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Abstract. The link between reactor design studies and scenarios calculations is usually sequential. From a list
set of objectives, a reactor design is produced and passed to the scenarist in the form of a numeric irradiation
model. This approach assumes that the reactor design is fixed from the scenarist perspective. The method
presented in this article proposes to use a flexible reactor model, built with artificial neural networks, that gives
the possibility to the scenarist to change a reactor design directly during the scenario calculations. Doing so, the
reactor design is no longer an imposed parameter but a tool to find new optimal trajectories. Moreover, this
flexible model is able to exploit the historical loaded fuel compositions generated by the scenario calculations in
order to monitor the reactor performances over time. In this paper, the flexible reactor model construction is
detailed and the interest of such method is highlighted with an application case that consists in the transition
from a PWR fleet, similar to the French one, towards a PWR — SFR fleet stabilizing plutonium inventory.

1 Introduction

Fast reactors are strong candidates to achieve nuclear
sustainability in the long run. Thanks to their fast
spectrum, they are able to multirecycle plutonium, to
offer a better management of minor actinides and to
produce fissile material from depleted uranium, making
possible fuel cycle closure. This is why some countries like
France have included the future commissioning of fast
reactors in their energy strategy [1-3]. There is currently no
definitive design adopted in France despite several
propositions done in the past for sodium-cooled fast
reactors (SFR): the V2B concept [4] which is an
homogeneous break-even core without fertile blanket,
the CFV core [5] that aims to minimize the void coefficient,
the CAPRA core [6] which purpose is to burn plutonium
and minor actinides, or the CADOR concept [7] that seeks
the maximization of Doppler effect for safety purpose.
These designs have been developed to answer specific goals
about the fuel cycle, e.g. the V2B core is a break-even core
that can become breeder by adding fertile material which
facilitates the deployment of a 100% SFR fleet, or about
given performances related to safety, e.g. the CFV or
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CADOR concepts. Once the design is set, scenario
calculations are done to determine the different ways to
integrate this new design in the future nuclear fleet. More
precisely, scenario calculations simulate the evolution of a
given fleet during a timeline by modeling the different fuel
cycle facilities (reactors, fabrication plants, reprocessing
plants, storages, etc.) and the material flows between them.
With such simulations, it is possible to determine whether a
reactor concept achieves its goal in the fleet.

At CEA, the current link between reactor design and
scenario calculations is usually sequential. First, a reactor
design is set up to fulfil a list of objectives regarding its
function in the fleet, its performances and its safety.
Regarding fuel isotopy, the design phase is generally done
with a limited number of plutonium isotopic vectors, which
are representative of the expected reactor life and come
from previous scenario studies. Then, a numerical model
can be produced and passed to the scenarist. This
numerical model aims to simulate irradiation during the
scenario calculation. Usually, it adapts the flux and cross
sections for each fresh fuel composition, making possible a
precise tracking of the irradiated fuel isotopy. However,
such a model is bounded to a given reactor design most of
the time, meaning that the scenarist cannot change the
reactor design as he pleases. Among all parameters that
define scenario calculations, such as deployment timeline,
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Fig. 1. Illustration of our approach in comparison to the current logic.

reprocessing strategy or resource management, reactor
models are generally used as fixed inputs and reactor safety
parameters and performances, such as maximum linear
power or reactivity coefficients, are not systematically
checked during the simulation.

Improvements could be obtained by strengthening the
coupling between reactor design and scenario calculations.
For scenario calculations, the use of a flexible reactor model
could give more levers to the scenarist to make his
trajectories of interest work. For example, a lack of
plutonium that occurred during the transition between a
PWR — SFR mixed fleet and a 100% SFR fleet in [8] is fixed
by adding fertile blankets in the SFR of the starting fleet.
By extending the flexibility to the entire reactor design, more
viable trajectories should be accessible and reactor design
trends could be associated to some trajectory performances
such as plutonium inventory, natural uranium consumption
or facility capacities. For the reactor design phase, the design
trends highlighted by the scenarist can serve as a starting
point to guide the designer, putting fuel cycle needs at the
heart of reactor design. In addition, instead of using a limited
number of fuel compositions to evaluate upstream the
reactor performances, the entirety of loaded fuel composi-
tions could be used to monitor the reactor performances. This
piece of information could then be used to adjust the reactor
design in order to ensure optimal reactor performances
during the trajectory study. In the case of a 400 MWth SFR
core for instance, it is shown in [9] that a change in plutonium
isotopy leads to some constraints on the fuel assembly
geometry in order to maintain acceptable plutonium content
and maximum linear power.

