraction of plutonium. Thus, any attempt to increase reactivity by loading a higher fissile plutonium 
content is to a large extent opposed by the increased absorption from the even isotopes. This means that 
any uncertainty in the reactivity predictions will translate into a disproportionately large spread in the 
plutonium concentration needed to achieve the specified lifetime reactivity. 

The codes and libraries give better agreement for the more conventional MOX fuel specified for 
Benchmark B (see Figure 3.2.B). The same grouping of solutions as in benchmark A is also visible in 
Table 3.2.B. 

The IKE-2 solution was carried out with a fuel temperature 33.2”C lower than specified, a clad 
temperature 20.6”C higher than specified and a moderator temperature 5.9”C lower. Sensitivity 
calculations with APOLLO-2 indicate that the combined effect of these temperature differences is that 
the MCNP k-intinity is too high by 93 and 85 pcm for Benchmarks A and B respectively, so that the 
corrected k-infinities are 1.1298 for Benchmark A and 1.1840 for Benchmark B. The same problem 
arose with the ANL solution, which was carried at room temperature; the figures quoted in Volume 2, 
[l] with the detailed results were corrected using the IKE-2 results. 

The problem of different models of energy release mentioned in the previous section affects the 
bumup scale because of the omission of the contributions of fissionable isotopes, mainly Pt.238 and 
Pu-240. The effect is nearly independent of burnup. The stretching factor for the results of CEA and 
EDF is about 1.03 and 1.01 for Benchmark A and B, respectively. Sensitivity calculations of CEA (see 
Volume 2, [l]) gave correction values of -392 pcm and -196 pcm for benchmark A and B respectively 
in order to make the results of CEA and EDF at 50 MWd!kg comparable with the others. 

Reactivity change with bumup 

The reactivity change with burnup in Benchmark A is moderately consistent between the various 
contributions with a spread of 2.5% Ak at the highest burnup step. When only the results from the codes 
which are more established in terms of commercial MOX experience are included, the spread reduces to 
about 1.5% Ak. There is a tendency for those contributions in which Pu-242 self-shielding was not 
modelled to have the highest reactivity swings (e.g., BEN and BNFL). This may be attributable to the 
higher levels of Am-243 which this implies, since Am-243 has higher absorption cross-section than 
Pu-242. This is borne out by the absorption rate plots (see Volume 2, [l]), which shows that both the 
BEN and the BNFL solutions have the highest absorption rates in An-243. 

For Benchmark B the spread of Ak, at 2.2%, is only slightly smaller than that of Benchmark A. 
This implies that the bulk of the discrepancy arises from inherent differences in the depletion 
characteristics, probably deriving from nuclear library differences and differences in the resonance 
calculational mod&. 

One-group fluxes 

The one-group fluxes also show discrepancies, spreads of approximately 7% and 4% applying to 
Benchmarks A and B respectively. This may stem in part from the fact that not all contributors were 
able to use the specified MeV/tission values, because such a facility is not normally provided in lattice 
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codes. It is surprising that differences exist even for those contributions in which the specified 
MeV/tission values were used. 

Absorption rates 

The normalisation of the flux in the cell according to the usual condition ‘total absorption in cell 
equal to unity’ ensures that the error in the absorption rate is equivalent to the error in k-infinity, but 
with the opposite sign. Consequently, the macroscopic absorption rates of individual isotopes in the fuel 
can be used to correlate the differences in k-infinity to individual isotopes. Actinides with a significant 
configuration to the absorption rates (> 1%) having spreads worth noting at zero irradiation or at 
5OMWd/kg are: U-235, U-238, Pu-238, PI-239, Ru-240, F’u-241, Pu-242, Am-241, An-243 and 
Cm-244. The largest discrepancies are for F’u-242, consistent with inappropriate treatment of the 2.7 eV 
resonance in some of the solutions, in which me bulk of me F’u-242 absorpttons occur. Naturally, 
Benchmark A shows by far the largest discrepancy, due to the high absolute concentration of Pu-242. 

Relatively large spreads are also noticeable for U-238 in both benchmarks. Since the U-238 cross- 
sections are well known, it is likely that me resonance absorption calculational methods are responsible. 

The mean absorption rates for the principal fission products also show spreads. The absorption 
rates are for me most part lower man 1% but the spread of values are often nearly as large as the rates 
memselves. There is the potential for these spreads to contribute to an uncertainty of up to 1% in 
k-infinity, and this may arise from a combination of uncertainties in the nuclear cross-sections, fission 
yields and depletion models. 

Fission rates and neutronsperfission (v) 

The variations in fission rate cause differences in k-infinity, the largest being for PI-239, Pt.241 
and U-238. The reason for the differences seen in U-238 may be due to both the use of fission spectra 
which are inappropriate for the actual composition and the inadequate cross-section data. 

For both benchmarks large variations in v for the minor actinides and differences in the percent 
range are seen for the main actinides. The spreads on U-238, Pu-239 and Pu-241 are sufficient to cause 
uncertainties of the order of 0.1% Akin k-infinity. 

Number densities 

The discrepancies in number densities are in most cases higher than those Seen in reaction rates. 
The principal actinides all fall within 10%. except for F’u-242, for which it is about 20%. ‘fhe 
concentrations of Am-243 and the Cm isotopes show similar deviations. The spread for Am-243 must 
partly be due to the self-shielding issue, as discussed earlier. The minor actinides also show large 
variations. Overall, the situation is not acceptable, especially for Benchmark A. 
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3.3.4 Conclusions - infinite cell benchmarks A & E 

The set of resulting multiplication constants as a function of burnup shows large fluctuations of up 
to 4.9% and 2.9% for the pin cells of benchmark A and B, respectively. The solutions with higher 
dispersion are calculated by commercially established codes, which are mainly applied and verified for 
uranium fuel. If these solutions are not included, the spread decreases to 0.9 % at BOL and 1.5 % at 
50 MWd/kg. Most participants, whose results represent this narrower band, applied new data bases and 
refined resonance calculations for the generation of shielded resonance cross-sections. The situation is 
similar to the one encountered at the OECD/NEA meetings on High Conversion LWR benchmarks 
investigating the behaviour of water moderated MOX fuel [3]. The main resulting recommendations of 
these meetings are valid for the present benchmark also and are the following [4]: 

l The calculational methods have to take into account resonance shielding, and should include 
mutual shielding, over the whole energy region for the fuel and cladding nuclidcs and the major 
fission products; 

l Basic nuclear data of sufficient quality are needed, in particular for U-238 and the Pu isotopes, 
but also for higher actinides and fission prtxiucts. 

One part of the spread in the results of the present benchmarks originates from differences in the 
applied data. Solutions, in which the new data bases JEF-2, JENDL-3 and ENDF/B-V are used, show 
characteristic discrepancies for instance in the specific reaction rates, which should be correlated not 
only to differences in cross-sections of specific isotopes but also in cross-sections in specific energy 
regions. The energy integrated reaction rates provided in the benchmark do not give sufficient 
information to make a detailed evaluation in this respect possible. Energy dependent reaction rates 
would help in identifying where data from evaluations need improvement and also in refining the 
methods for calculating weighting spectra and weighted cross-sections. 

The large uncertainty related to the minor actinide production is worthwhile mentioning as a by- 
product of this benchmark Its origin stems both from differences in the cross-section bases and from 
inadequate resonance shielding calculations (neglecting the mutual shielding effect). This appears 
clearly in the differences of the Pt.242 number densities and its successors Am-243 and Cm-244. 

A supplementary benchmark, aimed at clarifying the applied cross-section processing methods for 
users of JEF-2 and JENDL-3 evaluated data libraries, was inhiated at the meeting in November 1994. 
Details are reported in Volume 2, [l] [5]. 

3.4 Void reactivity effect benchmark 

A complete specification of the void reactivity effect benchmark problem can be. found in 
Volume 3, [2]. This benchmark specifies a supercell configuration of a 30x30 array of PWB fuel cells, 
with reflective boundary conditions. The central 10x10 region (see Figure 3.1) consists of either UOz or 
MOX rods (with three different plutonium contents) whose configuration alternates between full 
moderation and complete voidage of the moderator. In every case the outer part of the macrocell, 
consisting entirely of UOZ cells, is assumed to be fully moderated. The configurations with UOa rods 
(3.35 w/o U-235). MOX rods of high enrichment (14.4 w/o total Pu), MOX rods of medium enrichment 
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(9.7 w/o total Pu) and MOX rods of low enrichment (5.4 w/o total Pu) in the central 10x10 sub- 
assembly are designated UOa, H-MOX, M-MOX and L-MOX respectively. 

3.4.1 Participants, methods and data 

Eighteen solutions were contributed to the void reactivity effect benchmark from 12 institutions 
representing 8 countries, of which 5 contributions were based on Monte Carlo codes. A summary of the 
codes and nuclear data libraries used is provided in Table 3.3, together with the acronyms identifying 
the contributors. 

*NSTrroTE COUNTRY CODE DATA BAstiLIBRARY NO OF aEMARKs 

GROUPS 

ANL U.S.A. VIM ENDF/B-V infinite ZiiCd0y 
BEN Belgium LWRWIMS 1986 WIMS 69 
CEA-3 France APOLLO-2 JEF-2.2 CEA 93 172l99 
CEA-4 France ECCO-52lERANOS JEF-2.2 CEA 93 19681172 
CEA5 France APOLLO-l ENDFIBV + JEF-I CEA 86 99 
CEN Belgium DTF4iDGT-3.5 MOL-BR2 40 
ECN Netherland MCNP4.2 JEF-2.2 SCALE 172 
ENEA IdY MCNP-4.2 JEF-1 infinite 
Hitachi Japan VMONT JENDL-2/ENDF/B-N 190 
IKE-1 Germany CGMIRSYST JEF-1 224160 
IRE-2 Germany MCNP-4.2 JEF-2.2 infinite 
IPPE Russia WIMSlD4 FOND-2 WIMSIABBN withdrawn 
JAW-1 Japan SRAC JENDLd.1 107 
JAW-2 Japan MVP JENDL-3.1 infinite 
JAW-3 Japan SRAUPM JENDL-3.1 107 
JABRI-4 Japan SRACIMOSRA JENDL3.1 107 
Siemens &WY CASMO-3 J70 70 withdrawn 
Toshiba Japan MCNP-4.2 JENDL-3.1 infinite 

Table 3.3 Summary ofparticipants in void reactivity effect benchmark 

The results obtained with CASMO-3 and WIMS/D4 were withdrawn. 

3.4.2 Results 

Tables 3.4 and 3.5 give k-infinities for me cennal 10x10 sub-assembly considered in isolation as 
an infinite lattice, for the fully moderated and fully voided configurations respectively. These k-inflmties 
are an useful indication of the underlying agreement of me nuclear data libraries and tine-group flux 
calculationaJ methods, without complications arising from neutron leakage to and from the 10x10 sub- 
assembly. The bottom line in both of these tables gives the arithmetic averages of all the contributions, 
Figures 3.3 and 3.4 display the same information in graphical form, while Figure 3.5 shows the 
correspondhrg void defects, being the difference in k-infinity between the fully moderated and fully 
voided situations. 
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Referring to Table 3.4, the low k-infnities for the MOX configurations (when compared with the 
UOa configuration), reflect the increased thermal absorption in MOX assemblies. Comparing these with 
the corresponding voided k-infinities from Table 3.5, it can be seen that the k-intlnity for the UOz lattice 
decreases considerably in the voided situation, corresponding to a negative void reactivity defect. While 
the same is true for the L-MOX and M-MOX cases, the negative defect is smaller in magnitude, the 
H-MOX case has a higher k-iniinity in the voided case, corresponding to a positive void reactivity 
defect. The reason for this is not difficult to understand when it is considered that the H-MOX case, 
consisting of 14.4 w/o total plutonium with no moderator resembles a fast reactor more than a water 
reactor, so that it is no surprise that k-infinity has a high value. In the fast reactor-like spectrum, all the 
plutonium isotopes contribute to fissions and k-infinity increases almost linearly with total plutonium 
content. In contrast, in the fully moderated situation only the odd plutonium isotopes are fissionable and 
k-intlnity increases much more slowly with increasing plutonium content due to the increasing 
contribution of absorption in the even isotopes. 

Tables 3.6 and 3.7 list k-infinity values for the whole macrocell for the fully moderated and voided 
cases respectively. Figures 3.6 to 3.8 show the k-intlnities and void defects in graphical form. Since the 
macrocell volume is largely composed of UOa pins and only one ninth of the pins are in the central sub- 
assembly, the overall k-infinity varies considerably less between the various configurations. A particular 
point to bear in mind is that only the central 10x10 sub-assembly is subject to voiding and that there is a 
significant source of thermal neutrons into the voided sub-assembly associated with the surroundhtg 
fully moderated UOa region. 

Although the all-UOa macrocell shows a negative void reactivity defect, the averages for the three 
MOX cases all show positive void reactivities. This should not be taken to imply that the contribution of 
MOX assemblies to void reactivity will be positive in the situation of a real reactor, except with high 
plutonium contents. There is no possibility of the situation in a reactor arising where one assembly is 
fully voided while its neighbours are fully moderated. In the artificial situation modelled in this 
benchmark the role of thermal neutrons leaking from the fully moderated region into me voided region is 
crucial. In a fully moderated MOX assembly, the thermal neutron diffusion length is such that the 
boundary effect from leakage from the UOz to the MOX region extends over at most two or three rows 
of fuel pins. In the voided case the thermal neutron diffusion length increases so that the transient 
thermal neutron current extends throughout the 10x10 sub-assembly. The effect of voiding is therefore 
to couple the central MOX rods more strongly to the UOa regions which are rich in thermal neutrons. 
‘Ihe central MOX rods are thereby able to contribute more effectively to the overall multiplication 
factor in the voided condition. 

This result has been analysed extensively and a full account of several different approaches to 
understanding it, is included in Volume 3, [Z]. 

Figure 3.9 shows a typical fission density traverse for one of the macrocell cases (a diagonal 
traverse for a macrocell with H-MOX rods in the central 10x10 region). The spread of values in the 
voided region is large, reflecting the severe interface effect between the fully moderated UOa region and 
the fully voided MOX region that is challenging to calculate. 
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3.4.3 Discussion 

The multiplication factors of the intlnite cell lattices show spreads of up to 4% (Tables 3.4 and 3.5 
and Figures 3.3 and 3.4). If the outlying solutions are omitted me spread reduces to about 1% for the 
moderated cells and 2% for the tinmoderated cells. The reason for the latter may in some cases be partly 
due to deficiencies in the spatial coupling methcds or in approximations inherent with cylindricising the 
square cells. The fact that there is a significant spread for the moderated cells is indicative of differences 
in the nuclear data libraries. There is a clear tendency for solutions based on the same evaluated nuclear 
data set to be very close; as exemplified in the case of solutions based on JEF-2.2 in Volume 3, [2], the 
overall deviations are reduced to half. That the spread is due to the nuclear data sets is reinforced by the 
observation that even me Monte Carlo solutions have a significant spread; for the Monte Carlo codes 
mere are no concerns over approximations in the pincell homogenisation or in the transport method, so 
that the spreads are directly attributable to the nuclear data. Thus, for example, the JEF-2 evaluated 
dataset yields larger k-infinities than the average for the UOz fuel and lower k-inflmties for MOX, 
whereas IENDL-3 shows the opposite tendency. 

It should be borne in mind, however, that in the voided situation the unresolved resonance self- 
shielding becomes more important because of the shift in the spectrum to higher energies. Neglecting the 
self-shielding in this energy range results in a k-infinity too low by about 1.5%. The main contributor is, 
as might be expected, U-238. 

The multiplication factors for the whole macrocell, given in Tables 3.6 and 3.7, reflect the spreads 
seen on the infinite lattice results for uranium cells, since uranium rods make up a fraction 8/9 of the 
volume in the MOX configurations and these rods are fully moderated in all cases. The Monte Carlo 
methods are particularly valuable reference datapoints, as they allow an exact representation of the 
strong spatial dependence of the flux spectra in the vicinity of me voided/moderated boundary. 
Deterministic methods which rely on homogenising pin cells are particularly questionable at this 
boundary, especially if zero current is assumed at me pin cell boundaries in generating the 
homogenisation spectra. 

The fission density curves, of which Figure 3.9 is a typical example, show satisfactory agreement 
for the fully modcrated cases, but show apparently highly discrepant results for the voided cases as 
plotted. This is to some extent an artefact of normalising each curve at the centre pin, which although 
convenient for presenting the results, transfers the spreads entirely to the UOZ region. In reality, the 
power distribution errors will be much smaller, as the spread really applies to the voided region. Since 
the fission rates are very small in the voided region, the absolute errors on fission rates mere are within 
10%. As might be expected the largest deviations actually occur at the MOX pin which borders on the 
UOz region. It is in this location where transport and homogenisation errors are most significant with the 
deterministic methods. The Monte Carlo cc&s again provide a useful reference, since they are not 
subject to such errors and the spread of results from me Monte Carlo codes is indicative of that in the 
underlying nuclear data. 

The flux spectra of the central MOX pins show marked depressions in die voided cases at the 
resonance energies. The thermal spectra of the central pins are also very highly depressed, but those of 
the comer and edge pins are much closer to those of me adjacent UOZ rods due to the neutron current 
from the latter [2]. 
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3.4.4 Conclusions 

The objective of the void reactivity effect benchmark was to compare the performance of the 
nuclear data libraries and codes presently available on a problem involving the calculation of the void 
reactivity effect in a mixed UOdMOX macrocell. The spread of k-intimties for the fully mcxierated 
infinite lattice amounts to somewhat greater than l%, which is considered excessive and should be 
improved. Solutions obtained with the same nuclear data libraries tend to be grouped together, which 
indicates that the differences in the libraries are largely responsible. The voided configurations show 
larger spreads which are probably partly the result of using approximate homogenisation and transport 
methods at the voided/moderated boundary and partly due to differences in higher energy cross-sections, 
which assume a greater importance in the voided situation. 

Overall, however, there is substantial agreement as to the trend for the void reactivity effect to 
become more positive as the plutonium content of the MOX region increases. The intinite lattice results 
show that the inherent void reactivity of MOX assemblies becomes positive somewhere between 10 and 
14 w/o total plutonium content, at least with the isotopic composition assumed here. 

Similar results were obtained with the hybrid UO2/MOX macrocell, which are dominated by the 
properties of the moderated UOa pins which make up the bulk of the macrocell. The same trend towards 
more positive void reactivity effects as the plutonium content of the MOX regions increases was 
established. Because of the artificial nature of the problem, with a fully voided MOX sub-assembly 
adjacent to a fully moderated UOZ driver region, positive void reactivity defects were obtained even for 
the L-MOX case, a result which would not occur in the more realistic case of more uniform void 
distribution. 

