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Abstract. During the recent ten years, the estimation of future uranium demands has changed greatly, and
SFR competitiveness is called again into question. In this context, a planning of plutonium multi-recycling in
PWRs for the near-term decades has been announced in France, which replaces the objective of future SFR
deployment. However, the mid-term policy concerning the future reactor system is always uncertain, and the
demand of SFR deployment may re-increase significantly. This study looks into this possibility and analyzes
the consequences of such back and forth between different plutonium multi-recycling strategies. The newly
developed methodology of robustness assessment is applied to the problem, considering the objective disrup-
tions to take into account the deep uncertainties about nuclear future. Two prior trajectories of plutonium
multi-recycling, one involving the use of MIX fuel in PWRs and the other considering the SFR deployment,
are analyzed first. The disruption of the strategy using MIX is then supposed under the re-consideration of
future SFR deployment. To quantify the impacts of using MIX on deployment timing, we investigate the
earliest time for which the fleet substitution with SFRs can be completed. To supplement, the prior strategy
of SFR deployment is also disrupted under the context of halting the start of new SFR. The plutonium multi-
recycling in PWRs, regarded as adaptive strategy, aims to minimize the idle plutonium. In these robustness
assessments, numerous outputs of interests are analyzed, in order to provide a comprehensive evaluation of
consequences of prior strategies, regarding the uncertain disruptions and optimal readjustments.

1 Introduction

Based on the Act of radioactive materials and wastes
management published in 2006 [1] and the specific
expertise, French nuclear actors launched the Advanced
Sodium Technological Reactor for Industrial Demonstra-
tion (ASTRID) project, regarded as the first phase for the
future deployment of Sodium-cooled Fast Reactor (SFR)
[2]. Following an estimation of global nuclear expansion
that would consume rapidly the natural uranium resources
[2,3], the planned SFR deployment aimed to build a
nuclear fleet independent from the consumption of natural
uranium (mainly the fissile 235U). It might also stabilize
or even reduce considerably the stockpiles of spent fuels
[4]. In various scenario studies about the massive SFR
deployment for the French fleet, a wide range of possi-
ble transition strategies has been investigated, concerning
the influences on the plutonium quality and global plu-
tonium inventory under different spent fuel management
options [5–7], the effects of deployment pace on the nat-
ural uranium consumption and wastes packages [8], the
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spent fuel dynamics under possible synergy of European
collaborations [9], etc.

During the recent ten years, the political and industrial
attitudes towards the SFR technology and the relevant
deployment schedule changed a lot. After the Fukushima
nuclear accident, the estimation of the nuclear expansion
for the coming decades becomes more modest than the
optimistic studies in the past, leading to the estimation
of rising cost for future new reactor projects [10]. The
uranium resources are now considered sufficiently avail-
able and the risk of uranium scarcity may remain low
for the near-term future [11]. All these factors result in
a decreasing demand for SFR technology. In France, the
abortion of the ASTRID project was finally declared,
after a series of project modifications as well as several
project- and organization-related difficulties [12]. It is
clarified in the governmental report [13] that the SFR
deployment is not considered for the near-term French
fleet, even though necessary researches should be carried
on to keep the acquisition of relevant knowledge and
techniques; instead, the plutonium multi-recycling in
Pressurized Water Reactors (PWRs) is considered for the
spent fuel management strategies.
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These evolutions reveal the deep uncertainty of nuclear
future. One may doubt if prior efforts under a predeter-
mined strategy would bring irreversible regrets in case
of objective disruptions. Thus, the influences of uncer-
tain future decisions on the fuel cycle should be taken
into account from a physics point of view. The impacts
of fuel cycle parameter uncertainties have been inves-
tigated through sensitivity analyses which quantify the
uncertainties into variation ranges [14–16]. In terms of
abrupt changes, a systematic analysis on the disruption of
installed capacity has been carried out, developing a ded-
icated methodology to identifying resistant and resilient
strategies in regard to the respect of industrial constraints
[17].

Different from these previous studies, this work aims
to investigate the deep uncertainty of objectives, and its
impact on the deployment of different technologies for the
near term before any disruption. The framework of analy-
sis method is presented in detail in Section 2. The notion
of robustness is introduced and stands for the capacity of a
strategy to adapt to the objective changes. The scenarios
of interest are then described in Section 3, inspired from
possible transitions of French nuclear fuel cycle: under
the deep uncertainty of nuclear future, one may doubt
whether the SFR deployment would be reconsidered dur-
ing the coming decades of plutonium multi-recycling in
PWRs in France. We can also imagine that in the situation
where future SFR deployment is pursued, the start of new
SFRs would be halted in the middle of massive deploy-
ment due to economical difficulties of SFRs. The analysis
of these two possibilities, though hypothetical, can pro-
vide a preliminary investigation on different choices under
deep uncertainties for technology development necessary
to make them available for plutonium multi-recycling .
Correspondingly, the robustness assessment of strategies
as well as the physical analyses of the scenarios of interest
are performed in Section 4. In both possible cases, a robust
strategy is defined as the combination of the prior strategy
before disruption and the necessary readjustments achiev-
ing the new objective in case of disruption. The work is
finally concluded with some outlooks in Section 5.

2 Framework of study

A methodology for the robustness assessment of strategies
in electro-nuclear scenario studies has been developed in
the previous study of [18]. In this methodology, the dis-
ruption, which stands for an abrupt change without clear
description of probability, is used as the approach to inte-
grate the uncertainties of objective for the nuclear future.
The general framework of this methodology is applied to
the problem in this work.

The scenario study in [18] investigates the global sensi-
tivity of parameters in a large exploratory space based on
statistical approach, only focusing on one single output
metric for each objective. In this work, the optimization
approach is employed for adaptation scenarios in order to
focus on a small number of adaptive strategies. The anal-
yses on several outputs and the related evolution can then
be carried out for a comprehensive assessment.

2.1 Possible strategies before any disruption

This study is inspired from some possible French national
strategies, based on the French nuclear fuel cycle. Learn-
ing from previous studies, there are mainly two tech-
nological orientations for the French nuclear future: the
plutonium multi-recycling in PWRs and in SFRs. These
two orientations are to some degree contradictory in the
current situation, because the plutonium multi-recycling
in PWRs aims to stabilize the plutonium in the cycle,
whereas a massive deployment of SFRs requires a much
larger accumulation of plutonium than the current inven-
tory. Based on this principle, two strategies and the
respective trajectories are first analyzed.

