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Abstract

This paper presents a summary of the current status of the nuclear physics of multiple recycle in Light
Water Reactors (LWRs). The paper draws attention to the principal nuclear physics issues of relevance and
highlights where present knowledge is inadequate. The use of MOX fuel in PWRs is now a mature technology
and one which is being applied on a commercial scale in many countries. LWR MOX was originally seen as an
interim measure for using plutonium recovered from reprocessing plants prior to its eventual use in fast reactors;
MOX allows useful energy to be recovered from plutonium which would otherwise remain in store and provides
a convenient and proliferation resistant means of returning plutonium to the country of origin. However, in the
last few years the prospect of the widespread introduction of commercial fast reactors has receded in most member
states and the question arises of how best to manage the plutonium for the now extended period before it is
required in fast reactors. The approach which is being developed in France and elsewhere is to reprocess LWR
MOX assemblies after irradiation and to recycle the plutonium in a second generation of MOX assemblies and then
perhaps a third and a fourth and so on. This is effective at managing separated plutonium stocks and also at
extracting additional energy from the plutonium. But the isotopic quality of the plutonium is degraded with each
irradiation cycle and this may at some point prevent any further recycling as LWR MOX. The question of how
many generations of LWR MOX recycle are practical is one which, although it has been examined previously in
the literature, has yet to be answered satisfactorily. This paper reviews the existing literature critically and
provides a clearer picture of the assumptions underlying the past work and will highlight areas where past work
has been deficient. From this comes a concise analysis of the technicalities of multiple MOX recycle and the areas
of uncertainty which remain. The paper concludes that at present the question remains one for which there is as
yet no satisfactory answer, largely because the basic nuclear data and lattice codes essential to define the technical
limits are not yet sufficiently developed and validated.

1. WHY MULTIPLE RECYCLE?

Multiple recycle has always been taken for granted in the context of fast reactor fuel cycles, as
it an essential feature of the fuel cycle. Fast reactor fuel cycles aim to extract the full 205 MeV fission
energy from each 238U atom after conversion to the more fissile' Pu by neutron capture. Due to
limitations on fuel endurance, this cannot be achieved in a single step and multiple reprocessing and recycle
of fast reactor fuel has therefore been considered an integral part of the fuel cycle. From the perspective
of reactor physics, multiple recycle poses no particular problem in the fast reactor cycle, because all the
plutonium isotopes are fissile (to a greater or lesser extent) in the fast spectrum and the balance between
the various plutonium isotopes tends towards an equilibrium in which ^'Pu dominates, with the higher
isotopes present in smaller amounts, the asymptotic composition depending on the balance between fissions
and absorptions in the various isotopes.

Recycle of plutonium in thermal reactors, such as Light Water Reactors (LWRs), has always been
regarded as an interim step on the way to substantiating fast reactor fuel cycles; it helps develop the
necessary reprocessing and recycling technology, while allowing use of plutonium recovered from LWR
reprocessing in the interim period before the fast reactor cycle is established. It also helps to manage the
stockpile of separated plutonium. With the prospects of the large scale deployment of fast reactors having
now receded in most countries, the role of LWR MOX in the interim has now become much more
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important and because of the extended timescales on which fast reactors are now expected, the need to
consider multiple recycle of LWR fuel has arisen.

Each complete cycle of MOX fuel manufacture, in-reactor irradiation, pond cooling and
reprocessing occupies a period of about 10 years, which means that two such cycles will hold open the
technology for a 20 year delay in the introduction of fast reactors. Failure to reprocess MOX assemblies
and re-use the recovered plutonium in the thermal reactor MOX cycle would create strategic problems for
LWR utilities, who would otherwise need to consider other interim storage/disposal options for the MOX
assemblies.