Following a detailed examination of the results, it is recommended that the differences in the 
actinide cross-sections in the JEF-2.2 and JENDL-3.1 nuclear data libraries should be evaluated closely 
to explain the differences seen in the Monte Carlo calculations. 

3.5 Benchmark analysis-Overall conclusions 

When the WPPR proposed this set of benchmark exercises, it was expected that good agreement 
between the various solutions would be obtained. This expectation is not completely fultilled, even 
though the spreads are smaller than those seen in an earlier series of benchmarks performed some years 
ago. For all the benchmarks the spread in k-intinity after removing outlying solutions is in excess of 1%; 
this value would be unacceptable if it was representative of the uncertainty on lattice design 
calculations. Furthermore, this spread translates into a much larger spread in the plutonium content 
needed to achieve a given reactivity lifetime. 

This means that there is still need for improvement in both methods and basic nuclear data and also 
for better experimental validation. The spectral shift towards higher energies linked with high plutonium 
content and/or moderator voidage increases the signiticance of effects as inelastic slowing down and 
absorption in the resolved and unresolved resonances. The muhirecycting of plutonium emphasises the 
contribution of higher plutonium isotopes to neutron capture and increases the importance of the 
uncertainties on the minor actinide cross-sections. 
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In the absence of experimental data, benchmark exercises are a very useful tool to compare 
methods and/or basic nuclear data, even if they do not provide the ‘true’ answer. For future work within 
the framework of the WPPR, the following issues should be addressed: 

l Comparisons between the most recent evaluated data files in the simplest scenario possible; 

l In connection with the void reactivity effect benchmark more realistic conditions should be 
considered, such as an extension of the voided region beyond me limits of the MOX sub- 
assembly. 

As a final point, it is noted that the design of MOX fuel assemblies needs the use of the best (that 
normally means the newest) nuclear data bases and the application of very detailed and sophisticated 
spectra and assembly codes. ‘Ihe use of codes only verified for UOz fuel should be avoided. 
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Table 3.2.A k-infinities for Benchmark A 

Contributor ANLI BEN BNFL CEA ECN EDF HIT IKE1 IKE2 JAE PSI1 STU 
Burnup 

MUWkB 
0.0 1.1324 1.1044 1.1043 1.1334 1.1313 1.1217 1.1396 1.1306 1.1308 1.1336 1.1304 1.1336 
10.0 0.0000 1.0400 1.0398 1.0707 1.0746 1.0593 1.0777 1.0688 0.0090 1.0718 1.0686 1.0747 
33.0 0.0000 0.9645 0.9645 0.9974 1.0057 0.9863 1.0081 0.9949 0.0000 1.0028 0.9974 1.0055 
42.0 0.0000 0.9405 0.9405 0.9716 0.9821 0.9626 0.9633 0.9705 0.0000 0.9799 0.9743 0.9827 
50.0 0.0000 0.9208 0.9208 0.9497 0.9622 0.9433 0.9625 0.9507 0.0000 0.9610 0.9554 0.9641 

’ ‘l%e original ANL result for 300 K is 1.1591 f 0.0011. It has been converted to the required ~mperatures using the 
results of IKE? for rcan temperature (1.1586 f 0.0011) and for ken&mark conditions (see Volume 2, [l]). 

* the original ANL result for 300 K is 1.2117 + 0.0010. It has been converted to the required temperamres using the 
results of IKE? for room temperature (1.2182f0.0011) and for benchmark conditions (see Volume 2, [I]). 

Table 3.2.8 k-infinities for Benchmark B 

Contributor ANL ’ BNFL CEA ECN EDF HIT IKE1 IKE2 JAE PSI1 STU 
Bumup 

MWd/kg 
0.0 1.1785 1.1805 1.1896 1.1838 1.1744 1.1926 1.1849 1.1847 1.1872 1.1839 1.1830 
10.0 0.0000 1.0923 1.0953 1.0972 1.0824 1.1026 1.0936 0.0000 1.0967 1.0929 1.0947 
33.0 0.0000 0.9893 0.9876 0.9953 0.9730 0.9956 0.9851 0.0000 0.9931 0.9870 0.9909 
42.0 0.0000 0.9541 0.9496 0.9604 0.9367 0.9586 0.9483 0.0000 0.9579 0.9522 0.9560 
50.0 0.0000 0.9254 0.9175 0.9312 0.9070 0.9280 0.9178 0.0000 0.9289 0.9241 0.9269 



I I 
Contr. 1 Code 

I 
1 Data 

I 
t 

Fuel Type 
UO? Ii-MOX M-MOX L-MOX 

10 1.2124f.0012 1.1671f.0011 1.1428+.0008 
1.2054 1.1623 1.1427 
1.2131 1.1496 
1.2107 1.1447 
1.209- 1 I 1. 
1.2255 

1.2166f.0007 
1.2131f.0008 

1.2237 

Average 1.3656 I 1.2163 1.1733 1.1511 

Table 3.4 k-infinity pin cell moderated 

Contr. Code 
Fuel Type 

Data uoa H-MOX 1 M- 
I ANL I VIM ENDFBS 0.6215~t.0006 1.2850~.0007 I 1 n-a 

WlMS WIMS 1.25 
.LO2 JEF22CEA 0.6500 1.28. _ -.-..- ".. ."" 

:EA 
I I 

0.6444 1.2850 
1 ENDFBCEA 

I 1.0441 
0.6234 I 

0.7738 
1.2860 1.0398 0.7637 

0.6211 1.2465 I 1.0051 I 0~7370 

.MOX L-MOX 

, . ..-vOi.0006 0.7616f.0011 
92 I 1.0217 0.7574 
79 1 017s n 71CA 

BEN LWRI""-- 
CEA3 APO1 
CEA4 ECC052 I JEF22C 
CEAS APOLLO1 
CEN DOT35 
ECN 

1 MOLBRZ I 
MCNP4 I JEF22 

ENEA MCNP4 I JFFt 
1 0.638Oi.0006 1 1.2863f.0008 1 1.0427kOOO4 ( 0.7696f.0006 
I I 1 ,LLI)I InIll 1.0216+.0013 1 0.7495f.0018 

-.--_- _._.". 1.0324 I 0.7595 
^ *^.^ 

I A.L”““.,..Y”II 

HIT 1 VMONT I JENDL2 n WI1 I 1 ,7*1 
IKE1 I CGM I JFFt I 

1 IKE2 I 
_-. _ I “.O‘IL 1.2712 1.0284 0.7573 

MCNP4 I JEF22 I 
I 

I 
I 

SRAC JENDL31 0.6264 1.2741 1.0331 0.7650 
MVP JENDL31 0.6228i.0003 1.2669&.0004 1.0280f.0003 0.7598rt.0005 
SRACPIK JENDL31 0.6264 1.2741 1.0331 0.7651 
M~SRA JENDL31 0.6264 1.2741 

-h4CNP 
1.0331 0.7650 

42 JENDL31 0.6236f.0013 1.2783h.0013 1.0369i.0013 0.7657f.0011 

Average 0.6282 1.2748 1.0324 0.7618 

Table 3.5 k-infinity pin cell voided 
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Fuel Type 
C0ntr. Code Datm uoa I H-MOX 1 M-MOX 1 L-MOX 

Average 1.3661 1.3430 1.3396 I 1.3387 

Table 3.6 k-infXty macrocell moderated 

Fuel Type 
COIW. Code Data uoz I H-MOX 1 M-MOX 1 L-MOX 

Table 3.7 k-infinity macrocell voided 
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Figure 3.1 
Supercell configuration of a 30x30 array of PWR fuel cells for the void reactivity effect benchmark 
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Benchmark A: k-infinity 
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Chapter 4 

PLUTONIUM RECYCLING AND WASTE/RADIOTOXICITY REDUCTION 

4.1 Introduction 

A major concern in shaping the future of tire nuclear power industry is the ecologically acceptable 
management of waste. As said previously, even in countries which have developed extensive nuclear 
power generation facilities, no unique strategy has emerged for the management of spent thermal reactor 
fuel. General public acceptance of final disposal of high-level radioactive waste is increasingly related 
to me awareness of the very long-term envlromnental issues associated with the radiotoxicity of 
components of the waste - specifically long-lived fission products and long-lived man-made tmnsuranic 
elements (tmnsuranics). 

It is then very relevant to address the issue of radiotoxicity flows in considering plutonium 
recycling. In what follows we will recall different scenarios for the use of plutonium and the tmnsuranlc 
element inventories, as discharged from present mermal reactors. Flows and working inventories of 
radiotoxicity will be discussed next and, ilnally, some relevant issues related to the recycle of 
tmnsuranics and the potential for waste volume reduction. 

4.2 Different scenarios for the we of plutonium 

Different scenarios (which are not necessarily exclusive) can be envisioned for the management of 
spent fuel from thermal reactors (Figures 4.1 to 4.3): 

l Direct and final disposal in an engineered repository; 

0 Long term storage, leaving open the option for reprocessing at later times; 

l Immediate reprocessing to separate the fuel (recovered uranium and plutonium and later on 
other transuranlc elements) from the fission products for re-fabrication into fuel for reactors. 

In this last case different scenarios can bc developed according to whether the transuranic elements 
other than plutonium are treated as wastes or separated fmm fission products and recycled in reactors 
for transmutation. The reactors in which plutonium (or eventually other transuranic elements) is 
recycled can be thermal or fast reactors. 

Among thermal reactors, LWRs and HWRs have been used or considered [ 1, 2,3,4]. LWRs with 
different moderator to fuel ratios can be envisaged [5, 61. Among fast reactors, different types of fuel 
can be considered for the core (oxide, metal, possibly nitride) with their specific fuel cycles [7, g] and 
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with specific values of the conversion ratio, according to the prevalent function assigned to this type of 
reactor (breeding or burning plutonium [9]). In Figure 4.4 three possible scenarios using MOX 
recycling in PWRs are illustrated [5], with or without multiple recycling and with or without the use of 
MOX-fuelled fast reactors. 

In Figure 4.5 a rationale for the use of plutonium in fast reactors is illustrated, showing both the 
PUREX reprocessing strategy and pyrometallurgy-based option. This last scheme forms the basis of the 
benchmarks on Pu recycling in fast reactors (see Chapter 5). 

4.3 Thermal reactor discharged transuranic elements inventories 

The fuel throughputs differ for the different types of thermal reactors, and, for each reactor, 
depending on annual feed rates (and load factors) and discharge burnups. Some typical examples are 
given in Table 4.1. 

However, from the physics point of view, when considering plutonium, it is of interest to specify 
the five Pu isotopes, which have different physics properties. As an example, Table 4.2 provides the 
isotopic composition of discharged Pu according to the bumup of UOz fuel in a PWR. 

As has been indicated, me problem of the use of plutonium cannot be viewed as independent from 
the management of the other tmnsuranics, if the goals of optimum use of resources are to be coupled to 
the reduction of wastes. 

It is then necessary to consider the inventories of the other transuranic elements present in the spent 
fuel. These elements have different physics characteristics and may be classified according to four 
families: 

l Neprunium: The isotope 237 is mainly formed from U-235 (by neutron capture and beta decay, 
and, to a lesser extent, from U-238 by (n,2n) reaction. Its short-term production is independent 
of me eventual recycling of Pu. Subsequent to discharge neptunimn is formed from decay of Pu- 
241 to Am-241 to Np-237. Its half-life is extremely long; 

. Americium 241, generated by the beta decay of Pu-241 which has a relatively short decay 
period (- 14 years): Its production is therefore greater in the fuel cycle than in reactors. As a 
strong alpha and gamma emitter, its presence penalises reprocessing and MOX fuel fabrication; 
since its production is mainly related to delays between reprocessing and fabrication, early 
fabrication into MOX fuel has beneficial consequences on its management since in current fuel 
cycle downstream designs, it is in part associated with plutonium (after plutonium separation 
during reprocessing), in part isolated (in the case of removal of americium from plutonium), and 
in part mixed with other americium isotopes (contained in current reprocessing waste); 

l Am-242 and Am-243, produced by irradiation of isotopes higher than Pu: Am-242 by neutron 
capture in Am-241 (and hence the quantities are negligible); Am-243 created from beta decay of 
Pu-243, which has a very short half-life of - 5 hours. They therefore depend on the Pu grade 
and the irradiation conditions; 
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l Curium and heavier nuclides, also produced from successive captures and beta decays from 
plutonium through americium. Spent fuel comprises less than 0.01 % of curium (Cm-242, Cm- 
244 and Cm-245). The half-lives of Cm-242 and Cm-244 are short but their presence even in 
small amounts gives rise to strong radiation and heat sources. 

Table 4.3 gives some typical vahres for minor actinides discharged from U02 fuel with various 
burnups in PWRs [5]. 

4.4 Flows and working inventories of radiotoxicity 

As regards the nuclear waste management, radiotoxicity flows per unit of energy benefit derived 
from fission reactors and working inventories of radiotoxicity per unit of installed capacity are of key 
interest. One must consider the Mow, outtlow and working inventory of radiotoxicity from the 
macrosystem shown in Figure 4.6. 

Because the radiotoxicity varies with the age of the material subsequent to discharge, it is helpful 
to divide the radiotoxicity contributions into several categories: 

l Those inflows and oufflows from the Figure 4.6 macrosystem which apply for geologic time 
scaks, including: 

- the radiotoxicity of the uranium ore as an inflow, 
- the radiotoxicity of the long-lived fission products as an outflow, and, 
- the radiotoxicity of any unused uranium as an outflow; 

l Those which apply for societal times scales (- 500 years or less): 

- this includes fission products with half lives less than several hundred years; 

and finally: 

l Those radiotoxicity flows associated with the man-made transuranics which are created as a 
neutronic consequence of subjecting the uranhun to interactions with neutrons. 

Sekimoto [lo] has considered a macrosystem such as Figure 4.6 in the steady-state. He shows 
that the increase in me earth’s radiotoxicity burden due to long-lived fission products per unit of energy 
is a little more than cancelled by the reduction in the earth’s radiotoxicity burden which occurs because 
the uranium ore is removed from its crust and fissioned to create the energy in the first place. 
Figure 4.7, [lo] shows the radiotoxicity flows associated with the uranium ore required for one year’s 
operation of a 3 GWth fast reactor and me fission products produced. Three cases are considered : 

l Only the uranium is withdrawn from the earth’s crust (the practical case); 
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l The uranhtm, and the thorium which is in secular equilibrium with it is removed, and finally; 

l The radium as well as thorium which is in secular cquiIIbrium is removed with the uramum~ 

In all cases, on geologic time scales, a radiotoxicity of a little over lo6 Annual Limit on Intake 
(ALI) units are removed from the earth’s crust in order to supply the uranium needed for one year’s 
worth of 3 GWth reactor operation. Figure 4.7 [lo] shows that the long-lived tlssion products created 
and returned to the earth’s crust after fissioning that uranium is a little less than lo6 AL1 units. Thus, 
me year’s worth of 3 GWth energy benefit would be “free” in terms of long-term ecological impact if 
the short-lived fission products and the unconsummated actimdes (uranhrm and transuranks) are not 
returned to the earth. 

If one wished to exploit me opportunity for the benefit of fission energy free of net long-term 
ecological impact (as measured by radiotoxicity legacy for geologic times), one would have to find a 
way to avoid returnhrg actinides and short-lived fission products fmm the nuclear power macrosystem 
(see Figure 4.6) to the earth’s crust. The approaches for avoiding their return are limhed in number: 

a) For the actinides: to retain them in working inventory until they are fissioned is the only option 
available; 
this applies to: 

l any unused uranium, and 
l any manmade transuranics: 

b) For me short-lived fission products two options can be. considcrcd: 

l sequester them in a storage inventory (such as a geological repository) for several hundred years 
until they have decayed to stable isotopes, or; 

l transmute them into stable isotopes. 

Whichever of the above approaches is taken, one can view them as a strategy of “hold-up actinides 
in working inventory until such time as their energy content has been extracted”. A quantification - 
actinides through related benchmarks - of options a) and b) is given in Chapter 5. 

4.5 Sequestering of short-lived t&ion products 

Considering first the short-lived fission products, which comprise about 3 w/o of LWR spent fuel, 
Figure 4.8 i shows that within three hundred years, all short-lived fission products will have decayed if 
not to stable isotopes, at least to a level below that of the long-lived fission products. For short times 
after discharge (i.e., several decades), however, me short-lived fission products are three orders of 
magnitude higher in toxicity than are the long-lived fission products and comprise a significant fraction 
of the radioisotopic hazard of spent nuclear fuel. 

’ Figure 4.8 applies to LWR spent fuel after 33 MWd/kg average bumups. 
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Slessarev, et al. 1111 have shown that their total nansmutatlon into stable isotopes in a reactor 
would require more neutrons than are physically available. If separation technologies were developed, 
transmutation of specific short-lived fission products would be neunonlcally feasible. Alternately, their 
rapid decay vls-a-vis geologic time scales makes sequestering in an interim storage working inventory 
an attractive option. Containers, engineered structures, warning signs, and even societal institutions for 
stewardship - all capable of lasting several hundred years - are within the realm of demonstrated human 
achievement. Stewardship of this sequestered interim storage inventory will comprise a cost per unit of 
energy benefit which is only just now being quantified. 

4.6 Recycle of unused uranium 

The unused uranium represents 96 to 97 w/o of LWR spent fuel. Moreover, the tails horn the 
enrichment process also comprise a very large mass of unused uranium. It is clear from Figure 4.7 that 
if this unused uranium were returned to the earth’s crust, it would essentially replace that which had 
been removed in the first place, and me radiotoxicity from the long-lived fission products would then 
constitute a small but none-the-leas net positive ecological impact on geologic time scale radiotoxicity as 
the price of having extracted the fission energy. 

To the extent mat me unused uranium can be held in working inventory for later recycle to ultimate 
destruction by fission, its radiotoxicity will not become a contributor to geologic time scale radiotoxicity 
return to the earth’s crust as a result of deriving the energy benefit from fission. Moreover, because the 
uranium can be chemically separated from the transuranics and fission products, it can be put into a 
relatively benign form for interim storage prior to eventual fissioning. 

4.7 Recycle of transuranics 

Considering next the radiotoxicity due to the man-made transuranic elements (which comprise 
about 1 w/o of the actinide content of LWR discharge fuel), Figure 4.8 shows that the initial 
radiotoxicity rivals that of the short-lived fission products and that the very long-term radiotoxicity 
exceeds that of the long-lived fission products. This is because the half lives of many of the actinides are 
of the geologic time range. In the case of the transuranics then, their return to the earth’s crust would 
more than double the long-lived fission product radiotoxicity burden applicable for geological times. 
Alternately, if they are not returned to the earth’s crust but instead are retained in working inventory, 
recycled and fissioned, they can be consumed in tens to hundreds of years and will produce fission 
products which add to the short-lived fission product inventory destined for interim storage for several 
hundred years. They will also contribute to the long-lived fission product radiotoxicity returned to the 
earth’s crust - but still sum to a reduced level relative to that drawn from the earth with the original 
uranium ore. 