The first trajectory is denoted as TRJ MIX, in which
the MIX fuel design is used to multi-recycle the plu-
tonium in PWRs, coherent with the reference strategy
illustrated in [13]. MIX fuel is an advanced fuel design
that adds enriched-uranium UOX homogeneously to plu-
tonium oxide coming from spent MOX fuel, in order to
compensate the deterioration of plutonium quality due
to the multi-recycling in PWRs [19]. In the fresh MIX
fuel, the plutonium content is preset (in current estimation
close to 8% due to safety constraints), and the uranium
enrichment is adjusted according to the plutonium quality
and the target burn-up. MIX concept shall be differenti-
ated from MOXEUS concept, very similar except that the
plutonium content is not preset but capped. Other fuel
assembly designs can be also considered for the multi-
recycling in PWRs in an industrial scale, such as CORAIL
assembly [19,20]. Here the MIX is used to represent any
pathway of plutonium multi-recycling in PWRs because
the goal is not to perform the systematic comparison
between diverse fuel designs. The objective of deploying
this technology is to stabilize the plutonium inventory in
the cycle and to lighten the burden on the spent fuel
storage without deploying the SFR.

The second one, denoted as TRJ SFR, suggests an
accelerated SFR deployment for 100% of the French fleet,
inspired from [6]. The SFR deployment used to be a refer-
ence strategy in France in the past [2]. The French design
of SFR uses plutonium for its fresh MOX fuel fabrication.
For the sake of simplicity and clarity, the notion of MOX
in this paper denotes only the MOX of PWR.

Figures 1a and 1b show respectively the configuration
of fuel cycle of these two trajectories, TRJ MIX and
TRJ SFR. The arrows explain the orders of spent fuels
reprocessing to recycle the plutonium for the advanced
fuel fabrication (MIX or SFR fresh fuel). In both cases,
the reprocessing of spent PWR MOX fuels are always in
priority because its significant accumulation in the current
fuel cycle is the first issue to be tackled. For the fresh MIX
fuel, the plutonium from spent MIX fuels come to the
second while the spent UOX are also reprocessed if more
plutonium is demanded. In TRJ SFR, the reprocessing
of spent SFR fuels starts after reprocessing all spent fuels
discharged from PWRs.

These two trajectories correspond to different objectives
and future states of the French nuclear fuel cycle in the
current context. They are prior to any future disruption,
and thus called prior trajectories in this study. For the
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Fig. 1. Fuel cycles of interest in TRJ MIX, TRJ SFR, SCN
MIX2SFR and SCN SFR2MOXEUS. The acronyms in the
figures: FP means fabrication plant, P means cooling pool,
S means interim stock for spent fuels after necessary cooling.
Arrows highlighted with orders stand for the priority of spent
fuel reprocessing to recycle the plutonium for the advanced fuel
fabrication.

following analyses, it is also important to consider a base-
line reference for comparison regarding these two prior
trajectories. Here the continuation of current technology,
a fleet composed of 90% of PWR UOX and 10% of PWR
MOX for the plutonium mono-recycling, is also simulated.
This trajectory is referred as TRJ FrMono.

2.2 Uncertain disruptions and possible adaptations

The objectives may evolve following the changes of poli-
cies and nuclear perspectives, while these changes are
deeply uncertain. To integrate these uncertainties, each
aforementioned future state is supposed to be disrupted.

The disruption of TRJ MIX can be triggered by the
re-estimation of uranium scarcity, which considers again
the risk of future uranium shortages. The post-disruption
adaptation scenario, denoted as SCN MIX2SFR, is sup-
posed to reconsider the SFR deployment. The fuel cycle is
actually very similar to that in TRJ SFR, as presented in

Figure 1c. The new objective after disruption is to investi-
gate whether the SFR deployment for 100% fleet can finish
as early as TRJ SFR in which the plutonium is never
multi-recycled in PWRs. If it is, the pre-disruption strat-
egy using MIX fuels in TRJ MIX can then be adapted to
the new objective after disruption, and thus its combina-
tion with appropriate adaptations is considered adaptively
robust.

The disruption of TRJ SFR may be caused by the
unexpected engineering issues or the changes of economic
competitiveness in SFR technology. The post-disruption
scenario, denoted as SCN SFR2MOXEUS, is supposed
to halt the start of new SFRs in the phase of massive SFR
deployment. Without new SFRs put into service, it is pos-
sible to accumulate the plutonium in interim stocks that is
out of use. The interest of post-disruption adaptation is to
maximize the use of plutonium, or equivalently, minimize
the idle plutonium remained in interim stocks. The pluto-
nium multi-recycling in PWRs is considered for adaptive
strategies after disruption. Nevertheless, the SFRs in oper-
ation will not be shut down immediately for economic
reasons, and they will continue their service until their
lifetime limit.

MOXEUS fuel [21] is used instead of MIX for the plu-
tonium multi-recycling in PWRs because it allows more
flexibility for fuel fabrication. In TRJ SFR plutonium to
be loaded in multi-recycling PWRs may come from spent
SFR fuels whose quality is high enough not to need any
mix with enriched uranium. MIX fuels do not allow such
possibility.

The fuel cycle is presented in Figure 1d. After the dis-
ruption, the fleet of all SFRs is supposed to be a single
system of SFR-fleet, and the fleet of all EPRs loaded
with UOX or MOXEUS is supposed to be another sys-
tem of EPR-fleet after the disruption. The dotted lines
stand for the situation that, for instance, the plutonium
in spent SFR fuels is not sufficient for the fabrication of
fresh SFR fuels; then the reprocessing of spent UOX or
spent MOXEUS fuels are considered for the fresh SFR fuel
fabrication. It is the same case for the fresh MOXEUS fab-
rication. Even though these two sub-fleets using different
technologies are supposed to be separate, the use of pluto-
nium is still flexible under these connections represented
by the dotted lines.

In SCN SFR2MOXEUS, the maximal idle pluto-
nium in interim stocks after adaptations (under optimiza-
tion) will be compared with the stable inventory in TRJ
MIX in which the plutonium is not accumulated for SFR
deployment. If this maximal level after adaptations is
lower than that in TRJ MIX, the pre-disruption strategy
of SFR deployment in TRJ SFR can then be adapted
to the requirement of idle plutonium minimization, and
thus its combination with relevant adaptive strategy is
considered adaptively robust.

It is worth noting that the outcome in one prior tra-
jectory is used as a threshold to assess the strategy
robustness for another one with post-disruption read-
justment planning. In fact, the robustness assessed here
indicates whether the regrets from the implemented pre-
disruption strategy can be absorbed by post-disruption
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adaptations, relative to the other pre-disruption choice
that has never been implemented.

2.3 Nelder-Mead optimization: identifying optimal
adaptive strategies after disruption

Optimization approach is considered to identify opti-
mal adaptive strategies regarding the given output in
two adaptation scenarios. In this work, the Nelder-
Mead method, a simplex-based single-output optimization
approach is used [22].

