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separation process and the fuel fabrication steps. He is an author of more than 100 scientific articles on the 
nuclear fuel cycle and waste management, and was awarded the Grand Prix SFEN (French Nuclear Energy 
Society) in 2006 for Advanced Fuel Cycle studies. He is presently a member of the R&D Fuel Cycle Sub-
Committee to the U.S. Department of Energy Nuclear Energy Advisory Committee (NEAC). 
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Introduction 

Sustainable energy development worldwide – the 
challenges of nuclear energy: 

 

● Minimization of the production of long-lived radioactive 
waste 
 

● Optimization of the use of natural resources, with an 
increased resistance to proliferation 
 

● Large efforts under way worldwide concentrating on the 
disposal of nuclear waste in deep geological repositories 
 

● Parallel approach = strategy of recycling valuable 
materials, and of partitioning and transmutation (P&T)  
of high-level nuclear waste  
– P&T, associated with a multi-recycling of all transuranics 
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Reduction of Long-term Radiotoxicity of 

Nuclear Waste 
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Common Objective of All Strategies Using 

Partitioning & Transmutation 
• Reduce  the  burden on long-term waste management, 

in terms of:  
– Radiotoxicity 
– Volume  
– Heat load of high-level nuclear waste  

 

• Most tangible outcomes of P&T  
– Reduce the monitoring period of final repositories to technological and     

manageable time scales 
– Ease the long-term safety issue of a final repository 
– Positive influence on public acceptance of nuclear fission electricity 

production 
 

• Enhance the actual nuclear renaissance worldwide 
 

• Reduce steadily increasing dependence on energy 
imports 
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Where Do We Stand in Europe? Possible 

Range of Strategies  

• Pursuing  (decreasing-stable-expanding) nuclear energy scenarios 
– In GEN III LWR and GEN IV fast reactor systems associated with a closed fuel cycle 
– P&T would permit the transition from the currently practiced mono-recycling of 

plutonium in light water reactors to actinides (U, Pu, MA) recycling in fast reactors 
 

● Phase-out scenario: 
– P&T, with a separate fuel cycle stratum and dedicated burners such as ADS 

technologies, would allow meeting the above objectives of minimizing the 
radiotoxicity, volume and heat load of nuclear wastes, without producing nuclear 
electricity 

 

● Significant common trunk  
– Consensual European roadmap for RD and technology activities as well as for future 

pilot-scale facilities 
– Renewed interest in closed fuel cycles in many countries 
– Synergies between P&T as well as with geological disposal or interim storage 

activities 
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European Sustainable Nuclear Energy 

Technology Platform (SNE-TP) 
• Towards more integration:  

– European vision on future sustainable nuclear systems, including 
P&T 

– European Sustainable Nuclear Industrial Initiative (SNE-TP) 
(ESNII/fast neutron reactors and closed fuel cycle in support of the 
SET-Plan) 

 

• At “some time,” review national positions  
–  Impact of the P&T strategies on geological repository (requirements 

and capacity) 
– Evaluation of technological options depending on national capacities 

• In fuel reprocessing and fuel fabrication 
• In construction of innovative reactor systems 

 

• Review of ADS vs. critical fast systems potentialities and their different 
coolants 
 
 Decisions on demonstration facilities to be built at a time 

horizon 2017-2025 
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Implementation of P&T at the 

European Level 
• Research and development activities: four “building 

blocks” 
 
– Block 1)   Demonstration of the capability to apply advanced 

reprocessing on a sizable amount of spent fuel from commercial 
power plants (i.e., LWR) in order to separate Pu and MA 
 

– Block 2)   Demonstration of the capability to fabricate at a semi-
industrial level the advanced transmutation fuel needed for fast 
GEN IV critical system or for a dedicated ADS transmuter 
 

– Block 3)   Availability of one or more (critical or ADS) transmuters 
 

– Block 4)   Provision of a specific installation for processing of the 
  dedicated  fuel unloaded from the transmuter,  
  and fabrication of a new dedicated fuel 
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Future Fuel Cycle Options, Reactor and 

Treatment 
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FP4 NEWPART (1997-1999)  CEA, UREAD, CHALMERS, 

ENEA, FZK, FZJ, ITU, POLIMI  

 
• Objective:  Design a partitioning process based on two extraction 

cycles:  
 

• The first cycle should separate the mixture of trivalent actinides 
(An(III)) and lanthanides (Ln(III)) from the bulk of the fission 
products (FPs) solution. Malonamide extractants have been selected 
for this cycle, called the DIAMEX process 
 

• The second cycle aims to separate selectively An(III) from Ln(III). 
Several extraction systems have been chosen for this goal. They 
include: (i) nitrogen polydendate ligands used alone or in 
synergistic mixtures with carboxylic acids; and (ii) sulphur-bearing 
extractants (di-thiophosphinic acids) used alone or in synergistic 
combination with neutral oxygen-bearing extractants. 