To the degree that the technology for recycle allows a leakage of transuranics into the waste 
product for return to me earth’s crust vis-a-vis retention in working inventory, the transuranics will add 
incrementally to the geologic time scale radiotoxicity of the long-lived fission products. lhis leakage is a 
function of recycle technology and is one of the focal points of the Working Party’s benchmarking 
exercise for fast reactors (see Chapter 5). 

The extent to which recycled transuranics can be fissioned completely is a function of the neutron 
spectrum of the reactor, and again is a focal point of the benchmark exercises; however, it is well known 
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that the neutrOn interaction properties of the actintdes dictate that while thermal recycle will work for a 
while, a fast spectrum will be ultimately required during the final stages of the multiple recycle. 

4.8 Neutron interaction properties of plutonium and other transuranic elements 

In the present section the major neutron interaction characteristics of F’u isotopes and other 
transuranics will be given with respect to a) the neutron economy in a reactor and b) the fission/capture 
cross-section ratio, related to their transmutation potential, in view of waste/radiotoxicity reduction 
during recycling 

4.8.1 The neutron economy 

A way to evaluate the impact on the neutron economy of the introduction in a neutron flux of a 
particular isotope i, is to establish the neutron consumption (or production) Di per fission 1111, in the 
process of full utilisation of that isotope, down to complete fission (i.e. of the initial isotope and all the 
isotopes eventually formed from it by neutron capture, etc.). 

For a fuel made up by I isotopes, the fuel neutron consumption (or production) is defined as 
follows: 

(E, = fraction of tissions due to isotope i), 

The condition of positive core neutron economy is given by: 

-Dsw,+(CM+L)>O 

where CM are parasitic captures (structures, fission products, etc.) per fission and L the neutron 
leakage per fission. 

Di varies from isotope to isotope, according to the neutron spectrum. Since a specific reactor core 
type is associated with a specific neutron spectrum and flux level, it is possible to evaluate the impact of 
the introduction of different isotopes in that specific reactor type; Dt vahtes are given in Table 4.4 for 
Pu isotopes and minor actinides in different reactor types. Since the CM+L term is approximately 
0.3 neutrons/fission in most reactor types, values of Table 4.4 can help to evaluate the impact of the 
different F’u isotopes on the neutron economy of a specific reactor type, chosen for recycling. The 
greater ease with which total transurantc composition can be achieved in a fast versus a thermal 
spectrum reactor is reflected in the much more negative value of Dmu displayed in the last column of 
Table 4.4. 
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4.8.2 The fission/capture rados 

If Pu recycling in reactors is to be optimised both horn the core performance point of view, and 
also with the objective of reducing the wastes and their radiotoxicity, then this means essentially 
minimising the production of heavier isotopes. 

This last objective is clearly related, from a physics point of view to the fission/capture cross- 
section ratios; the more favourably fission competes with capture, the more efficiently one avoids the 
production of heavier isotopes. 

Table4.5 gives typical fission/capture values for actinides in different neutron spectra. These 
ratios are maximum for hard fast neutron spectra. A lower minor actinide production is then expected 
from Pu recycling in a fast reactor with respect to a thermal (e.g. PWR) reactor. 

However it would be possible to envisage optimising the situation for thermal reactors. It has been 
indicated that in the case of PWRs, taken again as example, decreasing of the fuel-tomoderator ratio 
reduces the buildup of minor actinides (see Table 4.6). This shows that a reactor with a high moderating 
ratio, although far from equalling the performance of a fast spectrum reactor, is better than a 
conventional PWR at reducing actinides at the first Pu recycling. This tendency results from the lower 
initial Pu content, despite the lower fission/capture cross-section ratio values in this type of spectrum. In 
fact, the tendency obtained at the first recycling can be changed if multiple recycling is considered 
(see Table 4.7) even if at each cycle the Pu coming from MOX spent fuels is diluted with fresh Pu 
coming horn UOZ spent fuels. 

The production of minor actimdes in MOX fuelled LWRs is also sensitive to the bumup and to the 
initial quality of the recycled plutonium. Table 4.8 gives some typical examples which show a clear 
trend of an increase in the heaviest nuclei buildup with burnup. 

4.9 ConcIusions 

The objective of waste/radiotoxicity reduction has to be accounted for when evaluating different 
plutonium utilisation strategies. 

From the physics point of view, the major issues relate to the characteristics of the neutron 
spectra of the different reactor types. There is a general consensus acknowledging the favourable 
characteristics of fast neutron spectra. The analysis in Chapter 5 is significant in this respect. 

Multirecycling of plutonium in thermal reactors (see Chapter 2) can produce a significant 
increase of minor a&rides and then an increase of the potential radiotoxicity source. This is a practical 
near term option for extracting further energy from the actinides and it does not preclude the subsequent 
further recycle in a fast reactor to reverse the trend of toxicity buildup. Moreover, what matters in the 
long term is what radiotoxicity is actually returned to the earth’s crust. 

Some optimisation could be envisaged (i.e. with respect to the light water moderator-to-fuel ratio) 
but further work would be needed to identify limitations arising from minor actinide buildup during 
plutonium multirecycling. However, in order to keep the ratio of minor actinides/plutonium as low as 
possible and achieve as high a bumup as possible, self sufficient fast reactors are still the best option. 
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Figure 4.1 Thermal reactorfuel cycle with spentfuel storage and disposal 
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Figure 4.2 Thermal reactor fuel cycle with reprocessing and recycling 
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Figure 4.3 Thermal reactorfuel cycle with recycling and actinide burning in foSr reactors 
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SCENARIO 1: Multiple recycling in PWRs 
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SCENARIO 2: Single recycling in PWRs followed by multiple recycling in a burner 
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SCENARIO 3; Optimised multiple recycling in PWRsfollowed by multiple recycling in a burner 
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Figure 4.4 Recycling scenarios for MOXfuel 
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Figure 4.5 Rationale for the use of plutonium in fat reactors 

Figure 4.6 Macro system view ofjission - induced energy extractionfrom earth’s endowment of nctinidcs 
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Figure 4.7 Expected change along the time of the incinerated toxicity measured by Annual Limit on Intake 
of (a) natural uranium (uranium only, uranium + thorium and uranium + thorium + radium) fed 
to the 8 GWth soft-spectrum fmt reactor per year and (6) thorium (thorium only and thorium + 
radium) fed to the 3 GWth hard-spectrum thermal reactor per year. The amounts of the 
additionally charged nuclides are the equilibrium amounts to each parent (uranium or thorium) 
UOI. 
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Figure 4.8 
Time dependence of the risk (hazard) f UC to f r or wastesfrom spentfuel, stored withoutreprocessing [12]. 
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Table 4.1 Dischargedfuel contentfor different types of reactors 

II Bum (MWdkg) Pu-239 1 Pu-240 1 Pu-241 F'n-242 11 

7.9 1.2 67.3 25.5 4.5 1.5 

33 1.8 51.9 22.5 11.1 5.6 

42 2.1 54.5 22.8 11.7 7.0 

55 4.0 50.4 23.0 12.3 9.1 

65 4.8 47.5 23.8 12.1 10.5 

Table 4.2 Plutonium isotopic composiiion front spent UOI fuel in n PWR (after 5 years’ decay) 

Table 4.3 Pu and minor a&aides from spent lJOI fuel in a PWR (kgflwhe) (after 5 years’ decay) 
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NEUTRON SPECTRA 

I hu 1 - 1.19 1 _ 1.33 1 - 0.077 1 - 0.38 1 - 0.58 

Table 4.4 
DA - Values for some important TRU-nuclei and for stamizrd LWR discharge in different neutron spectra 

and neutron jlrmx I$ (n/cm%) 

LSOTOPE 

Np 237 

Pm238 
PI-239 
Pu-240 
PU-241 
PI-242 

Am-241 
Am-242 
Am-243 

Cm-243 
Cm-244 
CDG245 

LIGHT WATER REACTOR 
MOX FUEL FAST NEUTRON REACTOR 

0.03 0.19 

0.20 1.60 
1.90 3.00 
0.02 0.60 
2.90 5.00 
0.04 0.33 

0.02 0.15 
5.00 4.60 
0.01 0.12 

8.70 16.50 
0.12 0.57 
7.00 9.00 

Table 4.5 Fission/capture cross-section radio for some actinides 
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Under Moderated PWR :MOX 42 MWdk 

Fast Neutron Reactor 

(after 5 years decay) 

Table 4.6 
Minor actinides production in PWRs and FBRs (kg/TWhe: single recycling of plutonium in PWRs) 

II VmNf=3.0 
I 

VmNf=2.0 
I 

V,Nf=l.l II 

Case I: Multirecycling with dilution 

Table 4.7 
Pu consumption and minor actinide (MA) production during multi-recycling in PWRs 

with different moderator-to-fuel ratios (burnup = 55 MWd/kg) 
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BURNUP (MWdikg) Np-237 Am-241 Am-243 Cm-244 Cm-245 

MOX 1st 42 0.6 8.2 4.3 2.0 0.3 

MOX 1st 55 0.5 7.5 4.9 2.7 0.5 

MOX 1st 65 0.5 8.6 5.1 3.3 0.7 

MOX 2nd 65 0.5 12.5 7.3 3.1 0.8 

MOX 3rd 65t 0.5 13.0 8.4 4.0 0.9 

Table 4.8 
Minor actinides production in PWRs - vatitions with burnup and successive recycling (kg/TWhe) 
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Chapter 5 

PLUTONIUM RECYCLING IN FAST REACTORS 

5.1 Physics of plutonium recycle 

As discussed in the previous chapter, in a macrosystem sense, the nuclear power enterprise is one 
in which uranium ore is mined and refined at some expense. of energy - thereby producing both a 
uranium product and a waste stream of milling by-products (see Figure 5.1). Then, the uranium product 
is convert& by fission into electrical energy, (in excess of that reqircd for the mining/refining), with 
the accompanying unavoidable production of waste heat and waste radioactive fission products and the 
release of neutrons in excess of those required to sustain the chain reaction, Although only uranium is 
fed into the system, parasitic (non fission) capture of neutrons gives rise to a system working inventory 
which contains not only uranium, but also man-made transuranic isotopes - i.e., the macmsystem 
working inventory contains a full spectrum of natural and man-made actinidc elements. Complete 
extraction of 200 MeV for every uranium atom fed into the system would imply that only fission 
products leave the system as an oufflow. Incomplete extraction of 200 MeV for every uranium atom fed 
into the system would give rise to a buildup of actinide inventory inside the system. This is indeed me 
current world macrosystem situation (as illustrated in Figure 5.2); less than 200 MeV per U atom has 
been extracted up to now and no a&tides have yet been returned to the earth’s crust, but rather they 
remain in storage in working inventory. This situation gives rise to contemplation of how to proceed: 
either to consign the existing actinide inventories to the waste stream from a “once-through” 
macrosystem (see Figure 5.3) or recycle and extract further fission energy from the inventories of 
uranium and transuranics and send fewer actinides and more fission products to waste. 

5.1.1 Multiple recycle 

As discussed in Chapter 2, technology for recycle of plutonium in current-generation light water 
reactors has been well established by a 20 year development programme, and commercial MOX recycle 
has begun on several national power grids. When commercial MOX recycle in LWRs becomes 
widespread, its effect will be to retard the rate of net production of transuranic mass per unit of 
macrosystem energy benefit by recycling and fissioning a greater fraction of the transuranics produced 
upon in situ neutron capture on the U-238 in LWR fuel. 

As shown in Chapters 2 and 4, multiple recycle of MOX in a thermal spectrum reactor is probably 
limited to two or three cycles, owing to the inexorable buildup of higher mass isotopes of plutonium and 
minor a&tides. Such higher mass isotopes (particularly the even mass number threshold fissionable 
ones - F’u-240, F’u-242) act as absorbers in a thermal spectrum and their buildup upon multiple recycle 
leads to ever increasing enrichment requirements which leads among other effects to a positive coolant 
void cceffkient if the enrichment reaches 10 to 12%. In the end, after two or three MOX recycles in an 
LWR one creates a macrosystem working inventory of transuranics containing a high fraction of higher 
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mass number isotopes which are unsuitable for further thermal recycle; an inventory which therefore 
requires alternate means for ultimate disposition. ‘Ihe two choices are consignment to waste or further 
recycle in some other system whose physics favour fission over parasitic capture of the higher mass 
act&rides. 

From the viewpoint of the goal to extract the full energy content of the earth’s endowment of 
uranium ore and to send only fission products to waste, such an existing a&ride mass inventory would 
be viewed as an intermediate product. It would not yet have foregone any fraction of the energy 
potential of the original uranium ore because the fissions which would have occurred up to then are just 
a step along the way to full fission of every uranium atom. The U-238 and transuranics in such spent 
fuel would still be available for future fission consumption; the only thing which would have been 
discarded up to then are excess neutrons. 

Fast spectrum reactors are well suited for still further extraction of energy from such transuranic 
inventories. As shown in Figure 5.4, all transuranics are fissionable in a fast neutron spectrum. Thus, in 
a fast reactor their further multiple recycle could achieve total fission destruction of the macrosystem’s 
uranium feedstream -leaving only fission products for return to the earth’s crust. 

In the past, fast spectrum reactors have been designed to exploit their favourable neutron economy 
and to consume the uranium feedstream at a rate in excess of energy needs so as to build up an excess 
of transuranics in working inventory - in this way, they behave like LWRs. However, (in contrast to 
LWRs) the core geometries and compositions (i.e., the “loadings”) of fast spectrum reactors can be 
adjusted so as to waste either more or fewer neutrons over a very broad range. At a given power rating 
if more neutrons are wasted - (diminishing the neutron captures on U-238), the recycle system would 
not be tissile self sufficient, and an external feed of transuranics would be required along with the 
U-238 feed in order to sustain the transuranic fissile working inventory of the fast reactor closed fuel 
cycle. Alternately, if at the fixed Rower rating, fewer neutrons are wasted and are instead captured on 
U-238 then the reactor system would become a breeder and generate excess transuranic mass, the 
system would become more than fissile self sufficient and transuranlc mass would build up inside the 
system (perhaps as working inventory of additional reactor systems). The feedstream to the breeder 
would require no transuranlcs and would consume U-238 in excess of that needed for fission. 

Using the ability to adjust the neutron utilisation as discussed above, the loadings of each fast 
reactor plant can at each recycle reloading be variously configured to produce transuranlc conversion 
ratios lying anywhere between 0.5 and 1.5. Such a range of available transuranic conversion ratio 
provides a means for life-cycle management of the global transuranic inventory. As illustrated in 
Figure 5.5, it provides the means to extract the full energy potential from the earth’s endowment of 
uranium ore; to hold constant (Conversion Ratio = 1) or to increase (Conversion Ratio > 1) the 
deployment of fast reactor closed fuel cycle plants on a regional basis in response to power demand; and 
eventually to decrease the number of power plants deployed and to close the nuclear power era out in an 
ecologically-sound manner by using burner (Conversion Ratio < 1) core loadings to consume the 
working inventories of decommissioned sibling units. 

As regards to waste returned to the earth’s crust in such a regime, in all scenarios and at all times, 
the transuranic content consigned to the waste stream would be maintained nearly zero (recycle losses 
only) SO that the global transuranic inventory would be contained entirely in the working inventories of 
power-producing fast reactor closed cycle power plants and would eventually be totally transmuted to 
energy and fission products. 
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5.1.2 Thermal reactor/fast reactor symbiosis 

The fast reactor closed fuel cycle requires that the initial transuranic working inventory be 
provided from an external source. It has long been envisioned that the fissionable material for this initial 
working inventory would come horn inventories of tmnsuranics built up from thermal reactors, after 
several thermal recycles make the transuranic composition unsuitable for further thermal recycle. 

The tramuranic material generated in the thermal reactor segment and supplied to the fast reactor 
segment of the symbiosis could be used in either of two ways: 

l As initial working inventories for a growing number of fast reactors which operate in a fissile 
self sufficient or breeder mode: 

. Or alternately as annual fuel feedstock for a fixed number of fast reactors which operate as net 
consumers of tmnsuranics in the burner mode 

i.e., a symbiosis of LWRs and fast &r&r reactors would more than simply retard the rate of 
net transuranic production per unit of energy benefit; the ratio of fast burners to LWRs would 
be adjusted so as to decrease the inventory of transuranics contained inside the macrosystem. 

In the current world situation with inventories of excess transuranics amounting to a mass of some 
900 000 kg of transuranics worldwide, the initial decades of a fast reactor/LWR symbiosis could likely 
employ fast reactors as hurriers in order to work off the excess. At a later stage, when both the excess 
plutonium and the U-235 reserves have been exhausted, the fast reactor loadings could be converted 
over for tissile self sufllcient or breeder mode of operation. Then U-238 tails left over from enrichment 
operations and the remaining 96 w/o of unused uranium present in the reserves of LWR spent me1 
represents an enormous fuel stockpile for future fast reactor energy generation. 

Figure 5.6 illustrates the potential near-term symbiotic system in which the spent fuel from the 
thermal reaCtOr enterprise is viewed as feedstock for a fast burner reactor cycle. As shown in the figure, 
an additional technological element is required for a symbiosis: a recycle technology is needed which 
can recover the a&ride content of the LWR spent fuel and transform it into a suitable feedstream for 
the fast reactor closed fuel cycle. Two alternatives can be considered: 

l The first is the aqueous PUREmRUEX recycle technology which is well established and is 
already commercially deployed in large capacity plants; 

l The second is the PYR@ recycle technology for which scientific feasibility has been established 
and which is undergoing engineering development. 

5.2 Fast burner reactor physics benchmarks 

5.2.1 Recycle technology options 

The overall structure of the Working Party’s logic as it pertains to symbiosis of fast reactors with 
the current generation thermal reactor fuel cycle is illustrated in Figure 5.7. First, for the near-term, me 
fast reactors will be burners and will rely on an annual feedstream of transuranics and uranium from 
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LWRs and/or already existing stocks of excess transuranics. Given that transuranics (TRU) are to be 
extracted from LWR once, twice or nice through spent fuel, then if they are extracted by 
PUREXfIRUEX technologies wherein the Pu and minor actimdes report to separate product streams, a 
choice exists whether to send all transuranics (TRU) to the fast reactor or to return the Pu to mixed 
oxide (MOX) recycle in LWRs and send only the minor actinidcs (MA), to the fast reactor. Alternately, 
if the TRU is extracted from LWR spent fuel by PYR0 technologies, only the fmt option is available. 