This method allows to find the set of inputs, written
as an n-dimensional vector X, which lead to a min-
imum value of the one-dimensional output y = f(X).
The numerical algorithm depends on four coefficients
described in [22]: α which drives reflections of the simplex
during the optimization, γ which drives its expansion, β
drives its contractions and δ drives its shrinkage. They are
subject to:

α > 0, γ > 1, γ > α, 0 < β < 1, 0 < δ < 1.

In this study, standard values as suggested in [23] are
used:

α = 1, γ = 2, β =
1

2
, δ =

1

2
.

Note that this optimization algorithm does not incor-
porate directly the additional constraints. In this study,
the strategies that lead to plutonium shortages for fresh
fuel fabrication before the end of scenario are considered
invalid. To take this into account, penalties on the output
as suggested in [22] are used (addition of a given value on
the output). Moreover, the algorithm does not guarantee
the exploration of all optima in the space. This should be
kept in mind so that the results of optimal adaptations
should not be over-interpreted.

2.4 Simulator CLASS and macro-reactor assumption

The code CLASS is used for the dynamic simulation of
nuclear fuel cycle in this study [24]. This simulator applies
an artificial neural network approach for the fuel load-
ing models and irradiation models. Currently no limit is
imposed on the fabrication and reprocessing capacities.
The mass flows of reprocessing towards fabrication plants
are supposed to respond to the demand of fuel fabrication
and to be transported instantly.

The macro-reactor assumption is applied in this study.
It means that all same fuel type of the same reactor type
are represented by a single reactor, normalized by the
total power level of this fuel/reactor type. For instance,
the PWRs using UOX fuels in the fleet are simulated by
one PWR UOX, while the parts using MOX are simulated
by another one PWR MOX. PWR UOX and PWR MOX
models are completely independent. Consequently, all the
loadings and discharges of reactors using the same type of
fuel occur at the same time in the simulation. This sim-
plification may introduce some biases mainly concerning

the synchronization [25]. Nevertheless, we consider that
the impacts on the inventory analyses in this study are
relatively small compared to the gain on the simulation
and the analyses.

3 Scenario description

The scenarios of interest start in year 2015 and end in
2160, a time far in the future that allows the long-term
evaluation of post-disruption adaptations. Based on the
historical operation of French reactors and the future tran-
sitions of interest, the individual reactors are normalized
into macro-reactors in the following simulations: PWR
UOX, PWR MOX, PWR MIX, PWR MOXEUS and SFR.
In 2015, the total thermal power of the simulated fleet is
188.1 GWth, contributed by the fleet of PWR UOX and
PWR MOX. A loading factor of 72.8% averaged from
the overall historical trajectory is used to transform the
nominal power to the effective power.

3.1 Common transition until the hinge time year 2040

The assumptions of prior trajectories of interest are
schematized in Figure 2. As mentioned in Section 2, TRJ
FrMono, the trajectory considering the current technol-
ogy, i.e. the fleet of 90% PWR UOX and 10% PWR
MOX, is simulated. The two trajectories using advanced
designs, TRJ MIX and TRJ SFR, start diverging from
the hinge time, year 2040. These two trajectories stand
for the diverse technological orientations for the nuclear
future.

Before 2040, the fleet is only composed of PWR UOX
and PWR MOX. The total installed capacity is sup-
posed to decrease linearly to 75% of its initial level. This
reduction corresponds to the decommissioning of some
old-generation PWRs, compatible with the planning of
decreasing nuclear share in the total electricity generation
in France [13]. In this study, the transition concerning the
total installed capacity is considered from year 2027 to
year 2035. After that, the installed capacity of the fleet is
supposed constant until the end of scenario regardless of
the fuel design or technology deployed afterwards.

After 2040, EPRs are supposed to replace the old PWRs
which reach their life limit, so that the installed capacity
of fleet can be maintained constant. Even though they
employ the same physics models in CLASS, PWRs and
EPRs are distinguished in the subsequent simulations. In
fact, CLASS simulates the thermal power instead of elec-
tric power, and the thermal efficiency of different reactor
technologies should be considered here to respect the con-
stant fleet installed capacity. For the current PWRs, the
efficiency is supposed to be 33%, while it is 35% for EPRs
and 40% for SFRs. Therefore, considering the replace-
ments of old PWRs after 2040, the thermal power of the
simulated fleet changes slightly.

The replacement of old PWRs with new EPRs is sup-
posed to finish in 2060. After that, the burn-up of UOX is
supposed to be 55 GWd/t, higher than the current value
of 45 GWd/t.
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Fig. 2. Description of prior trajectories of interest: TRJ FrMono, TRJ MIX and TRJ SFR.

Fig. 3. Thermal power evolution in two prior trajectories TRJ MIX and TRJ SFR (in GWth).

3.2 Prior trajectories of interest

TRJ FrMono sets a baseline of comparison for the analy-
sis, in which the plutonium is mono-recycled. As indicated
in Figure 2, the fleet is approximately constant after the
transition of the installed capacity reduction, except for
slight adjustments of burn-ups and thermal efficiency.

After year 2040, the trajectories of TRJ FrMono,
TRJ MIX and TRJ SFR diverge. For TRJ MIX, the
model of MOXEUS in CLASS [26] is used to simulate the
MIX fuels. The plutonium content in fresh MIX fuels is set
to 9.54%, which is the medium level suggested in [20]. The
burn-up of MIX is 55 GWd/t. As indicated in Figure 2,
MOX fuels in PWRs are replaced by MIX fuels starting
in 2040. At each MOX discharge a new MIX fresh fuel is
introduced. The MIX fraction then continues to increase,
reaching 34% in 2060. The thermal power evolution of
the fleet is presented in Figure 3a, smoothed by 6-year
average. A slight decrease of thermal power between 2040
and 2060 can be observed, which can be explained by the
higher efficiency of EPRs than that of PWRs as supposed.

For TRJ SFR, the fleet transition is principally repre-
sented by four phases as presented in Figure 2. The first
SFR is supposed to start its operation from 2040, account-
ing for 1% of total installed capacity. It is regarded as the
industrial demonstration for SFR technology. In 2060, new
SFRs start their service, and the SFR fraction in the total
installed capacity reaches 5%. The massive deployment of
SFRs starts from 2080, and the fleet is completely substi-
tuted with SFRs by 2120. 10% as the PWR MOX fraction
in the part of PWR-fleet is kept till 2085, and decrease
to zero by 2095. The thermal power evolution of the fleet
accounted by different reactor technologies in TRJ SFR
is presented in Figure 3b.

The flexible model in [27] is used to simulate the SFRs,
which allows the modeling with different number of blan-
ket layers. Here for the demonstration phase between 2040
and 2060 and the completion phase after 2120, no blan-
ket is added in SFRs; otherwise, two layers of blanket are
considered. The burn-up is set to 100 GWd/t for the fuels
in active core when there is no blanket, and the corre-
sponding irradiation time is conserved when adding the
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Fig. 4. Description of SCN MIX2SFR and SCN SFR2MOXEUS.

