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1. A.The fuel cycle : a French Example

• Nuclear reactor at the 
center of the center of the 
fuel cycle

• Interaction between 
different reactors (place, 
time) through the cycle

Scenarios = fuel cycle studies
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1. a. The fuel cycle : a French Example

Long Time studies :

• New installation : at least 10y 
between decision and start

• Lifetime of an installation : 30 to 
60 y

• Time span of an transition : 50 to 
200 y 

Large scale studies

• 10s of reactors

• 100s to 1000s of fuel to be 
created and irradiated
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1.b Management and status of Pu
Open Cycle :

• Waste to be watched 
during around 1 My

• Pu main contributor to 
radiotox and decay heat 
from ~100 to 1 My
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1.b Management and status of Pu
Current strategy : mono-recycling

• "radioactive waste is radioactive 
material for which no further use is 
planned or envisaged“

• Pu not waste any more => wastes far 
easier to manage

• Pu : fissile in majority

• 7 and 8 UOX for 1 MOX 
➢ less storage needed
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1.b Management and status of Pu
Current strategy : mono-recycling

But

• Increase of complexity of the cycle

• Safety limits the recycling of Pu

➢Only 1 recycling is done

• One recycling have limited impact 
on global intentories

• Surplus of MA produced

➢Mono-recycling does not solve Pu 
question, a long term use is needed
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1.b Management and status of Pu
Options for long term Pu management

1. Reference until recently : SFRs
➢ more than 1000 t needed to start the fleet

2. Direct to waste
➢Less TRU as possible with current tech

3. New reference : multi Pu in PWR
➢Need innovative fuel management in PWR

4. Other Innovative reactors
➢Need system level studies to fix concept

5. Any other innovative option
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3. Scenario studies
a. How to do a scenario study

1. A question of scientific interest

2. Choose framework (time horizon, 
technologies, constraints, …)

3. Choose strategy of interest

4. Simulate trajectories

5. Analyze the trajectories

6. Answer the question

Can we switch quickly from MIX to SFRs?
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3. Scenario studies
b. Simulating a trajectory

• CLASS for Core Library for 
Advanced Scenario Simulation

• collection of C++ classes that 
describes the installations of a 
nuclear fleet.

• two main complex  models:
• Build new Fuel
• Fuel evolution under irradiation

• Mine and waste storage not 
modeled : only material flux 
and inventories

• Use of Machine-Learning for 
quick non-linear meta-models
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3. Scenario studies
c. Managing uncertainties

questions about situations in the distant future with 
complex systems that do not yet exist :

➢Lots of uncertainties

• Base Data (nuclear data, processes)

• Future Operational parameters

• Expert prediction for technologies

• Simplified modeling

• Model biases
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3. Scenario studies
c. Managing uncertainties

Dealing with uncertainties on 
future operational parameters : 
GSA
• operational parameters considered no 

longer most probable value but range 
of possible values

• Large random sampling : exploration
• Correlations, Statistical analyses
• Sobol sensitivity indices
• Selection of trajectories of interest 

and projection in input spaces
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3. Scenario studies
c. Managing uncertainties

FIT (Functionality Isolation 
Test) international project 
driven by IN2P3

• first test  : a fuel loading 
model (FLM) vs "fixed 
fraction" (FF)

• two fuel fabrication models 
will be compared within the 
same simulator
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4. Multirecycling Pu in PWR
a. Integrating the physics of Pu recycling in PWR

Looking for physics based constraint 
to define the CLASS models :

• Neutronic studies inspired by the 
methods developed for the GSA 

• Assembly level studies : safety 
coefficients, control parameters

• Isotopy effect mainly due to 
increase of Pu content for 
reactivity

• Void coefficient drive the max Pu 
content (importance of Boron)
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4. Multirecycling Pu in PWR
a. Integrating the physics of Pu recycling in PWR

MOX in PWR => heterogeneous cores :

➢We need core scale

• Coupling CLASS with DONJON

• New BuildFuel Model looking at 
power form factor

• Question of loading patterns
(cf talk of X. Doligez this morning)
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4. Multirecycling Pu in PWR
b. Scenarios for multirecycling Pu in PWRs

Is it possible to stabilize in the long term the total amount of plutonium contained 
in the cycle and the waste accumulated in a PWR-only fleet ?
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4. Multirecycling Pu in PWR
b. Scenarios for multirecycling Pu in PWRs

Is it possible to stabilize in the long term the total amount of plutonium contained 
in the cycle and the waste accumulated in a PWR-only fleet ?

Three groups of trajectories can be 
distinguished:

• nuclear phase-out (xP close to 0)

• very high fraction of MOXEUS (xE > 
0.5) 

• intermediate situations with lower 
fractions of MOXEUS and a power 
around 30% of the current power.
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4. Multirecycling Pu in PWR
c. multi-recycling of Pu in PWR a barrier to future SFR deployment? 

Vs

➢Without adaptation : not 
enough Pu
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4. Multirecycling Pu in PWR
c. multi-recycling of Pu in PWR a barrier to future SFR deployment? 

adapt early enough => starting MIX not 
a barrier for SFRs
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5. Contribution of SFRs for plutonium management
a. Symbiotic scenarios between PWRs and SFRs

• Steady-state fleet
• PWR and SFR
• Pu stabilisation
➢More than 25% SFR
➢Equilibrum space 

defined
➢But not dense nor 

convex
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5. Contribution of SFRs for plutonium management
a. Symbiotic scenarios between PWRs and SFRs

• Perturbation loose 
equilibrum

• But equilibrum space 
stay the same

➢Never far from a 
equilibrium solution
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5. Contribution of SFRs for plutonium management
a. Pu management with 100% Gen4 fleet

• Goal : stabilize TRUs

• a large number of fast 
neutron reactor concepts

• Grouping similar result 
groups more strategies than 
Gen4 designs
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5. Contribution of SFRs for plutonium management
c. Impact of only few SFRs for Pu management

• Highly heterogenous core

➢Dedicated multi-zone 
models

➢BuildFuel using k and power 
distribution

➢Irradiation model with XS 
per zone + flux per zone
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5. Contribution of SFRs for plutonium management
c. Impact of only few SFRs for Pu management

• the stabilization of 
plutonium inventories is 
never reached without 
stopping the PWRs

• main factors for Pu 
inventory the cycle remain 
the behavior of PWRs
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6. Conclusions

• Group implanted in national and international 
collaborations

• Focus on differences sources of uncertainties to 
quantify and suggest alternative modeling 

• Specific focus on models that better 
representation of the physics and could be use to 

• Behavior of PWR and the management of their 
fuel dominate the effect on transition towards 
future reactors and even the operation of these 
reactors if fleet keep large amount of PWR
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6. Conclusions and perspectives
Perspectives

• Develop more precise model to evaluate 
bias of models

• New Methods to select strategies of 
interest

• Intermiedling of uncertainties of 
different kind

• Interdisciplinary collaboration with 
sociology, economics and techno-eco
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Annex 2 : Collaborations
National
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• Other ad-hoc  : Orano, EDF
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Cycle Simulation : 2016-

• FIT project : 2016-

• Ecole polytechnique Montréal : 
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