From these observations, this paper proposes a new
approach that aims to reinforce the link between reactor
design and scenario calculations based on the use of flexible
reactor models that are compatible with the scenario
calculation code used at CEA, COSI [8]. As there is

currently no definitive designs for the SFR in France, it
seems relevant to try this method in the case of SFR, even if
it could be used for any kind of reactor.

The first section of this paper is focused on the
presentation of the general method, the flexible SFR
models and the place of this work among what is done in the
scenario field. In the second section, an application case
about the stabilization of plutonium inventory in a fleet
similar to the French one is detailed. The purpose of this
application case is double. First of all, it aims to show that
using flexible reactor models in a scenario calculation is
useful to establish links between reactor design parameters
and trajectory performances, putting scenario consider-
ations at the heart of the design process. Secondly, the
feasibility of reactor performance monitoring is demon-
strated, which could be useful to make sure that the reactor
is working properly during its entire life.

2 Method

The coupling between reactor design and scenario
calculations is based on the use of flexible reactor models
as a replacement for fixed models that are currently used.
First, the approach is presented and compared to what is
currently done at CEA. Then, a brief state of the art about
the use of flexible reactor models provides the element
necessary to understand this work contribution. Finally,
the SFR models used are presented.

2.1 General logic

Figure 1 illustrates the differences between current
scenario calculation logic and the methodology developed.
The usual logic appears in blue. A trajectory is first defined
by setting up the timeline, the different fleet facilities
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(reactors, fabrication plants, reprocessing plants, initial
stocks...), the reprocessing strategy... After the calculation,
depending on the results obtained, only the trajectory
definition can be modified in order to improve the results
concerning the goals that should be achieved by the fleet
considered.

Some additions to the current logic provided by our
approach are shown in red. Instead of using a fixed reactor
model in the scenario calculations, the scenarist can tune
the SFR flexible model parameters before each calculation.
This could be done by hand, with a design of experiment for
an exploratory analysis, as it is done in the application case
presented in this paper, or else the design parameters could
be passed as input to an optimization routine. Once the
flexible model parameters are set, the scenario calculation
is done and SFR performance monitoring is obtained in
addition to the classical outputs. It is then possible to
modify the trajectory definition and/or the SFR design
parameters to improve the scenario results or the SFR
performances. The additions that appear in red give more
levers for the scenarist to work with and to better exploit
available data about fuel composition to make sure SFR are
working in acceptable conditions.

2.2 Use of flexible SFR models: a brief state of the art

Our method is based on the use of flexible SFR models.
Surrogate models such as Artificial Neural Networks
(ANN) have been used both in scenarios and reactor
design studies to build models in order to reduce
calculation time and to make possible exploratory and
optimization studies. In the scenario field, ANN have been
used as irradiation model since irradiation, alongside
depletion calculations, is the most time consuming
operation during a scenario [10]. The use of ANN in
scenarios enables uncertainty propagation studies [10] or
multiobjective optimization [11]. However, each ANN used
in these studies has been built for a given reactor core. In
other words, these ANN are all bounded to a given reactor
design that cannot be modified.

On the other hand, ANN have been used to build
flexible models for SFR design optimization [12-14]. In
these works, the flexible model takes dozens of design
parameters such as pellet radius, cladding thickness or
fissile column height as input and returns core perfor-
mances (breeding ratio, maximum linear power, feedback
coefficients...). With that many degrees of freedom, the
authors are able to find SFR cores that are optimized for a
given performance, or that show the better compromise
between several performances. Nevertheless, these studies
do not take into account the variability of plutonium vector
during the reactor life, which may change the optimal cores
encountered.

A recent study has demonstrated the interest of using
flexible SFR models in scenario calculations [15]. They
built a SFR model that is driven by a limited number of
design parameters, which are the core power, radius and
height, the amount of radial fertile blanket, the irradiation
time and the plutonium content ratio between the outer

and the inner core. The assembly geometry, and conse-
quently, the fuel fraction, as well as the power density are
remained constant to avoid considerations about fuel
mechanical behavior and thermos-hydraulics. Their model
take as a plutonium vector as input, defined on a given
isotopic range, and is used both as an equivalence model, to
define the fresh fuel composition, and as an irradiation
model, to define the irradiated fuel composition. With an
example, they show that they are able to tune the SFR
breeding ratio thanks to their flexible model, which makes
possible the study of different kind of scenario, from one
that breeds plutonium to one that burns it.