Table 1. Ranges of input variables in the adaptation scenario SCN MIX2SFR.

Var. Min. Max. Unit Explanation

te,MIX tad + 1 max(tad + 1, 2095) year t to end the use of MIX.
ts,2SFR max(tad, 2070) 2120 year t to start the 1st SFR.
te,2SFR 2120 2150 year t to reach 100% SFR.
BUUOX 30 60 GWd/t Burn-up of UOX after tad.
BUMIX 30 60 GWd/t Burn-up of MIX after tad.

blankets. This increase mass of uranium in the core due
to the blanket without any change in total power or irra-
diation time, leads to a small transfer of burn-up, blankets
assuring part of the power of the irradiation specially at
the end of the irradiation. This transfer lead to a slight
lower burn-up in the active core and a small burn-up, up
to 15 GWd/t, of the blankets.

It is worth noting that this SFR-deployment schedule,
inspired from the study in [6], is globally faster than that
in other SFR-related scenario studies. Such rapid pace
of deployment may not be completely compatible with
technological availability. Here this deployment schedule
is chosen to emphasize the difference between this future
state and the one in TRJ MIX so that the impacts of rel-
evant disruptions can be highlighted as well. Engineering
feasibility is not in priority in this strategy assessment.

3.3 Adaptive strategy space in SCN MIX2SFR

To take the deep uncertainty of disruption into account,
three adaptation times, denoted as tad, are considered:
year 2065, 2085 and 2100. The adaptation scenarios of
interest, SCN MIX2SFR and SCN SFR2MOXEUS,
are schematized in Figure 4.

The adaptation scenario SCN MIX2SFR starts
from the prior trajectory TRJ MIX. As presented in
Section 2.2, the interest of the disruption is to reconsider
the SFR deployment, and to see if it is possible to fin-
ish the deployment by year 2120 as in TRJ SFR in
which the plutonium is never multi-recycled in PWRs.
The plutonium availability is the primary constraint for
SFR deployment. This leads us to think of stopping the

use of MIX fuels and scheduling reasonably the deploy-
ment of SFRs. In this scenario study, five variables are
considered, summarized in Table 1, and their character-
ization on the fuel cycle are schematized in Figure 4a,
explained in the following.

First, the progressive stop of using MIX fuels is char-
acterized by the end time te,MIX , which is considered
in the range [tad,min(tad + 1, 2095)]. During the period
[tad, te,MIX ] the MIX fraction decreases linearly, and it is
zero after te,MIX . The end time of using MOX in PWRs
in TRJ SFR, year 2095, is regarded as the upper bound
of te,MIX . If it is adapted later than 2095, one year is
considered for this transition.

For the scheduling of SFR deployment, the start time of
SFR deployment ts,2SFR, and the time when SFR fraction
in the fleet reaches 100%, te,2SFR, are considered. The first
irradiation cycle of SFRs begins at 5% of installed capacity
share at ts,2SFR. Then the share of SFRs increases linearly
to 100% at te,2SFR. In consideration of the time needed
for the SFR technology development, ts,2SFR cannot be
earlier than year 2070. For te,2SFR, there is no need to be
earlier than year 2120.

Moreover, the burn-up of UOX, BUUOX , and that of
MIX, BUMIX , are considered variable to help search for
a more efficient accumulation of plutonium.

These five variables build the space of adaptive tran-
sition strategies. It is worth noting that the SFR is not
considered variable and the same kind of designs than in
TRJ SFR are used. The variable te,2SFR is also the out-
put of study to be minimized, subject to the plutonium
availability. The optimization process searches for the
minimal te,2SFR combined with other strategy parameters
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Table 2. Ranges of input variables in the adaptation scenario SCN SFR2MOXEUS.

Var. Min. Max. Unit Explanation

FrMXEf 0 100 % Final MOXEUS fraction in all EPRs.
te,2MXE tad + 1 2120 year t when MOXEUS frac. in the EPR-fleet reaches FrMXEf

BUUOX 30 60 GWd/t Burn-up of UOX after tad.
BUMXE 30 60 GWd/t Burn-up of MOXEUS after tad.

that does not lead to any plutonium shortage for fresh fuel
fabrication within the time horizon of scenario.

3.4 Adaptive strategy space in SCN SFR2MOXEUS

The adaptation scenario SCN SFR2MOXEUS starts
from the prior TRJ SFR. The principal interest is to
maximize the use of plutonium, or as equivalently inter-
preted in this study, to minimize the idle plutonium in
interim stocks by multi-recycling plutonium in EPRs by
MOXEUS fuels. To achieve this, the final fraction of
MOXEUS fuels in all EPRs, denoted as FrMXEf , the
time to reach this fraction te,2MXE , and the burn-ups of
UOX and of MOXEUS can be primary strategic param-
eters of concern. These four variables are considered
for adaptive strategies, summarized with their variation
ranges in Table 2. Their roles in SCN SFR2MOXEUS
are schematized in Figure 4b.

From adaptation time tad to te,2MXE , the MOXEUS
fraction in the EPR-fleet increases linearly to the final
value FrMXEf , and then it is kept constant afterwards.
Similar to that in SCN MIX2SFR, burn-ups of UOX
and of MOXEUS, denoted respectively as BUUOX and
BUMXE , are considered variable.

One should note that even though no new SFR is put
into service after disruption, those in-operation SFRs built
before tad continue their service and should respect the
limit of their lifetime. To simplify the timeline of SFR
decommissioning regarding their life limit, we make the
assumptions on the SFR power reduction to consider their
decommissioning, as presented in Figure 4b:

– if tad < 2080, all SFRs keep their operation from tad
to year 2120, and then all enter their decommission-
ing phase in 2120.

– Otherwise, a part of SFR power corresponding to
5% of total installed capacity is reduced in 2120,
which corresponds to the decommissioning of SFRs
deployed before 2080. The remaining is kept constant
and drops to zero by 2140, which corresponds to the
decommissioning of those deployed after 2080.

Each time when the SFR power decreases, the power of
EPRs increases in order to keep the constant installed
capacity of the fleet. The power of EPR MOXEUS and
EPR UOX during the transition of MOXEUS fraction are
adjusted subject to this change of total power of EPR-
fleet.

The robustness of the pre-disruption strategy in TRJ
SFR, dedicated to the SFR deployment, is assessed

with appropriate adaptive strategies after disruption in
SCN SFR2MOXEUS. The strategy robustness in this
adaptation scenario refers to the minimization of idle plu-
tonium. Numerically, under a given adaptive strategy, the
maximum of idle plutonium during the last 20 years of
scenario is considered the output of interest, denoted
as Puidle,max. Corresponding to the interest of SCN
SFR2MOXEUS, Puidle,max should be minimized under
optimization. This single value of output, instead of the
time-dependent evolution, allows the direct comparison
between different adaptations.