 

BTP molecules 
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• Objective:  Study and define efficient extraction processes for 
the partitioning of the trivalent Am and Cm ions from the 
HAW and for mutual Am(III)/Cm(III) separation 

 

– DIAMEX basic and process development studies  
 

– SANEX basic and process development studies with N-polydentate 
ligands, bis-(substituted-phenyl)- di-thio phosphinic acid + neutral 
ligand synergistic, new S-bearing ligands 

FP5 2000 – 2003  PARTNEW CALIXPART PYROREP 

CEA, UREAD, CHALMERS, ENEA, FZK, FZJ, ITU, POLIMI, 

CIEMAT, UAM 
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FP6 2004-2007  EUROPART: Hydro, Co-conversion, Pyro, System studies: 

26 Partners: CEA, Nexia Solutions, Chalmers, CIEMAT, CTU, CNRS, 

EDF,ENEA, FZJ, ICMAB, IIC, INE, EC-JRC-ITU, Mainz Univ, Katchem, NRI, 

Polimi, UAM, ULG,ULP, UNIPR, UREAD, TWENTE, ICHTJ, CRIEPI,ANSTO 

• Hydrometallurgy 
– Synthesis, characterization and the assessment of extraction properties 

of more than 100 new ligands from the various families 

– Basic and process development studies 

• Co-extraction of An(III) and Ln(III) from PUREX raffinates: the “TODGA/TBP” mixture was 
selected to prove the scientific feasibility. High active tests have been successfully carried out 
on genuine feeds. 

• Separation of An(III) from Ln(III) from DIAMEX product solutions: two SANEX systems have 
been studied based on CyMe4-BTBP and DMDOHEMA dissolved in n-octanol. No counter-
current tests were performed. 

• Actinide group separation (An(III to VI)) directly from spent fuel dissolution solutions: in 
spite of all the efforts carried out by the partners, no system has been developed up to the 
highly active test. 

• No efficient bitopic ligand fulfilling all the requirements for process development could be 
designed in spite of all the efforts applied. 
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FP6 2004-2007  EUROPART 

• Co-conversion 
 

– Co-precipitation and sol gel routes (internal and external gelation, 
and colloidal sol gel processes)  

• For the co-precipitation method, YSZ and thoria powders with ceria 
concentrations from 0 to 100% have been produced and characterized. A 
synthesis route of pellets has been developed and the parameters 
optimized.  

• For the internal gelation route, an excellent method to produce uranium-
based kernels was developed. However, in the case of ZrO2-based 
materials, the kernels produced still present cracks.  

• For the external gelation method, promising results have been obtained 
for neptunium conversion. 

• For the colloidal sol-gel method, the preliminary results have been very 
promising. Directly preparing a sol and chemically controlling the 
hydrolysis reactions in solution offers great flexibility, particularly when 
handling minor actinides.  
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FP6 2004-2007  EUROPART 

• Pyrochemistry 
– A comprehensive study of actinides, lanthanides and some other 

important fission products was done in molten chloride media 
• Studies in molten fluoride are much less developed. This is mainly due to the 

lack of a reliable reference electrode. 
• The studies carried out on liquid metals were at a sufficient level to confirm the 

choice of aluminium as the best compromise in the choice of the metallic phase.  
• Two efficient processes for the separation of An from Ln have been selected: 

 - electrorefining process on solid aluminium cathode in molten chloride 
 - liquid-liquid reductive extraction in liquid aluminium-molten fluoride 

• In the decontamination of spent chloride salts coming from electrorefining, 
zeolite ion-exchange filtration and phosphate precipitation have been selected 
for their potential to clean up spent salt efficiently. If some specific matrices for 
salt confinement were identified (sodalite, pollucite), a lot of work is still to be 
done in this field. 

