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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT 

The OECD is a unique forum where the governments of 34 democracies work together to address the 
economic, social and environmental challenges of globalisation. The OECD is also at the forefront of efforts to 
understand and to help governments respond to new developments and concerns, such as corporate 
governance, the information economy and the challenges of an ageing population. The Organisation provides 
a setting where governments can compare policy experiences, seek answers to common problems, identify 
good practice and work to co-ordinate domestic and international policies. 

The OECD member countries are: Australia, Austria, Belgium, Canada, Chile, the Czech Republic, 
Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, 
Luxembourg, Mexico, the Netherlands, New Zealand, Norway, Poland, Portugal, the Republic of Korea, the 
Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, the United Kingdom and the United States. 
The European Commission takes part in the work of the OECD. OECD Publishing disseminates widely the 
results of the Organisation’s statistics gathering and research on economic, social and environmental issues, 
as well as the conventions, guidelines and standards agreed by its members. 

 

This work is published on the responsibility of the OECD Secretary-General. 
The opinions expressed and arguments employed herein do not necessarily reflect the official 

views of the Organisation or of the governments of its member countries. 
 

NUCLEAR ENERGY AGENCY 
The OECD Nuclear Energy Agency (NEA) was established on 1 February 1958. Current NEA membership 

consists of 31 OECD member countries: Australia, Austria, Belgium, Canada, the Czech Republic, Denmark, Finland, 
France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Luxembourg, Mexico, the Netherlands, Norway, 
Poland, Portugal, the Republic of Korea, the Russian Federation, the Slovak Republic, Slovenia, Spain, Sweden, 
Switzerland, Turkey, the United Kingdom and the United States. The European Commission also takes part in the 
work of the Agency. 

The mission of the NEA is: 

– to assist its member countries in maintaining and further developing, through international co-operation, 
the scientific, technological and legal bases required for a safe, environmentally friendly and economical 
use of nuclear energy for peaceful purposes, as well as 

– to provide authoritative assessments and to forge common understandings on key issues, as input to 
government decisions on nuclear energy policy and to broader OECD policy analyses in areas such as 
energy and sustainable development. 

Specific areas of competence of the NEA include the safety and regulation of nuclear activities, radioactive 
waste management, radiological protection, nuclear science, economic and technical analyses of the nuclear fuel 
cycle, nuclear law and liability, and public information. 

The NEA Data Bank provides nuclear data and computer program services for participating countries. In 
these and related tasks, the NEA works in close collaboration with the International Atomic Energy Agency in 
Vienna, with which it has a Co-operation Agreement, as well as with other international organisations in the 
nuclear field. 
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Corrigenda to OECD publications may be found online at: 

© OECD 2013 

You can copy, download or print OECD content for your own use, and you can include excerpts from OECD 
publications, databases and multimedia products in your own documents, presentations, blogs, websites and 
teaching materials, provided that suitable acknowledgment of the OECD as source and copyright owner is given. 
All requests for public or commercial use and translation rights should be submitted to rights@oecd.org. Requests 
for permission to photocopy portions of this material for public or commercial use shall be addressed directly to 
the Copyright Clearance Center (CCC) at info@copyright.com or the Centre français d'exploitation du droit de copie 
(CFC) contact@cfcopies.com. 



NEA/NSC/DOC (2013)3 
 

4 TWELFTH INFORMATION EXCHANGE MEETING ON PARTITIONING AND TRANSMUTATION, © OECD 2013 

Foreword 

Partitioning and transmutation (P&T) is one of the key technologies for reducing the 
radiotoxicity and volume of radioactive waste produced by the nuclear power industry. 
Recent developments indicate the advantages to be realised by embedding P&T strategies 
into advanced fuel cycles considering both waste management and economic issues. In 
this context, the OECD Nuclear Energy Agency (NEA) has been organising a series of 
biennial information exchange meetings to provide experts with a forum to present and 
discuss state-of-the-art developments in the field of partitioning and transmutation since 
1990. 

Previous meetings were held in Mito (Japan) in 1990, at ANL (United States) in 1992, in 
Cadarache (France) in 1994, in Mito (Japan) in 1996, in Mol (Belgium) in 1998, in Madrid 
(Spain) in 2000, in Jeju (Korea) in 2002, in Las Vegas (United States) in 2004, in Nîmes 
(France) in 2006, in Mito (Japan) in 2008, in San Francisco (United States) in 2010 and have 
been co-sponsored by the European Commission (EC) and the International Atomic 
Energy Agency (IAEA). 

The 12th Information Exchange Meeting was held in Prague, Czech Republic on  
24-27 September 2012, hosted by the Radioactive Waste Repository Authority (RAWRA). The 
workshop comprised a plenary session on national and international programmes followed 
by technical sessions and a poster session covering various aspects of P&T. 

The information exchange meetings on P&T form a part of NEA programme of work in 
the field of advanced nuclear fuel cycles. These proceedings include all papers presented at 
the 12th Information Exchange Meeting. The opinions expressed are those of the authors 
only and do not necessarily reflect the views of the NEA or its member countries. 

Poster session contributions to this meeting are also available at http://www.oecd-
nea.org/pt/iempt12/. 
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Executive summary 

Since 1990, the OECD Nuclear Energy Agency (NEA) has been organising, in response 
to interest from member countries, a series of international information exchange 
meetings on the various activities of partitioning and transmutation (P&T), providing 
experts with a forum to present and discuss current developments in the field.  

Twelve information exchange meetings have been organised so far. This 12th meeting 
was hosted by the Radioactive Waste Repository Authority (RAWRA) and was held in co-
operation with the European Commission (EC) and the International Atomic Energy 
Agency (IAEA).  