Some areas of improvement are available to us. First of
all, it seems relevant to be able to change the fuel fraction
and the power density of the core with our flexible model
because these design parameters have a noticeable impact
on the plutonium mass in the core and on the breeding
ratio. Moreover, apart from the breeding ratio, core
performances and safety estimators are not evaluated
during the reactor life. This could be an improvement from
the designer perspective to make sure that the core is
correctly behaving at each instant. Our flexible SFR model,
presented in the next section, aims to bring an answer to
these observations.

2.3 Flexible SFR models used in this work

The flexible SFR model has several roles. Within the
scenario calculations, it should act both as an equivalence
model, for the determination of fresh fuel plutonium
content, and as an irradiation model that gives the SFR
irradiated fuel composition. After the scenario post-
processing, it should be able to use the loaded fuel
composition in SFR to return the evolution of SFR
performances. Moreover, it should give access to a wide
range of different SFR designs with the use of a limited
number of impactful parameters. By keeping a low number
of tunable parameters, potential further optimization
calculations are simpler to do. In summary, the flexible
SFR model should take as input relevant design parameters
and fresh fuel composition, while giving as output the fresh
fuel plutonium content, the irradiated fuel composition and
some core performances. Flexible model inputs and outputs
are summed up on Figure 2.

The SFR flexible model consists in a set of artificial
neural networks (ANN) built with the statistical platform
URANIE [16]. The ANN built here are multi-layer
perceptron with one hidden layer that contains between
6 and 12 neurons. LHS sampling performed on the
definition domain shown in Table 1 has been used to
generate SFR cores and initial plutonium vectors. Then,
two databases used to train and validate the ANN have
been built with the ECCO/ERANOS code package [17]
using the transport option and the JEFF 3.1 cross sections
library [18]. Two sets of ANN have been built depending on
the core volume in order to improve the model precision.
For volumes lower than 2.5 m®) training and validation
databases contain 750 sampled cores. For volumes higher
than 2.5 m®, training and validation databases contain 900
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Table 1. Flexible SFR model definition domain.

Parameters Unit Min value Max value
Thermal power MWth 100 4500
Power density W cm 3 50 350
Fuel fraction % 35 45
Irradiation time EFPD' 600 2400
Lower fertile blanket thickness cm 0 30
Upper fertile blanket thickness cm 0 30
Radial fertile blanket thickness cm 0 30
Z38py fraction % 0 10
#39Py fraction % 20 75
240py fraction % 100 — Fraction(i)

2Py fraction % 0 i#%0 Pu 15
2Py fraction % 0 15
2 Am fraction % 0 15

'EFPD = Effective Full Power Day.

sampled cores. The distinction on the core volume has
appeared to be necessary to enhance the precision and the
accuracy of the ANN.

The base geometry is a RZ model of a SFR V2B core [4]
and is shown in Figure 3. When a volume modification is
needed, the proportions of each illustrated zone are
maintained constant. Tunable parameters of the flexible
model and their variation domain are listed in Table 1.
These global parameters are sufficient to modify the core
behavior regarding inventories, burn-up and to get a good
estimation of global safety parameters such as maximum
power density, maximum DPA or void coefficient. As it
can be seen in Table 1, the definition domain is wide
enough to simulate a large diversity of cores. Regarding
ANN validity, mean relative error obtained on plutonium
mass and isotopy after irradiation is lower than 0.1% in
fissile zones. Regarding fertile zones, the mean relative
error on 2?Pu fraction is lower than 0.1%, but increases
for the heavier plutonium isotopes. It actually can reach
several percent in the case of ***Pu for the largest cores.
The reason behind this result is that fertile blankets are

made of depleted uranium at the start of irradiation and
are exposed to a lower neutron flow, especially in the case
of large cores. Consequently, plutonium isotopes with a
mass number higher than 239 are barely produced. In
other words, their fraction is close to zero which can
explain the mean error observed. For these isotopes, the
mean absolute error is about 0.01 kg which is under the
uncertainty caused by the model. Mean relative error
committed on core performances is lower than 1%
compared to calculations, which is acceptable as the
purpose of the flexible model is to find SFR design trends
and not a definitive core.