 

• System studies were performed including: i) double-
strata concept (ADS), ii) IFR and iii) MSTR 
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ACSEPT-SACSESS and EUROTRANS 

FP7 Euratom Fission “Collaborative Projects” 

(1) ACSEPT Project (2008 –2012), SACSESS Project (2013-2015) 
      Partitioning Technologies and Actinide Science: toward pilot 

facilities in Europe 
 

(2) EUROTRANS Project (2005 –2010), Transmutation of High Level 
Nuclear Waste in an ADS: toward a demonstration device of 
industrial interest  

 

• Join together a great number of partners from European universities, 
nuclear research bodies and major industrial players in multi-disciplinary 
consortia 
 

• Provide a structured R&D framework (including non-EU partners) to 
achieve the sound basis and fundamental improvements for future 
demonstrations at the pilot level 
 

• In parallel, training and education programs to share knowledge among 
the P&T community and present and future generations of researchers 
 

• Cross-cutting activities (e.g., access to large or unique infrastructures of 
common interest) 
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ACSEPT Project (2008 –2012) 

Partitioning Technologies and Actinide Science: 

Toward Pilot Facilities in Europe 

•  Based on FP6 project EUROPART  
    (EUROpean research program for the  

PARTitioning of minor actinides  and some  
long-lived fission products from high 
active wastes issuing the reprocessing of  
spent nuclear fuels) 

 

• Objectives of ACSEPT project (in line with above "block 1”): 
– Develop chemical separation processes compatible with fuel fabrication 

techniques, in view of their future demonstration at the pilot level 
 

– Demonstrate, in the long term, the potential benefits of actinide 
recycling to minimize the burden on the geological repositories 
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• European Nuclear Research 
Laboratory:  

•  JRC-ITU 

 

• National Nuclear Research 
laboratories:  

•  ANSTO 

•  CEA  

•  CIEMAT 

•  ENEA,  

•  FZJ  

•  FZK-INE 

•  ITN 

•  NNL-UK 

•  NRG 

•  PSI 

 

• Nuclear Industrial Companies: 

•  ALCAN 

•  AREVA NC 

•  EDF 

•  NRI 

•  CRIEPI 

Universities and/or National 
Fundamental Research 
Laboratories: 

• Chalmers University  
   (Gothenborg) 
• CTU (Prague) 
• CNRS (Strasbourg, Toulouse,           

Orléans, Paris) 
• CSIC-ICMAB (Madrid) 
• CUNI (Prague) 
• ICHTJ (Varsovie) 
• ICIQ (Catalogne) 
• IIC (Prague) 
• PoliMi (Milan) 
• RUG (Gröningen), 
• UEDIN (Edinburgh) 
• ULG (Liège) 
• ULP (Strasbourg) 
• UNIPR (Parme) 
• UPMC (Paris) 
• UReading (Reading) 
• UTwente (Twente) 

 

Small and Medium Size  
Enterprises: 

• CINC 
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ACSEPT Consortium 

Links with 
Russia in Pyro 
(via ISTC) 

ANSTO 

CRIEPI 

UK-NNL 
UEDIN 
UReading 

ITN 
CIEMAT 
CSIC-ICMAB 
ICIQ 

CEA 
ALCAN 
AREVA NC 
EDF 
CNRS 
ULP 
UPMC 

ULG 

FZJ 
FZK-INE 
JRC-ITU 

ICHTJ 

NRI 
CTU 
CUNI 
IIC 

NRG 
RUG 
UTwente 
CINC 

Chalmers 

PSI 

ENEA 
PoliMi 
UNIPR 

Links with 
Korea in Pyro 
(via KAERI) 

Total 
budget 
23M€ 
EC 
Contrib. 
9M€ 
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ACSEPT: A Structured R&D Framework to Develop 

Chemical Separation Processes 

23 



Three Technical Domains of ACSEPT 

• Technically mature aqueous separation processes 
– Optimize and select the most promising ones dedicated either to 

actinide partitioning or to group actinide separation 
– Exploratory research focused on the design of new molecules 

 

• High-temperature pyrochemical separation processes 
– Enhance the two reference cores of process selected within  

FP6-EUROPART 
– Key scientific points compulsory for building a whole separation 

process 
 

• Future demonstration at a pilot level 
– Carry out engineering and systems studies on hydro and 

pyrochemical processes 
– Design the minor-actinide containing pins (prior to their 

fabrication in the FP7 project FAIRFUELS) 
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New Separation Needs, New Molecules 

Selective, radiation-resistant, reversible, 
fast-acting … 

challenges for research! 
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Molecules Under Study 

• Understand selectivity ! 