The meeting covered scientific as well as strategic/policy development in the field of 
P&T, such as: fuel cycle strategies and transition scenarios, radioactive waste forms, the 
impact of P&T on geological disposal, radioactive waste management strategies, 
transmutation fuels and targets, pyro and aqueous separation processes, materials, 
spallation targets and coolants, transmutation physics, experiments and nuclear data, 
transmutation systems, handling and transportation of transmutation fuels, and 
economics of P&T. 

A total of 110 participants from 21 countries attended the workshop, with 35 oral 
technical presentations organised in 8 technical sessions: 

• Session I: International and National Programmes; 

• Session II: Fuel Cycle Strategies and Transition Scenarios; 

• Session III: Impact of P&T on Geological Disposal; 

• Session IV: Transmutation Systems: Design, Performance and Safety; 

• Session V: Pyro and Aqueous Separation Processes; 

• Session VI: Transmutation Fuels and Targets; 

• Session VII: Transmutation Physics, Experiments and Nuclear Data; 

• Session VIII: Economics of P&T. 

Opening Session 

The workshop opened with the welcome address by Th. Dujardin (OECD/NEA), Acting 
Deputy Director General and from I. Jukl, General Director of Economics Session, Ministry 
of Foreign Affairs of the Czech Republic. 
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Session I: International and National Programmes 

Chairs: Th. Dujardin, J. Uhlir 

This session was comprised of nine papers. 

• P. Lyons (DOE, US) gave an overview of the US Programme on Fuel Cycle 
Technologies, from fuel cycle R&D to used fuel disposition. The near-term goal is 
to complete the open fuel cycle strategy associated with an improved 
management of used nuclear fuel, whereas closed fuel cycles are analysed as a 
long-term solution, for commercial deployment by 2050. 

• Th. Dujardin (OECD/NEA) summarised the on-going activities at the OECD Nuclear 
Energy Agency related to P&T. Both strategic-related issues (advanced nuclear 
scenario studies, benefits and drawbacks of P&T, minor actinide burning in light 
water reactors) and scientific issues (integral experiments involving minor 
actinides, curium management studies, spent nuclear fuel reprocessing flowsheets 
and R&D on innovative fuel and structural materials) are being addressed within 
the NEA Nuclear Science Committee and the Nuclear Development Committee’s 
programme of work. 

• D. Haas (European Commission) outlined European projects within the framework 
of the European Sustainable Nuclear Industrial Initiative (ESNII) in three main 
areas: deep geological disposal, fast reactor development (sodium, lead and gas-
cooled) and minor actinides P&T. In particular, the lack of infrastructures for fuel 
development and irradiation was highlighted. 

• D. Warin (CEA, France) illustrated the French R&D programme on future nuclear 
fuel cycles. Long-term sustainability will be ensured by fast reactors, allowing an 
efficient utilisation of plutonium (full plutonium-uranium multi-recycling with 
advanced recycling processes, with the COEXTM reprocessing). Concerning waste 
management, most of R&D has been conducted through the assessment of the 
industrial potential of different P&T options by 2012 and the design of the Na-
cooled prototype ASTRID, aiming at demonstrating minor actinide transmutation 
by 2025. 

• K. Tsujimoto (JAEA, Japan) discussed the current status of nuclear power plants in 
Japan and the trends for future nuclear policies after the Fukushima Daiichi 
accident. In spite of the uncertainties related to the evolution of the political 
context, it is anticipated that the projects for the reprocessing of spent nuclear fuel 
as part of a fuel recycling programme and steady implementation of HLW disposal 
should be continued in the following years. 

• M. Kormilitsyn (RIAR, Russian Federation) presented the programme for the 
development of a national system for used nuclear fuel management. A timeline 
of the programme at 2020, 2030 and 2050 was given, with an integrated system 
addressing the needs of thermal (RBMK, VVER) and fast reactors (BN-800, BN-1200 
and/or BREST-1200). 

• S. W. Kwon (KAERI, Republic of Korea) illustrated the development of a closed fuel 
cycle in the Republic of Korea. This development is based on sodium-cooled fast 
reactors and pyroprocessing. The Korean Basic National Energy Plan predicts 
achievement of 59% electricity generation through nuclear in 2030 (compared to 
26% in 2007). A future closed cycle with Na-cooled fast reactors with metal fuel 
(TRU-Zr) is being developed utilising pyroprocessing. International collaboration 
(with US, but also IAEA, China, France and Japan and within the GIF Initiative) 
plays a major role in this programme. 
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• R. Taylor (NNL, UK) presented the status of advanced reprocessing and minor 
actinides P&T in the UK. Recently, there has been a significant growth in industrial 
and academic research in minor actinide partitioning and pyrochemical 
processing, mainly through participation in European framework projects. This 
presentation provided insight into the synthesis of a range of soft donor ligands 
characterised by a high selectivity for trivalent actinides and the development a 
new grouped actinide extraction (GANEX). 

• J. Uhlir (Nuclear Research Institute, Czech Republic) discussed the progress in 
R&D on pyrochemical partitioning technology in the Czech Republic. The 
presentation addressed the current status of development and future plans for two 
processes for Generation-IV technologies: the fluoride volatility method (typically 
used for fast reactor advanced MOX fuels with high content of plutonium) and the 
electrochemical separation from fluoride molten salt media, suitable for molten 
salt reactors with uranium-thorium cycle. 

Session II: Fuel Cycle Strategies and Transition Scenarios 

Chairs: J.P. Glatz, F. Franceschini 

This session was comprised of seven papers on fuel cycle strategies and transition 
scenarios. 