3.5 Additional output metrics for the analysis

To carry out comprehensive strategy assessments, several
outputs are investigated in addition to te,2SFR in SCN
MIX2SFR and Puidle,max in SCN SFR2MOXEUS.

The total plutonium inventory including those in the
conditioned wastes, denoted as Putot, should be first
investigated. In fact, in case the phase-out strategy is
implemented, all plutonium without further use should
be conditioned into waste canisters. Moreover, this inven-
tory is principally composed of the plutonium in the cycle
excluding the wastes, indicating directly the plutonium
availability for the technology concerned.

As a complementary data about the waste, the total
minor actinides inventory (MA) (including the one in the
wastes and the one still in the cycle), denoted as MAtot,
is analyzed as well.

With respect to the strategy performance in SCN
SFR2MOXEUS, it is also interesting to analyze the
idle plutonium evolution, denoted as Puidle. This may
reveal why a given adaptation is robust or not in SCN
SFR2MOXEUS.

Last but not least, the cumulative consumption of nat-
ural uranium resources, denoted as Uc.c., is of interest.
Indeed, the primary driving force of SFR deployment is
being independent from the natural uranium consump-
tion. This output highlights the difference between the
plutonium multi-recycling in PWRs and that in SFRs.

4 Analyses of the scenarios of interest

4.1 Analyses of prior trajectories

The comparison between the outcomes of TRJ MIX and
that of TRJ SFR indicates the divergence of these two
future states, with regards to the interest of these two
strategies for the nuclear future.
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Fig. 5. Content evolution of plutonium isotopes, 235U and 241Am in PWR MIX and in SFR (in % of the heavy nuclides present
in the considered reactor).

First of all, the evolution of some key components in
PWR MIX and in SFR gives the fundamental physical
explanation for the inventory evolution of interest. The
content evolution of plutonium isotopes, 235U and 241Am
is shown in Figure 5.

In PWR MIX shown in Figure 5a, the principal pluto-
nium isotope to be incinerated is 239Pu, while 240Pu also
decreases during the irradiation due to its high content
in the fresh fuel and its neutron capture reaction. 241Pu
increases under irradiation even though it is fissile. For the
241Pu, at the beginning of the irradiation there is small
amount since it has decayed before. During irradiation,
it is accumulated by Pu240 captures while the disap-
pearance rate is low due to the relatively low quantity.
Approximately at the middle of the irradiation cycle, the
creation and disappearance rates must be at equilibrium
so that the increase in 241Pu mass finishes. The fertile
238Pu and 242Pu accumulate progressively following the
multi-recycling in PWRs. This increase of fertile contents
in the fresh MIX reduces the plutonium quality and thus
increases the 235U enrichment, shown by the gray curve in
Figure 5a. An irregular reduction of the 235U enrichment
in the 2070s can be observed. That is because the stocks of
spent MOX fuels are nearly emptied and some spent UOX
fuels are reprocessed for MIX fabrication, introducing a
higher-quality plutonium. After that, the 235U enrichment
re-increases, reaching a value between 3% and 4%, which
is close to that of fresh UOX fuels.

For the material contents in SFR presented in
Figure 5b, one should note that they are normalized by
the total mass including the depleted-uranium blankets.
That is why the contents before year 2060 and after 2120
are globally higher than that between 2060 and 2120.

In SFR, 239Pu increases during the irradiation, regard-
less of the number of blanket layer. 240Pu tends to reach
equilibrium during the irradiation cycles in this century.
A significant drop on the 240Pu can be observed in the
2110s, due to the use of higher-quality plutonium from
spent UOX fuels after reprocessing all spent MOX fuels.
This low content of 240Pu at the beginning of cycle leads
to its increase under irradiation. 241Pu content from spent
MOX fuels is relatively high and thus it decreases during

the irradiation in this century. When the stock of spent
MOX fuels is empty after year 2110 and the plutonium
from other spent fuels (spent UOX and spent SFR fuels)
are used, the 241Pu content is much lower and tends to
be stabilized (or slightly increase). The fertile 238Pu and
242Pu decrease slowly during most of irradiation cycles.
For the 241Am, a particularly high content in the fresh
fuels between 2090 and 2110 is presented. This comes from
the particular modeling feature of the fuel loading model
in [27] which does not separate 241Am from the plutonium
for the fuel fabrication. In fact, Last in First out is con-
sidered for the spent fuel reprocessing. During these fuel
cycles between 2090 and 2110, the oldest spent MOX fuels
are reprocessed, in which most of 241Pu decay to 241Am.
After 2120, spent fuels stay very short time in interim
stocks, and thus 241Am content introduced into the fresh
fuel fabrication is very low.

This preliminary analysis facilitates the study of global
inventories in different prior trajectories. TRJ FrMono
provides a reference of comparison in this analysis of TRJ
MIX and TRJ SFR. The evolution of four outputs in
these three trajectories are presented in Figure 6: Putot,
MAtot, Puidle and Uc.c..

As shown in Figure 6a, the plutonium multi-recycling
by MIX in 34% of EPRs is able to stabilize the plutonium
in the total cycle. The stabilization is reached from 2060 at
around 550 tons. It is consistent with the reference studies
such as [20] (with the adjustments on the installed capac-
ity of the fleet). The plutonium inventory in the 100%
fleet of SFRs always increases over time, but has a slower
accumulation rate than the fleet in TRJ FrMono. This
result highlights the contradiction between two different
orientations: the deployment of SFRs in the whole fleet
in TRJ SFR demands a large quantity of plutonium in
the cycle, while the use of MIX in TRJ MIX limits the
accumulation of plutonium.

Figure 6b shows that MAtot is accumulated faster by
the using of MIX than that in TRJ FrMono. 242Pu in
MIX increases over the multi-recyling. As a result, more
and more MA are created. It is worth noting that the
MAtot in the next century is comparable to Putot in
TRJ MIX, which is much different from the situation
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Fig. 6. Evolution of Putot, MAtot, Puidle (in t) and Uc.c. (in kt) in the prior trajectories TRJ FrMono, TRJ MIX and TRJ
SFR.

in TRJ FrMono and TRJ SFR. This is principally due
to the low amount of Putot produced in TRJ MIX, far
more than due to the higher amount of Minor Actinides
produced compared to other trajectories. In contrast, the
MAtot in TRJ SFR seems to reach a temporal stabi-
lization during the massive SFR deployment before 2120.
This stabilization is due to two effect going in the same
direction. Firstly in the 2110s, the spent MOX fuel stock
is empty and other sources of Pu with smaller 241Pu con-
tent are used leading to a lower production of 241Am.
Secondly this plutonium is from very old UOX spend fuel
where 241Am has built up, leading to loading of fuel with
higher 241Am and thus slightly higher incineration rate of
241Am. After 2120, MAtot re-increases but with a lower
rate as expected in SFRs.