–  New proposed molecules 
•  Hydrophilic BTP derivatives for selective An(III) stripping 
•  Hydrophilic DGA derivatives for Ln(III) stripping 
•  Lipophilic pyridine-dicarboxamides derivatives 
• More than 40 molecules synthesized and tested – 1 has 

extracting properties 
 

– Challenge: can we be more innovative? 
• Important brainstorming was performed on extracting 

molecules: new ideas, new molecules 
 

– Strong competencies in organic chemistry, in analytical 
chemistry, in modeling 
 

– Links, collaboration with ACTINET I3 
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EUROTRANS Project (2005 –2010) 

Transmutation of High Level Nuclear Waste in an ADS: 

Toward a Demo Device of Industrial Interest 
 

• Based on the three FP5 Clusters, FUETRA, BASTRA and TESTRA, together 
with the PDS-XADS Project 
+ FP6 Project PATEROS (P&T European Roadmap for Sustainable Nuclear Energy, 
2006 -2008) 
+ Thematic Network ADOPT (Advanced Options for Partitioning and Transmutation, 
2006 -2008) 
 

• For example, FUETRA = three FP-6 projects FUTURE, CONFIRM, and 
THORIUM CYCLE 

 

• FUTURE = development of TRU oxide homogeneous fuel for transmutation 
(Pu-Am oxide, Th-Pu-Am oxide, and Pu-Am-Zr oxide) 

 

• CONFIRM = development of inert (uranium-free) nitride fuel (U-Pu, Pu-Zr, 
and Am-Zr nitrides) including irradiation experiments for characterization 
and modeling 

 

• THORIUM CYCLE = feasibility of the thorium cycle for light water reactors 
(PWRs) and for ADS (irradiation experiments using U-oxide, Th-oxide, U-
Pu oxide, and Th-Pu oxide targets) 
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Objectives of EUROTRANS Project 

(in Line with Above “Block 2") 

• Design and perform feasibility assessment of an industrial ADS 
prototype dedicated to transmutation with the following major 
activities: 
 
– First design of an eXperimental facility demonstrating the technical feasibility of 

Transmutation in an Accelerator Driven System (XT-ADS) 
+ conceptual design of the European Facility for Industrial Transmutation EFIT 
=>  European Transmutation Demonstration (ETD)/step-wise approach 

 
– Coupling of an accelerator, an external neutron source and a sub-critical blanket: 

experimental input (such as experimental techniques, dynamics, feedback effects, 
shielding, safety and licensing issues) at sufficient power (20-100 kW) 

 
– Associated technologies: reliable linear accelerator components, fuels, structural 

materials at high temperature and high radiation exposure conditions, thermal-
hydraulics, heavy liquid metal technologies, measurement techniques, nuclear data 

 
– Demonstration of overall technical feasibility and economic assessment of the whole 

system, in order to start a decision process towards a EU demonstration facility 
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Transmutation with Accelerator Driven Systems 

• Transmutation/incineration of minor actinides 
(MAs) in subcritical ADT 

    (accelerator driven transmuter) 
 

• Supposed advantages of ADTs  
compared to “critical”  
transmuters with respect to  
fuels: 
– High MA masses 

– High incineration rate (MAs) 

– Flexibility in fuel composition 

– Safety (subcriticality) 
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Five Technical Domains of EUROTRANS 

• Design and feasibility assessment of an industrial ADS 
prototype dedicated to transmutation with the following 
major activities: 

 
– Domain DM1: DESIGN (Development of a detailed design of XT-ADS 

and a conceptual design of EFIT with heavy liquid metal cooling) 
 

– Domain DM2: ECATS (Experimental activities on the Coupling of an 
Accelerator, a spallation Target and a Sub-critical blanket ) 
 

– Domain DM3: AFTRA (Advanced Fuels for TRAnsmutation Systems) 
 

– Domain DM4: DEMETRA (DEvelopment and assessment of structural 
materials and heavy liquid MEtal technologies for TRAnsmutation 
systems) 
 

– Domain DM5: NUDATRA (NUclear DAta for TRAnsmutation) 
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Cross-Cutting Materials R&D, for GEN IV Reactors 

and ADS 
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Conclusion 

• In Europe, toward pilot-scale facilities for P&T 
(innovative fuels and systems for improving waste 
management and for increasing sustainability) 
 

• Next step beyond ACSEPT and EUROTRANS: ultimate 
goal = industrial transmutation machine and re-
processing facility (building “blocks 3 and 4” mentioned 
above) 
 

• FP7 SACSESS Project: safety of innovative partitioning 
processes 
 

• FP7 Project Central Design Team (CDT) for a Fast-
spectrum Transmutation Experimental Facility, co-
ordinated by Belgium SCK-CEN: MYRRHA project 
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• Today ‘s Nuclear: 24 GWe (18% of electricity), 33 NPP 
• Objective: 52-62 GWe (20% of electricity) in 2030 
            100-140 GWe in 2050 

– Constructions of VVER 
– Exportation market 

 
• A national program for the development of FRs 

 
• Some demonstrations from now up to 2020: 

