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Abstract 

Based on the French underway strategy, using PWR and reprocessing with one Pu recycling only, 
the objectives for the future strategies are to provide solutions allowing a Pu stock-pile stabilisation, a 
minimization of actinides in the disposal and, also, to provide enough flexibility to launch Gen IV 
systems. At the CEA, scenarios through a dynamic vision of the nuclear development are studied, 
based on solutions offered by the existing fleet (reprocessing, fabrication and NPP) and on solutions 
offered by the future fourth generation reactors. 

Some characteristics of those scenarios during the transient period toward GEN IV systems are 
presented, in term of mass and inventories in reactors, cycle facilities and interim storage. 
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Introduction and scenario goals 

The purpose of the minor actinides transmutation is to reduce the mass and the radiotoxicity 
inventory of the long-lived nuclear waste. In France, the law voted in 1991 on this issue, has generated 
much R&D on the subject. The objective of the long-lived nuclear waste transmutation is really 
meaningful only if the plutonium, which represents nearly 90% of the radiotoxic inventory of the open 
cycle, is also correctly managed. But on the other hand, recycling plutonium in PWR reactors 
inevitably produces minor actinides, which decreases the potential benefits in mass and radiotoxicity 
that it could bring on actinides inventory mass. The transmutation in different nuclear reactor types has 
been widely studied in the recent past and shown different points. Fast reactors offer the best 
performances to transmute MA. PWRs can also achieve MA transmutation, but the Cm inventory 
increase and Californium production by recycling of Cm enhances the very high difficulties for the 
manufactory process. Minor actinides can be transmuted in accelerator driven transmuter (ADT) (in 
double strata) but it is necessary to develop a new specific reactor family which wouldn’t be efficient 
in  electricity producing. 

In view of these remarks, the CEA is studying  transmutation scenarios through a dynamic vision 
of the nuclear development, based on the one hand on the solutions offered by the existing fleet 
(reprocessing, fabrication and NPP) and on the other hand on the solutions offered by the future fourth 
generation reactors. Solutions for these last reactors enable integral recycling of actinides, using 
favourable characteristics of the fast neutron spectrum and allowing a strong improvement of the 
natural resources use. 

Those scenarios are defined as follows: 

• Use and adaptation of the existing installations of the fuel cycle, partial plutonium recycling, 
partitioning to separate Np, Am and Cm and lightening the minor actinides content in the 
vitrified wastes. Eventually, a multirecycling of the plutonium in third generation PWR 
(EPR), using the MOX-Ue concept (according to the Pu needs for GEN IV deployment) with 
temporary storage of Americium, Neptunium and Curium should be realized. 

• After, the GEN IV systems will be able to treat theirs own waste and absorb the waste 
stockpile coming from the operation of previous PWR generation. 

• If GEN IV systems appear later, two possibilities should be considered: Multirecycling of 
Plutonium and Americium in third PWR generation (EPR), with the MOX-Ue concept 
during a short period, the other possibility could be to use ADT in a double strata scenario. 

The goals of the scenarios are: 

• To adapt, for the short term, the present French PWR fuel cycle (single plutonium recycle) to 
minimise the actinides impact in the repository and the requirement for the interim storage: 

− To lighten the minor actinides content in the vitrified wastes, 

− To manage the plutonium stockpile at a level such that it allows. 
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For this goal, minor actinides separation, Pu recycling in MOX fuel in PWR and plutonium 
inventory stabilisation are required. 

• To have flexible systems: 

− System adaptability to take into account the uncertainties on the reactor park renewal, 

− Keep open the choice of solutions: Pu recycling in PWR, in future and innovative 
systems and MA interim storage. 

• To preserve economical advantage of the nuclear production of electricity by: 

− using in an efficient way, the actual facilities, 

− preparing the new ones needed, by new industrial investments plans, 

− increasing lifetime of the PWR. 

• To identify the processes required to manage during the transition the overall actinides 
elements of the PWR fuel cycle and start a preliminary industrial demonstration before 2030:   

− Minor actinides partitioning (Np, Am, Cm), 

− Generation spent MOX fuel reprocessing in dilution with irradiated UOX fuel, 

− Interim storage of Np, Am and Cm, 

− MOX fabrication for a second recycling, 

− Decision on americium recycling in a fuel form or as a target. 