All this assumes that fast reactors will be needed in the longer term. Although this may seem a
remote possibility in the current political climate, it is clear that thermal reactors are ultimately not
sustainable in the long term with finite uranium resources. If the view is taken that nuclear power can
make a significant contribution to ever increasing energy requirements, the eventual need for fast reactors
is undeniable. Moreover, fast reactors offer a major environmental benefit in that higher actinides are
eventually converted to fission products which decay radioactively on much shorter timescales. No matter
what geological disposal method is used for the waste products of a nuclear fuel cycle, the timescale for
dispersion of radionuclides into the environment extends for at least several thousand years, by which time
the fission products have largely decayed and it is such timescales for which the radiotoxicity estimates are
relevant. Thus when the radionuclides buried in long term repositories eventually find their way back into
the biosphere, fast reactors allow a reduction of up to two orders of magnitude in toxicity [1].
Notwithstanding the assumption of the eventual deployment of fast reactors, multiple recycle of thermal
MOX of itself provides modest but worthwhile environmental benefits in terms of resource conservation
and reduced toxic potential commitment [2] which strengthens the case for pursuing it. Because of the
insensitivity of fast reactors to plutonium isotopic composition, it will be possible at any stage to transfer
plutonium from thermal reactor multi-recycle into fast reactors.

2. PHYSICS OF MULTIPLE RECYCLE

2.1 Plutonium Fissions

Figure 1 shows the relative probabilities of the various plutonium isotopes to undergo fission in
a fast reactor spectrum. Each bar shows the ratio of fissions to total neutron captures
(fissions+absorptions) for the principal uranium and plutonium isotopes. Since the fission probabilities
only differ to a modest extent between the odd and even plutonium isotopes, the fast reactor is not very
sensitive to the source of the external plutonium used to initiate the fuel cycle.

Figure 1 also shows the corresponding fission probabilities for the same isotopes in a thermal
reactor spectrum, such as that in a Pressurised Water Reactor (PWR) or Boiling Water Reactor (BWR).
In this case the fission probabilities in the even plutonium isotopes are effectively zero and therein lies the
major difference compared with the fast reactor cycle; in a thermal reactor spectrum the various plutonium
isotopes are far from equivalent in terms of their contribution to the lifetime reactivity of fuel. In the
thermal spectrum the even isotopes act as neutron absorbers and do not contribute to fissions. Their
presence must therefore be compensated for by increasing the concentration of the odd isotopes. This is
reflected in Table I which gives rough reactivity equivalence coefficients for the various plutonium isotopes
in the fast and thermal reactor spectra according to an OECD study [3]. The difficulties associated with
multiple recycle of thermal MOX arise from this lack of equivalence of the various isotopes combined with
the degradation in isotopic quality in each recycle.

Because the probability of fissioning "42Pu is essentially zero, the only means of removal is via
neutron captures to higher actinides, which proceeds at a very slow rate. Therefore, unlike a fast reactor,
the quantity of ^ ^ accumulates in each recycle and the fissile quality (defined as the fraction of ^'Pu +
241Pu to total plutonium) decreases. The outcome is that in each succeeding phase of multiple the total
plutonium requirement increases. This ultimately limits the number of such recycles which are practical.
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FIG. 1. Fission Probability of Principal Plutonium Isotopes in LWR and Liquid Metal Fast
Reactor (LMR) Neutron Spectra

Table I Indicative Reactivity Equivalence Factors of Plutonium Isotopesin LWR Spectrum
Relative to a9Pu (according to Ref. [1])

238PU

-1.0

239PU

+ 1.0

24OPU

-0.4

MlPu

+ 1.3

^Pu

-1.4

This number is not, however, easy to determine, as there are a number of important variables which
influence it, particularly the discharge burnup, the blending fraction of MOX to UO2 in the reprocessing
operations and the fuel design.

2.2 Reactivity Behaviour

Figure 2 compares the reactivity characteristics of first and second generation PWR MOX
assemblies with a UO; assembly that is equivalent in terms of lifetime reactivity. Both MOX assemblies
have much flatter variations of reactivity with burnup than the UO2 assembly. This is partly due to the
different neutron absorption characteristics of MOX and partly due to the fact that 24OPu, which is a neutron
absorber in an LWR spectrum is partially converted to 241Pu which is fissile. The important point to note
is that the second generation MOX assembly curve is flatter than that of the first generation MOX. This
is characteristic of MOX assemblies; the higher the initial loading of plutonium, the flatter the reactivity
curve is with burnup. This has important implications for multiple recycle.