3 Application case: transition from current
French fleet towards a PWR — SFR that
stabilizes plutonium inventory

The following application case aims to highlight viable
trajectories that lead to PWR — SFR mixed fleets able to
stabilize plutonium inventory by only changing the SFR
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Table 2. SFR design parameters used for the factorial design.
Parameters Units Values
Thermal power MWth 1000—-2000 — 3000 — 4000
Power density W cm-? 100 — 150 — 200 — 250 — 300
Fuel fraction % 37 — 40 — 43
Irradiation time EFPD 800 — 1200 — 1600 — 2000
Axial and radial fertile blanket thickness cm 0—10 — 20
design thanks to the flexible model presented before. g - froxMuvoxGuox + esrr—mox fsrrM srrGsrr
MOX =

Plutonium stabilization is a case of interest since it is a
necessary step towards fuel cycle closure. A trajectory is
considered viable if there is always enough plutonium to
build fresh fuel. SFR design parameters are sampled using a
factorial design approach and are gathered in Table 2.
Parameter values are selected to explore a large part of the
definition domain while keeping the number of calculations
relatively low. In this case, 720 SFR designs have been
used.

3.1 Static study for the target fleet definition

As SFR design is flexible and is modified before each
trajectory calculation, the target fleet has to be flexible too.
This is why a static analysis is carried out beforehand in
order to find a fleet composition that actually stabilizes
plutonium inventory. A simple methodology has been
presented and validated in [19] for plutonium stabilization
calculation in a steady state fleet. Plutonium equilibrium is
achieved when plutonium consumption is equal to
plutonium production at fleet scale, while the plutonium
isotopy available to build fresh fuel is converged. In the
present case, plutonium flows in the steady state fleet are
shown on Figure 4.
Equations that describe the system are:

Fuoxmuox = fvoxMuvox + esrr—mox fsprMsrr (1)

fvoxMuvox + esrr—mox fsprMsrr
(2)

fsprmsrr = faoxMuox + esrr—srrfsprMsrr - (3)

FuoxMuoxGuox + esrr—srrfsrrMsrrGsFR
FfuoxMuox + esrr—srrfsprMsrr

9srr =
(4)

where fUOX, fyox, ferr: fractions in the fleet of PWR
UOX, PWR MOX and SFR respectively.
myox, Msrr: plutonium mass annually used in fresh fuel
for PWR MOX and SFR. respectively [t yr~].
Myox, Myox, Mspp: plutonium mass annually extracted
from irradiated fuel of PWR UOX, PWR MOX and SFR
respectively [t yr!].
gmox, 9srr: mean plutonium grade in fresh fuel for PWR
MOX and SFR respectively.
Guox, Guox, Gsrr: mean plutonium grade in irradiated
fuel of PWR UOX, PWR MOX and SFR respectively.
esFRMOXs €sFr_srr: Ifraction of the plutonium mass
extracted from SFR irradiated fuel used in PWR MOX and
SER fresh fuel respectively.

Equations (1) and (3) describe the balance between
plutonium production and consumption for PWR MOX
and SFR whereas equations (2) and (4) define the
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Fig. 4. Plutonium flux in the steady state fleet.

Table 3. PWR data.

Units PWR UOX PWR MOX
Fuel type — U0OX MOX
Thermal power MWth 4300 4500
Number of cycles x cycle length EFPD 3*517 3*495
Fuel burn-up GWd t! 52 54
Core mass t 129 127
Plutonium mass in fresh fuel tyr* - —11.77¢ + 10.00
Plutonium mass in irradiated fuel tyr ! 0.30 —10.13¢g + 8.24
Plutonium grade in irradiated fuel - 0.62 0.55¢ + 0.18

convergence of plutonium grade in both PWR MOX and
SFR fresh fuels. As it is explained in [19], plutonium mass
annually used in fresh fuel m, plutonium mass annually
extracted from irradiated fuel M and its associated grade G
can be expressed as a linear function of plutonium grade in
fresh fuel g. For PWR UOX and PWR MOX, data used in
this study are available in Table 3 and have already been
used in a previous study [20].

For each set of SFR design parameters, a database is
built, using the previously generated ANN, by calculating
the plutonium mass in fresh and irradiated fuel for a
hundred different plutonium isotopic vectors that are
sampled inside the ANN definition domain. A linear
regression is then calculated to get the linear expression of
mgrr, Msrr and Ggrp in function of g. For all reactors, five
years cooling time and two years fabrication time are taken
into account in the calculation of Mgrr and Ggrp. In
addition, gpox is set to 59% as this plutonium grade
corresponds to a plutonium content of 12% in PWR MOX
fresh fuel, ensuring a negative void coefficient for current
PWR designs [21]. It is worth mentioning that the
equivalence between a 12% plutonium content and a
59% plutonium grade is only true for the PWR MOX
considered in this study, as the link between plutonium
grade and plutonium content strongly depends on the
PWR design and its burn-up. The set of equations is solved
by using the SciPy package root function [22].