Figure 6c verifies that after the transition, the use of
MIX stabilizes (or slightly decreases) the plutonium in
interim stocks at around 250 tons. It was expected because
after the transition (year 2060), the dynamics of pluto-
nium in the total cycle is principally accounted by the one

under irradiation. The plutonium stabilization in the total
cycle is therefore somehow equivalent to its stabilization
in interim stocks after the fleet transition. In TRJ SFR,
the plutonium is accumulated till year 2080. When the
SFRs begins to be massively deployed, the plutonium in
the stocks are rapidly consumed. After 2120 when SFRs
are deployed for the whole fleet, the idle plutonium is
relatively stable with a slight increase over time.

In terms of the consumption of uranium in Figure 6d,
TRJ MIX has a very close tendency to TRJ FrMono.
The demand of uranium resource for MIX fuel fabrication
is actually similar to that for UOX, as shown by the 235U
enrichment in Figure 5a. The SFR deployment, on the
contrary, is able to free the fleet from this dependency.

4.2 Robustness assessment in SCN MIX2SFR

In SCN MIX2SFR, the new transition aims to complete
the fleet substitution with SFRs as soon as possible after
the disruption of TRJ MIX. Nelder-Mead optimization
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Table 3. Parameters of optimal adaptive strategies
minimizing te,2SFR for three tad in SCN MIX2SFR.

tad te,MIX ts,2SFR te,2SFR BUUOX BUMIX

2065 2066 2077 2120 47.7 59.2
2085 2088 2087 2120 31.8 42.1
2100 2101 2118 2140 48.6 54.4
(Unit) year year year GWd/t GWd/t

is used to minimize the finish time of SFR deployment
te,2SFR for three possible adaptation times tad.

Adaptive strategies achieving minimal te,2SFR ≤ 2120
can be identified for tad = 2065 and tad = 2085. To avoid
unrealistic deployment paces which substitute the whole
fleet with SFRs in one or two irradiation cycles, the
optimization is re-performed to minimize the start time
ts,2SFR for these two tad, presetting te,2SFR = 2120. On
the contrary, the minimal te,2SFR identified for tad = 2100
is later than year 2120. The optimal adaptive strategies
after this adjustment for tad = 2065 and tad = 2085 pre-
sented in Table 3 and their results are considered for the
following analyses.

Above all, te,2SFR = 2120 for year 2065 and 2085 as
tad means that the fleet substitution for EPRs with SFRs
can finish as early as the SFR-deployment strategy in
TRJ SFR. In other words, the pre-disruption strategy
applying MIX in TRJ MIX with appropriate adaptive
plans is adaptively robust if the adaptations are taken
before year 2085. But if the adaptation begins from 2100,
it may be too late and the SFR deployment should finish
later than 2120. In this case, the difference between the
threshold time (year 2120) and the result of optimization
(year 2140), can be regarded as the regret of using MIX
fuels in PWRs on the SFR deployment schedule under
this late disruption and adaptation.

To minimize te,2SFR, all these optimal adaptive strate-
gies suggest the immediate stop of using MIX in EPRs
(te,2SFR very close to tad). It is coherent regarding the
accelerated SFR deployment because the immediate stop
of MIX allows an efficient accumulation of plutonium for
SFR deployment. The reduction of BUUOX may help
increase this accumulation rate as well, but it is rela-
tively marginal compared to the decrease of MIX fraction.
However, one may also notice that the immediate stop of
MIX implies a relatively long period between te,MIX and
ts,2SFR in which no advanced fuel is fabricated. The same
remark can be made for the reprocessing plant. There
can be some incoherence regarding the industrial con-
straints which may require the continuous operation of the
installed facilities for the reprocessing and the advanced
fuel fabrication. Reprocessing and fabrication ahead of
time, and the storage of fresh fuel may be an coordinated
option to tackle this incoherence.

The outcomes of four other outputs of interest
from these optimal adaptive strategies are presented in
Figure 7. In comparison, the results of TRJ SFR are
also presented.

Figure 7a shows the total plutonium which is principally
composed of the plutonium in the cycle. Note that the lat-
ter indicates the plutonium availability that constrains the
installed capacity of SFRs. According to the simulations,
the macro-SFR for 100% fleet (providing approximately
46.5 GWe after year 2035) demands around 350 t of plu-
tonium for one irradiation cycle. In consideration of the
necessary time for recycling which is close to the irra-
diation time, a plutonium inventory of more than 700 t
in the cycle is a necessary condition to avoid plutonium
shortages for the total fleet of SFRs. Figure 7a indicates
the dynamics of fulfilling this condition regarding differ-
ent tad. All optimal adaptive strategies seem to result
in a higher increase rate of plutonium after the respec-
tive tad than that in TRJ SFR. Indeed, this is due to
the immediate stop of MIX and BUUOX < 55 GWd/t,
whereas there is always 10% MOX in the EPR-fleet and
BUUOX = 55 GWd/t is applied to PWR UOX in TRJ
SFR. This Putot evolution reveals that these optimal
adaptations can pile up plutonium rapidly over 700 tons
before year 2120 with some margins if these readjust-
ments are taken before year 2085. But tad = 2100 is too
late for this accumulation and therefore the corresponding
minimal te,2SFR is far later than year 2120.

Figure 7b indicates that the longer time MIX fuels
are used, the higher MAtot is accumulated. It is coher-
ent with the analysis of prior trajectories. After finishing
the fleet substitution, the MAtot increase rates in all
these trajectories seem to be similar. The impact of using
MIX before disruption on the MA accumulation can be
therefore deduced from these parallel evolutions.

Figure 7c verifies the plutonium availability in interim
stocks. Although the adaptation from year 2085 seems
robust, it has a high risk of plutonium shortage after the
transition of SFR deployment. This risk occurs as well
for the case of tad = 2100 when the substitution of fleet
finishes after 2140.

Last but not least, Figure 7d shows that the longer time
of using MIX fuels is, the more natural uranium is con-
sumed. For the case of tad = 2065 and tad = 2085, the
consumption rates just after tad are slightly higher than
that in TRJ SFR because the fleet is 100% EPR UOX
during this period. But compared to tad = 2100, these
two earlier adaptations lead to a much lower cumulative
consumption in the end. That is because the SFR deploy-
ment starts early in these two trajectories of early tad and
their SFR deployment timelines are close to that in TRJ
SFR. On the contrary, the high consumption rate of ura-
nium for tad = 2100 is kept until ts,2SFR = 2118. If the
availability or the market price of natural uranium meets
a large change in the future, this significantly higher need
of natural uranium than that in TRJ SFR should be
anticipated.