The main observation that needs to be made is that the reactivity of the fuel averaged over its
lifetime in the core becomes insensitive to the initial plutonium loading at high plutonium concentrations,
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FIG. 2. Variation ofk-infinity versus Bumup for UO:, 1st and 2nd Generation MOX Assemblies

especially so if the isotopic quality of the plutonium is poor. The implication is that if the lifetime
reactivity of the fuel is a little low for example, a large increase in the initial plutonium may be needed to
correct it. As will be seen later, the reactivity predictions for MOX fuel with a high plutonium loading
are presently very uncertain and this translates into a disproportionately larger uncertainty on the plutonium
loading needed for lifetime reactivity equivalence. This behaviour is easy to understand when it is
considered that with poor isotopic quality plutonium, the act of increasing the fissile plutonium loading to
correct a shortfall in lifetime reactivity necessarily introduces more non-fissile plutonium which in turn
necessitates additional fissile plutonium and so on. There must come a point when further increase of the
plutonium is fruitless. This probably occurs at plutonium concentrations outside the range of practical
interest, but it is fair to say that the precise point is not known with any confidence at present.

2.3 Void Coefficient

The void reactivity coefficient measures how much reactivity changes when the moderator density
decreases when bubbles of steam form in an LWR. It is usual for the nuclear designer to ensure that the
void coefficient is always negative, so that any voidage decreases reactivity and provides negative
feedback. Provided a MOX assembly has only a modest plutonium concentration (less than about 10 w/o
plutonium total), a negative void coefficient is guaranteed in all normal operating conditions. If the
plutonium concentration is high enough, however, the void coefficient will become positive and this will
ultimately define the effective limit. This can be understood most easily by noting that with total plutonium
concentrations in excess of 10 w/o, a MOX assembly is beginning to resemble a fast reactor (where total
plutonium concentrations in the range 15 to 25 w/o are generally used). Thus when the moderator is
voided the spectrum tends towards that of a fast reactor and all the plutonium isotopes start contributing
to fissions. Under these circumstances the void coefficient can be positive.

A recent OECD Study [3] conducted a comparison of void coefficient predictions for a MOX
configuration with various total plutonium concentrations up to 14.4 w/o. The results showed reasonable
agreement as to the magnitude of the void coefficient. In particular, there was agreement that with the
specified plutonium isotopic composition, the void coefficient becomes positive at a total plutonium
concentration of around 12 w/o. The value of this result lies not so much in the precise point at which the
void coefficient changes sign, which depends on the plutonium isotopic characterisation, but in the fact that
the various code systems are in reasonable agreement. This suggests that as far as determining the highest
acceptable plutonium concentration, current codes can be relied on to give a reasonable indication.
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2.4 Factors Determining Initial Plutonium Loading

In combination with the discharge burnup to which a MOX assembly is to be irradiated, the
plutonium isotopic quality determines the initial plutonium loading. The source of plutonium for recycle
as MOX is a major factor determining the practicability of multiple recycle in LWRs. The plutonium
isotopic composition at discharge depends on the fuel type, whether UO2 or MOX, and on the discharge
burnup. For the reasons noted earlier, the plutonium isotopic quality from first generation MOX is worse
than that of UO2. That from any subsequent generations of MOX will be correspondingly worse. Similarly,
plutonium isotopic quality degrades with increasing discharge burnup.

A major factor determining the plutonium isotopic quality in multiple recycle is the extent to which
MOX and UO2 assemblies are co-processed in the reprocessing plant. Due to the higher plutonium content
of MOX assemblies and also the higher concentration of minor actinides, in current commercial
reprocessing plants it will be necessary to reprocess UO2 and MOX assemblies in a ratio of at least 3:1.
Co-reprocessing in this way improves the quality of the plutonium recovered from MOX assemblies to
something in between that of MOX and UO2.

There is one further important point to note here. Although MOX assemblies supplied currently
all have a moderator/fuel ratio identical to that of the co-resident UO2 assemblies, the French are
investigating the possibility of a dedicated MOX fuelled PWR with a higher than normal moderator/fuel
ratio [4]. The greater moderation is closer to the optimum for plutonium fuel and enhances the negative
moderator feedback coefficient. This design may allow the use of multi-recycle plutonium that would
otherwise be unusable in a conventional LWR because the inherent moderator feedback is more
favourable.