Thus, three relevant fast reactor transuranic bumup options exist, several of which are the subject 
of the Working Party’s Fast Reactor Burner Benchmark exercise: 

l Oxide-fuelled fast reactor with fast reactor PUREX recycle and minor a&tide feed horn LWR 
PUREXfIRUEX processing; 

l Oxide-fuelled fast reactor with fast reactor PUREX recycle and transurunic feed from LWR 
PUREXfIRUEX processing; 

l Metal-fuelled fast reactor with fast reactor PYRQ recycle and transurmic feed from LWR 
PYR0 processing. 

In all three cases, the fast reactor system comprises (as shown in Figure 5.8): 

. A reactor of specified power rating, capacity factor, and conversion ratio; 

. An external feedstream generated from the recovery of TRU or MA contained in LWR spent 
fuel (which otherwise would have itself been consigned to waste) plus any required U-238 
feedstream also recovered from the spent LWR fuel; 

. A rccyclc/refabrlcation facility for recycling fast reactor spent fuel. This recycle plant is of 
specified partitioning fractions and dwell times wherein the fast reactor discharge fuel is 
processed to separate fission products from the actinides and wherein the recovered actlnides 
(i.e., TRU plus uranium) are blended with the fee&ream from the thermal reactor cycle to 
make fresh assemblies for return to the fast reactor; 

. A waste materials stream leaving the fast reactor system for ultimate disposal, This contains 
fission products plus any unrecoverable actinides; 

. A waste heat stream dissipated to the environment, and; 

. An electrical power output to the grid. 

The fast burner reactor cycle is viewed as being interposed between the LWR system and the 
geologic Repository with a goal to fission a greater fraction of the uranium ore originally mined and 
now residing in LWR spent fuel in the form of unused uranium and transuranic isotopes. To the degree 
that multiple recycle in the fast cycle can transmute the uranium and transuranics which leave the 
thermal cycle into energy and fission products, it serves to diminish the amount of actinides sent to the 
Repository per unit of energy benefit from the macrosystem as a whole. 
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5.2.2 Issues, goal9 and grouna’mles for the burner benchmarks 

Once the thermal rating (or electrical rating) of the fast reactor power plant (600 MWe in the case 
of these benchmarks) and the plant capacity factor (0.80 or 0.85 in the case of these benchmarks) are 
specified, men the number of actinide atoms consumed by fission per year is totally specified, i.e., me 
amount of energy benefit (kWe hours/year) is totally specified and the “issues” reduce to: 

l What is the rate of reduction of the TRU or MA mass inventory from LWR spent fuel 
inventories - which would otherwise have been destined for ultimate disposal in the Repository 
-expressed in units of: 

- mass, 
- curies, 
- watts, 
- radiotoxicity hazard? 

l What is the rate of buildup from the fast reactor fuel cycle of the waste stream which is now 
destined for ultimate disposal in the Repository from the fast reactor fuel cycle - expressed in 
the same units as above? 

. What is the net rate per unit of energy benefit from the symbiosis cycle - (output from fast 
cycle minus input from thermal reactor)/energy from fast cycle-expressed in the same tits? 

And, finally: 

. What are the safety and operating characteristics of me fast burner reactor power plant in 
contrast to the standard breeder designs - i.e., how are the fast reactor’s safety prop&es 
impacted by the TRU or MA burning mission? 

Given that the energy extraction per year (and, therefore, the number of actinide atoms consumed 
by fission per year in the fast reactor) is already totally specified, the first issue is directly and 
exclusively dependent on the conversion ratio to which the fast burner reactor is designed. The lower me 
conversion ratio below one, me smaller will be the amount of fuel recycle from the closed fast cycle, and 
the greater will be the rate of reduction of the LWR spent fuel transuranic inventory, for all units used 
to express it. 

For me second issue, the masses of fission products sent to waste are fully specified by the energy 
benefit. The masses of actinides sent to waste depend on the product of working inventory times recycle 
fraction per annum times (1 - recovery fraction) of the chemical recycle process. The isotopic 
distribution of the actinide mass sent to waste depends strongly on conversion ratio (the lower the 
conversion ratio, me larger the fraction of LWR feed material vis-a-vis fast reactor recycle material is 
present in the discharged fuel for processing). Moreover, because of threshold fission effects, it depends 
strongly on neutron spectrum, and finally, it depends in subtle ways on neutron cross sections, 
interaction branching ratios, decay constants, average discharge bumup, and out-of-reactor dwell time 
(both before and after processing). 
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The third class of issue is dependent not only on fast reactor conversion ratio but also on neutron 
spectrum in the reactor core. The neutron spectrum is dependent strongly on both composition and 
leakage/absorption ratio, so it is controlled by the choice of MOX vs. metal fuel, the choice of means to 
dispose of excess neutrons - leakage vs. in-cone parasitic absorption, and the blending ratio of external 
feed to recycle feed in fresh fuel fabrication - i.e., on conversion ratio. 

The fast burner reactor benchmark exercise has as its two goals to: 

l investigate the impact upon the four issues enumerated above imparted by the selection which is 
made among the three fast reactor system deployments shown in Figure 5.7 - and to do it 
parametrically in core conversion ratio, and to; 

l ascertain the degree of spread in technical predictions which is achieved among participating 
organisations - each using its own set of cross sections and computational tools. 

As regards to groundrules, the Working Party intends that the reactor designs used for 
benchmarking should be legitimate designs which meet all relevant design requirementa and constraints 
i.e., the parameter studies on conversion ratio should employ reoptimisation and not be simply a partial 
derivative off a previously-optimised design. 

All recycle/refabrication facility representations should use partition fractions between recycle and 
waste streams and dwell times which are realistic, best current knowledge vahtes. Since the integrated 
toxicity of the materials sent to the ultimate disposal depend directly on the recycle partition fractions, a 
key conclusion of the study depends critically on the realism of the partition fractions used in the 
benchmark 

The “figure of merit” mass and toxicity flow results in Issues 1 and 2 should be normalised to a 
measure of benefit such as electrical energy benefit received which otherwise would have been foregone; 
e.g., 

l (LWR TRU Mass Reduction)/MWe year of fast reactor-generated energy, 

l (Net Ci to Waste)/MWe year of fast reactor-generated energy benefit, 

l others, 

And, the studies should address both the asymptotic state (after multiple recycles in the fast cycle) 
and the startup transient prior to achieving the asymptotic state. 

5.2.3 The physics design offast burner reactor cores 

The physics of a Pu-burner fast reactor core is defined by the relations which characterise the 
neutron balance in a fast reactor core and the related variations of the main reactivity coefficients 
(Na-void reactivity effect, Doppler coefficient, reactivity loss per cycle). Since the Pu-burning function 
is directly related to the increase of the Pu content in the fuel (and the corresponding reduction of the 
U-238 content), the internal breeding gain (IBG) will become more negative (i.e., the conversion ratio 



will become less than 1). Theoretically, plutonium without uranium fuel types can reach the maximum 
Pu consumption (- 110 kg/TV&e). However, an increasingly negative IBG will cause the reactivity loss 
per cycle @k/cycle) to become larger (i.e., it will cause shorter irradiation cycles). This has on the other 
hand beneficial effects, i.e., decrease, on the positive Na-void reactivity effect (ha). Finally a lower 
U-238 content means in principle a smaller Doppler ccefticient (Akn). Studies performed in me frame of 
the IFR programme in me U.S.A. and of the CAPRA project in France have demonstrated that me 
cautious resorting to poisoning, in which the excess reactivity linked to the increase of the fuel Pu 
content is compensated by the introduction of a neutron absorber, is a valid option to reduce the 
penalties related to short in-pile fuel residence time. Since neutron spectrum hardening through the 
introduction of absorbers deteriorates both &a and Ako, neutron spectrum soften@ by introducing 
moderating materials can help together with heterogeneous core arrangements to restore acceptable 
values of the &JAkr, ratio, and to keep reasonable values for Ak/cycle. 

In summary, the physics of Pu-burner fast reactor cores is determmed by a delicate balance of 
parameters in cores where leakage (or reflector) properties play an increasingly important role. 

5.2.4 Burner benchmark specifilrlions 

Two benchmark fast burner reactor systems were specified; the first based on oxide fuel and me 
PUREX recycle process; the second based on metallic alloy fuel and the PYR0 recycle process, Both 
are for burner core designs and both use similar strategies to lower me conversion ratio well below 
unity: the uranium content in the reactor is reduced both by removing blanket assemblies and by 
increasing the enrichment of the driver fuel up to the limits of the fuel’s irradiation data base. The 
neutrons which otherwise would have been captured on uranium are purposely wasted by dramatically 
increasing the core leakage fraction 

The two benchmarks span the range of possibilities for fast burner reactor recycle in an 
intermediate time interval prior to widespread commercialisation of fast tissile self sufficient or breeder 
reactor designs. In the case of the oxide benchmark, the feedstream from the thermal reactor cycle is 
strongly skewed toward heavier plutonium isotopes; as shown in Table 5.1, me Pu-239 and Pt.240 are 
each present at about 40% and me Pu-241 and Pu-242 content is high. Moreover, the Np-237 and 
Am-241 content is also high This feedstream is characteristic of a scenario in which the plutonium has 
been twice recycled (three times burned) in a thermal spectrum LWR, and in which during the thermal 
cycle PUREX reprocessing step, the Np and Am had been set aside, not recycled to the LWR, but 
instead saved for the fast reactor feedstream. 

Pu-238 Pu-239 Pu-240 Pu-241 pu-242 Am-241 

576 39.1 26,l 13.0 14,3 1.3 

Table 5.1 Ode cores: plutonium isotopic compostin’ 

* P&J + F’u ratio for inner and outer cores: 28.28%, 40,64% (mass) 

In the case of the metal-fuelled benchmarks, the feedstream from the thermal reactor cycle 
represents LWR once through fuel with about three years of cooling prior to injection into the fast 
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reactor closed fuel cycle. A pyrometallmgical technology to reduce LWR spent fuel and produce a fast 
reactor metallic feedstream containing ah transuranics admixed together (pu + Np + Am + Cm) has 
been assumed. The plutonium isotopic vector and indeed the whole transuranic vector with the exception 
of the presence of Cm is skewed more to the lighter isotopes man is me case for me feedstream to the 
oxide benchmark 

The neutron balances of these fast burner core designs are quite different horn me conventional 
fissile self-sufficient or breeder designs to which the neutron interaction cross-section data sets and me 
calculational methods have been extensively verified as a part of the historical fast breeder reactor 
development program. It was anticipated that me variability in technical predictions would exceed that 
which has been found in previous NEACRP sponsored benchmarks on traditional breeder designs. It is 
clear that transport corrections will be substantially larger for these high leakage cores, and that 
threshold fission in even-mass number isotopes could be influenced by differing slowing down 
treatments in the cross section generation and leakage in the full core calculations (similar 
considerations were found in the recent IAEA benchmark on low sodium void worth cores). One of me 
goals of the benchmark activity, as stated above, is to assess the variability among participants’ 
solutions which arises for burner cores whose neutron balance is substantially altered from that of 
traditional designs. 

The oxide-fuelled benchmark 

The oxide benchmark is a 600 MWe (1500 MWth) burner reactor which operates on a 125 EFPD 
cycle at 80% capacity factor; one fifth of the core is refuelled per cycle. As shown in Figure 5.9, the 
core is of a homogeneous layout with two radial enrichment zones and no radial blankets. Axially, the 
core is about a meter high and has no axial blankets. The conversion ratio is near 0.5. The beginning- 
of-life compositions are specified as shown in Table 5.2. The compositions represent discharge from 
LWR after two MOX recycles. The oxide-fuelled benchmark is specified in detail in Volume 4 of the 
Working Party Report. 

The requested edits include the beginning of life eigenvahre and neutron balance, spectral indices 
and safety coefficients. Also requested are the composition and eigenvalue changes after a single burn 
cycle. Decay heat and isotopic contributions to toxicity (using specified toxicity factors) are also 
requested. 

The metal-fuelled benchmark 

The metal-fuelled burner benchmarks are based on a 600 MWe (1575 MWth) configuration. The 
benchmark specifications are described in detail in Volume 4 of me Working Party Report. As shown in 
Figure 5.10, the core region contains driver assemblies surrounding a central reflector/absorber island. 
The active core height is only 45 cm, roughly half the height of conventional fast reactor designs, 
Axially, the model has no axial blankets and has a 15 cm reflector region below the core followed by a 
shield region. The fuel pins extend above the active core region with a 70 cm upper fission gas plenum. 
Three rows of radial shielding surround the active core, a single row of steel and two rows of absorber, 
This pancaked, annular geometry greatly enhances neutron leakage giving a low conversion ratio of 
roughly 0.5. 
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The cycle length is one year with an 85% capacity factor. In addition to mass flow characteristics, 
the toxicity of the fuel cycle inventories, fccdstream, and discharged waste stream are evaluated. The 
oral ingestion cancer dose measure developed by Cohen is used to quantify these radiotoxicities. Shown 
in Table 5.3 are the specified toxicity data for converting mass to toxicity for heavy metal and most 
important fission product isotopes. 

Three metal-fuelled benchmark cases were specified - starting with a simple physics benchmark 
and progressing to benchmarks of more complexity and relevance to the issues identified above. 

The firs? benchmark is a metal-fuelled BOL Core where the Beginning of Life (BOL) loading is 
specified, and is irradiated for a single cycle. In this sense, it is similar to the oxide benchmark. A 
d&led reporting of the BOL neutron balance, BOL eigenvshte, neutron flux energy spectrum, and one- 
group collapsed cross sections for the transuranic isotopes was requested of participants. Requested 
depletion reporting include the eigenvalue change and mass increments for a single depletion step. 
Particular focus is placed on the detailed isotopic mass flow of the nansuranic isotopes and the resulting 
radiotoxicity flows into and out of the reactor. The radiotoxicities associated with these mass flows are 
evaluated at decay times of 1, 10 lOI, ld, 104, 105, and lo6 years subsequent to discharge. 

The second benchmark evaluates the petionnance of the burner core design for a Once-Through 
fuel cycle. Fresh assemblies are fireled with a mixture of depleted uranium and transuranics from LWR 
spent fuel; and each participant determines the enrichment (LWR TRV /Total Heavy Metal) 
requirement for an equilibrium three-batch cycle (equal parts blend of fresh, once-burned, and twice- 
burned material). Mass flow characteristics are evaluated in a manner similar to the first benchmark 
case. In addition, selected safety parameters are reported: the delayed neutron fraction, fuel Doppler 
coefficient, sodium void worth, bumup reactivity swing, and decay heat level. The decay heat is 
evaluated at decay times of 1 hr, 1 mo, 1, IO, IO’, ld, and lo4 years. 

‘The third benchmark evaluates the Multiule Recvcle performance of alternative core designs with 
a parametric variation in conversion ratio. Fresh assemblies are fuelled with a participant-determined 
blend of fast reactor recycle material and makeup transuranic feed coming from LWR spent fuel. 
Specified ex-core processing intervals and recovery factors to be used are indicated in Table 5.4. In the 
fuel refabrication, transuranics recovered from the fast reactor recycle are fully consumed in the 
blending, and the LWR Once-Through transuranics are used only as required for make-up. Roughly 5% 
of the rare-earth fission products are recycled in the fast reactor PYR0 fuel cycle. Mass flow 
characteristics are evaluated in a manner similar to the first two benchmarks with a focus on the impact 
of conversion ratio on the rate of drawdown of the toxicity represented by the thermal LWR transuranic 
inventory. The safety parameters are evaluated with a focus on their changes as a function of conversion 
ratio. 

Detailed reporting of all participant’s results and analyses of the trends in performance and in 
variability among participants for the oxide and metal fuelled benchmsrks are provided in Volumes 4 
and 5, respectively, of the Working Party Report. Salient features and conclusions are summarised 
below. 
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5.3 Assessment and conclusions from BOL benchmarks 

Six solutions were submitted for tie oxide-fuelled BOL benchmark as shown in Table 5.5. Five 
solutions were submitted for the metal-fuelled BOL benchmark as shown in Table 5.6. Tables 5.7 and 
5.8 show eigenvalue and neutron balance results for the oxide and metal benchmarks, respectively. 
Variability of several percent Ak in predicted BOL cigenvalue for cores of specified geometry and 
composition are observed, and no patterns of consistent clustering of participants solutions are 
discernible. Table 5.9 (oxide core) shows that the transport correction, which is of the order of half a 
percent Ak, is inconsistently predicted. 

Tables 5.10 and 5.11 display the bumup reactivity loss for the oxide and metal cores, respectively; 
spreads of up to 1% Ak/kk’ out of a burnup swing of around 6% (metal), 8% (oxide) total reactivity 
loss are observed. 

A general characterisation of the results displayed in detail in Volumes 4 and 5 is that the 
calculational predictions of these high leakage, fast burner reactor core designs display unacceptably 
large variability among participants; much larger than that experienced in benchmarks on more 
traditional designs. 

Curiously, radiotoxicity flows relevant to the deployment of fast burner reactors as a waste 
management measure display less variability among participants than do operating and safety 
parameters - so long as consistent curie-to-radiotoxicity conversion factors are employed. Tables 5.12 
and 5.13 for oxide at discharge and at a million years cooling and Table 5.14 for metal at discharge 
illustrate this result. 

The causes for the variabilities among participants’ solutions are analysed in some detail in 
Volumes 4 and 5. It is clear that for high leakage cores, hvo- and three-dimensional transport codes 
should be used - and are now available. These should tend to reduce the broad variabilities in core 
leakage probability (see Tables 5.7 and 5.8). However, no broad characterisation of a principal cause of 
the large variabilities has been found; a followon effort making use of transport solutions and of 
sensitivity coefficients of reactor parameters to cross section library values would be useful. 

Based on the large variabilities among participants predictions of core performance, it is concluded 
that design and deployment of high leakage fast burner reactors will likely require supporting critical 
facility measurements to lower uncertainties in core operating and safety performance predictions. 
Alternately, tie relatively less variability in predicted toxicity flows suggests that the second goal of the 
benchmark exercise can already lead to useful characterisation of trends for fast reactor/thermal reactor 
symbiosis as a waste management measure. 