– Breeder  reactor, fuel recycling, waste minimization, Pu elimination 
– Industrial development of Na FR, fuel cycle, oxide fuel 
– Technology development of liquid heavy metal reactor, test of nitride 

fuel 
– Hydro reprocessing of oxides, test of pyrochemistry reprocessing 

 
MBIR  

50 

100 

0 

GWe 

Russia 

Russia 
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Sodium systems, up to the 
industrial level   

 
 
 
 
 
 
 
 
 

MBIR  

Lead or lead-bismuth 
systems for demonstration 

 

 

 

 

 

 

Russia 
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India 

• Today’s Nuclear:  4.4 GWe (4 % of electricity), 20 NPPs 

• Objective: 30 GWe in 2020, >200 GWe in 2050 

   Nuclear electricity: 10 % of energy in 2020, then 26% in    
2050 

• A strategy based on resources 

• Towards the thorium fuel cycle in the long term, using the 
thorium  domestic resource: 

1. Import of U and production of Pu in LWR and  heavy 
water 

1. + Breeder FR for Pu production, oxide fuel 

2.Breeder FR for Pu production, oxide fuel 

1. + Production of 233U with  Th-Pu FR 

3.Towards Th-U fuel cycle with heavy water 

 

 

50 

100 

0 

GWé 

India 
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– Optimization of uranium resource: breeding, then Th-U cycle 

– Sodium-cooled reactors, with fuel cycle, oxide fuel, then metal fuel for improved breeding 

– 3 MOX-FR of 500 MWe in 2020 

– Fast Reactor Fuel  Cycle Facility (FRFCF) for MOX processing 

– Development  of pyro processes 

– Then demo FR  1000 MWe with metal  fuel  

FRFCF 

PFBR(500 MWe) CFBR (2 x500 MWe)  MFBR (1000 MWe) 
Metal Fuel Test 

Reactor 

FBTR 

FR 

• Operation of  small FBTR (sodium, mixed carbide) 
• Criticality of PFBR (sodium, oxide fuel) in 2014 

 

India 
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• Today’s Nuclear:  44 GWe (29 % of electricity in 2010), 50 NPPs 

• But existing situation: only  2 NPPs in operation 

– Objectives: - to restart safe units   

- to commercially operate Rokkasho-Mura  
   processing plant 

– Nuclear strategy under elaboration 

– FR 

– R&D program; possible deployment around 2050 

– Pu use in LWR with MOX fuel;  minimization of waste  volume and toxicity for disposal 

– Na Loop FR, oxide fuel: use of MONJU as an international research tool  

– JSFR program cancelled 

50 

100 

0 

GWé 

Japan 

?

 

Japan 
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• Today’s Nuclear:  13 GWe (1.9% of electricity), 16 NPPs 
• Objective:   >58 GWe  (6% of electricity) in 2020  

            200 GWe (15% of electricity) in 2050 
– Limited deployment of power sources, except nuclear 
– But nuclear has to be cheaper than coal; complete fuel cycle (FR) 

• After Fukushima, restart of NPP construction in 2012 
• FR 

– Transmutation of MA (70 GWe), and Breeding FR (200 GWe) if U shortage 
– Na FR, with complete fuel cycle 
– Phase 1: MOX in LWR; Phase 2: metal fuel, pyrochemistry, FR closed cycle  

 

50 

100 

0 

GWé 

China 

China 
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• Today’s Nuclear: 21 GWe (34 % of electricity), 23 NPPs 
• Objective: 43 Gwe with 40 NPPs, (59% of electricity) in 2030 

– Plan to export  80 NPPs before 2030 
– Open cycle, without  »domestic » enrichment  

• (agreement Korea-U.S.) 
• FR 

– In order to reduce radiotoxicity and volume of HL-LL wastes 
– Construction of a Na FR proto, metal fuel, integrated, 150 MWe for 2028 
– What plutonium? Should start with enriched uranium 
– Strong effort in pyrochemistry R&D and technology 

50 

100 

0 

GWé 

South Korea 

South Korea 
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• Today’s Nuclear:  100 GWe (19 % of electricity), 104 NPPs 

• Objective: Contribution to limit climate change  

– No quantitative goal 

– « innovative reactors: smaller, safer, cleaner and cheaper » 

• FR 

– Long-term R&D, science-based 

– To develop sustainable fuel cycle and to minimize proliferation risks 

– Various concepts (Na, lead, metal fuel, molten salt, thorium, …) 

50 

100 

0 

GWé 

USA 

?
? 

USA 
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Nuclear Energy and Fuel Cycle Worldwide 

• Russia is the major actor, with a national development program. Mid-
term vision seems  reasonable: to seek improvement in industrial fuel cycle.  
 

• India is engaged in the development of a FR fleet. Very strong vision 
for nuclear development, but deployment rate probably unrealistic. 
 