2.5 Uncertainties

An OECD study [1] completed recently included a series of reactor physics benchmark exercises
to determine the degree of agreement between nuclear design codes when applied to LWR MOX
configurations with poor isotopic quality and high plutonium concentrations. This is precisely the situation
that is of interest here in considering multiple recycle. The reactivity benchmarks highlighted large
discrepancies between the various solutions submitted, which if taken as indicative of the calculational
uncertainty would be unacceptable for design purposes. Although some of the discrepancies seen can be
explained by known limitations in some current nuclear design code packages, there remain significant
underlying differences attributable to the nuclear data libraries that can only be resolved when experimental
data to cover high plutonium loadings and poor quality plutonium.

Given the insensitivity of lifetime reactivity to initial plutonium loading noted earlier, which applies
especially to high plutonium loadings, the degree of uncertainty in the nuclear codes is particularly
significant. It is probably fair to say that the initial plutonium loadings are not known to within 1 or 2 w/o
or more. This large uncertainty range impinges heavily on the technicalities of multiple recycle and is the
single most important unknown at present.

3. MULTIPLE-RECYCLE SCENARIOS

3.1 Self-generated Recycle

The existing literature on multiple recycle in thermal reactors [3,5] concentrates on so called "self-
generated recycle" scenarios in which a single thermal reactor is assumed to recycle only that plutonium
that it generated itself. The scenarios assume an indefinite number of generations of MOX recycles and
usually carry the analysis through to the point where equilibrium is attained. For example, in the PWR
case considered in the OECD study, summarised in Table II the plutonium isotopic composition
deteriorates in the first two generations of MOX recycle, but thereafter stabilises at the equilibrium value
of 57% fissile/total that is sustainable indefinitely. Similarly in the BWR case the equilibrium plutonium
composition corresponds to 59% Purtffi.
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Table II Summary of OECD Self Generated Multiple Recycle Scenario for a PWR (according
to Ref. [1])

MOX recycle generation
Total Pu in MOX (w/o)
Fissile fraction at discharge in MOX
MOX fraction in core

1
4.72
0.659
0.184

2
5.83

0.618
0.234

3
6.89
0.595
0.265

4
7.51
0.583
0.278

5
8.05

0.573
0.288

Assumptions:
PWR core with 3 batch 12 month refuelling giving low 30's GWd/t discharge burnup

But both these are for fuel cycles with a low discharge burnup of around 30 GWd/t. These are
hardly relevant to scenarios that with 10 years for each cycle of fuel fabrication, irradiation, pond cooling
and reprocessing and five or more such cycles will extend into the second half of the 21st century. With
die higher discharge burnups more relevant to today's and future fuel management schemes, the isotopic
quality at equilibrium would be considerably poorer and this may well restrict the number of multiple
recycles possible.

The MOX fraction at equilibrium in such scenarios is relatively modest. For example the OECD
plutonium report [3] quotes MOX core fractions varying from 18.4% in the first generation to 28.8% at
equilibrium. In high burnup scenarios more relevant to the current and future situations, the self-generated
MOX fraction is considerably lower, less than 20%. This happens because of the combined effects of
needing a higher initial fissile inventory to reach high burnups and the degradation of plutonium fissile
quality which accompanies higher burnups.

An important element in analyses of multiple recycle scenarios is the variation of the initial
plutonium content of the MOX fuel through the various MOX generations. Because the isotopic quality
degrades in each generation up to equilibrium, the total plutonium content rises correspondingly. For
example, in the OECD report [3], the initial plutonium loading varies from 4.72 w/o Pu101 (3.11 Pur"*) in
the first generation to 8.05 w/o Pu101 (4.61 Puriss) at equilibrium. As seen earlier, the precise relationship
between initial plutonium loading and isotopic quality is not well defined at present because of limitations
with current nuclear design methods. This crucially affects the self-generation scenarios, as it is the key
determinant of the self-generated MOX fraction. Curiously, Ref. [5] assumes a very different variation
of plutonium loading in each successive generation; the first generation of MOX has 4.0 w/o Puri™, and
each subsequent generation has 4.1, 4.2, 4.3 w/o etc PurBS. This assumption is less penalising than that
of Ref. [3] even though the discharge burnup assumption (50 GWd/t) is considerably less favourable for
the multiple recycle scenario. In spite of the current uncertainties, this appears to be a considerable
underestimate, though it should be said that the main purpose of Ref. [5] was to examine the discharge
isotopics of various MOX fuels and not on the details of the multiple recycle scenario.