Amongthe 720 SFR sampled designs, alittle less than 700
enable plutonium stabilization in a PWR — SFR mixed fleet.
Fleet compositions are shown in Figure 5 in function of the

average SFR breeding ratio. It appears that the SFR design
sampling covers a wide range of breeding ratios, from
plutonium burners with breeding ratio of —0.3 to plutonium
breeders with breeding ratio of 0.3. This diversity leads to
numerous fleet compositions stabilizing plutonium invento-
ry among which some trends can be identified.

For negative breeding ratios, PWR MOX fraction is
constant and equal to 8%. SFR fraction decreases when
SEFR breeding ratio becomes more negative, while PWR
UOX fraction increases. This can be explained by the fact
that the more negative the SFR breeding ratio, the lower
the plutonium grade in SFR irradiated fuel Ggrp, which
decreases the fraction of plutonium extracted from SFR
irradiated fuel that is used in PWR MOX fresh fuel
esrrmox- PWR UOX are then the main plutonium
providers for PWR MOX. For the most negative breeding
ratios, there are 8 installed PWR UOX for each PWR MOX
in the fleet, which is consistent with the results found in
[23]. SFR purpose in these fleets is to consume all the
plutonium coming from PWR MOX and its own fuel. The
more negative its breeding ratio, the more plutonium it can
consume and the less SFR are needed in the fleet. In these
fleets, plutonium multirecycling is completely handled by
SFR.

For positive breeding ratios, PWR UOX and PWR
MOX fractions seem to grow at the same rate while SFR
fraction decreases. For high breeding ratios, one could have
expected PWR UOX fraction to tend toward 0. In [19],
plutonium equilibrium in a PWR MOX — SFR fleet is
proved to be achievable with a plutonium grade in PWR
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MOX fresh fuel of 63% or 66% depending on the
reprocessing strategy. However, we consider in this article
that plutonium quality in PWR MOX fresh fuel is set to
59%. In order to reach this precise quality, SFR need to
raise the quality of the plutonium from PWR MOX
irradiated fuel close to 59%. This plutonium is then mixed
to plutonium from PWR UOX irradiated fuel, which
quality is around 62%. In such fleets, both PWR MOX and
SFR multirecycle plutonium.

3.2 Dynamic study

In this part, trajectories starting with a PWR fleet similar
to the French one and ending with target fleets found in the
previous section are calculated with the scenario calcula-
tion tool COSI7, which is the new version of COSI6 [8].
Common parts to all trajectories are presented before
showing the results.

3.2.1 Trajectory definition

Studied trajectories are a succession of three different
fleets. The simulation starts with a PWR fleet similar to the
2015 French one. This fleet is composed of 900 MWe, 1300
MWe and 1450 MWe PWR for a total installed power of 63
GWe. All the reactors are loaded with UOX fuel except for
half of 900 MWe PWR that are loaded with 30% MOX fuel.
At the beginning of the simulation, 11250 tons of irradiated
UOX fuels and 2140 tons of irradiated MOX fuels are
available in storage [24]. Then, this fleet is renewed
between 2020 and 2040 with a PWR UOX — PWR MOX
fleet that manages to stabilize the amount of irradiated
UOX fuels. Finally, the target fleet is commissioned
between 2080 and 2100. For the first two fleets,
macro reactors are used to accelerate the calculation.

For the target fleet, each reactor is modeled individually in
order to have a precise follow up of plutonium need during
the transition between the second and the target fleet. An
example of fleet evolution over time is shown in Figure 6.

Apart from the composition of the target fleet, the same
set of fuel cycle hypotheses is used for all the calculated
trajectories. The fresh fuel fabrication time is set to two years
while a minimum of five years cooling time is taken into
account before reprocessing irradiated fuels. Fabrication
plants and reprocessing plants work with infinite capacities,
which means that they are not working constantly but only
when needed. As a result, there is no stock of separated
plutonium. This hypothesis, despite being strong, is
satisfactory for this study that aims to evaluate the benefit
of using flexible models in a scenario calculation. In the case of
alack of plutonium, an external plutonium source is available
and can provide plutonium equivalent to the one extracted
from an irradiated UOX fuel.