• C. Coquelet (CEA, France) outlined different scenarios with minor actinides P&T 
carried out in the framework of the 2006 French Act on Waste Management. 
Material flows and inventories with different P&T strategies (only Am or all minor 
actinides, homogeneous or heterogeneous mode) in Generation-IV sodium-cooled 
fast reactors or accelerator-driven systems were compared, and the 
advantages/drawbacks assessed. 

• F. Franceschini (Westinghouse, US) presented a framework for the transmutation 
and burning of legacy TRU to achieve a low-radiotoxicity high-level waste and 
facilitate the transition to a sustainable fuel cycle in the long-term. Among other 
strategies, the thorium-uranium cycle is being explored as a solution allowing 
facilitation of the TRU transmutation by improving the reactor performance 
(typically by means of reduced moderation water reactors). 

• K. Nishihara (JAEA, Japan) summarised the results of studies addressing the 
phasing-out of nuclear energy in Japan. The performance of both fast reactors and 
accelerator-driven systems was compared, from multiple points of view: 
degradation of the plutonium fissile isotopic quality, phase-out duration and 
impact on the size of the geological repository. 

• T. Kim (ANL, US) discussed the results of nuclear fuel cycle evaluation and 
screening efforts underway at DOE. Mass flow data of Fuel Cycle Data Package are 
systematically compared for selective fuel cycle options: results obtained for 
natural uranium utilisation and TRU production were presented. 

• H. Noh (Seoul-Univ., Republic of Korea) summarised a new multi-national 
approach to address challenges such as proliferation-resistance, safety and high-
level waste reduction, after presenting a review of similar proposals in recent 
literature. 

• V. Romanello (KIT, Germany) illustrated a preliminary assessment of the impact 
of nuclear data uncertainties on closed fuel cycle scenarios, in the framework of a 
regional P&T scenario study approach, showing that few plutonium and minor 
actinides isotopes drive key parameters like heat-load, radiotoxicity, gamma dose 
and spontaneous fission rate. 
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• B. Dixon (INL, US) gave an overview of the IAEA INPRO Project on “Global 
Architecture of Innovative Nuclear Energy Systems Based on Thermal and Fast 
Reactors, Including Closed Fuel Cycle” (GAINS). The GAINS Project aimed at 
developing a standard framework for assessing future nuclear energy systems, 
taking into account sustainable development, and validating the simulation 
results through sample analyses. 

Session III: Impact of P&T on Geological Disposal 

Chairs: R. Taylor, K. Tsujimoto 

Two papers were presented in this session, one from France and another from the US. 

• C. Chabert (CEA, France) addressed the impact of minor actinide P&T options on 
interim storage and geological disposal in the French context (on the same 
scenarios as presented by C. Coquelet in Session I). The consequences of all-minor 
actinides, or americium-only P&T options on the size of the geological repository 
were presented, with a sensitivity study on the design of the latter. 

• M. Nutt (ANL, US) gave an overview of a qualitative evaluation of the impact of 
uncertainties related to geological disposal, concluding on the impact of P&T on, 
among others, repository performance, spread in dose results, modelling 
requirements, uncertainty characterisation in the US regulatory environment. 

Session IV: Transmutation Systems: Design, Performance and Safety 

Chairs: K. McCarthy, N. Chauvin 

Only two papers were presented in this session, one from Belgium and one from 
Germany. 

• D. De Bruyn (SCK•CEN, Belgium) presented the progress of the MYRRHA Project, 
the lead-cooled accelerator-driven system designed at SCK•CEN in the framework 
of an international project. Supported by the European Sustainable Nuclear 
Industrial Initiative (ESNII), MYRRHA is conceived of as a flexible fast spectrum 
irradiation facility, able to work in both critical and subcritical mode (providing 
also an efficient demonstration of minor actinide transmutation), for a full 
operation scheduled in 2024. 

• B. Vezzoni (KIT, Germany) discussed the consequences of the introduction of 
minor actinides in MOX fuel for an original configuration of a sodium-cooled fast 
reactor with reduced Na-void worth (developed in the framework of the FP7 CP-
European Sodium Fast Reactor Project). After outlining the impact of P&T on 
neutronic static behaviour in a dynamic unprotected loss of flow (ULOF) transient 
by means of the SIMMER-III code, the presentation focused on scenario results in a 
transition scenario between a 100% PWRs to a 100% ESFRs fleet. 

Session V: Pyro and Aqueous Separation Processes 

Chairs: D. Warin, S. W. Kwon 

This session was comprised of four presentations on separation processes. 

• M. Iizuka (CRIEPI, Japan) gave an overview of recent P&T-related activities in 
CRIEPI. These are focused on metallic fuel development, pyroprocessing and 
engineering development (cycle tests using simulation oxide/metallic fuels and 
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transport of high-temperature fluids). These activities also benefit from 
collaboration with JAEA and ITU. 

• J.-P. Glatz (European Commission) outlined separation options being investigated 
in the framework of the SNE-TP/ESNII Initiative, with studies being performed at 
CEA and in the European ACSEPT Programme. Parallel investigations at ITU on co-
processing of all actinides both for aqueous- and the molten salt routes were 
presented. 

• S. Bourg (CEA, France) described the FP7 EURATOM Collaborative Project ACSEPT 
(ACtinide recycling by SEParation and Transmutation), which co-ordinated the 
European research on acqueous and pyro-actinide chemical separation process, 
indicating the major outcomes as well as orientations for a follow-up project. 