3.2 Open Recycle

Though the concept of a self-generated recycle scenario is valid theoretically and is useful
especially in strategic, logistic and environmental analyses of idealised fuel cycles, its relevance to realistic
situations is questionable. The main criticism is the implicit assumption that there is a dedicated
reprocessing plant that only reprocesses the fuel for the reactor in question, or equivalently, that
commercial reprocessor's plants could be scheduled to operate in such a manner as to effectively simulate
this situation. In practice, this is unlikely to be the case. When MOX fuel is reprocessed in current
commercial reprocessing plants, even with dilution with UOa assemblies, it is possible that the overall
throughput will be reduced in order to satisfy various safety constraints. Any such throughput limitations
would apply even if a single MOX assembly is input, and this would make it very important to the
reprocessor to ensure that whenever MOX assemblies are scheduled for reprocessing the MOX component
is made as high as possible. Therefore a more realistic scenario to examine is one in which the mixing
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Table III Example of Open Recycle Scenario (according to Ref. [3])

MOX recycle generation
Total Pu in MOX at loading (w/o)
Fissile Pu in MOX at loading (w/o)
Total Pu in MOX at recycle (w/o)
Fissile Pu in MOX at recycle (w/o)

1
7.00
4.67
4.66
2.35

2
9.82
5.70
6.61
3.04

Assumptions :
PWR core with 4 batch 12 month fuel cycle giving low 40's GWd/t discharge burnup
UO2 and MOX assemblies recycled in 4:1 ratio
Post-irradiation cooling time 10 years

ratio of UO2 to MOX corresponds to the 3:1 or 4:1 ratios potentially available from commercial
reprocessors. This is the open recycle scenario, where the plutonium recycled into a reactor does not all
necessarily originate from the same reactor.

As an example of an open recycle scenario, Table IN summarises a case in which a PWR
operating on a 1/4-reload 12 month fuel cycle with 43 GWd/t discharge burnup uses both first and second
generation MOX. The plutonium for the second generation MOX is assumed to originate from co-
reprocessing of UO2 and first generation MOX assemblies in a 4:1 ratio. The UO; enrichment is 3.7 w/o
and, using reactivity equivalence coefficients similar those quoted by the OECD [3], a 7.0 w/o total
plutonium content is necessary in the first generation MOX assemblies to ensure the equivalent reactivity
lifetime.

A total plutonium content of 9.8 w/o is needed for the second generation MOX assemblies. This
should only be considered a very rough estimate, as the OECD equivalence coefficients are not strictly
valid for other than the much lower plutonium contents and better quality plutonium isotopics for which
they were derived. Nevertheless, it is clear that a high plutonium concentration approaching 10 w/o is
needed in the second generation MOX because of the deterioration of plutonium isotopic quality. This is
close to the 10 to 12 w/o region where the moderator void coefficient is expected to become positive. The
analysis was not taken to the third generation MOX because the uncertainties implicit in the prediction of
die initial plutonium concentration and because it is very likely that the void coefficient would in any case
prove to be positive. The third generation MOX is therefore assumed to be stored until disposed of in
some unspecified way or recycled to provide feedstock for fast reactors. The self-generated MOX fraction
for this scenario is roughly 15%, the precise figure depending on whether any external plutonium feed is
introduced to top up the MOX fraction to the 33% limit assumed to apply to standard PWRs.

This example contrasts with those presented in Refs. [2] and [5], which imply that indefinite
multiple recycle is practicable and suggests that a more realistic scenario will only allow t&Q recycles in
LWRs before the practical limitations intervene. The difference stems from the 4:1 blending ratio
assumed, in combination with the higher discharge burnup. It should be noted that 43 GWd/t is itself a
modest burnup by today's standards and will probably be well overtaken in the decade or more that it will
take before second recycle scenarios are established. This highlights the fact that truly realistic multiple
recycles should really take account of the evolution of fuel management schemes during the long periods
of time covered and not restrict themselves to idealised scenarios such as those considered here.