3.2.2 Results

Figure 7 shows the evolution of plutonium margin over
time for the different trajectories calculated. Plutonium
margin is the plutonium mass available in spent fuel cooled
down long enough to be reprocessed. A negative plutonium
margin means that an external plutonium source has been
used in order to make the trajectory work. Three types of
trajectories are obtained. The first ones, in blue, represent
fleets for which plutonium margin becomes negative during
the simulation. The second ones, in orange, are fleets for which
plutonium margin steadily decreases until the end of the
simulation while staying positive. However, given the
plutonium margin trend, these fleets will likely lack plutonium
eventually. Finally, the third trajectory type, in green,
represents fleets that actually manage to commission the
PWR — SFR mixed fleet and to stabilize plutonium inventory.
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Among all 700 trajectories, 255 are viable. Although the
time scale is rather short, it seems that the viable
trajectories manage to stabilize the plutonium margin.
This tends to validate the steady state results obtained in
Section 3.1. Several reasons can explain why other
trajectories are not stabilizing the plutonium margin,
despite having access to an unlimited plutonium stock if
necessary. The first reason is purely numerical. When
converting reactor fractions from the steady state analysis
into a rounded number of reactors, the equilibrium found
may not be respected. A second reason could be that the
observation time is too short for the equilibrium to occur.

Figures 8-10 gather histograms of SFR design param-
eters for the fleets that lack plutonium, that will lack
plutonium, that will lack plutonium or that have reached
equilibrium. By comparing Figure 10 with Figure 9, it
comes out that cores with high power density, high
irradiation time and few fertile blankets are more likely to
lead to viable trajectories, whereas power and fuel fraction
seem to have a second order effect.

Power density is directly linked to the number of
assemblies in the core, and thus, to the plutonium mass
necessary to commission the SFR. Even if core power also
affects the plutonium mass in the core, Table 4 highlights
that power density is more impactful by comparing the
plutonium mass in the core by unit of power in function of
core power and core power density. For a same power
produced, doubling the core power reduces the plutonium
mass by a factor 1.1 or 1.2 whereas doubling the core power
density reduces it by a factor 1.7 or 1.8. By increasing the
core power density, it reduces the amount of plutonium
necessary to commission the reactor, which relieves the
tension on the plutonium margin.
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Fig. 7. Plutonium margin over time during the target fleet
deployment.

Irradiation time defines the frequency at which the SFR
needs to be loaded. With short irradiation times for
example, the core needs to be reloaded more often which
leads to an increase of the fresh fuels fabrication rate.
Stocks will also receive more irradiated fuels. However, the
5 years cooling time and the 2 years fabrication time are not
compressible. In other words, the plutonium inside the
irradiated fuels will be loaded again in a core after at least
7 years. As a result, reducing the irradiation time increases
the tension on plutonium margin during the commissioning
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Fig. 9. SFR designs for fleets that will lack plutonium.

phase. The shorter the transition, the greater this effect.
On the contrary, longer irradiation times facilitate the
transition phase.

Finally, fertile blankets enhance the core breeding ratio
by taking advantage of the neutron leakage to produce
plutonium. At first, it may seem counter-intuitive that
cores with no or few fertile blankets lead to viable
trajectory, while cores with several blankets lead to a lack
of plutonium. Figure 11 brings out that cores with lower

breeding ratio are more likely to lead to a viable trajectory
in general for our application case. This is a fleet
composition effect. It has been said during the fleet
composition analysis in Section 3.1 that PWR MOX
fraction increases with SFR breeding ratio, meaning that
the number of PWR MOX to deploy during the transition
increases. This leads to an increase of the plutonium mass
needed during the transition which is not sustainable
regarding available plutonium before the transition. In
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Table 4. Plutonium mass in SFR core by unit of power produced (in [kg/MWth|) in function of core power and core

power density.

Power density [W/cm?|

- 100
1000 8.64
Power [MWth] 2000 7.79
3000 7.31
4000 7.01

150 200 250 300
6.29 4.96 4.17 3.74
5.55 4.37 3.67 3.24
5.17 4.06 3.38 2.95
4.91 3.83 3.15 2.72

addition, reactors are deployed in this order: PWR UOX,
PWR MOX, SFR. Despite being breeder, SFR do not have
enough time to produce the plutonium mass needed to
make the trajectory viable, making the results obtained
here strongly dependent on transition duration. On the
contrary, fleets with burner SFR contain about 3 PWR
MOX and more than 20 PWR UOX, making them easier to
commission. This is a good example to understand the
importance of distinguishing fleets that are viable in steady
state and the necessary conditions to their commissioning.