• To study transition between PWR fuel cycle and breeder Gen IV systems fuel cycle: 

− Fuel fabrication of the first Gen IV plutonium core, 

− Full recycle of actinides elements in dedicated fuel cycle facilities, 

− Recovery and transmutation of transuranic elements inventory stored during the 
transition. 

• To keep the non-proliferation characteristics. 

− Pu storage in the spent fuel (UOX or MOX), 

− No separated actinides excess in the cycle facilities. 

To resume the overall approach for the French transient scenarios, we must used as much as 
possible the existing installations and in the same time, we must prepare the future for GEN IV 
systems, while respecting the constraints of the minor actinide management during and after the 
nuclear fleet transient. 
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Feasible transients for the French nuclear fleet 

To respect these goals which link existing nuclear fleet and the future fast spectrum and closed 
cycle power systems, the scenario is divided in 3 steps. The dates are chosen based on a 40 years plant 
life for the existing fleet with an extension for the last plant which bring the average fleet plant life to 
48 years (figure 1) [1], knowing that the average age of the present French park is around 17 years. 

 
Figure 1.  Fleet transient between GEN II and GEN IV (French case) 
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From now until 2020-2025: Mono-recycling of plutonium in PWRs 

The irradiated UOX fuel reprocessing and first Pu recycling are the first steps of the back-end 
fuel management. The fission products and minor actinides are disposed in a safe vitrified shape, with 
no major changes with the today specifications. The plutonium is managed and disposed in the MOX 
fuel assemblies for the PWR. By this way, the existing fuel cycle facilities can be used up to 2015, 
even later on and the need for new facilities is delayed.  The main characteristics of this step are: 

• One Pu recycling in 20 reactors CPY (900 MWe PWR) power plants (30%MOX assembly 
loaded in the core). 

• Increase of the average UOX burn-up (60 GWd/tHM) and MOX fuel burn-up during this 
period of time. The burn-up increase is in favour of plutonium balance between the UOX 
fuel reprocessing at La Hague and the MOX fuel irradiation in reactor with no excess. All 
plutonium is thus disposed in a MOX fuel form.  

• Interim storage of the irradiated MOX fuel. 

At 2015, CPY 900 MWe reactors are stopped for decommissioning and, to keep power 
production constant, first EPR (European Pressurized Reactor – Framatome ANP product) reactors are 
introduced. These Gen III+ reactors allow a larger loading of MOX fuel assemblies in the core. 
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From 2020-2025: Global actinide extraction and treatment of spent MOX fuel  

The replacement of PWR reactors by Gen IV systems will be decided, as reference case, due 
mainly to the resources limitations. The Global Actinide Extraction (GANEX) (figure 2) and treatment 
of spent MOX fuel to constitute a Plutonium stockpile will be effective. The main characteristics of 
this step are: 

• Building fabrication and reprocessing facilities for the Gen IV systems, with actinides 
partitioning,  

• low active vitrified waste,  

• Interim storage of grouped [Pu + Np/Am/Cm] in  GEN IV Sub-assemblies or in 
manufacturing standby. 

 
Figure 2.  Global Actinide Extraction (GANEX) - synoptic table 
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From 2030-2040: Introduction of 4th generation systems 

The P4 and N4 reactors will reach 40 years lifetime at 2025-2035. Lifetime extension to 50 years 
is considered. The replacement of PWR reactors by Gen IV systems will be effective  

The Gen IV reactors implementation will require a minimum plutonium inventory, around 400 to 
500 tons of plutonium (GFR or SFR), which is with non separate MA. The main characteristics of this 
step are:  

• Launch Gen IV systems, having a fast spectrum and in a closed fuel cycle, with Pu and MA 
stock. 

• Pu and M.A. recycling in the Gen IV reactors. 

• Low active vitrified waste. 
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Alternative scenarios in case of postponed deployment of Gen IV systems 

If Gen IV introduction is delayed, different possibilities should be considered:  

• Extension of Pu mono-recycling in PWRs. 

• Multi-recycling of Pu in PWRs in order to stabilize the Pu stockpile. 