• T. Satoh (JAEA, Japan) summarised the status of studies underway at JAEA on the 
reprocessing of spent nitride fuel by chemical dissolution in molten salt. This 
innovative pyrochemical process is applicable for reprocessing of nitride fuel for 
ADSs (PuN, minor actinide nitrides and actinide nitrides containing inert matrix 
materials). 

Session VI: Transmutation Fuels and Targets 

Chairs: V. Romanello, M. Szieberth 

Five oral papers were presented in this session. 

• E. D’Agata (European Commission) discussed the preliminary results of the 
MARIOS experiment (irradiation of minor actinide bearing blanket concept in HFR). 
The presentation highlighted issues such as measured temperatures, vertical 
movements and preliminary PIE results (americium and helium content, neutron-
radiography, dismantling). 

• N. Chauvin (CEA, France) summarised the status of currently available results 
suitable for the qualification of minor actinide fuels for fast reactors. In addition, a 
need for additional results was highlighted, for the homogeneous and, in 
particular, for the heterogeneous solution (minor actinide bearing blanket), for 
which all the steps of development and optimisation would be required. 

• R. Kennedy (INL, US) gave an overview of the development of metallic fuel for 
actinide transmutation at INL over the past 10 years. These efforts address the 
fabrication, properties and reactor performance of (U, Pu, Np, Am) Zr alloy systems. 
Pre-irradiation characterisation and post-irradiation examinations, and the use of 
these results in conjunction with fuel modelling and simulation efforts were also 
discussed. 

• F. Lebreton (CEA, France) presented a process for the fabrication of dense U-Am-O 
fuel using conventional sintering. The performance of this innovative process, 
applicable to the minor actinide bearing blanket solution, was compared with the 
industrial process based on reactive sintering from single dioxide precursors. 

• C. Cozzo (PSI, Switzerland) illustrated the current set-up and modelling methods 
for advanced waste conditioning by microwave internal gelation. This process 
applies to the fabrication of sphere-pac fuel, a promising fuel-form suitable for 
minor actinide transmutation in fast reactors. 
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Session VII: Transmutation Physics, Experiments and Nuclear Data 

Chairs: V. B. Petrovich, D. De Bruyn 

Four oral papers were presented in this session. 

• V. Ignatiev (Kurchatov Institute, Russian Federation) presented preliminary 
feasibility studies of a MOlten Salt Actinide Recycler & Transmuter (MOSART) 
system fuelled with different compositions of transuranic elements and 
trifluorides from spent PWR fuel. The paper discusses major developments 
concerning the fuel salt (purity, redox potential control and material testing). 

• S. Okajima (JAEA, Japan) gave an overview of the work carried out by the 
OECD/NEA Expert Group on Integral Experiments for Minor Actinide Management, 
within the Nuclear Science Committee. Its objectives are to review integral 
experiments for validating minor actinide nuclear data, to recommend additional 
integral experiments and to propose an international framework to facilitate the 
realisation of these experimental programmes. 

• B. Petrovic (Georgia Institute of Technology, US) discussed the use of thorium-
bearing fuel in a thermal spectrum system with reprocessing. The paper examines 
the impact of reduced recovery and different partitioning schemes on the 
radiotoxicity of actinide inventory in high-level waste generated by thorium-
bearing fuel after multiple reprocessing. 

• T. Sasa (JAEA, Japan) presented the design status and schedule of the realisation 
of the Transmutation Experimental Facility (TEF) in the framework of the J-PARC 
Programme at JAEA. The main purposes of this facility are R&D on the beam 
window of an ADS, structural material compatibility, experimental validation of 
nuclear data for an ADS and basic research on transmutation of minor actinides 
and fission products. 

Session VIII: Economics of P&T 

Chairs: I.S. Hwang, I. Kaplan 

Two oral papers were presented in this session. 

• V. Romanello (KIT, Germany) presented, on behalf of several contributors from 
European organisations, the status of the European Commission FP7 Project 
ARCAS, which aims at comparing, on a technological and economic basis, 
accelerator-driven systems and fast reactors as minor actinide burners. 

• B. Dixon (INL, US) discussed the status of development of a new tool allowing 
assessment of the financial risk and economic metric for planned 2013 screening 
of fuel cycle. An approach specifically developed to facilitate the computation of 
the levelized cost of electricity at equilibrium for a multi-reactor fuel cycle was 
presented, and illustrated with an example on a mixed PWR fleet with UOX and 
MOX fuel. 
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Opening 
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OECD/NEA welcome address 

Th. Dujardin 
OECD Nuclear Energy Agency, France 

 
 

On behalf of the OECD Nuclear Energy Agency, I am very pleased to welcome you all 
to the 12th Information Exchange Meeting on Actinide and Fission Product Partitioning 
and Transmutation. 

Let me start by expressing my sincere appreciation to our hosts, the Radioactive 
Waste Repository Authority RAWRA (or SURAO, as they are called locally), and in 
particular to Ivo Kaplan from that organisation.  

I would also like to thank our sister organisations, the IAEA and EC, as well as all the 
members of the scientific advisory committees, who have contributed so much to 
preparing and shaping this meeting.  

And a special thank you, and congratulations to Jan Uhlir who has been central to the 
preparation and organisation of what looks like being a very successful event in Prague, 
the first IEMPT meeting to be held here.  

Perhaps some of you will also be aware of the help that Jan has been enjoying from 
one of the NEA’s retired staff members – Claes Nordborg. Claes was working in the 
Nuclear Science area at NEA for over 30 years and it seems he is finding it hard to stop – 
I’m glad to say! 