5.4 Assessment and conclusions regarding radiotoxicity reductions in the net waste stream from a 
fast burner reactor/LWR symbiosis 

Two participants @‘NC and US) provided solutions for the Once-Through metal-fuelled 
benchmark and one participant (US) provided results for the multiple recycle metal-fuelled benchmark 
Detailed analyses of the performance results for these benchmarks are given in Volume 5. The 
discussion here focuses on differences in safety parameters and differences in net toxicity flows caused 
by the parametric variation of the conversion ratio. 
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The recycle metal-fuelled benchmark evaluated net toxicity flows when a fast burner reactor is 
used to consume transuranics from the LWR cycle. Three 600 MWe reactors were considered - having 
conversion ratios near 0.5, 0.75, and 1.0. An external feedstream of transuranics from once through 
LWRs was used for makeup to the closed fast burner reactor cycle wherein the transuranics were 
multiply recycled to eventual total fission destruction. In all cases, the uranium recovered during fast 
recycle is set aside for future use, the recovered transuranics are blended with the LWR TRU 
feedstream plus makeup U-238 and returned to the reactor, and the fission products plus the small 
amount of TRU loss from the recycle chemistry is sent to the Repository. (In the case of the CR=1 core, 
the external feedstresm is depleted U only.) Transuranics leave the fast reactor cycle and enter the waste 
stream only to the extent of carryover to waste in the PYR0 recycle step. The net waste flow to the 
Repository is comprised of the difference between the waste stream from the fast cycle and the 
feedstream entering the fast cycle from the LWR - which otherwise would have gone to the Repository. 

The recycle segment of the fast reactor fuel cycle was specified to include a one year cooling 
interval followed by a six month chemical separation period, followed by a six month refabrication time; 
the total ex-core interval between discharge and re-insertion is two years (see Table 5.4). The 
pyroprocessing treatment looses 0.1% of the transuranics to the waste but returns 99.9% to the core for 
further fission consumption; 5% of the rare-earth fission products are also recycled; all other fission 
products go to the waste stream. Uranium is separated for interim storage until it can ultimately serve as 
feedstock for the fast breeder reactor cycle after the symbiosis with thermal reactors ceases owing to 
unavailability of U-235 for further LWR deployment. 

The neunonic performance characteristics of the three recycle cases of differing conversion ratio 
are intercompared along with the US solution of the Once-Through benchmark in Table 5.15. 

As expected, the CR = 0.5 core consumes the external transuranic feedstock at the quickest rate 
(255 kg/y); the consumption rate of the CR = 0.75 design is roughly half that rate, and the breeder 
design has a net transuranic production of 10 kg/y. Note that at the 600 MWe power rating me 
maximum feasible consumption rate (at roughly 1 g/MWth day) is 490 kg/y. Tbis rate would require a 
reactor design completely devoid of U-238 in order to preclude in situ production of transuranics. 

The transuranic consumption is replenished by the external feed of LWR transuranics. None-the- 
less the majority of the mass annually loaded into the fast reactor comes from recycle of &t reactor 
spent fuel material since the average discharge burnup is only -10% of the initial heavy metal, and the 
rest is available for recycle. For example, in the CR = 0.5 design, the bumup of transuranic isotopes is 
slightly greater than 10%. but still 86% of the transuranic reload material comes from the recycled 
inventory. As shown in Table 5.15, the total heavy metal mass flow rate through the recycle equipment 
increases significantly for the CR = 0.75 and CR = 1 configurations because fertile material from 
external zones must be recycled also. 

The burner (CR = 0.5) configuration requires a higher enrichment (increase horn 26 to 30% 
TRU/HM) as compared to the Once-Through case; this is attributed to a buildup of Pu-240 as a result 
of multiple recycle. On the other hand, the bumup swing is significantly lower (4.3% Ak as compared to 
5.3% Ak) in the recycle case, because Pn-BKl is a superior fertile material. The enrichment requhement 
steadily decreases to 22.5% as the conversion ratio is increased, and the reduced enrichment requirement 
of the CR = 0.75 and CR = 1 .O designs improves the internal conversion ratio, and reduces the bumup 
reactivity swing from 4.3%Ak in the CR = 0.5 recycle case to roughly 3.5%Ak. 
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Variations in the safety parameters result from the parametric variation of conversion ratio. The 
Doppler coefficient increases in magnitude from -1.35 x 1O-3 Tdk/dTin the CR = 0.5 design to 
-1.80 x 10-3Tkd/dT in the CR = 1.0 design; this change is attributed to the higher U-238 concentration 
in the reduced enrichment fuel and blanket zones. In a similar manner, the lower enrichment requirement 
for the Once-Through burner design leads to a significantly higher Doppler coefficient. A significant 
increase in the sodium void worth (overO.5%Ak&k’) is observed between the Once-Through and 
recycle results; this change is caused by the buildup of the threshold fissionable Pu240 upon multiple 
recycle. The sodium void worth values given in Table 5.15 are for the driver regions alone; the blankets 
are assumed to remain flooded. Thus, the void worth is slightly reduced in the CR = 0.75 and CR = 1.0 
design as the blanket power fraction increases. Isotopic changes between the designs lead to but small 
variations in the delayed neutron fraction. 

The inventories and mass flows for the recycle benchmark were converted and expressed in toxicity 
units using the conversion data of Table 5.3. The toxicity inventories and flow rates at several points in 
the fuel cycle are summarised in Table 5.16. r The CR = 0.5 recycle case can be used to illustrate me 
interpretation of the toxicity flow data. 

Within the reactor, the BOEC inventory has a total toxicity of 225E7, and the EOEC inventory has 
a total toxicity of 23OE7. The toxicity of the fission products component increases significantly during 
the burn cycle as more fission products (FP) are formed. Alternately, the TRU toxicity of the in-reactor 
inventory is relatively constant due to the competing effects of total inventory reduction of TRU 
(burnhtg) and a temporary TRU isotopic mass fraction increase of short-lived highly toxic isotopes 
(e.g., Cm-244). 

Roughly one-third of the TRU inventory, and one-half of me FP inventory are discharged from the 
reactor each year for recycle processing. As shown in Table 5.16, however the vast majority (99.9%) of 
the TRU toxicity, 63.2E7, is recycled back to the reactor: and only 6.32E5 of it is discharged to the 
waste as a result of the 0.1% TRU loss during PYR0 chemical operations. Thus, the short-lived FP 
component (1.48E7) comprises 96% of the discharge waste toxicity (1.54E7). 

The feedstream comprised of LWR transuranics and uranium (which otherwise would have been 
sent to waste) has a toxicity of 3.51E7 and is totally dominated by the toxicity of its TRU component, 
The LWR/fast burner reactor symbiosis thus leads to a net reduction of toxicity flow into the 
Repository by about a factor of two (from 3.51E7 to 1.54E7) as a result of transmuting the transuranics 
from the LWR spent fuel into energy and fission products. The fast burner reactorfed by TRVfrom the 
LWR cycle produces a negative net flow of toxicity to the Repository per unit of energy benefit. While 
this short term payoff is useful, the major payoff occurs on the longer time scale. 

The feedstream toxicity is dominated by the TRU component most of which are very long-lived 
isotopes, whereas the waste stream toxicity is dominated by the short-lived FP component. As a result, 
the size of the net toxicity balance - toxicity of the fast reactor waste stream as compared to the 
feedstream comprised of LWR transuranics which otherwise would have been sent to waste - depends 
significantly on when the comparison is made because it is altered by radioactive decay over nmc. The 
time-dependent toxicity of the fast reactor waste vis-a-vis its feedstream for the CR = 0.5 case is 
compared in Figure 5.11 for decay times up to a million years; Figure 5.12 shows the components 
comprising the total toxicity of Figure 5.11. As shown in these figures, the toxicity of the fast reactor 
waste stream decays by three orders of magnitude over the first 500 years due mostly to short-lived 

’ Note that these toxicity values only included the isotopes for which toxicity data are Listed in Table 5.3 
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fission product die away. In contrast, over the same time period the toxicity of the TRU-dominated 
feedstream from LWR spent fuel would have decayed by less than one order of magnitude. So, when 
viewed at 500 years, the net result of LWR/fast burner reactor symbiosis as compared to burial of 
LWR spent fuel is a IWO orders of magnitude reduction in long-term toxicity - much larger than me 
factor of two reduction at discharge. 

Figures 5.13 and 5.14 display the components of me toxicity flows for the CR = 0.75 and 1.0 
cases, respectively. Just as for the CR = 0.5 case, the CR = 0.75 burner, achieves a net reduction of 
toxicity flow at all times subsequent to discharge. That is not the case for the CR = 1.0 fissile self 
sufficient case because of the absence of TRU in its feedstream. None-the-less, if one were to take credit 
for using LWR transuranics to create the initial working inventory for the tlssile self sufficient fast 
reactor rather than sending them to me waste Repository, then a benefit is, of course, realised 
immediately. 

Figure 5.12 shows that the toxicity attributable to the short-lived fission products falls below that 
of the long-lived fission products within 500 years. Moreover, it shows that in the very long-term the 
outflow of toxicity attributable to long-lived fission products is actually less than the infiow due to 
uranium. This means that in the overall nuclear macrosystem, if no transuranics were lost to the 
waste, then subsequent to a 500 years waste sequestration period of short-lived fission products a 
negative net flow of toxicity to the earth’s crust would result from deriving energy from nuclear 
power. Figures 5.12, 5.13, and 5.14 show that a factor of 15 smaller TRU loss rate to the waste stream 
(less than the 0.1% used in this study) would be sufficient to achieve net negative toxicity flow 
subsequent to 500 years not only for the burners but for the tlssile self-sufficient design also. Although 
such an improvement is known to be chemically achievable, further testing will be required to see if it 
can be accomplished in a practical engineering sense at the commercial scale. 

In summary, the toxicity inventory and flow data from the fast burner reactor benchmark reveals 
several features: 

1. 

2. 

3. 

For an LWR once-through or several MOX recycle fuel cycle, the toxicity in me waste stream is 
dominated by the TRU component at discharge and this component maintains its toxicity for many 
thousands of years. In contrast, by interposing a fast burner fuel cycle between the LWR and the 
Repository and multiply recycling the transuranics back to the reactor, their contribution to waste 
toxicity is reduced by two orders of magnitude, the short-lived FP dominate the fast reactor waste 
stream toxicity and these short-lived FF’ toxicity decay away in several hundred years. 

Thus, a symbiosis wherein LWR discharge supplies feedstock to fast burner reactors yields a 
toxicity outtlow from the fast reactor cycle to the waste stream which is significantly lower than 
the inflow of toxicity from the LWR (which otherwise would be destined for waste). For the 
CR = 0.5 the toxicity is reduced by roughly one-half the introduction rate each year, and for me 
CR = 0.75 design, the toxicity is reduced by roughly one-fourth each year. 

Moreover, after 500 years, the short-lived fission products from the fast burner cycle decay away 
and because of the absence of significant transuranic mass in the waste stream, the toxicity 
reduction vis-a-vis disposal of the LWR fuel is not just a factor of two, but rather is two orders of 
magnitude. 

127 



4. A factor of 15 reduction in the recycle loss rate (of TRU) to the waste stream ’ from fast recycle 
would be sufficient to enable the fast reactor/LWR symbiosis to produce a net negative flow of 
long-term (> 5OOy) toxicity to the earth’s crust as the overall legacy of nuclear power - i.e., more 
toxicity removed in the ore than is returned in the long-lived radioisotopes contained in the waste. 

5. The results obtained in the oxide-fuelled benchmark and in the first case of the metal-fuelled 
benchmark show similar trends as far as radiotoxicity inventory at the end of a single burner cycle 
is concerned. This fact indicates that with the same hypothesis of high efficiency in the transuranic 
recovery at reprocessing (e.g., 0.1% loss to the waste stream), most of the conclusions derived 
from the metal-fuelled multiple recycle benchmark (including the effects of the parametric 
conversion ratio variation) are applicable to oxide-fuelled fast burner cores as well. 

’ vis-i-vis the value of 0.1% used in these benchmarks. 
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Figure 5.1 Macro system view offission-induced energy exfractin from earth’s endowment of actinides 
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Figure 5.7 LWRlfast burner symbiosis options 

Figure 58 LNR multiple recycle burner core benckmwk 
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Region Nuclide Cell calculation Cell calculation Homogenised 
inner zone outer zone atomic density 

U-235 3.268-E-05 9.409E-06 
Pu-238 3.015B04 8.683E-05 
U-238 1.304E-02 3.754E-03 
F’u-239 2.097E-03 6.037E-04 
PI-240 1.426E-03 4.105E-04 

INNER h-?A1 6.913E-04 1.99OE-04 
CORE Pu-242 7.573E-04 2.18OE-04 

Am-241 6.913E-05 1.99OE-05 
Fe 1.728E-02 1.23 lE-02 
Cr 4.973E-03 3.541E-03 
Ni 3.627E-03 2.583E-03 
MO 4.360B04 3.105E-04 
0 3.672E-02 l.O57E-02 
Na l.O38E-02* 7.389E-03 
MO 4.153E-04 2.957E-04 

U-235 2.743E-05 7.899E-06 
Pu-238 4.247E-04 1.223E-04 
U-238 l.O95E-02 3.152E-03 
Pu-239 2.953E-03 8.503E-04 
Pu-240 2.008E-03 5.782E-04 

OUTER Pu-241 9.736E-05 2.803E-04 
CORE h-242 l.O67E-03 3.071E-04 

Am-241 9.736E-05 2.803&05 
Fe 1.728E-02 1.23 lE-02 
CI 4.973E-03 3.541E-03 
Ni 3.627E-03 2.583E-03 
MO 4.36OE-04 3.105E-04 
0 3.684E-02 l.O61E-02 
NC+ l.O38E-02* 7.389E-03 
Mll 4.153E-04 2.957E-04 

Fe 2.662E-02 
\XIAL AND Cr 7.662&03 

RADIAL. Ni 5.588E-03 
iHIEL.DlNG MO 6.717B04 

NE3 l.O93E-02 
Mll 6.398E-04 

Fe 7.987E-03 
ROD Cr 2.299E-03 

FOLLOWER Ni 1.676E-03 
MO 2.015&04 
Na 1.863E-02 
Mll 1.920&04 

* 0. fch the voided cell 

Table 5.2 Oxide cores: &mix number demi&s 
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Imtope Toxicity Factor CLXi Half-rife Years Toxicity Factor CD/g 

Acmms AM) ‘slim DAUGHTERS 

Fb-210 455.0 22.3 3.48F~4 
Ra-223 15.6 0.03 1.99E.5 
Ra-226 36.3 1.6OE3 3.59El 
AC-227 1185.0 21.8 8.58ES 
Th-229 127.3 7.3E3 2.72El 
Th-230 19.1 7.54E4 3.94E-1 
h-231 372.0 3.28E4 1.7s1 
u-234 7.59 2.46E5 4.71E-2 
U-235 7.23 7.04E8 1.56E-5 
U-236 7.50 2.34E7 4.85E-4 
U-238 6.97 4.47E9 2.34E-6 
Np237 197.2 2.14E6 1.39E-1 
Pu-238 246.1 87.7 4.22E3 
h-239 267.5 2.41E4 l.%El 
l%24o 267.5 6.56E3 6.08El 
h-242 267.5 3.75E5 1.65EO 
Am-241 272.9 433 9.36E2 
Am-242m 267.5 141 2.8OEA 
Am-243 272.9 7.37E3 5.45El 
cm-242 6.90 0.45 2.29E4 
cm-243 196.9 29.1 9.96E3 
cm-244 163.0 18.1 1.32E4 
cm-245 284.0 8.5E3 4.88El 
cm-246 284.0 4.8E3 8.67El 

SHORT-LIVEDFISIONPR~DUCIS 

St-90 16.7 29.1 2.28E3 
Y-90 0.60 7.3&3 326E5 
a-137 5.77 30.2 4.99E2 

LONG-LI”RD mION ~ODUCIS 

T&9 0.17 2.13E5 2.28E-3 
I-129 64.8 1.57E7 l.l5E-2 
a-93 0.095 1.5E6 2.44E4 
a-135 0.84 2.3% 9.68E4 
c-14 0.20 5.73E3 8.92E-1 
Ni-59 0.08 7.6E4 6.38E-3 
Ni-63 0.03 100 1.7oEo 
SII-126 1.70 l.OE5 4.83B-2 

Xx toxicity fw&xa ax ccastructcd using the methodolqy desaibcd by Bernard L Cdm, “ES&s of the ICRP Publication 30 and 
the 1980 BEIR Repat on Hazard Assessments of High Level Waste”, Health Pay&. a, No.2, pp. 133.143. (1982) with the 
fohving data: 

. ICRP Publication 30, Pat 4.1988. 

. BWllI,19@. 

The factas in the table stand fcr the fatal cancer doses per gram isotope injected orally. They denote the hazard of the material 
rather than the risk because they do no( include any account of path way attenuation processes, but simply assume oral ingestion. 

Table 5.3 Radiotmic@v dala 
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REACTOR SEGMENT OF CYCLE 

Cycle Length 

Capacity Factor 

Power Rating 

Core Driver Refuelling 

Blanket Refuelling 

RECYCLE SEGMENT OF CYCLE 

365 days 

85% 

157.5 Mwtb 

93 per cycle 

94 per cycle 

Cooling Interval 

Chemical Separation 

Blending & Fab. 

Re-insertion into reactor 

CHEMICAL PARTlTIONINC FACTORS 

All TRU isotopes 

Rare Earth Fission Products* 

(excluding Y, Sm. and Eu) 

365 days 

done on day 1 of second year 

done on day 184 of second year 

done on day 1 of third year 

% to Product 

99.9% 

5% 

% to waste 

0.1% 

95% 

All Other Fission Product!.* 0% 100% 

* Recommend for Benchmark purposes, recycle zero fission products and send all to waste. ANL solutions are provided for 
recommended and for fission product recycle cases in the benchmark volume. 

Table 5.4 Fuel cycle assumptions 
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Organisation Basic Data 

CFCllTCiLIV J. C. Gamier 
F. Varaine 

CEA 

PNC 

TOSHIBA 

JENDL-2 
JENDL-3.2 

18 1 SLAROM. T. Ikegami 
T. Yamamoto 
s. ohki 

M. Kawashima 
M. Yamaoka 

PERKY, 
TWOTRAN. 
ORIGEN2 

JENDL-3.1 
JENDL-2 
FSX(J3.1) 
vIwLB(J2) 

FOND-2 
ABBN-90 

70 CRUX 
70 FASTMUG’Y 
COditlUOUS MCNP-3B 
continuous vml 

26 SYNTES, MMK, 
CONSYST-2. 
CARE 

Russia 

Switzerland 

A. M. Tsibulia 

JEF2.2 S. Pelloni 30 NJOY. MICROR. 
MICROX-2, 
PSD, 2DTB. 
OREIET 

U.S.A. 0. Pabniotti ENDF/B-V 

VARI3I), NUTS. 
TWODANT. 
ORIGEWRA 

Table 5.5 Synopsis of contributions, basic da@ and codes used in solving the oxide benchmark. 

Organisation 

CEA-France 
AEA-UK 

Authors Basic Data Number of Flux Solution 
Energy Groups 

G. Rimpault. & IEF2.2 1968 --f 
I. DaSalva - CL% HEX-Z Finite Diff. 

P. Smith - 
AEA Technology I 

S. Ohki & 
T. Yamamoto 

JENDL-2 70+ 18 RZ Finite Diff. 