• Mutirecycling of Plutonium and Americium in third PWR generation (EPR), with the MOX-
Ue concept during a short period, in order to slow down the Pu+Am stockpile. 

• The other possibility could be to use ADT in a double strata scenario. 

Some characteristics of these scenarios between 2015 and 2050 or later are presented, in term of mass 
flux and inventories in the cycle facilities and in reactors, in the storage. 

 

Results on transients scenarios 

After general descriptions, main goals and constraints presented above, we describe now, the 
details results for the different possibilities. In first the reference scenario with GEN IV systems will 
be presented, but also alternatives solutions in case of postponed deployment, so as to manage Minor 
Actinides and to achieve low active vitrified waste. Most of calculations are processed by COSI [2], 
simulating a pool of nuclear electricity generating plants with its associated fuel cycle facilities. This 
code has been designed to study various short, medium and long term options for the introduction of 
various types of nuclear reactors and for the usage of associated nuclear materials, with due 
consideration to isotopic composition essentially of uranium, plutonium, minor actinides and some 
fission products. 

 

Transient scenario with GEN IV System deployment 

The introduction of the 4th generation during the 21st century answers the objectives to minimize 
the long life radioactive waste production and, for the long term, the optimal use of the natural 
resources. It depends on the industrial maturity of these systems, under consideration for 2035 in the 
current state of knowledge. This date should also allow the minimising of investments in new cycle 
plants while making use of the need for renewal for the current fuel cycle plants, and by carrying out 
the evolutions necessary, shop by shop or through a completely new installation. 

The nuclear fleet replacement is realized in two steps: 
 

• During a first period GEN III and GEN IV are deployed according to the previous 
description (2020-2050) 

• A second step is needed to keep a constant fleet’s power (400TWeh) from 2080 to 2110 (a 
60 years lifetime is assumed). 
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Figure 3.  Electric power contributions during transient to GEN III from GEN IV 
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The one Pu recycling is stopped in 2025. From 2025 until 2035, interim storage and reprocessing 
of spent MOX and UOX fuel have been realized. Pu and MA are recycled in homogeneous way in Gas 
Fast Reactor (GFR) (see details in table 1), in that way a first global actinide extraction is needed in 
2020 with an interim storage for manufacturing. Between 2035 and 2080, the GFRs reabsorb the MA 
inventory due to GEN II PWR reactors (figure 4). Until 2080, the EPR having reached a 60 years 
lifetime are replaced by GFR systems which make up 100% of the fleet in 2095. 

 
Table 1.  GFR specifications 

 
Electric Power 1158 MW 
Thermal Power 2400 MW 

Irradiation length 3 x 744 EFPD 
Burn Up 100 GWj/t 

H. N. Mass 52.86 tons 
Fuel cooling time/ aging time 1 y /2 ys 
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Figure 4.  Actinides inventory during the transient between GEN II to GEN IV System 
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We can notice that the Pu and MA inventory is stabilized around 820 tons and 55 tons 
respectively. 

 
Figure 5.  Annual needs for fabrication and reprocessing plant 
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Figure 5 above shows the needs for fuel cycle plants for GEN IV system. It appears that the fuel 
manufacturing plant could be built in 2030 and 2040 for the GEN IV spent fuel treatment unit. 

Americium and Pu recycling in GEN III system (EPR) 

Previous studies carried out at CEA have shown and underlined the difficulties in managing Am 
and Cm together [3]. A transient possibility to manage a part of MA is to introduce only Americium in 
PWR, the MOX UE concept developed at CEA [3], [4] allows this option. 
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Table 2.  EPR with MOX-UE with Am concept specifications 

 
Electric Power 1450 MW 
Thermal Power 4250 MW 

Irradiation length 3 x 505 EFPD 
Average BU 60 GWd/t 

U235 content (start/equilibrium) 3.2% / 6 % 
Pu enrichment (start/equilibrium) 8% / 6.7% 

Americium ratio (start/equilibrium) 1.13% 
Fuel cooling time/ aging time 5 ys/ 2 ys 

Pu consumption (start/equilibrium)  
(kg/TWeh) 

-35.7 / -21.0 

Transmutation rate (start/equilibrium) 
(kg/TWeh) 

Np : +1.26 / +1.63 
Am : -5.74 / -6.96 
Cm :+5.29 / +6.53 

 
A specific storage for the other MA is needed (Np, Cm). For a 400 TWeh fleet, the stabilisation is 

reached around 2055 and it is composed to: 

• 52% of UOX fuel EPR, 

• 13% of MOX-UE EPR for Pu recycling, 

• 35% of MOX-UE EPR for Pu+Am recycling. 