Figure 12 shows the plutonium margin evolution over
time and in function of SFR average burn-up for the viable
trajectories. A clear trend can be observed that is the higher
the SFR average burn-up, the higher the plutonium
margin. Burn-up is directly linked to power density and
irradiation time, which are two tunable parameters of our
SFR flexible model. Power density affects the number of
fuel assemblies that are loaded in the core, and thus, the
plutonium mass needed for each reloading. When power
density is high, less fuel assemblies are loaded into the core
meaning less plutonium is needed. Irradiation time defines
the reloading frequency. SFR cores with long irradiation
time will need less reloading which relieves constraints on

plutonium margin. To sum up, SFR with high power
density and long irradiation time, or in other words,
working at high burn-ups, are easier to commission. The
difference on plutonium margin between high burn-ups
and low burn-ups can reach almost 650 tons which is
significant regarding fleet objectives. For example, if the
target fleet is supposed to be an intermediary step before
commissioning a 100% SFR fleet, then fleet with high
plutonium margin are more suitable. However, if the
objective is to empty irradiated fuel storages to
avoid having high plutonium mass in cooled irradiated
fuels, then fleets working with low burn-up SFR are
recommended.

To complete this analysis, Figure 13 shows the evolution
over time of the mass of irradiated fuels stored for the viable
trajectories. We are measuring both hot and cooled
irradiated fuel in this case. This graphic is consistent with
the previous one: in the case of high burn-ups, when the
plutonium margin is maximal, the total mass of irradiated
fuel is also maximal. For low burn-ups, the amount of
irradiated fuels stored quickly decreases before stabilizing at
5000 tons approximatively. This supports the fact that low
burn-up SFR can be key to empty irradiated fuel stocks. For
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high burn-ups, the total irradiated fuel mass seems to be
decreasing over time without stabilizing. This is because we
first reprocess the oldest PWR irradiated fuels (MOX and
UOX) before starting to reprocess the irradiated SFR fuels.
As PWR irradiated fuels contain less plutonium than SFR
ones, it is necessary to reprocess a larger quantity of PWR
irradiated fuels to get enough plutonium for SFR fresh fuel.
This trend should stabilize afterwards, as Figure 12 shows
that the plutonium margin is actually stabilized.

Among the viable trajectories, it is possible to add more
criteria or constraints in order to choose the best SFR core.
For example, the evolution of plutonium content in PWR
MOX fuels can be an interesting metric to observe. Figure 14
shows the maximum plutonium content in PWR MOX fuels
during the transition towards the PWR-SFR mixed fleet. As
a reminder, this maximum plutonium content should be
lower than 12% in order to ensure a negative void coefficient.
It appears that this limitation is respected principally for
SFR with high burn-ups. As it has been explained, for SFR.
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with high burn-ups, less plutonium is necessary over the
period studied to commission and feed the SFR, making it
possible to keep the good grade plutonium, the one coming
from irradiated UOX fuels, for PWR MOX fuels. Moreover,
high burn ups SFR, in our case, are usually burner, meaning
that the ratio UOX/MOX is favorable. In the case of low
burn-ups for the SFR, the plutonium margin is smaller,
meaning that it is necessary to partly use the good grade
plutonium in the SFR fresh fuel. By taking into account the
limitation on plutonium content in PWR MOX, the number
of viable trajectories decreases and only cases with high burn-
ups SFR are remaining.

Another way to discriminate the obtained results is to
look at SFR performances and safety estimators. Figure 15
illustrates maximum DPA in SFR over time as an example
of performance monitoring that is possible to do thanks to
our flexible model. It appears that the higher the burn-up,
the higher the maximum DPA. This behavior was expected
as the fuel is exposed to higher neutron fluence at high



12 K. Tirel et al.: EPJ Nuclear Sci. Technol. 8, 7 (2022)

250
150
oDs —
200 - g
130
SIS s et S 2
S
< a
& 150} 110 5
=
E | M §
x —= ——— — ——— —
PR .——— — —— — ———  § g
= ———— i o
©
50 &
so
30

2090 2095 2100 2105 2110 2115 2120 2125 2130
Fig. 15. Maximum DPA in SFR over time.

burn-ups. This kind of monitoring is practical for the
designer as it provides precious data that can help for some
design choices. For example, it has been said that SFR that
are working at high burn-ups lead to fleets with high
plutonium margin, which is necessary to consider the
potential commissioning of a 100% SFR fleet and close the
fuel cycle. The use of an advance material such as ODS steel
is then mandatory in order to reach higher burn-ups [25].
On the contrary, if the designer explicitly imposes the use of
AIM1, then the scenarist has to work with lower burn-ups
in the SFR or to change his trajectory set of hypotheses. In
either case, performance monitoring is a great tool for the
designer.