S.Ohki& JENDL-3 70+18 RZ Finite Diff 
T. Yamamoto 

Japan 

A. Tsibulia 
I I I 

ABBN-90 
(from FOND-2) 

26+{ l7 
6 

HEX-Z Nodal 
Russia 

K. Grimm and 
R. Hill 

ENDF-V 2082 -3 

230+{ 21 
HEX-Z Nodal 

9 

Table 5.6 Participating counbia and organisations for the BOL metal-fuehd benchmark 
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Table 5.7 k-effective and critical bahnce at beginning of life: oxide 

,OL Eigenvalue 

OL Neutron Balance 

European 

1 .x3” 

Japan Japan 

JENDL-2 JENDL-3 

1.098 1 .G92” 

Russian United States 

1.102 1.101 

Fissions 
per Core Absorption 

HM Captures 
per Core Absorption 

0.589 0.592 0.600 0.599 

0.376 0.374 0.370 0.366 

structure captures 
pcrCoreAbmption 

Coolant captures 
per Core Absorption 

core Leakage 
per Core Absorption 

Model Leakage 
per Model Absorption 

0.034 0.033 0.030 0.033 

0.001 0.001 O.rml 0.001 

0.623 0.585 0.601 0.616 0.612 

0.026 0.027 0.014 0.030 

IOL Eigenvalue 1.012 1.040 1.034 1.040 1.342 

lmup Swing, %a -5.1 -5.8 -5.8 -6.2 -5.9 

fansuranic Inventory 0.944 0.944 0.944 0.943 0.944 
:a!& (EOIJBOL) 

a)Eigenvalue using nodal diffusion and nodal transport theory are 1.078 and 1.100. respectively 
‘) Estimated eigenvalue with mesh corrections applied is 1.085. 

Table 5.8 Metal core: comparison of reference core neutronic characteristics 
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Sodium Void Whole Core 

ANL 0.531 0.117 -0.002 

PNC (J2) 0.525 0.148 -0.007 

PNC (J3.2) 0.526 0.139 -0.004 

Toshiba (52) 0.180 

Toshiba (J3.2) 0.029 

PSI 0.285 o.OQ3 -0.002 

IPPE 0.734 

Table S.9 Oxide core: transport effects at beginning of life in % of Aklkk’ 

Ornnnisation I BOLEOC I BOL-EOC II 

ANL 7.61 (20.5%) 12.85 (20.1%) 

CEA 7.90 (20.3%) 13.27 

PNC (J2) 8.03 (23.1%) 13.60 (25.0%) 

PNC (J3.2) 7.91(23.5%) 13.39 (25.2%) 

PSI 7.79 (27.6%) 13.06 (28.7%) 

Table 5.10 Oxide core: reactivily loss in % of Ak.fkk’ (’ m p armthesis fiston products conlri6ution) 

Bump Swing, %Ak 

Tramuranic Inventory 

Table 5.11 Metal core: burnup reactivity loss 
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11 Am-241 1.69 E + I I 1.75 E + I I 7.48 E + 7 II 

II Am-242m I 8.58 E + 6 I 8.65 E + 6 I 7.79 E + 6 II 

II Am-243 I 2.75 E + 6 I 2.70 E + 6 I 3.83 E + 6 II 

II Cm-242 I 1.62E+8 I 1.61 E + 6 I 2.07 E + 8 I 

II cm-243 I 1.95 E + 6 I 1,74E+6 I 4.50 E + 6 II 
I cm-244 I 7.33 E + I I 5.15E+4 I 1.33E+8 u 

II Cm-245 I 1.69E+4 I l.O3E+4 I 2.29 E + 4 R 

11 F’u-238 I 2.44E+8 I 2.44E+8 I 2.56 E + 8 

11 Pu-239 I 8.80 E + 6 I 86OE+6 I 8.59 E + 6 

II PIP240 I 2.39 E + 7 I 2.39 E + 7 I 2.44E+7 

11 Pu-241 I 7.48 E + 7 I 7.50 E + 7 I 7.32 E + 7 

11 h-242 I 2.05 E + 5 I 1.99 E + 5 I 1.99 E + 5 

1 Tc-99 I 3.55 E + 3 I 3.64E+3 I 
11 I-129 I 2.35 E + 3 I 2.69 E + 3 I 

a-135 

TOtal 

2.36 E + 3 2.4OE+3 

6.17 E + 8 6.55 E + 8 

Table 5.12 Oxide core: radiotoxicities at cooling time 0 

7.90 E + 8 
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11 Th-230 1 1.24E+3 1 1.25E+4 1 1,36E+3 1 1.44E+3 ~11 

11 U-233 1 1.95 E+ 3 1 1.94E+ 3 1 -* I 2.10E+3 11 

11 U-234 1 424E+2 ( 4.23Ec2 1 .* I 4.81E+2 11 

11 U-235 1 1.93E+l 1 1.92E+ 1 1 .* I 1.92E+ 1 11 

11 U-236 I 3.81E+2 1 3.78E+2 I I 3.87~+2 II 
11 Tc-99 1 1.37E+2 1 1.41E+2 1 I 8.37E+ 1 II 

11 I-129 1 2.25 E+ 3 1 2.57E+ 3 1 I 1.45E+3 11 

11 ‘h-135 1 1.74E+3 1 1.78E+3 1 I l.llE+3 11 

TO&I 1.21 E + 5 l.l3E+5 -* 1.20 E + 5 

* CEA took into account an extra 0.3% of U as a loss. This will affect the comparison for this isotope. 

Table 5.13 Oxide core: radiotoxicities at cooling time one million years 
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Isotope Europe Japail Japan Russia United Mean Value 
JENDL-2 JENDL-3 states 

BOL Uranium 30.7 

EOL Uranium 48.6 30.2 30.2 29.3 45.8 36.8t23W 

Np-237 BOL 3.32E4 

BOL 2.99FA 2.99F.4 2.97Ed 2.98E4 2.99FSl 2.98J?hO.3% 

Pu-238 BOL 1.89E8 

EOL 2.35E8 2.51E8 2.52E8 2.45E8 2.47E8 2.46E8&2% 

Pu-239 BOL 3.16E7 

EOL 3.52El 3.52E7 3.52E7 3.48E7 3.53E7 3.51E7iO.58 

Pu-240 BOL 5.42E7 

EOL 5.37E7 5.39E7 5.37E7 5.32E7 5.35E7 5.36E7*0.4% 

Pu-242 BOL 1.84E5 

EOL 1.96E5 1.93E5 1.91E5 1.88E5 1.91E5 1.92E5il% 

Am-241 BOL 1.06E8 

EOL 1.15E8 l.llE8 1.13E8 1.15E8 1.13E8 l.l3E8*1% 

Am-242111 BOL 1.4OE6 

EOL 4.51E6 7.23E6 6.41E6 5.44E6 6.22E6 5.96E6*15% 

Am-243 BOL 6.16E6 

EOL 5.12E6 5.72E6 5.78E6 5.89E6 5.83E6 5.79E6+1% 

Cm-242 BOL 9.14E5 

EOL 1.89E8 1.04E8 9.00E7 8.73E7 8.73E7 1.12E8*35% 

Cm-244 BOL 3.33E8 

EOL 4.13E8 4.12E8 4.08E8 3.54E8 3.79E8 3.93E8*6% 

IOL Tmnsuranics 7.32E8 

iOL Transuranics 1 ME9 9.84E8 9.64E8 9.COE8 9.31E8 9.68E8+6% 

‘u-241 + Am-241 5.79E8 5.78E8 5.81E5 5.77E8 5.83E8 5.80!3&0.4% 

‘u-239 + Pu-240 8.89E7 8.91E7 8.89E7 8.8OE7 8.88E7 8.87E7?0.4% 

‘u-241 + Am-741 1.16E5 1.16E5 1.16E5 1.16E5 1.17E5 
Np-237 

1.16E5*0.3% 

Table 5.14 Metal core: comparison of reference toxici@ characteristics 
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Doppler Cocfticient, 
TdWdT x IO-’ 
Sodium Void Worth * 

-1.46 -1.35 -1.51 -1.80 

%Aklkk 

Active Core 
Above-Core Plenum 
Total 

* for voiding of flowing sodium in the drivers only. 

0.61 1.10 1.00 0.80 
-0.80 -0.73 -0.73 -0.77 
-0.19 0.37 0.27 0.03 

Table 5.15 Recycle benchmark neutronic performance characteristics comparison 

BOEC Invenkxy. CD 
Uranium 
Transuranics 
Short-lived FP 
Lang-lived FP 

EOEC Inwaxy, CD 
Uranium 
Transuranics 
Short-lived FP 
Long-lived FP 

Recycled Feed. CD/y 
Transuranics 

* includes toxicity of equilibrium daughters (e.g., Pb-210). w IC h’ h are dumped in the mill tailings. 

Table 5.16 Comparison of toxici@flows (all toxicities in Cancer Dose, CD) 
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Chapter 6 

PLUTONIUM FUEL WITHOUT URANIUM 

6.1 Introduction 

Over the past 30 years many different fuel matrices have been investigated for plutonium fuels in 
various countries, including ceramic, metal, molten salt and others. Almost invariably, these different 
fuel matrices incorporated uranium as well as plutonium, in order to benefit from the production of 
Pu-239 from U-238 captures, which adds to the energy output for a given initial plutonium loading. 
Consequently, investigations have concentrated mainly on fuels such as (F’u, U)Oa, (Pu, U)C, (Pu, U)N, 
PuAJ/Zr and so on. More recently, es-weapons plutonium has become available for destruction/ 
degradation which, combined with increasing stocks of civilian plutonium has shifted the emphasis to 
that of burning plutonium in reactors as a means of mhtimising the risks of proliferation. Consequently, 
new concepts and technologies are expected to be evaluated and proposed for the effective bumhtg of 
plutonium in reactors. 

From this perspective, the most effective way is adopting plutonium fuel without uranium. 
Although a considerable amount of research and development on fuels with uranium has been carried 
out, past work on non-uranic plutonium fuels is very lhnited. A plutonium fuel based on a non-uranic 
carrier must fit in with a practical fuel cycle technology, have good irradiation performance and be 
capable of being manufactnred economically. 

This paper summarises the present status of and the major issues associated with the research and 
development of plutonium fuels with a non-uranic carrier, concentrating in particular on the physics. 

6.2 Research and development status of plutonium fuel without uranium 

6.2.1 Summary of existing reactor studies 

This section briefly summarises existing reactor studies and fuel studies of plutonium fuel without 
uranium. 

Canada 

Theoretical studies for the CANDU reactor type have been performed. So far, no tests of 
manufachtrability or irradiation performance have been made. 

The potential for disposition of weapons plutonium in the CANDU system has been studied, [ll, 
ZrOa and Be0 having been considcrcd as inert matrices. The calculations show a plutonium annihilation 
rate of 2.5 kg /EFPD in a 680 MWe CANDU. 
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The lack of U-238 in the fuel and consequent increase in the Doppler coefficient is not expected to 
be a problem in the CANDU design. From the safety analysis perspective, in the current design the only 
accident that can quickly introduce an amount of reactivity close to prompt critical is a LOCA, and this 
is dealt with by two diverse shut down systems without much help from the negative fuel temperature 
coefficient. For fuels without U-238 the coolant void reactivity is in any event reduced to close to zero 
so that the problem is dealt with. 

For the current natural uranium fuelled designs the fuel temperature coefficient is calculated to be 
about 4.10d WT. For the Pu without U fuel, the main effects with increasing fuel temperature are 
a decrease in n for Pt.239 due to an increase in the effective thermal neutron temperature and an 
increase in reactivity due to Doppler broadening of the Pu resonances. The net effect is calculated to be 
slightly negative: a fuel temperature coefficient of about -2.10” WT. This value has not been contInned 
experimentally, but it is not expected that significant redesign of the control system will be required. 

Additionally, the TMJ-233 fuel cycle has been studied in the CANDU system, the purpose of 
which is to avoid the production of plutonium and the higher actinides, 121. 

An extensive programme of research and development into non-uranic fuels has been carried out 
and continues. 

In the 197Os, a neptunhtm transmutation programme was carried out in the CELESTIN reactors 
with the aim of producing Pt.238 for pacemakers. Initially the neptunium was in the form of Np-Al 
alloy plate, and was later substituted by NpOz/MgO. From 1973 to 1976, 26 target elements, each 
containing approximately 700 g of neptunium, were fabricated at Cadarache. These were then irradiated 
in the CELESTIN reactors for approximately 100 days in a flux of 2 to 3.10h n/cm%. The conversion 
rate of neptunium into plutonium was around 6% with a Pu-238 isotopic abundance greater than 90%, 
r31 EL [41. 

In the heterogeneous concept of the ACTINEAU experiment, which is designed to demonstrate the 
feasibility of minor actinide (Am and Np) incineration in PWRs and to study the metallurgic behaviour 
of rods, the following matrices are selected based on cross-sections and material properties: MgA1204 
and Al203 as reference materials, and CeOx, YzO~ and Y&50,2 as alternatives, 131. The experiment is 
scheduled to take place in the OPERA loop of the OSIRIS reactor in 1996, [4]. 

New theoretical and experimental work for fast reactors is in progress for cores with Pu fuel 
without U to enhance the Pu consumption up to the theoretical lhnit (- 100 kgfIWhe). The studies 
carried out in this field in the frame of the CAPRA programme, [5], have been exploratory in character 
insofar as questions of principle had to be answered concerning the safety of these cores, a priori 
characterised by the absence of a Doppler effect before starting more detailed evaluations. The most 
notable result is that clearly there is no impossibility as regards safety (stability, flow transients, 
reactivity transients, core accidents) provided that a fuel design, meeting a certain number of 
constraints, can actually be put forward. At the present stage of the studies, some promising generic fuel 
families have been proposed but no clear and definitive choice has emerged since a specific experimental 
validation programme is needed. 

One important lesson drawn from the studies was that the low Doppler effect does not pose any 
problem for flow transients insofar as it is compensated by the low sodium void effect resulting from the 
very high dilution of the uranium-free fuel in the core. However, to achieve acceptable behaviour in the 
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reactivity transients besides requiring fuels with considerable margins as regards melting, it seems 
indispensable to find another prompt negative reactivity feedback. The studies showed that to a certain 
degree, axial thermal expansion of the fuel could ensure this function, or that certain neutron absorber 
materials such as tungsten for example could restore a Doppler effect but important uncertainties 
remain in the estimation of its absolute value. The studies revealed that these absorber materials have, 
as expected, a very negative impact on the sodium void reactivity and that only materials with a 
moderate neutron absorption cross-section could be tolerated. For these two situations, the rqulrement 
was to find a fuel solution in which any power rise would instantaneously put either the expansion or the 
Doppler reactivity effect into action. This supposes excellent thermal coupling between the Pu and the 
other constituent elements of the fuel. Moreover for the expansion effect, the design of the fuel must 
allow the latter to expand freely within its cladding. 

In a process for which the implementation of a structural Doppler effect is desired, massive 
introduction of an absorber structural element would result in considerable increase of the positive core 
sodium void reactivity: to restore margins as regards this value, it seems advisable to consider smaller 
sized cores. As a consequence, two possible routes for further investigation (they can be mixed) seem to 
be either a large core in which an efficient axial expansion of the fuel is required or a smaller core in 
which a Doppler effect from structural materials is sought. 

Several reference fuel candidates are: 

. “cermets” like Pu02 - Cr or PuOz alloy based on (Cr. V, W) or W; 
l “cercers” like PuO2 - MgA1204 or MgO, or; 
l solid solutions like (Pu, rare earths) Or or Pu (rare earths or Zr or Ti) N. 

Experimental research and development work is under way and two irradiations have been 
launched in 1994/1995: 

l MATINA - in the PHENIX reactor - [6] to study inert matrices such as MgO, MgA1204,TiN, 
Cr, V, Nb and W, and also cercers such as UOz - MgO and UOZ MgAl204. 

l TRABANT - in the BFR reactor - where one pin is made of fuels without uranium: 
pu02 - MgO and (Pu, Ce)Oz. 

Fabrication, dissolution and sodium compatibility tests have been carried out for most of the inert 
matrices mentioned above, [7]. 

Germany 

A study has been carried out in which cerium was substituted for uranium in some PWR fuel 
assemblies, [S], with the intention of reducing the buildup of plutonium. In this study, tlssile plutonium 
production was compared between (U, Pu)MOX fuels and (Ce, Pu)MOX fuels taking me portion of 
MOX fuel assemblies as a parameter. It was pointed out that the Doppler coefficient was negative but 
was too small in magnitude. 

The utilisation of (‘Dr, Pu)Or fuel in a standard PWR has been investigated in collaboration with 
Brazil and it has been concluded that nearly the same performance of the reactor could be expected 
using (Th, Pu)02 fuel as for UOa fuel in a standard PWR, [9]. It is noted that the development of 
(Th, Pu)Oz fuel technology using cerlum as a simulator material has made good progress; cerium has 
proved to be a good Pu-simulator since its chemical, ceramographlc and physical properties are similar. 
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Survey calculations on a 800MWe fast reactor core fuelled with PuOz/A1a03, PuOz/BeO and 
PuOz/A12Ofl.+C have been carried out in order to study not only the nuclear characteristics but also the 
safety characteristics. 

A design study of a FBR safety research reactor, the driver of which core consists of PuOJBeO 
fuel, has been in progress, although this core was not originally intended for burning plutonium. In 
support of this work, a manufacturability test of U02/BeO pellets, in place of PuOJBeO is planned as a 
first step, [lo]. 

An investigation for once through type fuel has been carried out aiming at burning weapons grade 
plutonium, Ill]. PuO2/ThO2/AlaO3 and PuOz/zrOz(Gd, Y)/Al20, are considered to be desirable from 
the point of view of the chemical properties of the materials, which would make it difficult to reprocess 
and extract plutonium. 

In the bumup calculation study, it was estimated that as much as 83% of the total plutonium and 
98% of Pu-239 is transmuted, and the quality of plutonium becomes very poor in me spent fuels. 
The void and Doppler reactivity coefficients are, however, very small in zirconia type fuel 
(PuO~ZrOa (Gd,Y)/A1201) LWRs as compared with conventional LWR. 

In fact, it was estimated that void reactivity is less than l/5 of that of conventional PWR at 
beginning of equilibrium cycle (BOC), and becomes comparable at end of cycle (EOC). Both BOC and 
EOC, Doppler reactivity is smaller than those of PWR by the factor ranging from 4 to 7. The delayed 
neutron fraction is about 0.29% at BOC and increases to 0.35% at EOC. 

The Doppler reactivity of the zirconia type fuel PWR can be improved with additives such as 
ThOa, UO? or W. About 10 mol% of depleted UOa in the fuel can increase the Doppler reactivity about 
4 times. Heterogeneous cores with PuOflOa are also effective to increase this reactivity. In such cores, 
the delayed neutron fraction increases. 