• China engaged in FR, but still at low level of experience. Very 
strong vision, but deployment rate probably unrealistic. 

---------------- 
• Japan is becoming a “research” actor, without real FR project. 

 

• Korea is developing competence, but is limited by Korea-U.S. agreement. 
 

• Presently, the U.S. is no more an actor on FR, but still politically influential 
on development of closed fuel cycle. 
 

• Europe is a mid-level actor, so far without a major project but with a 
multitude of small or mid-size projects and with very good knowledge and 
competences. France can be seen as a specific case, especially in the fuel 
cycle.  
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France Energy Strategy: Keeps Heading Fixed by 

the European Climate-Energy Package in 2020  

 
Two pillars of the 2020 French energy mix: 

 Renewable: intermittent supply 

 Nuclear energy: base-load supply  

 

 

 

 

Nuclear and Renewable 
 

 in industrial processes 
 in housing 
 in transport 
 

Efficiency/Sobriety 

Reduction by 20% 
 of emissions of greenhouse  

gases (compared to 1990) 

With a 23% share 
of renewable energy  

in the energy mix 

Reduction by 20% 
of the overall consumption 

of primary energy 
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• In 2003-2005: 25 Billion € of oil and gas imports: 10% of exports revenues 
 

• In 2010:              48 Billion € of oil and gas imports: 25% of exports revenues 
 

• In 2011:               62 Billion € of oil and gas imports: 35% of exports revenues 
 

    Fossil fuel imports represent 90% of France’s trade  

     deficit in 2011 (69 Billion €) 

An increasing cost  

 50% of the primary energy consumption still rely on fossil fuels 

From now to 2050, Nuclear will play an important role (progressive 

exhaustion of world fossil resources, strengthened  

environmental requirements) 
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French Debate on Energy: First Outcomes for a New 

Energy Law 
 

       «MIX énergétique français 

2050»   

• Closure of a nuclear power plant 
by 2017? 

• Nuclear power level limited at 
the existing value 

• Highest safety standards by 
harmonization of nuclear safety 
rules at international level 

• 50% in 2025? Still maintain long 
term perspective of nuclear industry 
through GEN III and the 
development of the 4th 
generation  
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The « Cour des Comptes » report evaluated for the first time (the total cost of the 
French nuclear sector at 54 €/MWh for the existing fleet (including investment 
program) and estimated investments for the 2011- 2025 period at 55 billions € 
(including current fleet lifetime extension and measures derived from Fukushima 
accident) 
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Countries positions after Fukushima accident 

Nuclear program remained 

Immediate economic impact 

Decision to gradually exit nuclear power  

Nuclear reactors in operation (Source: CEA/I-tésé- June 2012) 

In spite of the Fukushima accident, nuclear energy remains a widely shared 
option worldwide. 
 
A study by the CEA I-tésé institute shows that the impact on nuclear 
programs would be a decrease of around 50 GWe in the year 2030, with 
respect to pre-Fukushima forecasts (300 GWe)  
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… But Nuclear Energy is Still Controversial! 

• Nuclear energy could only be developed if it is socially accepted:  
after Fukushima, regaining populations’ confidence, in Europe 
and in the world, is essential 

 
• The answer to is clear:   

– To raise the safety standards and guarantee their widest 
application through the international community 
 

– To work on rebuilding that confidence and to continue and 
amplify these efforts (“stress tests”, peer reviews, protection against 

external hazards (earthquakes and flooding)…, address the question of crisis 
management at the international level (dedicated training centers, specialized 
rapid intervention forces)) 
 

– To  respect  international treaties and regulations 
 

– To find accepted solutions for ultimate waste 
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Natural Resources in Uranium 
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• Current systems have a poor 
efficiency regarding U use 

–  Only 0.6 % engaged U is 

effectively used 
 

• U resources are estimated to be 
available for 100 years 

 

• With current reactor systems, we 
can’t ensure sustainability UNGG PWR EPR 
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Necessity to have access to: 

• Industrial fast neutron  reactors 

• Plutonium, to produce fast 
reactor fuel 

• Fuel cycle facilities 
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« Spent » Nuclear Fuel is … Still a Valuable Resource 

uranium

plutonium

PF

Spent nuclear fuel composition after irradiation 

Ultimate waste 

95% 

4% 
1% 

Spent nuclear fuel still contains much energetic resources to 

recover  spent fuel recycling 
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PWR reactors 

Recycling 

Spent Fuel 

Vitrified Waste 
with Fission Products 

Recycled 
Fuel 

MOX 

Re-enriched UO2 

 UO2 Fuel 

Interim storage or disposal 
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French Nuclear Fuel Cycle 