4 Conclusions/perspectives

The sequential link that exists between reactor design and
scenario calculations suffers from some limitations. The
first one is that scenario calculations are most of the time
made with fixed design. However, the scenarist could
make a great use of a flexible reactor model to make some
non viable trajectories work or to find new optimal
trajectories. The flexible model settings would then
constitute a base for the designer to work with. The
second limitation comes from the hard exploitation of the
data provided by scenario calculations. Actually, loaded
fuel composition history could be used to monitor the
performances of the reactors in the fleet. For these
reasons, a coupling methodology between reactor design
and scenario calculations based on the use of flexible
reactor model has been developed and apply in the case of
sodium-cooled fast reactors (SFR).

A flexible SFR model has been built by using a set of
artificial neural networks (ANN) trained and validated on
databases generated with the scientific code ERANOS. The
base geometry is a RZ model of a V2B core, and the tunable
parameters are the core thermal power, the power density,
the fuel fraction, the irradiation time and the fertile
blankets thickness. These global parameters make possible

the exploration of a wide range of SFR designs. The flexible
model serves as an equivalence model, as an irradiation
model and is also used for performance monitoring. It is
directly coupled to the scenario code COSIT.

To highlight the interest of the methodology, an
application case has been presented and consists in the
transition from a fleet similar to the French one that is
replaced by a PWR UOX — PWR MOX fleet and then by a
PWR — SFR mixed fleet that stabilizes plutonium
inventory. As the SFR design is flexible, so is the target
fleet, which composition is calculated thanks to a static
analysis. Among the 720 SFR designs sampled, 255 lead to
trajectories that don’t lack plutonium. It has been observed
that the most impactful SFR design parameters for
trajectory viability are the power density, because it
defines the in-core plutonium ass, the irradiation time, as it
defines the frequency at which the plutonium stock is
solicited, and the amount of breeding blankets, that
enhance the core breeding ratio. A counter-intuitive result
is that fleets with SFR breeder often lead to non-viable
trajectories, or in other words, to a lack of plutonium
during the transition phase. When the SFR is a breeder, the
fleet that enables plutonium stabilization at steady state
contains less PWR UOX, that produce plutonium, and
more PWR MOX, that consume plutonium. As a result,
more plutonium is required during the transition phase to
commission all the reactors, which often lead to a lack of
plutonium when the SFR is a breeder. For this reason and
with the fixed hypotheses considered here, breeder SFR are
the hardest to deploy, whereas burner SFR are the easiest.

Among viable trajectories, the ones with SFR that
works at high burn-ups have a consequent plutonium
margin that can reach almost 650 tons, while fleets with low
burn-up SFR have almost no plutonium margin. If the
main objective is to close the fuel cycle, then having a
consequent plutonium margin seems better since commis-
sioning a 100% SFR fleet requires a large amount of
plutonium. If the main objective is more focused on
relieving the pressure on storage, then the option with low
burn-up SFR is the best. Actually, the difference for the
irradiated fuels stored mass between high burn-ups and low
burn-ups SFR can reach 30,000 tons.

Finally, two additional criteria have been taken into
account to discriminate the viable trajectories. From the
scenario point of view, maximum plutonium content in
PWR MOX over time have been checked. This analysis has
revealed that only the trajectories with high burn-ups SFR
are able to respect the 12% constraints on the plutonium
content. From the SFR design point of view, maximum
DPA have been monitored thanks to our flexible model.
This analysis has shown that to work with high burn-ups,
the use of advanced alloys such as ODS steel will be
mandatory. From the scenario study, constraints on the
SFR design have thus been obtained.

To go further, this methodology could be useful in
scenario robustness/resilience studies [26,27]. Actually,
it would be possible to identify reactor design trends that
enhance a trajectory ability to remain viable despite a
disruption or a change of objectives. For example, it
would be interesting to assess SFR design trends that
give the more flexibility regarding the target fleet
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composition, whether it is 100% SFR or PWR — SFR mixed
fleet. Doing so, it would be possible to find out if it exists a
unique design trend to maximize a trajectory robustness or
resilience, or if different families of reactor designs can be
identified depending on the trajectory perturbation.
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