An assessment of the influence of different neutron absorbers (needed for reactivity compensation) 
on the core performance of PWRs has been started [12]. Experimental work is concentrated on the 
preparation of inert matrix materials like CeOa, ZrO 2, Y, Al-Garnet, Spinell, TiN and ZrN 
co-precipitated with plutonium and the minor actimdes neptunium and americium by a sol-gel process, 
U31. 

United States 

As part of the disposition study of weapons plutonium by fission, the advanced liquid metal reactor 
(ALMR) with Pu/Zr metal fuel, [14] & 1151, and the modular high-temperature gas-cooled reactor with 
a plutonium core using PuOa particle fuel, [14] & [16], have been studied. The Pu/Zr fuel will requhe 
some development, though irradiation experience with reference PuN/Zr fuel is extensive. 
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The introduction of hafnium (Hfl as a diluent material (in the form of a mixture of binary Pu-Zr 
and Hf-Zr alloy), is proposed as one of the options to dispxe weapons plutonium in IFR, [15], for 
which the following benefits are expected : 

l The Hf acts as a burnable poison, 
l The Hf resonance capture will provide negative Doppler reactivity. 

This study concludes that non-uranic fuel results in unfavourable changes to me delayed neutron 
fraction, Doppler coefficient, and sodium void worth, in addition to large burnup reactivity loss. 

Pu.& dispersed in tiuminium and PuOr embedded in carbon and sealed in a silicon carbide shell 
(TRISO-coated PuOz) have been examined and a Pu/Al composite with additional resonance absorbing 
poisons such as tungsten has been chosen for a newly developed low-temperature, low-pressure, low- 
power-density, and low-coolant-flow rate light water reactor concept that quickly burns weapons grade 
plutonium, [ 171. 

Russia 

Although only limited information is available, the utilisation of weapons grade plutonium in 
thermal and fast reactors is being investigated, [18]. Three types of reactor cores, a WWER core type, a 
conventional BN-800 core type, and a new BN-800 core based on a cermet fuel with metallic thorhnn 
and plutonium oxide, have been compared. It is concluded that the new BN-800 core has me shortest 
time for transformation of weapons grade plutonium into normal power plant plutonium and also yields 
the smallest radiotoxicity. 

6.2.2 Core characteristics 

This section illustrates the core performance of various non-uranic plutonium fuels, using me 
example of a 8M Mwe fast reactor calculated by PNC : 

Main specifications of the core 

l Fuel ................................................. PuO2/A1203 (reference) 
l Core height ..................................... .60 cm 
l Cycle length.. .................................. ,228 EFPD 
l Refuelling batch.. ............................ .6 
l Volume fraction ............................... fuel/structure/sodium = 4X21/38 
l Pu.. .................................................. dischargedfromLWR. 
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Major core performance parameters 

Power peaking factor 

Na void reactivity 

* including both heavy metal and structural materials. Value in parentheses excludes structural material. 
** (consumed Pu) / (loaded Pu). 

Table 6.1 Core characteristics of plutonium fuel without uranium 

The distinctive features of the fast reactor core with non-uranic plutonium fuel arc: 

l Very large burnup reactivity compared with around 3% for the conventional F’u02/u02 fuelled 
breeder reactor core; 

l Large power peaking factor compared with around 1.5 of the conventional PuOJUO2 fuelled 
fast breeder reactor core: 

l Small and even negative sodium void reactivity compared with around 2% Akkk’ of the 
conventional pUOflO2 fuelled fast breeder reactor core; 

l Reduced Doppler cceffkient compared with around -9.10-3 Tdk/dT of the conventional 
Pu0zlII0~ fuelled fast breeder reactor core; 

l Reduced delayed neutron fraction compared with around 3.8.10-3 of the conventional Pu02/u02 
fuelled fast breeder reactor core; 

1.54 



l PuOJBeO fuel improves the Doppler coeffkient while it worsens sodium void reactivity and me 
burnup reactivity; 

l The introduction of B&J improves the bumup reactivity and the power peaking factor while it 
worsens the sodium void reactivity and the Doppler coefficient. 

The major core characteristics described above will de&mine the kind of research and 
development that should be carried out in the field of reactor physics before the practical application of 
me fast reactor core with non-uranic plutonium fuel can be reahsed. 

As for reactivity coefficients, a drastic reduction of the sodium void reactivity is necessary in order 
to compensate the low level of the Doppler effect. From this point of view, elements such as W, MO and 
Nb lead to too large positive sodium void reactivity, while the use of quasi-transparent elements such as 
Al, Mg and Si makes it possible to obtain low enough sodhun void reactivity. Between these two 
extremes, there exist some possible intermediate elements such as Cr and Ce, [19]. 

6.2.3 Fuel characteristics 

The fuel characteristics are provided in Tables 6.2 to 6.4. 

Desirablefuel characteristicsfor burning plutonium effectively in reactors 

From the point of view of soundness under irradiation 

. Solid solution of plutonium with other elements or plutonium compounds with other 
compounds, or stable compounds (eutectic structure, cermet types) for desired bumup; 

l No phase changes of fuels over the temperature range to be used in a reactor. Phase changes are 
expected to result in problems, such as: 
- volume change off&s, 
- rapid gas release from fuels, 
- severe pellet - cladding mechanical interactions (PCMl), 

which conventionally lead to fuel failures; 

. Good compatibility of fuels with cladding and coolant materials; 

l Good solubilities of fission products into fuels for higher bumup; 

l Good mechanical and thermal properties of fuels: 

- high melting point, 
- high thermal conductiviry, 
- low swelling, proper plasticity considering PCMI, 
- low gas release, 
- others: 
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u51 

Ml 

u71 

WI 

[I91 

F91 

Ml 

v-4 

WI 

I241 

WI 
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Chapter 7 

RECYCLING OF PLUTONIUM IN ADVANCED CONVERTER REACTORS 

7.1 Intrnduction 

In the past the general belief in the nuclear industries of the world was that recycle of Pu would be 
necessary in the latter years of the 20th century to make sufficient use of the uranium resource to satisfy 
the needs of mankhtd. It was anticipated that this would mean that widespread deployment of fast 
breeder reactors would take place. To provide Pu for the start-up of these reactors plans were made, and 
in some countries implemented, to reprocess thermal reactor spent fuel. In some countries it was 
considered that there might be justification for the development of thermal reactors which could more 
efficiently burn recycled Pn, thus extending the world’s uranium resource. Such reactors could not 
achieve the breeding offered by fast reactors, but also did not require the development of radically new 
technologies for their implementation. Such reactors may be categorised as Advanced Converter 
Reactors, examples would bc the heavy water moderated reactors: the Japanese ATR, variants of me 
CANDU, and variants of the Siemens pressure vessel type PHWR, in addition one could include: 
variants of the HTGR, and advanced PWR designs. 

7.2 The Japanese ATR 

The ATR is a heavy water moderated, boiling light water cooled pressure tube type reactor 
designed specifically to burn plutonium. A prototype version (Pugen 165 MWe) has been in operation 
since 1979 and has demonstrated successfnl operation with both enriched uranium and MOX fuel 
operation to bnmups of 20 MWd/kg. About 1000 kg of tissile Pn from the initial loading has been 
consumed in Fugen. The fuel cycle was closed for this reactor when in 1988 MOX fuel assemblies 
containing Pn from reprocessed Fngen fuel were placed in the reactor. Plans now call for a 600 MWe 
demonstration plant to be built for operation early in the next centmy. Fuel bnmup for this 
demonstration plant is planned to be higher at about 38 MWd/kg. 

The ATR offers the following advantages over recycling Pn in an LWR: somewhat more energy is 
derived from the recycled Pn (for a fuel with fissile content of 3.1% an average bnrnup of 30 MWd/kg 
is predicted), and the sensitivity of the bnrnup to the Pn isotopic composition is much less than in an 
LWR because of the more thermalised neutron spectrum. 

The development programme associated with the Fugen reactor has produced a considerable 
amount of data against which nuclear data and calculational methods have been validated. The data 
include those derived from many zero energy measurements in the DCA facility as well as those 
obtained from operation of Fugen itself. In DCA values of k-effective as well as many reaction rate 
ratios were measured for fuels having thme different Pn contents. Measured values were compared with 
values calculated by the WIMS-ATR code; a version of the WIMS-D code with a specially modified 
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library. In general the calculational results agreed with the measurements within about 15% for the 
reaction rate ratios, while k-effective agreed within about 0.1% k [ 1,2,3]. From Fugen, plutonium 
isotopic ratios have been measured in spent fuel and compared with WIMS-ATR calculations with an 
ENDFBIV data set [4,5]. Agreement was good. Also from Fugen values of k-effective for various 
start up cores were measured as were values for the first eight cycles. Again good agreement was 
obtained [61. 

7.3 The CANDU reactor 

The CANDU reactor achieves a very high neutron economy by using heavy water as moderator 
and as coolant in a pressure tube design that allows on power refuelling with a rather simple fuel 
bundle. ‘Ihesc properties combine to provide the potential for considerable fuel cycle flexibility [7]. 
There have been many studies indicating the feasibility of burnhrg MOX fuel in CANDU, with the Pu 
derived either from CANDU or LWR spent fuel [8,9,10]. In the past it was thought that deriving Pu 
from CANDU spent fuel would be economic, despite the rather low Pu content in the fuel (about 
0.37%). This has not proven to be the case and emphasis has shifted to cycles that are synergistic with 
the LWR, the so-called Tandem cycles. The Tandem cycle denotes the recycle in CANDU of both the 
uranium and plutonium recovered from spent LWR fuel. However, in a broader sense the Tandem cycle 
can refer to the recycle of the plutonium alone, with the uranium component of the MOX fuel coming 
from either: the reprocessed fuel (having a U-235 content of about 0.9%), depleted uranium from 
enrichment plant tails (0.2% U-235), or even natural uranium. The recycled material could be recovered 
using conventional reprocessing technology or through a simpler cheaper and more prollferation-proof 
process in which the Pu is not separated from the uranium, so-called co-processing. 

The main advantage of recycling the LWR Pu and U through a CANDU is the increased energy 
obtained compared to recycle through an LWR. As much as twice the energy can, in principle, be. 
obtained [ 101 while the tissile content of the fuel is reduced to levels so low that further reprocessing is 
not economic. 

Manufacture of CANDU MOX fuel has been demonstrated on a laboratory scale in the Recycle 
Fuel Fabrication Laboratory (RFFL) at Chalk River Laboratories (CRL) [l 11, as has its irradiation in 
the NRU research reactor. 

A series of zero energy physics tests have been performed in the ZED-2 critical facility at CRL 
with 37.element CANDU type MOX fuel bundles. These have been compared with WIMS-AECL 
calculations and the agreement found to be satisfactory [12,13]. 

System studies of the burning of MOX fuel in CANDU have also been performed [9]. These 
include studies of: refuelling schemes, reactivity of control and safety absorbers, fuel handling, safety 
analyses, and many other important factors. The studies indicate the feasibility of adapting the CANDU 
reactor for plutonium fuel cycles. 

In 1992 AECL, KAERI and the US Department of State, completed Phase I of an assessment of 
using PWR spent fuel directly in CANDU without reprocessing or use of any wet chemical process. 
This class of synergistic fuel cycles is referred to as “DUPIC”, for Direct (Ise of spent PWR Fuel In 
CANDU 114). The use of only dry processes enhances the safeguardability of this fuel cycle. Two 
broad classes of direct use options were considered: mechanical reconfiguration and powder processing, 



The study concluded that one of the powder processing options, OREOX (for Oxidation, Reduction 
of Enriched Oxide fuel) was most promising, largely because of the homogeneity of the resultant 
powder and pellets. One advantage of this option is that it removes a high fraction of volatile and 
gaseous fission products, thereby improving fuel bumup. The CANDU bumup with the OREOX option 
is predicted to be about 18 MWd/kg, using spent fuel from the reference Korean PWR, which has an 
average discharge burnup of 35 MWd/kg (initial U-235 enrichment of 3.25%). Despite removal of some 
of the fission products the gamma activity of the fuel remains high and it is clear that remote 
manufacturing techniques in a shielded facility will be required. The safeguards assessment concluded 
that the proliferation risks of the DUPIC cycle are minimal, and that presently known safeguards 
systems and technologies can be modified or adapted to meet safeguards requirements. 

The programme is now continuing with optimisation of the OREOX process, fabrication of fuel 
elements and bundles from spent PWR fuel for subsequent irradiation testing and post irradiation 
examination, development of remote fabrication techniques and development of appropriate safeguards 
technology. 

From the point of view of the physics of the DUPIC cycle there do not appear to be any 
impediments to its implementation, it is clear, however that much development of other technologies is 
required. 

7.4 Pressure vessel type heavy water reactor (PHWR) 

The Siemens pressure vessel type heavy water reactor is capable of recycling plutonium by spiking 
fuel assemblies. This allows an economical utilisation of plutonium through the use of a loading scheme 
with high local plutonium content and without penalising local power peaking, [ 151; full core length fuel 
assemblies can in fact be shuffled from the core edge to inner positions. This fnm of spiking was tested 
at the Karlsruhe MZFR reactor in 1972 by inserting eight MOX fuel assemblies. 

7.5 High conversions LWRs 

The main purpose of utilising high conversion reactors to bum Pu is to increase uranium 
utilisation. The conversion ratio of LWRs can be increased by increasing the fuel to moderator ratio of 
the lattice. In this way it is in principle possible to increase uranium utilisation by a factor of about four 
if the fuel-to-moderator ratio is increased by about the same amount [16]. To achieve much higher 
values of the fuel to moderator ratio than those in the current PWRs will require a change to a 
hexagonal cell. There have been many studies of high conversion light water reactors, the results of 
many of them being summarised in Reference [17]. With regard to core physics calculation validation 
data, Reference 16 reports results of programs in France and Switzerland [18,19]. 

The data base provided by the Swiss/German experimental programme on LWHCR test lattices 
[20,21] is broad, in terms of both the range of high convem design characteristics represented and the 
types of integral data measured. Changes in moderation ratio and effective fuel enrichment were covered 
- with investigation of neutron balance components, moderator voidage effects, influence of lattice 
poisoning, relative control rod effectiveness and power depression/peaking due to core heterogeneities. 
In general, comparisons of measured and calculated lattice parameters reported to date have shown that 
discrepancies in k-infnlty predictions can be reduced to the experimental error limit by applying 
improved calculational methods and cross-section sets. This is not yet the case for some of the 



measurable reaction rate ratios, indicating that compensation of errors may be occurring. Remaining 
deficiencies in nuclear data and/or resonance treatment thus require furdier attention. 

In France, within the framework of a cooperation between the French electricity supplier, EDF, 
the reactor designer Framatome, and the French Atomic Commission, CEA, an exhaustive experimental 
programme was undertaken in the centre of the EOLE facility at Cadarache to measure the fundamental 
neuuonic parameters involved in HCLWR design calculations. 

Two types of lattice were investigated: a very tight one, called ERASMUS (Mod. Ratio = 0.5) and 
a more realistic one, ERASME/R (Mod. Ratio = 0.9) in order to be representative of the Framatome 
HCLWR projects, Calculations are in good agreement with experimental values [24]. Void 
configurations have also been investigated in both latttcea, where the reactivity effect was negative 
because of the very large effect of axial leakage. Calculations are in good agreement with the 
experimental results. 

In parallel, in two similar undermoderated lattices placed in the zero power MINERVE facility and 
in the 8 MWth MELUSINE core, neutronic parameters related to the change in reactivity with bumup 
(the reactivity effect of fission products, and capture cross-sections of the main heavy isotopes) have 
been measured [25 1. Calculational results show some discrepancies for Capture cross-sections but the 
tission product reactivity effect seems to be well estimated 1261. 

7.6 Conclusions 

Studies and demonstrations have shown that heavy water moderated reactors can burn the Pu and 
U produced from reprocessing LWR spent fuel. Such reactors generally require a lower mass of fissile 
material to maintain criticality and therefore can bum theii fuel to lower fissile content than an LWR. 
Thus more energy can be extracted from the reprocessed materials and their fissile content reduced to 
the point where final disposal may be an economically attractive option. 

There appear to be no limitations imposed by lack of knowledge of the neutronics and physics of 
such reactors, but there may be challenges in other areas. As an example, such challenges are being 
addressed in the DUPIC programme where Canada, Korea and the USA are studying a dry reprocessing 
route for recycling LWR spent fuel through a CANDU reactor. 
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Chapter 8 

THE USE OF RECYCLED URANIUM 

8.1 Introduction 

For typical thermal reactor burnups only about 4% of the initial heavy metal is converted from 
uranium to fission products or other actinldes. Thus the decision to reprocess spent fuel from thermal 
reactors necessarily results in the production of quantities of uranium that are large compared with the 
masses of plutonium and fission products also produced. Consequently tie possible disposition options 
for this recovered uranium (RU) deserve to be. discussed at the same time as those of the plutonium, 
especially when one considers tit this uranium often has a significant fisslle content. 

It is not anticipated that there would be any technical limitations which prevent or make uncertain 
the utilisation of tk RU in any of the ways described below. The decisions of the owners of RU will 
rather be based on economic arguments, somewhat colored by their opinions of the likelihood of there 
being problems with any of the proposed routes for disposition. 

8.2 The resource 

Most of the fuel that has been and will be reprocessed comes from LWRs (both PWRs and BWRs, 
but mainly PWRs). The tissile content of the resulting uranium depends both on the reactor type and the 
bumup of the fuel. For standard PWRs burning the fuel to about 33 MWd/kg the RU contains about 
0.9% U-235 [l], the figure is smaller for RU from higher bumup PWRs and for BWRs, in fact in [2] it 
is stated that the residual value of uranium separated from BWR spent fuel is lower than that of natural 
uranium. 

In the United Kingdom there is experience with reprocessing Magnox reactor spent fuel, which 
contains only about 0.45% U-235, and with using large quantities of the resulting uranium. Up to 1987 
about 15OOQ tU had been enriched to produce 1500 tU of recycle AGR fuel. 

In all RU there has been some build up of U-236 and some reduction in U-234 due to neutron 
capture during the irradiation, this changes the neutronic properties of the uranium for further use and 
must be properly accounted for in whatever disposition is considered. There is also a buildup of U-232 
in the irradiation, although only to very low levels. Nevertheless, because decay of the U-232 leads to 
some emitters of very hard gamma rays, it must be considered from a radiological point of view; if only 
to show that at the levels pertalnlng there need be no concern. 
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8.3 Means of utilising recovered uranium 

There are, broadly speaking, at least four possibilitlcs for utilising recovered uranium: 

l Re-enrichment to the level required for re-irradiation in an LWR or other reactor tequhing 
enriched fuel (such as an AGR); 

l Re-fabrication for irradiation in a reactor which can economically bum the RU without it 
requiring re-enrichment, such CANDU or the ATR; 

l Mixing with F’u to manufacture MOX fuel for burning in a suitable reactor; and 

. Storage for possible re-enrichment by a highly selective laser process at some later date when 
such a possibility is available on an industrial scale. 