51 



0,1

1

10

100

1000

10000

10 100 1000 10000 100000 1000000

Temps (années)

R
a
d

io
to

x
ic

it
é
 r

e
la

ti
v
e

102 105 106 104 103 10 

0,1 

1 

10 
 

102 

 

103 

 

104 

Time (y) 

U-ore 

• Current processing process (PUREX) 

implemented in France in La Hague: 

–   Allows recovering 99,9% of U and  

 Pu  96% of spent fuel 

• Significant improvement for waste 

management 

– Divide by 5 waste volume 

– Divide by 10 waste toxicity 

– Decrease by >10 waste lifetime 

 

Uranium & Plutonium 

                    96%  

Fission Products and 

Minor Actinides 

 4%  La Hague 

Relative radiotoxicity 

French Nuclear Fuel Cycle 
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Pu and U Recycling in LWR: Fuel Fabrication 

MELOX Process 

PuO2 UO2 

MELOX Plant 
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• Monorecycling of Pu in MOX fuels 

– MOX fabrication based on powder metallurgy 

– MOX fuel behavior similar to UOX fuels 

– Allows saving 17% of U resources 

– Very low impact on KWh cost 

 

• Partial use of recycled and re-enriched uranium (ERU) in fuels 
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Robert N. Hill  Argonne National Laboratory   

233rd ACS National Meeting   Chicago,, 2007 

 

• However, multi-recycling is  

 not feasible in PWR due to high 

 neutron absorption and depletion 

 in fissile isotopes 

 

 

• Multi-recycling needs more “efficient” reactors  

(NPP) 

Pu and U Recycling in LWR 
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The Different Steps of the PUREX Process in France 

Fuel fab. 

MOX 

Disposal 

Disposal 

FUEL 

Purex 

* 

Mechanical treatment 
 

 

Compaction 
 

 

L/L Extraction cycles 
 

U3O8 

Temporary 

stockpile 

Gaseous effluents 

 

MetallicStructure 

(hulls) 
 

 
 
 
 
 
 

 

Conversion 

 

Conversion 
 

Standard Compacted 
waste canister 

Standard Vitrified  
waste canister 

Fuel fab. 

UO2 
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The Current PUREX Process Implemented in La Hague 

Plant 

UPu 

U Pu 

1st cycle: partitioning 

2nd cycle: purification 

Pu 

U 

FP,  MA 

concentration 

vitrification 

U3O8 PuO2 conversion 

Nuclear  

glass 

Global scheme 

FP,  MA FP,  MA 

Charged Solvent 

U(VI), Pu(IV) 

PF washing Extraction 
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• PUREX based on the selective 

extraction of U(VI)-Pu(IV) by 

TBP molecule (Tri-Butyl-

Phosphate) 
 

• Process implemented by 

liquid/liquid extraction in 

counter-current (pulsed column, 

centrifuge extractor) 



PUREX 

MELOX 

• In order to prevent any Pu 

diversion in the recycling plants, 

implementation of the new 

COEXTM process: 

– Co-extraction of U and Pu 

– Oxalic co-conversion of U and Pu: 

precipitation of oxalic then oxides 

solid solutions 

L15 - ATALANTE L15 - ATALANTE 

(N2H5
+,H+)2,9UIV

1,1P
uIII

0,9(C2O4)5 .nH2O 
PuIV(C2O4)2 .6 H2O 

Pu(IV) U(IV)+Pu(III) 

UU

PuO2 

 

 

MOX fabrication 
 

 

MELOX 

 
 

 

 

UU

Pu + U 

Conversion 

(U,Pu)O2 

PUREX COEX 

Adapting the Process to Improve Fuel Cycle 

Proliferation Resistance  
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COEXTM 



Fast Neutron Technology to Ensure Pu Multi-recycling and to 

Preserve Natural Resources 

• Pu multi-recycling requires neutrons with 

higher energies: 

– To increase the 238U capture  Pu formation  

– To allow the fission of the different Pu 

isotopes 

• Development of new 4thgeneration reactors 

within an international framework (GIF) since 

2002 

• Increase of the durability of nuclear energy: 

– Use of stockpile of Udepleted, Ureprocessed and Pu 

– No need for additional natural resources 

(Unatural) 

• Illustration: 

– Quantity of U (5000t) and Pu (20t) 

accumulated during the 40-yr operation of a 

classical PWR reactor (French N4), 

corresponding to more than 3 000 years in 

operation without any additional resources 
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1t/y of 238U is sufficient to produce 1 GWe 

(additional Pu and U within core) 
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* 

• Efficient burning of plutonium 

•  Better use of uranium (60% versus 0.6%: x 100 !)  