4.3 Robustness assessment in SCN SFR2MOXEUS

In SCN SFR2MOXEUS, the new transition strategy
aims to maximize the use of plutonium by using MOXEUS
fuels in EPRs after the halting of new SFR. Nelder-Mead
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Fig. 7. Evolution of Putot, MAtot, Puidle (in t) and Uc.c. (in kt) from optimal adaptive strategies for three tad in SCN MIX2SFR,
compared with that in TRJ SFR.

Table 4. Parameters of optimal adaptive strate-
gies minimizing Puidle,max for three tad in SCN
SFR2MOXEUS.

tad FrMXEf te,2MIX BUUOX BUMXE Puidle,max

2065 52.8 2087 40.2 37.5 17
2085 34.3 2096 40.1 36.8 174
2100 33.4 2105 38.9 40.0 332
(Unit) % year GWd/t GWd/t t

optimization is applied to minimize the peak of idle plu-
tonium in interim stocks Puidle,max during the last 20
years of scenario for three possible tad. The parameters of
the optimal adaptive strategies identified are presented in
Table 4.

For the robustness assessment, the relatively stable idle
plutonium in TRJ MIX in which the plutonium is not
accumulated for SFR deployment, at around 250 t, is
regarded as the threshold level of comparison. Compared

to this value, the optimal adaptive strategies of tad = 2065
and tad = 2085 lead to lower idle plutonium over the
last 20 years of scenario. In other words, the strategy
of SFR deployment in TRJ SFR with an appropriate
adaptive planning is adaptively robust if these appropri-
ate adaptations are taken before year 2085, in regards to
the minimization of idle plutonium in interim stocks. But
the later adaptation from tad = 2100 leads to a higher idle
plutonium inventory than the threshold indicated. The
excess of this quantity of idle plutonium for tad = 2100
can be then regarded as the regret of prior SFR deploy-
ment on this new objective under the late disruption and
adaptation.

As shown in Table 4, the optimal adaptation of tad =
2065 suggests a relatively high FrMXEf = 52.8%, while
the other two suggest lower MOXEUS fractions. This
difference of fraction may result intuitively in different
material evolution under irradiation. Indeed, even though
the MOXEUS fuel design applies similar principles as that
of MIX fuel, its variable plutonium content in the fresh
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Fig. 8. Content evolution of plutonium isotopes, 235U and 241Am in PWR MOXEUS in SCN SFR2MOXEUS for optimal
adaptations from year 2065 and 2085 (in % of the heavy nuclides present in the considered reactor).

fuel can lead to measurable difference on the subsequent
evolution from that of MIX fuel. The content evolution
of key components in PWR MOXEUS for tad = 2065 and
tad = 2085 are taken for a preliminary analysis, presented
in Figure 8.

Some similarities between the material evolution of
MOXEUS and that of MIX under irradiation can be
observed. The principal incinerated isotope is 239Pu, and
240Pu decreases during irradiation. 241Pu, mainly pro-
duced from the neutron capture of 240Pu, increases slowly
during irradiation and its mean content is relatively stable
during all irradiation cycles.

The measurable difference is that for tad = 2065 shown
in Figure 8a, the total plutonium content of fresh fuel
decreases evidently following the multi-recycling. This can
be explained by two factors. On one hand, due to this
early adaptation from year 2065, the available plutonium
inventory at the beginning of adaptation is lower than
those later ones. On the other hand, a higher MOXEUS
fraction and a larger share of EPR in year 2065 than
that in year 2085 lead to a much faster incineration of
plutonium, which results in relatively low available inven-
tory of plutonium for the subsequent fuel fabrication. To
achieve the target burn-up, 235U enrichment increases.
Between year 2080 and 2100 for tad = 2065, the plu-
tonium of higher-quality used for MOXEUS fabrication
comes mainly from spent UOX fuels because the stocks
of spent MOX are empty and the plutonium inventory
from spent MOXEUS is relatively low. After 2100, spent
MOXEUS fuels account the most for the plutonium used
for fresh MOXEUS fabrication. The lower-quality and the
low availability of plutonium for MOXEUS fabrication
result together in a sharp increase of 235U enrichment in
2100. All these also explain the extremely low Puidle,max

for the optimal adaptive strategies of tad = 2065.
In contrast, tad = 2085 leads to more plutonium to be

used for the start of adaptation, and the lower MOXEUS
fraction indicates a lower incineration rate. The evolu-
tion of these isotopes of interest in PWR MOXEUS
presented in Figure 8bis more similar to that of PWR
MIX in Figure 5a, except that the total plutonium con-
tent in MOXEUS is averagely higher than in MIX in
this case, and thus the 235U enrichment remains much

lower (because plutonium content in MOXEUS is vari-
able and adjusted for the burn-up prior to adjusting 235U
enrichment).

The evolution of those four output metrics from the
optimal adaptive strategies identified are presented in
Figure 9. To compare, the outcomes in TRJ MIX are
also presented.

Figure 9a verifies that the total plutonium inventory
of the optimal adaptation from tad = 2065 decreases dra-
matically. This rapid decrease can be expected, according
to the evolution of isotopic contents of plutonium shown
in Figure 8a. For the other two tad, even though the
MOXEUS fraction is close to the MIX fraction in TRJ
MIX, the total plutonium decreases as well, owing to the
higher plutonium content in fresh MOXEUS.

In Figure 9b, the identified optimal adaptations from
2065 and from 2085 seem to accumulate more rapidly
the MAtot than that in TRJ MIX. It can be also
explained by the higher plutonium content with higher
MOXEUS fraction in the EPR-fleet. MAtot in the tra-
jectory of tad = 2065 is even measurably higher than
its total plutonium at the end of scenario. The adap-
tation from year 2100 seems to have a lower increase
rate than these two early adaptations. In fact, after year
2100, a large quantity of low-quality plutonium from spent
MOX fuels have been used for SFR fuel fabrication. Thus,
the plutonium for MOXEUS fabrication after disruption
comes mainly from spent UOX fuels, with higher qual-
ity and fewer 242Pu. This results in a lower plutonium
content in fresh MOXEUS. Hence, fewer MA are cre-
ated during irradiation in this case than other two earlier
adaptations.