8.4 Re-enrlchment 

Re-enrichment by both the gaseous diffusion and the centrifuge processes has been successfully 
demonstrated, although the centrifuge is generally regarded as the more suitable because the lower 
holdup of material in the process allows the batches of uranium to remain better separated thus reducing 
the problem of contamination with U-234 and U-236 and other isotopes such as Tc-99 [3]. In 
re-enrichment the lighter isotopes are concentrated more rapidly. Thus the U-232 and U-234 become 
larger fractions of the enriched material relative to the U-235 than they were in the source, whereas the 
U-236 is relatively reduced.This can lead to certain dlfficultles: the further concentration of the U-232 
increased its radiological signlflcance, and both U-234 and U-236 being neutron absorbers, it is 
necessary to “over-enrich” relative to material produced from natural uranium to produce fuel that will 
achieve the same bumup. 

Some of the earliest experience was obtained in the United Kingdom where uranium recovered 
from reprocessed Magnox fuel has for many years been enriched from its initial U-235 content of about 
0.45% to that required for AGR fuel. In this case the concentrations of the minor isotopes are small 
enough that the enriched material can be treated radiologically as though sourced from natural uranium. 
The quantities of U-234 and U-236 are low enough that the “over-enrichment” penalty is also low, 
especially in the soft neutron spectrum of the AGR where the importance of U-236 absorption is less 
significant. 

In the case of te-enrichment for reuse in LWRs, experience has also been satisfactory. Several 
countries have already demonstrated good results or have ongoing programmes [3, 4, 5, 61. For use in 
LWRs, where the required enrichment is higher and the spectrum harder, the required “over enrichment” 
is also higher, but has proved easy to allow for by means of a simple formula. It is also necessary to 
observe some extra precautions during processing due to the slightly increased radiological hazard, but 
these have not proven onerous. For example Urenco in its centrifuge enrichment plant in the Netherlands 
is routinely re-enriching recovered uranium for various clients for use in their LWRs. Only part of the 
plant is used for this purpose and only limited areas give concern from a radiological hazard point of 
view. Change of the plant to this mode of operation was achieved with minimal interruption of normal 
operation. 
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8.5 Burning without re-enrichment 

Another option is to bum the recovered uranium without rc-enrichment. This can be done 
economically in a reactor designed to burn low enrichment fuel. This possibility has been studied for the 
CANDU reactor [7] where it was calculated that RU from an LWR containing 0.9% U-235 could be 
burned to at least 13 MWd/kg. The soft neutron spectrum of the CANDU is advantageous in achieving 
these bumups since it minimises the absorbing effect of the U-236. A joint feasibility study with 
Cogema, in which LWR derived RU was pressed and sintered into CANDU pellets indicated no 
radiological problems with fuel manufacture [S]. Burning RU in this way would allow about twice the 
energy to be extracted from it compared to re-enrichment and burning in an LWR, while at the same 
time the U-235 content is reduced to that typical of enrichment tails, thus preparing the fuel for final 
diSpOSd. 

8.6 Burning as MOX 

This option, in which the RU is mixed with Pu to achieve the required fissile content, is technically 
feasible. However, if the target reactor is an LWR this option cannot deal with all the RU because the 
Pu fraction required in the MOX fuel is higher than that in the spent fuel. This option is not popular 
with LWR owners because the balance of the RU still has to be dealt with and more MOX fuel has to 
be manufactured to utilise all the F’u. High converter reactors such as CANDU or the Japanese ATR 
could have a role to play in burning MOX fuel consisting of a mixture of all the Pu and RU. 

8.7 Storing 

The final possibility is to store the RU for a possible future in which its use is made more 
appealing by changing economic circumstances or by technical developments such as highly selective 
inexpensive laser enrichment. 

8.8 Conchsions 

There are a number of choices available for the utilisation of the growing quantity of recovered 
uranium in the world. The efficacy of the various options has been demonstrated to various degrees and 
there do not appear to be any scientific of technical issues that would prechtde. use of any of the 
methods. The owners of recovered uranium will decide on the basis of their own situations which route 
is most appropriate for them. 
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Chapter 9 

CONCLUSIONS AND RECOMMENDATIONS 

The conclusions and recommendations emerging from me analysis and discussion in the previous 
chapters are summarised by relevant issue. 

9.1 Physics and some engineering aspects of plutonium recycling in light water reactors 

Multirecycle of plutonium in LWRs offers a practical near term option for extracting further 
energy from LWR spentfuel and reprocessed plutonium. 

Multirecycling plutonium in PWRs of current design can have limitations and related physics 
issues have been considered, in particular the plutonium content limitation to avoid positive void effects 
and the minimisation of minor acttnide production during multirecycling. The present conclusions 
indicate a good understanding of physics, even if to establish a consensus on this item would need 
further scenario type of studies including lattice optimisation (e.g., under-moderated lattices). 
Experimental validation of integral parameters (reactivity coefficients) in the case of degraded 
plutonium isotopic composition may also be needed. 

Some of the principal conclusions - essential for multiple recycling - are as follows. 

1. Regarding nuclear design calculations, modern methods incorporating rigorous resonance self- 
shielding and modern nuclear data libraries such as JEF-2, ENDF/EJ VJ or JENDL-3 are essential, 
Some data improvement, e.g., higher plutonium isotope data in the resonance region, etc., might be 
ncedcd; 

2. Appropriate and well tested calculation methods are widely available and should be used; 

3. The interaction of neighbouring UOr and MOX elements should bc investigated in more detail to 
obtain a clearer understanding of the results observed; 

4.’ The optimal control of high bumup LWR cores (which may include burnable poisons) should be 
examined further; 

5. Additionally, questions of material damage in the case of high burnup need to be claritied as well 
as other engineering constraints; 

175 



6. Sophisticated (three-dimensional) core calculations are recommended to study me void effect and 
could also be the object of a future benchmark exercise, possibly in relation with the analysis of an 
experiment to be made available to the international community; 

7. At present, it appears that plutonium recycling in high bumup LWR cores can be performed twice 
without modifying current LWR designs; 

8. Future experimental verification related to maximum plutonium content in the case of degraded 
plutonium isotopic composition is needed in clean lattice configurations with different moderator- 
to-fuel ratios and for possible void experiments with different leakage components. A co-ordinated 
international effort in this field would be highly beneficial; 

9. For unchanged lattices the limit on plutonium content is in the range 12 + 1%; 

10. Changes in me lattice in me sense of higher moderation can be foreseen to minhnise the buildup of 
higher a&rides and to increase the limits on plutonium content; 

11. Multiple recycling of plutonium with high bumup (e.g., 50 MWdIkg) can have limitations due to 
considerations such as the buildup of Pu-238 and Pu-242 or the existence of positive reactivity 
feedback effects on complete coolant voiding at high plutonium contents or the increase of the 
buildup of higher actinides (Am, Cm, etc.). A specific future benchmark in this field could help in 
obtaining an international consensus on these limitations. 

9.2 Plutonium recycling in fast reactors 

Even if for the long term, me best use of plutonium is still in fast breeder reactors, fast burner 
reactor/LWR symbiosis offers potential for nuclear waste reduction by further extraction of energy 
from the multicycled LWR spent fuel and reprocessed plutonium. 

Burner fast reactor physics benchmarks display a larger spread in results among participants than 
has been experienced for more conventional breeder designs. 

1. Further efforts are warranted to assure that fast burner reactor designs of high transuranic content, 
plutonium of poor isotopic quality, and high leakage fraction can be accurately calculated; 

2. Critical experiments should be considered to validate integral design parameters (such as reactivity 
coefficients); 

3. Nuclear data of higher actinidc isotopes which are relevant to waste heating rates and long-term 
waste radiotoxicity hazard should be refined (i.e., Cm isotopes data). An international agreement 
should be reached on the quality (data uncertainties and their impact) of these nuclear data. 
A recommendation in this direction should be made to the Nuclear Science Committee Working 
Party on Evaluation Co-operation. 
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9.3 Toxicity inventory and flow 

As far as the toxicity inventory and flow are concerned, the parametric analysis with variation of 
the fast reactor conversion ratio reveals several features: 

1. 

2. 

3. 

4, 

5 

6 

For a Once-Through fuel cycle, the toxicity in the waste stream is dominated by the transuranic 
component at discharge and this component maintains its toxicity for many thousands of years. In 
contrast by efficiently recycling of the transuranics back to the reactor, the short-lived fission 
products can be made to dominate the waste stream toxicity and the short-lived toxicity of fission 
products will decay away in several hundred years leading to significant reduction in stream 
toxicity consigned to the geological repository for the long-term waste; 

Thus, by a symbiosis of LWR discharge supplying feedstock to fast burner designs, the toxicity 
outflow from the fast reactor cycle to the waste steam will be significantly lower than the inflow of 
toxicity in the feed stream from the LWR (which otherwise would be destined for waste). For the 
conversion ratio CR = 0.5 the toxicity is reduced by roughly half me introduction rate each year, 
and for the CR = 0.75 design the toxicity is reduced by roughly a quarter each year at time of 
discharge. Loss of transuranics to the waste stream was assumed to be 0.1% / recycle; 

Within 500 years me waste toxicity reduction has grown to a two orders of magnitude reduction as 
a result of removal and recycle of me transuranics; 

If the loss of transuranics to the waste stream in the recycle chemistry were reduced by a further 
factor of 15 from the 0.1% / recycle value used in me benchmarks, men after 500 years, me 
radiotoxicity in the waste is less than that of the uranium ore which was mined to produce the fuel 
in me first place. The toxicity inventory in the reactor is nearly two orders of magnitude higher 
than the yearly flows of feed and waste toxicity, and is dominated by the transuranic component; 

The in-core toxicity is significantly lower (factor of 5 times) in the CR = 1.0 and Once-Through 
system than in the burner designs due to multiple recycle isotopic changes which depend on me 
core conversion ratio; low conversion ratios lead to a buildup of higher actinides (with their 
associated higher toxicity levels) upon multiple recycle whereas tissile break even designs lead to a 
Pu-239 rich tramuranic composition upon multiple recycle; 

The results obtained in the oxide fuelled benchmark and in the first case of the metal-fuelled 
benchmark show similar trends as far as radiotoxicity inventory at the end of a single cycle is 
concerned. This fact indicates that, with the same hypothesis of high efficiency in me transuranic 
recovery at reprocessing (e.g., 0.1% loss to the waste stream), most of the conclusions related to 
the metal-fuelled multiple recycle benchmark (including me effects of the parametric conversion 
ratio variation) would be applicable to oxide-fuelled cores. 

9.4 Plutonium fuel without uranium 

Only a limited investigation on the plutonium fuels without uranium has been conducted so far. 
Especially, the experience of manufacturability and irradiation is limited. 

Since the preferred inert matrix differs depending on reactor type, reprocessing methcd, fuel cycle 
mode (once-through or recycle) and so on, it is necessary to select the proper inert matrix for me system 
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taking account of nuclear characteristics, physical properties, irradiation performances and reprocessing 
abilities. It is recommended to accelerate me manufacturability tests and the irradiation tests for 
plutonium fuels with the selected inert matrices. Furthermore, reactor physics experiments and 
calculational studies to evaluate the nuclear characteristics of the plutonium fuels with inert matrices are 
also recommended to be pursued. The problem of prompt reactivity feedback (e.g., Doppler) availability 
has to be considered in detail. Preliminary safety studies have indicated several possibilities to overcome 
potential difficulties in this field. 

9.5 Recycle of plutonium through advanced converter reactors 

Studies and demonstrations have shown that heavy water moderated reactors can bum me 
plutonium and U produced from reprocessing LWR spent fuel. Such reactors generally require a lower 
mass of flssile material to mahttain criticality and therefore can bum their fuel to lower tlssile content 
than LWRs. Thus more energy can be extracted from the reprocessed materials and their fissile content 
reduced to the point where final disposal may be an economically attractive option. 

There appear to be no limitations imposed by lack of knowledge of the neutronics and physics of 
such reactors, but there may be challenges in other areas. As an example, such challenges are being 
addressed in the DUPIC program where Canada, Korea and the U.S.A. are studying a dry reprocessing 
route for recycling LWR spent fuel through a CANDU reactor. 

9.6 Recycling of uranium 

There are a number of choices available for the utilisation of the growing quantity of recovered 
uranium in the world. The efficacy of the various options has been demonstrated to various degrees and 
there do not appear to be any scientific or technical issues that would preclude use of any of the 
methods. The owners of recovered uranium will decide on the basis of their own situations which route 
is most appropriate for them. 

9.7 Criticality safety and MOX fuel 

Finally, it should lx mentioned that criticality safety issues related to h-radiated MOX fuel with 
high burnup should be the object of specific assessments in the frame of the NEA Nuclear Science 
Committee Group on Criticality Safety. These issues have not been addressed explicitly in the present 
report, but can have relevance in the future fuel cycle studies involving MOX fuels. 
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Appendix 2 

Symbols and abbreviations 

BWR Boiling-Water Reactor 

“C demees Celsius 

II CANDU I CAfbbdian Deuterium uranium II 

CAPRA 
I 

Consommation Accrue de plutonium dans les 
RApides 

CD/g 
CD~Y : 
CEC 

Cancer dose per gram 
Cancer dose per year 

Commission of the Eurooean Communities r cl curie, radiation activity unit 
1 Ci = 3.7 x 10” Bq (becaucrel) I 

II COCA I MOX fabrication process at French CEA II 

Conversion Ratio 
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of neutrons released per neutron 

Joint Evaluated Files 
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I LLW I Low-Level Waste 

I LMR I Liquid-Metal Reactor 

I LOCA I Loss Of Coolant Accident 

irk MeV -1 meaaelectronvolt II 
MOX fabrication process at Belgonucl&ire, 

MOX 
H-MOX 
L-MOX 
M-MOX 

MWd/kg 

Mixed Oxide (nranium and plutonium) 
MOX with high Pu content 
MOX with low Pu content 
MOX with medium Pu content 

megawattdays per kilogram, 
refers to heavy metal (HM) 
= GWdh 

MWe 

$ n/cm’s 

megawatt electric 

neutron flux 

NEACRP 
I 

Nuclear Energy Agency Committee on 
Reactor Phvsics I 

I neutrons oer fission II 
H N.lOY I Data orocessing system II 
lr NSC I Nuclear Science Committee II 

II OCOM 
I 

Optimised co-milling MOX fabrication 
process of Siemens, Germany II 

II OECD/NEA I OECD Nuclear Energy Agency 

II OMR Open-Market Recycling 

OREOX Oxidation, Reduction of Enriched Oxide fuel 

PCMI Pellet-Cladding Mechanical Interactions 

pan lo5 

PHENIX French fast reactor 
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PIE Post Irradiation Examination 

Ppm part per million (10”) 

PROTEUS Swiss research reactor at PSI 

Pn plutonium 

F&a tissile plutonium 

Pn,, total ulutonium 

PWR 

PYR0 

RSIC 

RU 

Pressmized-Water Reactor 

Pyrometallurgy-based reprocessing 

Radiation Shielding Information Center 

Recovered Uranium 

d 

SGR 

SLFP I SFP 

standard deviation 

Self-Generated Recycle 

Short-lived Fission Products 

II SMP 

II s. 
I Sellafield MOX Plant --I 

I discrete ordinates radiation transuort method II 

I T temperature 

TRU tramuranium elements I 

TWhe 

U 

terawatt hours electric 

uranium 

II VIP I Venus International Progmmmes I 

I WIMS I U.K. reactor-cell code system 

W/O weight 46 
=wt% 

WPPR Working Party on the Physics of Plutonium 
Recycling 

II WWER I Russian Water-Water Power Reactor II 
II Y I Year II 
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Appendix 3 

Uranium and plutonium buildup and decay chains 1 

\ 
‘\ 

‘\ 
‘\ 

‘ia 
I63d \ 

\ 

’ for half-lives less than 20 years 
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Physics constants of radionuclides relevant for this Study 

92-U-232 
92-U-233 
92-U-234 
92-U-235 
92-U-236 
92-U-237 
92-U-238 
92-U-239 

93-Np-237 
93-Np-238 
93-Np-239 

94-Pm238 
94-Pu-239 
94-PUG40 
94-Pu-241 
94-Pu-242 
94-Pu-243 

95Am-241 
95-Am-242 

95-Am-242m 

95Am-243 
95-Am-244 

96-Cm-242 
%-Cm-243 

%-Cm-244 
%-Cm-245 

ot 
s/2+ 
o+ 
l/2- 
ot 
1/2+ 
o+ 
5/2+ 

69.80 y 5413.62 
1.59E+OS y 4908.90 
2.46E+O5 y 4857.90 
l.O4E+O8 y 4679.00 
2.34E+Ol y 4573.00 
6.75 d 519.40 
4.47E+O9 y 4270.30 

23.41 m 1262.90 

5/2+ 
2+ 
5/2+ 

2.14E+O6 y 4957.30 
2.12d 1291.90 
2.36 d 721.50 

o+ 
l/2+ 
o+ 
s/2+ 
o+ 
l/2+ 

87.70 y 5593.21 
2.41E+O4 y 5243.50 
6.56E+O3 y 5255.90 

14.40 y 20.81 
3.74E+O5 y 4983.10 
4.96 h 582.00 

5/2- 
l- 

432.70 y 
16.02 h 

5- 141.00 y 

5/2- 7.36E+O3 y 
6- 10.10 h 

0+ 
5/2+ 

162.94 d 
30.00 y 

o+ 
l/2+ 

18.10 y 
8.5OE+O3 y 

&SF* 
a,SF* 
&SF* 0.0055% 
a,SF* 0.7200% 
a,SF* 
P 
a.,SF* 99.2145% 
P 

a,SF* 
aSF* 
a,SF* 
P ,a* 
&SF* 
B 

5637.94 u,SF* 
661.20 p (0.827) 
141.10 E (0.173) 

48.63 IT (0.995) 
5366.70 a (O.O05),SF* 
5438.70 a,SF* 
1429.00 P 

6215.76 a,SF* 
8.00 E (0.002) 

6167.40 a (0.998) 
5901.80 aSF* 
5623.30 a 

+ rotal decay energy avaikzbk in r/u decay process (minedfor very small branching rtiosJ. 
In the case of isonwic smes it represents the energy of that state. 
For !3 or E decays it represenfs the energy corresponding to the mass difference between the in&d andfinal atom. 

* branching ratio smaller fhm O.ooO1. SF = sponramousjission 

Reference: JEF-22 Radioactive Decay Data, OECD/NEA, JEF Report 13, August 1994 
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