•  Potentialities for improving waste management (minor actinides…) 

•  No uranium enrichment need 

 
• Many countries  involved  in Fast Reactors: Russia, Japan, India, China, France … 

 
 

• A Roadmap (within the 2006 French Act): 

•  2012: assess the industrial potentialities of advanced recycling options  

(Astrid prototype to be built by 2020)  

•  2017: CIGEO underground repository to be defined  (in operation by 2025) 
 

• ASTRID (SFR) as the reference solution,  ALLEGRO (GFR) as an alternative 
option 

 

• A progressive deployment: 

• Initially fuel containing plutonium coming from spent MOX fuels 

• According to the energy needs, breeding could be adjusted in the future  

• Able to recycle more, in a later step (transmutation of minor actinides) 

Fast Reactors, the Best Answer… 
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59 



Recycling Minor Actinides: a Way to Increase Public 

Acceptance? 
• Public  has a major concern  for radioactive 

waste issue 
 

• Long-term radiotoxicity is dominated by: 
– Pu: already recycled (PUREX) 
– Minor actinides: potentially recyclable in fast 

reactors 
– Long-lived fission products: not efficiently 

recyclable 

 
• Repository volume and costs are controlled 

by waste mid-term heat loading, which is 
also dominated by: 
– Pu: already recycled 
– Minor actinides: Am >> Cm 

 
• Recycling minor actinides should therefore 

allow reducing: 
– Waste volume and radiotoxicity 
– Repository volume and costs 
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Minor Actinides (MA) Recycling Options 

• Homogeneous recycling  

grouped recycling  

 GANEX process 

• Heterogeneous recycling  

     enhanced partitioning  

DIAMEX/SANEX process 

 

Recent interest in sole-Am 
recycling 

 EXAm process 
 

– Significant waste lifetime 
reduction 

– Stabilization of MA inventory  

        in whole fuel cycle 

– 2006 Waste Management Act: 
major milestone in 2012 

• Synthesis of main achievements 
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• Laboratory scale process 

– Synthesis of  MA compound powders, starting from separated MA nitric solution 
(interface co-conversion) 

– A promising process:  the oxalic co-precipitation, calcination, then direct-powder 
or UO2-diluted powder pelletizing 

Atalante/L15 Atalante/L15 

Pu U and Pu 

U, Pu, Np, Am,..Cm 

 

 
• Characteristics of the powders: physico-chemistry, purity, flowability, sintering properties,… 

• Technology: continuous precipitation apparatus: vortex effect, pulsed column,... 

• Modeling 

 

 

MA Bearing Fuels: Development of Fabrication 

Process 

COPIX (UPu)O2 irradiation 
test 

 in Phenix, 2008-2009  
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An integrated test is on-going: closing the MA cycle by preparing Am-bearing fuels from Am 

recycled from spent fuel by the EXAm process 
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PLANNING 

2012 2013 2014 2015 2016 2017 2018 2019 2020 

 

2021 2022 2023 2024 2025 

Public 
debate 

Site selection by 
the government 

Act on the 
reversibility 
conditions 

Repository 
in 

operation 

Construction 

CIGEO : Deep disposal project 

Position Report on 
Minor Actinide  

partitioning and 
transmutation 

Core 
manufacturing 

workshop (AFC) 
Back-end fuel cycle 

Decision to 
continue 

Pre-conceptual 
Design end  

Basic 
Design  

ASTRID 
Detailed Design 
& construction 

Decision to 
continue 

The French Future Program for the Fuel Cycle 
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• Topics 
1. Introduction 

2. Where do we stand in Europe ? Possible range of 
strategies 

3. Nuclear energy and fuel cycle worldwide 

4. The French case 

5. Conclusion 



 

• In spite of the recent Fukushima accident, the use of nuclear 

energy still remains a need for many countries  

• Nuclear energy has the potential to contribute even more by the Gen IV 

technologies in the future 

• Sustainability (economic, environment, society) promotes the 

recycling implementation of U and Pu and possibly Minor Actinides 

(mainly Am)  

• Recycling actinides requires: 

—  Development of fast reactor systems 

—  Increasing knowledge on actinides basic chemistry and 

separation science  

• R&D and international cooperations  remain keys for an optimal 

development of energy of the future 

Conclusions 
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Thank you for your 

attention! 

68 



Upcoming Webinars in the 

Nuclear Fuel Cycle Series 

•Radiation Chemistry at the Back End of the Nuclear Fuel Cycle 

•Pyroprocessing Technology 

•Nuclear Waste Management-Application to Technetium 

 
NAMP website http://www.wipp.energy.gov/namp/  

 