Figure 9c reveals the dynamics of Puidle under the
respective optimal adaptive strategies of different tad, and
verifies their peaks Puidle,max. For tad = 2065, the stocks
of idle plutonium are almost empty after 2100, justify-
ing the foregoing low Puidle,max. For tad = 2085, Puidle
continues decreasing even after finishing the transition
by te,2MXE = 2096, except that a slight increase can
be observed after 2140. The re-increase comes from the
spent fuel discharge of the last two irradiation cycles of
SFRs before being shut down, which are not recycled by
SFRs any more. While for tad = 2100, these two phases of
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Fig. 9. Evolution of Putot, MAtot, Puidle (in t) and Uc.c. (in kt) from optimal adaptive strategies for three tad in SCN
SFR2MOXEUS, compared with that in TRJ MIX.

re-increase after year 2140 is much more significant and
lead finally to a higher Puidle than the threshold of 250
t. Actually, as can be deduced from the power evolution
of TRJ SFR in Figure 3b, the SFR share in 2100 is
very high, and a large quantity of plutonium is loaded in
this macro-SFR. Even though the MOXEUS fabrication
demands lots of plutonium, it is still far lower than that
of SFRs for the same installed capacity, and at the same
time, the corresponding FrMXEf is even lower than the
SFR fraction in 2100. It reveals that even though the
SFR deployment consumes rapidly the idle plutonium in
stocks as shown in TRJ SFR, the significant inventory
out of use when these reactors enter their decommission-
ing phase should be taken into account. The difference
between this peak, about 332 t, and the threshold 250 t,
can be then regarded as the regret of plutonium accumu-
lation for the SFR deployment. Nevertheless, this peak is
still much lower than the global peak before SFR deploy-
ment. It can be anticipated in practical industrialization.
It is also possible that Puidle may decrease afterwards, but

it must need more time and it is out of the time horizon
in this study.

Last but not least, Figure 9d shows that the identified
optimal adaptations consume fewer natural uranium than
the one in TRJ MIX. This can be explained by, on one
hand, the operation of SFRs, and on the other hand, the
smaller need of 235U enrichment in MOXEUS than that
in MIX fuels, due to the priority of varying plutonium
content in MOXEUS fabrication.

5 Conclusion and outlook

In this work, the methodology of robustness assessment
for nuclear fleet transition strategies under the uncertain
disruption of objectives, developed in [18], is applied to
the assessment of two important strategies inspired from
French national strategies: the plutonium multi-recycling
in PWRs, and that in SFRs. In this work we defined the
robustness of a given strategy as its capacity to be adapted
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to the possible future changes of objectives, reflecting the
deep evolution of the nuclear context. The trajectories of
applying these two strategies are denoted as TRJ MIX
in which the plutonium is multi-recycled by using MIX in
34% of the future EPR-fleet, and as TRJ SFR in which
the SFRs are deployed in 100% of fleet, respectively. To
assess the robustness of these two transition strategies,
the disruption in the respective future state is supposed.
Three adaptation times are considered: year 2065, 2085
and 2100.

In this work, the optimization approach allows us to
focus on individual strategies of great interest instead of
diving into a huge amount of statistical data. Thanks to
this, the assessments of strategies of interest can be per-
formed within a wide spectrum of output metrics, poten-
tially linked to diverse future objectives. This provides
useful and practical information for decision-making.

The adaptation scenario from TRJ MIX, denoted as
SCN MIX2SFR, reconsiders the SFR deployment and
aims to minimize the time when the fleet is completely
substituted with SFRs. Applying the Nelder-Mead opti-
mization algorithm, optimal adaptive strategies regarding
three adaptation times are identified. It shows that the
pre-disruption strategy of using MIX with an appropriate
adaptive plan can complete the SFR deployment by year
2120, as early as in TRJ SFR, if the appropriate adapta-
tion is taken before 2085; therefore, it is adaptively robust.
However, no appropriate adaptation has been found if the
disruption occurs in 2100, so we do not consider it robust.
The use of MIX fuels stabilizes actually the plutonium,
whereas the operation of SFRs in 100% of fleet demands
a significant quantity of plutonium. The adaptation from
2100 is too late and the piled up plutonium is not sufficient
to substitute the whole fleet with SFRs by 2120.

The adaptation scenario from TRJ SFR, denoted as
SCN SFR2MOXEUS, halts the start of new SFRs and
aims to minimize the idle plutonium in interim stocks by
using MOXEUS fuels in EPRs. Compared to the relatively
stable inventory of idle plutonium in TRJ MIX which
is regarded as the threshold level, the identified optimal
adaptations can lead to lower idle plutonium during the
last 20 years of scenario if the adaptation is taken before
year 2085. The pre-disruption strategy of SFR deployment
with appropriate adaptive plans is therefore considered
adaptively robust. However, the optimal adaptation from
year 2100 leads to a peak of idle plutonium higher than
that threshold. Indeed, the SFR share in the nuclear fleet
in 2100 is considerable, and their permanent shut-down
releases a significant quantity of spent fuels containing
high plutonium content without the future recycling in
SFRs. This large quantity of plutonium out of use results
then in the regrets on the minimization of idle plutonium.

In addition to the outputs of interest regarding the
post-disruption objectives, several output metrics are also
considered to assess more comprehensively the strategies
of interest. They help indicate the gains and costs of
these strategies from different angles, involving the total
plutonium and MA inventories in the cycle, the idle plu-
tonium in interim stocks and the cumulative consumption
of natural uranium.

For the sake of simplification and calculation cost, the
scenario study in this paper is based on some assump-
tions including notably macro-reactors and no detailed
a-priori schedule of reactor deployment. In this case, no
life time of individual reactor can be supposed. Note that
the lifespan of reactor is an important constraint for indus-
trial application, because it is strongly linked to economic
profits and can be an important output metric for policy-
making. The cost estimation is not taken into account
either. In practise, one may regard economic factors as
important contributors to the decision-making process.
This academic study only looks into the physical prob-
lems concerning the material inventories, but does not
considers these economic aspects. Meanwhile, the capac-
ities of spent fuel reprocessing and fresh fuel fabrication,
which are also impactful constraints for the deployment of
nuclear facilities, are not studied here. Depending on the
interests of stakeholders, decision-making actors or ana-
lysts, the methodology of robustness assessment applied
to this work can still be adapted to the investigation of the
output metrics and the constraints aforementioned. To go
towards more detailed discussions on national strategies,
the next step is to adapt the proposed methodology to
relevant industrial issues including the consideration of
operational constraints.

Even though the optimization approach is helpful
regarding the analyses on a small number of strategies,
it cannot indicate the shape of robust adaptive strategy
space as the statistical approach does. Especially, there is
no clue on the location of the optimized strategy within
this space, whether it is surrounded or not by non-valid
strategies. If an exploratory study is needed, a systematic
comparison between the optimization and the statisti-
cal approach in the future can be useful for the method
development for scenario studies.

Author contribution statement

All the authors were involved in the preparation of the
manuscript. All the authors have read and approved
the final manuscript. Jiali Liang, Marc Ernoult, Xavier
Doligez defined the scenarios to be studied. Marc Ernoult,
Xavier Doligez and Nicolas Thiollière developed the reac-
tors and fuel loading models used in the simulations. Jiali
Liang performed all the calculations.

References
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