The Plutonium and Americium content is limited to respect the EPR neutronic safety criteria, but 
it overshoots the existing manufacturing plant (MELOX) specifications. 

Figure 6.  Pu and Am inventory and Np and Cm repository for the MOX UE with Am scenario 
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In comparison to a one Pu recycling (MOX) in PWR, the Pu and Am multirecycling with MOX 
UE concept could reached a MA inventory decreasing about 40% at the end of the 21st century. 

Double strata scenario with ADT 

If the deployment of GEN IV is postponed, the Fleet would be mainly made up of GEN III 
reactors during all the 21st century. In this case an alternative of the previous scenario could be a 
double strata approach with on the one hand a first stratum with Pu multirecycling in GEN II systems 
and on the other hand a second stratum with Accelerator Driven Transmuter (ADT) in which all MA 
could be recycling. The percentage of the dedicated core power compared to the totally of the fleet 
must be as low as possible. 

Figure 7.  Double Strata Scenario - General Diagram 
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The assumptions for this transient scenario are: 
 
• ADT deployment in  2045 (lifetime in operation 40 years)  

• Minor Actinides partitioning  in 2020, 

• Pu multirecycling in EPR (lifetime in operation 60 years) 

• GEN IV deployment in 2080 (when the first EPR shutdown). 
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Figure 8.  Electric power by system – ADT scenario 
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Table 3.  ADT gas cooled specifications 

 
Electric Power 160 MW 
Thermal Power 400 MW 

Irradiation length 3 x 320 EFPD 
H. N. mass 9.3 tons 

Fuel cooling time/ aging time 1 y /  2 ys 
Average transmutation rate Np : - 22 kg/TWeh 

Am : - 83 kg/TWeh 
Cm : - 4 kg/TWeh 

 
In order to manage and absorb the whole MA production from EPR is needed to put 33 ADT in the 
fleet (~11% of the total electric power of the fleet, two ADT treat the production of 3 EPR). 
 

Comparison between alternative transient scenarios 

As we said before, the GEN IV system is more efficient in managing MA, but it is interesting to 
compare the different alternative solutions in term of MA inventory reduction during the 21st century. 
In the figure 9 the following MA inventories are compared: 

• Plutonium recycling in EPR with MOX-UE concept. 

• Plutonium and Americium recycling in EPR with MOX-UE. 

• Plutonium recycling in EPR with MOX-UE and MA recycling in ADT system in double 
strata. 

In 2080, ADT stratum (deployed from 2045) decreased the total inventory by a 2.3 factor 
compared to the Pu single recycling and 1.5 compared to Pu and Am recycling together. 
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Figure 9.  Total minor actinides inventory in the fleet 
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Conclusion 

The introduction of innovative P&T has been evaluated by several studies of transient scenarios 
until the existing French nuclear fleet from pseudo equilibrium status with different systems and 
concepts deployed during the 21st century. GEN III systems (EPR) with Pu and/or Pu+Am recycling, 
ADT in double strata approach, and in reference GEN IV deployment with full actinides recycling 
were analysed. 

GEN IV systems allow the best capability and efficiency to reach all the main goals together 
(economical competitiveness, flexibility, sustainability, non proliferation, and MA management). 

In case of the GEN IV systems deployment is postponed, alternative solutions for MA 
management with GEN III reactors or ADT let the possibility to limit the MA inventory during the 21st 

century. 

Detailed studies on the overall fuel cycle (fabrication, reactors, actinides storage, spent fuel 
treatment, waste conditioning and disposal) must be continued, coupled with sensibilities impact of: 

• Various GEN IV systems (GFR, SFR…) 

• Date of deployment of those systems. 

• Increase of nuclear energy needs. 
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