This year is the 22nd anniversary of the series of meetings which followed on from the 
OMEGA Project Initiative of the Japanese Government in 1988. At that time the NEA was 
invited to conduct an international project on partitioning and transmutation. One of the 
outcomes was this series of information exchange meetings on Partitioning 
&Transmutation, the first of which was held in Mito, Japan in November 1990.  

But of course the history of transmutation goes back further than that. In fact the 
word was first consciously applied to modern physics by Frederick Soddy when he, along 
with Ernest Rutherford, discovered that radioactive thorium was converting itself into 
radium in 1901. At the moment of realisation, Soddy later recalled, he shouted out: 
“Rutherford, this is transmutation!” To which Rutherford shouted back, “For goodness 
sake, Soddy, don't call it transmutation. They'll have our heads off as alchemists.” 

Well, I mentioned that this is the first partitioning & transmutation meeting to be 
held here in Prague, but perhaps that is not quite true. I read in one of the tourist 
information brochures on this beautiful and historic city, that alchemy was a mainstream 
science in Renaissance Prague.  

Rudolf II was himself a firm devotee.  

His lifelong quest was to find the Philosopher's Stone and he spared no expense in 
bringing Europe's most famous alchemists to the royal court. Even to this day it is 
possible to go and visit the Alchemists' Alley in the grounds of Prague Castle.  

And here we are, Ladies and Gentlemen, 400 years later, bringing over 120 of the 
world’s leading alchemists – no, I apologise – I mean partitioners and transmuters  back 
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to the same location. The same location perhaps but a very different technical 
programme of course!  

To be precise, the current meeting will cover a wide range of P&T topics including the 
traditional chemistry and physics issues related to P&T, fuel cycle strategies and 
transition scenarios, radioactive waste management strategies, radioactive waste forms, 
impact of P&T on geological disposal, as well as systems design, performance and safety.   

As is now established tradition, the IEMPT programme also includes a special half day 
session dedicated either to a special topic of research or to reports on national 
programmes. This time we will have reports on national programmes. Of course the 
outlook for the nuclear industry has changed somewhat following the accident at 
Fukushima last year and we are now seeing clear impacts from that event on the 
programmes of work at the national and international level.  

Perhaps emphasis has shifted to research on what can be done in the context of the 
existing fleet of nuclear power plant, to help reduce the likelihood and reduce the 
consequences of a long-term station black-out such as the ones that occurred at 
Fukushima. But it is also true that there remains a high level of interest in the continued 
development of advanced nuclear systems, and I believe that the level of participation in 
this meeting is testament to a continued aspiration to look ahead to future applications 
of nuclear power and to investigate the opportunities offered by alternative technologies.  

And here I would like to say a word of thanks to the next speaker, Assistant Secretary 
Pete Lyons, not only for taking time out of his busy schedule to speak to us about the 
national programme in the USA, but also for his consistent encouragement and support 
to the international nuclear science community over many years. 

Last year the OECD celebrated its 50th anniversary, and one of the events that marked 
this milestone was a presentation to a Ministerial meeting in the spring of 2011 on the 
final synthesis report from the “Green Growth” Initiative that started in June 2009 when 
all OECD countries agreed to promote environmentally friendly green growth policies in 
favour of sustainable economic growth based on low carbon energy use, including the 
enhancement of energy security and a fight against climate change and environmental 
degradation. This year has seen the completion of the formalities which will lead to the 
Russian Federation becoming a full member of the NEA on the 1st January 2013.  

So we see clear signs of a continued growth in support for the general aims of 
sustainable energy policies as well as a commitment to pursuing these aims through 
specific programmes of technical work such as those co-ordinated by the Nuclear Energy 
Agency.   

In this context I believe that the work of this technical community will continue to 
have a role to play in the important area of waste management, perhaps offering the 
potential for reduced levels of radioactive waste and, in turn, reducing the burden on the 
geological disposal sites. This is still considered by many to be among the key challenges 
for the future of sustainable nuclear systems.  

Before closing my welcome address, I would like to confirm the continued support of the 
NEA to future IEMPT events. Also, noting the established tradition of rotation of venue 
between the US, Europe and Asia, I am pleased to be able to report that we have already 
received a proposal to host the 2014 meeting from the Nuclear Transmutation Energy 
Research Centre of Korea, which I shall be very happy to take forward to the NEA Nuclear 
Science Committee for their consideration.  

Ladies and Gentlemen, I am convinced that we will have an interesting and fruitful 
meeting, and I wish you all a very enjoyable and productive stay in Prague.  

Thank you for your attention. 
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OECD/NEA activities related to partitioning and transmutation 

Th. Dujardin, J. Gulliford, S.M. Cornet 
OECD Nuclear Energy Agency, France 

Abstract 

The OECD Nuclear Energy Agency is conducting a series of international projects related to 
partitioning and transmutation (P&T) of nuclear waste. Experts from around the world are 
working in collaboration to produce reports on the advances and progresses of R&D in P&T 
as well as helping to determine the gap and needs in the field. Studies are in progress to 
gain further insights into the sustainability of the nuclear fuel cycle. Current activities 
comprise a review of Integral Experiments for Minor Actinide Management and a study of 
Minor Actinide Burning in Thermal Reactors. Benefits of implementing P&T technologies 
have also been explored as well as different fuel cycle scenarios. In addition, activities 
related to advanced fuel design and the development of innovative fuels and cladding 
materials for advanced systems are also being undertaken. 
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Introduction 

Partitioning and transmutation (P&T) is one of the current technologies under 
development to help reduce the volumes of radioactive waste produced, along with its 
radiotoxicity. Recent results have shown the need for embedding P&T strategies into 
advanced fuel cycles considering waste management and economic issues. 