The above result should not be taken as implying that two recycles is the absolute limit, as there
is clearly scope in the open recycle scenario to blend down with other plutonium sources in order to
improve the isotopic quality of multiple recycle plutonium. Obvious candidates would be to blend with ex-
military plutonium or to blend with plutonium derived from reprocessing campaigns in which no MOX is
included. Flexibility in interchanging plutonium may therefore be the key to multiple recycle.
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Overall, given the uncertainties in the current understanding of the basic physics, two recycles in
LWRs seems reasonably assured, but to proceed further it is likely that a strategy of further blending will
be necessary unless the multi-recycle is restricted to dedicated reactors with assembly designs optimised
specifically for the purpose.

4. MATERIALS BALANCE

This section considers briefly the materials balance implication of multiple recycle in LWRs,
which is relevant to plutonium management and environmental impact issues.

4.1 Plutonium

An important element of multiple recycle is the question of how much plutonium is generated or
consumed. Self-generation recycle scenarios, if they proceed indefinitely, are by definition self-sufficient
in plutonium and neither generate nor destroy it. However, indefinite multiple recycle is a theoretical
abstraction and the cycle will in practice be interrupted at some time. At this point the working plutonium
inventory must be attributed to the electricity generation. Thus the net plutonium production per GWye
output depends on the point at which the recycle scenario is interrupted.

In contrast, open recycle scenarios have the potential to be net plutonium burners if the MOX
fraction is in the region of 40%, the precise figure depending on details of the scenario. This figure arises
from balancing the net plutonium production in the UO: component of the core with the net plutonium
destruction in the MOX component. Because of the in-growth of fresh ^'Pu and the accumulation of 2CPu
in MOX assemblies, the plutonium content at discharge is invariably a significant fraction of that loaded
initially. Thus, even though the plutonium balance in the MOX assemblies always destroys plutonium,
because the conversion ratio in an LWR is well below 1.0, there is nevertheless a significant residual
plutonium loading at discharge which needs to be accounted for.

4.2 Higher Actinides and Toxic Potential

An important feature of multiple recycle in LWRs is that there is a modest accumulation of higher
actinides in the waste destined for geological disposal compared with a once through fuel cycle. This
arises from the greater opportunity which multiple recycle allows for transformation of plutonium by
neutron absorptions to higher actinides. This feature is highlighted in Ref 2, and causes the toxic potential
associated with multiple recycle to increases by a modest amount for the first 300 years after discharge
compared with a once through cycle. The biggest contribution to this increase comes from medium half-
life isotopes which have largely decayed by 300 years, as have the bulk of the fission products. After this
time the toxic potential is dominated by the plutonium committed to geological disposal (unless used at
some point in a fast reactor), because of its long half life. Since all multiple recycle scenarios generate
less plutonium per GWy of electrical energy generated than a once through cycle, the plutonium inventory
implications are beneficial. In the scenario considered in Ref. [2], a 40% reduction in toxic potential is
realised in the long term, consistent with other published results [6].

In the event that the plutonium from LWR recycle is eventually used in a fast reactor cycle, the
ultimate toxic potential can be, as noted earlier, reduced by two orders of magnitude, as virtually all the
plutonium isotopes (and also many of the higher actinides) are eventually fissioned in the fast spectrum.

5. CONCLUSIONS

The current status of multiple recycle in LWRs has been reviewed. This is a complicated area
from both the logistics and the technicalities for which is it difficult to draw conclusions which are
generally valid to all situations. Thus the practicability of multiple recycle depends on the detailed
characterisation of the plutonium which is available for recycle and the extent of any blending of plutonium
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from UO2 and MOX assemblies in the recycle operations. Although the fundamental technology is well
understood in principle, a serious handicap at present is the lack of validation evidence in support of
reactor physics calculations applied to LWR MOX fuel with high initial plutonium contents and poor
isotopic quality plutonium. The large spread in reactivity predictions seen in a recent international
benchmark analysis highlights the need to acquire relevant validation information as a priority.

With the present limited physics understanding, it has been shown here that practical multiple
recycle scenarios will most probably allow at least two recycles of plutonium as LWR MOX. Further
recycles may require blending of plutonium from other sources to overcome the fundamental limitations
arising from the need to maintain the void reactivity coefficient negative.
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