The OECD/NEA is involved in a number of activities related to P&T covering both 
strategic and scientific issues. These are conducted under the guidance of the Nuclear 
Development Committee (NDC) and Nuclear Science Committee (NSC). The work is 
mainly carried out by expert groups of the NSC Working Party on Scientific Issues of the 
Fuel Cycle (WPFC) who deal with issues arising from various existing and advanced 
nuclear fuel cycles, including fuel cycle scenarios, separation chemistry and flowsheets, 
innovative fuels and materials, and waste management. The NSC Working Party on 
Scientific Issues of Reactor Systems (WPRS) and the Working Party on Scientific Issues of 
Multi-scale Modelling of Fuels and Structural Materials for Nuclear Systems (WPMM) are 
also contributing. A series of reports covering these topics have been published or are in 
the process of being finalised. In addition, the OECD/NEA organises a series of 
conferences and workshops on these topics. This paper describes the latest OECD/NEA 
activities, developments and findings regarding the above mentioned subjects in the area 
of partitioning and transmutation. 

Trends towards sustainability in the nuclear fuel cycle1  

The renewal interest in nuclear energy to meet the world’s energy demand had led to 
the development of new technologies related to the entire nuclear fuel cycle (from front 
to back-end) to ensure long-term sustainability. By considering the changes that have 
occurred in the nuclear fuel cycle over the last decades or are expected to occur in the 
next few decades, evolutionary trends have been defined to help governments establish 
their strategies and R&D needs. At the front-end of the fuel cycle, international 
collaborations remain essential to ensure the best mining practices. In terms of reactor 
operations, although light water reactors are the predominant reactor type, the 
deployment of Generation-III/III+ reactors will require further studies in the areas of 
safety, waste management as well as the development of an understanding of the overall 
economy of the fuel cycle. At the back-end, disposal of spent fuel and high-level waste is 
the major issue. Deep geological repository is the preferred options and should remain a 
high priority. In the meantime, R&D on spent nuclear fuel storage should continue.  

Potential benefits and impacts of advanced fuel cycles with partitioning and 
transmutation2 

Reduction of the radiotoxicity of nuclear waste has been the subject of several recent 
studies. P&T strategy will allow the combined reduction of the amount of radioactive 
waste to be stored and the associated residual heat. Comparative analysis studies have 
been performed at an international level to assess the potential impact of P&T on 
different types of geological repositories in various licensing and regulatory 
environments. Criteria, metrics and impact measures have been analysed and compared 
to help shape decisions on R&D needs for future advanced fuel cycles. A major outcome 

                                                            
1 OECD/NEA, Trends towards Sustainability in the Nuclear Fuel Cycle, 2011. 
 
2OECD/NEA, Potential Benefits and Impacts of Advanced Fuel Cycles with Partitioning  
 and Transmutation, 2011. 
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is that, by reducing the radiotoxic hazard of the waste, P&T will significantly decrease the 
overall amount of materials to be placed in the repository. This reduces the impact of 
various uncertainties in the design of geological disposal systems. While P&T will never 
replace the need for geological disposal, it has the potential to improve public confidence 
in the ability of industry to effectively manage radioactive waste. These issues are seen 
by many as being central to the future sustainability of nuclear power. 

Minor actinides burning in light water reactors (LWR) 

A modern LWR of 1 GWe discharges on average 20-25 tonnes of irradiated fuel per 
year of operation. Of this, about 0.1-0.2% of the mass is composed of the minor actinides 
(MA) neptunium, americium and curium which have a significant role in the decay heat 
and radiotoxicity hazard of the spent fuel. Transmutation of MA in thermal or fast 
reactors could possibly solve this issue. However, the timing of the deployment of a fleet 
of fast reactors being uncertain, the contribution of thermal reactors has been the subject 
of a considerable amount of research in this field.  

Burning MA has a significant impact not only on fuel fabrication and reactor 
operation, but also on the overall fuel cycle including the disposal of waste in a geological 
repository. Studies have demonstrated that thermal reactors can burn minor actinides 
effectively and could in principle play a valuable role in reducing radiotoxicity of nuclear 
waste. Minor actinide burning in LWR could be used to demonstrate the technologies 
required, waiting for fast reactors to be deployed. R&D, however, is still at its conceptual 
stage and has yet to progress beyond theoretical studies and small-scale laboratory 
experiments. R&D needs have been established but, with the benefits being seen as 
mostly societal rather than of direct operational value, securing funding to conduct those 
studies appears to be a significant obstacle. 

A comprehensive report addressing the main issues will be published by OECD/NEA 
in 2013. 

Advanced fuel cycle scenario studies 

Global fuel cycle transition scenario study 

The main concerns regarding the use of nuclear power worldwide are related to the 
security of fuel supply (long-term availability of resource) and the management of 
radioactive waste and therefore the fuel cycle facilities requirements. To gain further 
understanding, a simulation of world transition scenario towards possible future fuel 
cycles with fast reactors has been performed, using both a homogeneous and a 
heterogeneous approach of the different world regions. Studies have considered different 
hypothesis such as the energy demand growth, the different fuel cycle strategies and the 
different reactor type implementation in different regions. 

The simulated investigations have confirmed that a rapid development of fast 
reactors, especially in the areas with expanding economies and strong energy demand 
growth, is essential for nuclear energy sustainability, for global saving of natural uranium 
resources and for reducing high-level waste generation which has to be disposed of. The 
main results of the studies are concerns regarding the supply of uranium which, even 
with the deployment of fast reactors, will remain a crucial issue. In the case of an open 
cycle, an increasing pressure on uranium market should be expected towards the end of 
the current century. Moreover, the increase of mining needs of unequally distributed 
resources can be a factor of uncertainty with a more important impact on the cost of 
uranium. In addition, there would be a very significant challenge to develop suitable fuel 
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cycle infrastructure especially in the world regions that presently have limited (or no) 
nuclear power plants.  

Benchmark study on scenario codes 

Several scenario codes have been developed to study the future of nuclear energy in 
different countries. These codes simulate scenarios for nuclear energy at national, 
regional or worldwide level. Existing scenario codes developed in, Belgium, Canada, 
France, Japan Spain and the US were compared in terms of capabilities, modelling and 
results, and a benchmark between the different codes was established. First, the 
benchmark involved depletion calculations for Generation-II and-IV calculations. 
Comparison of various scenario codes applied to three different scenarios (open fuel cycle 
with direct disposal of spent fuel; single recycling of plutonium in LWR; transition 
between Generation-II LWR fleet and a Generation-IV fast reactor fleet recycling Pu and 
minor actinides) was then studied. 

The results and analysis lead to the conclusions that there is good coherence between 
the codes for the depletion scenario. However, differences were observed in the dynamic 
scenario partly due to different physical models and different levels of modelling 
flexibility, especially for fast reactor scenarios. 

Curium management studies3  

Management of curium isotopes has proved challenging and methods to control the 
production and handling of curium are being investigated in France, Japan and the US. 
Research focuses on 1) the separation of curium from americium and the storage of Cu to 
allow decay to 240Pu; 2) recycling curium and americium without separation; 3) waiting 
several decades before reprocessing to allow decay minimisation of curium emissions 
and the requirements of separation from americium. French studies compare the recycle 
of all minor actinides with the recycle of only neptunium and americium for sodium-
cooled fast reactors. In the latter, after being separated from americium, 244Cm is stored 
for a long period to allow decay to 240Pu which can then be recycled. In Japan, scenarios 
compare the production of MA using different fuels or reactors: low-enriched uranium in 
LWR used fuel, U-Pu MOX used fuel, FBR MOX used fuel and FBR U-transuranium (TRU) 
used MOX fuel. Studies have shown the effects of increasing decay time following 
irradiation on decay heat generation from both fission products and actinide isotopes. 
Research in the US compared curium inventories in LWR used fuel as a function of decay 
time and its impact on reprocessing technologies. 

Innovative fuels & modelling methods 

Comparative studies are being undertaken to support the development of innovative 
fuels (including innovative cladding materials) that can be implemented in advanced 
nuclear fuel cycles. The fuel types of interest are those that contain minor actinides (MA) 
as opposed to standard fuels (i.e. uranium or uranium-plutonium fuels that are currently 
being used in the fuel cycle) especially oxide, nitride, metallic and dispersion (CERCER 
and CERMET) fuels. Special mechanical forms (e.g. particle fuels, vibropac and sphere-pac 
fuels) are also considered. Comparisons for each fuel form include the fabrication 
processes and irradiation performance of the fuels along with the available fundamental 

                                                            
3 OECD/NEA, Nuclear Science NEA/NSC/WPFC/DOC(2012)2, Curium Management Studies  
  in France, Japan and USA, 2012. 
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properties and characterisation activities. A state-of-the-art report on innovative fuel 
concepts is being prepared. In parallel, modelling studies are being conducted comparing 
current fuels and innovative fuel designs. Multi-scale modelling methods will help 
describe the phenomena induced by irradiation in structural nuclear materials of current 
and future reactors. 

Conclusions 

The OECD/NEA is currently involved in various activities related to P&T covering most 
stages of the nuclear fuel cycle (from front to back-end including waste management and 
disposal) and different options (from existing systems such as LWRs to Generation-IV fast 
reactors and more advanced systems). International collaborations are a key asset to 
maintain and develop a detailed understanding of the scientific, technological, and 
strategic issues related to P&T. Several reports summarising OECD/NEA studies are in the 
process of being finalised and will be published in the next few months. 
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Fuel cycle back-end and recycling strategies in Europe 
and related EURATOM research 

Didier Haas 
European Commission, Joint Research Centre, Brussels, Belgium 

Abstract 

Each European member state is responsible for its nuclear energy policy including the 
back-end of the cycle. Thus, R&D programmes are performed at the national level. In 
support of these, several research actions have been undertaken under the EURATOM 
Research and Training Framework Programmes. The main emphasis in the EURATOM 
Programme in the field of partitioning and transmutation (P&T) is placed on partitioning 
studies and critical and subcritical (ADS) reactor safety aspects. This presentation briefly 
reviews the existing strategies, as well as the status of deep geological disposal, fast 
reactor developments and the main P&T developments in Europe. 
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Introduction 

The European Union is currently producing almost one third of its electricity from 
nuclear fission. It represents an important factor in maintaining European 
competitiveness and the security of energy supply. After the Fukushima accident in 2011, 
the main emphasis in terms of the public perception of nuclear energy is now clearly 
linked to safety aspects. However, due to the long time periods involved in the storage of 
irradiated materials, and to the potential associated uncertainties, implementing 
solutions for the treatment and final disposal of nuclear wastes remains an equally 
important factor for obtaining the public acceptance of the use of this source of energy. 

In Europe, two main spent fuel strategies are being implemented, namely, fuel 
reprocessing, followed in most cases by the recycling of residual uranium and plutonium 
in light water reactors, and the direct disposal of the irradiated fuel elements. Both 
strategies, however, need the deep-geological disposal technology for disposing of, either 
the glass packages issued from the reprocessing, or the fuel elements. Concrete projects 
are being implemented in several European countries, with the most advanced being in 
Finland and Sweden. 

In order to reach the goals of long-term sustainability in nuclear energy, by using 
uranium resources in a much more efficient way and by reducing high-level-waste 
volumes and hazards, the use of fast breeder reactors will be required. To further reduce 
waste radiotoxicity in the long-term, transmutation by fission of minor actinides is being 
developed as a research basis. In this case fast critical reactors and subcritical 
accelerator-driven systems are proposed. 

Spent fuel back-end strategies 

Figure 1 shows a prediction at world level of fuel quantities until 2020 with the 
distribution of quantities of fuel between storage and reprocessing. The predicted output 
from nuclear power plants in 2020 is about 420 GW (e). The figure shows the cumulated 
amount of the world's discharged and reprocessed fuel, which represents about 25%. 

Figure 1: Spent nuclear fuel arising with prediction until 2020  

 

Source: International Atomic Energy Agency. 
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The two strategies followed in Europe, namely direct spent fuel disposal (once-
through option) and reprocessing-recycling, are schematised in Figure 2. 

Figure 2: Spent nuclear fuel disposal strategies 

   

 

 

 

 

 

Two important conclusions have been drawn from the analysis of these two 
strategies: 

• Firstly, geological disposal is needed in any case; R&D and demonstration projects 
are carried out by each concerned country (Figure 3) and the research work is co-
ordinated within the IGD-TP (Implementing Geological Disposal, www.igdtp.eu), 
Technology Platform created upon the EURATOM programme initiative. Several 
Framework Programme projects (cordis.europa.eu) are supporting this research. 

• Secondly, LWR spent fuel reprocessing presents the advantage of reducing the 
volumes of high-level waste to be stored and, in the case of recycling of the 
recovered U and Pu, to reduce the U needs. However, total closure of the fuel cycle 
is not reached, and in the longer term, the use of fast breeder reactors will be 
needed to make best use of U resources and to fission all Pu isotopes.   

Table 1: Geological disposal research, development and demonstration work in Europe 

  Company Decision Location Start operation Research Rock type 

Belgium ONDRAF Not Determined (ND) ND ND HADES-Mol (Clay) ND 

Finland POSIVA 2001 Olkiluoto (2001) 2020 Onkalo (Rock) Cristalline bedrock 

France ANDRA 2006 (Law) ND 2025 Bure (Clay) ND 

Germany BFS ND ND ND Gorleben (Salt) ND 

Sweden SKB 2002 Forsmark (2006) >2020 Aspö Hard Rock Cristalline bedrock 

Switzerland NAGRA Plan from 2008 ND ND Mont Terri (Clay), Grimsel (Granite) ND 

Source: company websites (September 2011).  
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Fast reactor development 

Fast reactors are the basis for a long-term sustainable nuclear energy policy, as has 
been recognised at a European level within the SET (European Strategic Energy 
Technology) Plan. Upon the initiative of SNE-TP (Sustainable Nuclear Energy Technology 
Platform www.snetp.eu), a SET Plan industrial initiative named ESNII (European 
Sustainable Nuclear Energy Industrial Initiative) has been launched. It gathers the main 
research and industry players in the field. Three ways are followed (which are all three in 
coherence with the roadmap of the Generation-IV International Forum – GIF), namely 
those cooled with sodium (SFR), lead or lead-bismuth (LFR), and gas (GFR). The EURATOM 
Framework Programmes (cordis.europa.eu), FP7 2012-2013 and the future Horizon 2020 from 
2014 to 2018 support these initiatives through several projects (ESFR, LEADER, GoFastR, 
ALLIANCE, F-BRIDGE for example), which are now focusing on safety aspects upon the 
request of the European Council. Fuels, materials and basic (actinides, nuclear data) 
supporting research programmes are also carried out, in particular, by the Joint Research 
Centre Institutes (ec.europa.eu/dgs/jrc).  

Several demonstration projects are now proposed in Europe. ASTRID (SFR) in France 
and MYRRHA (Pb-Bi-cooled accelerator-driven system, ADS) in Belgium are at present the 
most promising ones, being financially supported by their respective host countries, but 
LFR (ALFRED) and GFR (ALLEGRO) are also in preliminary design phases. It will be very 
important to have an available fast neutron facility in Europe able to perform irradiation 
experiments for fuels and materials and to develop and license the advanced fuels. This 
will be one of the major roles of MYRRHA in particular. 

Minor actinide transmutation strategies and R&D programmes 

In addition to Pu, which will be recycled in fast reactors, a further reduction of high-
level waste radiotoxicity and the thermal power can be achieved by the extraction from 
the spent fuel and the transmutation of minor actinides (Am and Cm) in a reactor. Today, 
three ways to achieve transmutation on the minor actinides are considered, namely, (i) in 
a homogeneous way in a critical fast reactor core, (ii) in a heterogeneous way in the 
blanket of the fast reactor and (iii) in the core of subcritical ADS. The reprocessing 
technologies and the fuel or target types have to be adapted to the selected option.  

The main European project under the EURATOM Framework Programme is called 
ACSEPT, the results of which will be presented during this conference. The partitioning 
studies will be pursued within the newly financed SACSESS Collaborative Project. In line 
with the Strategic Research Agenda of SNE-TP, this project will provide a structured 
framework to enhance the fuel cycle safety associated with P&T. Partitioning processes 
(both aqueous and electrochemical), flowsheets and operation conditions will be 
optimised. 

Considering transmutation in ADS, the main EURATOM effort will be placed on the 
safety assessment studies related to the MYRRHA demonstration projects by SCK•CEN. 
The project named MAXSIMA will include accidental events studies with a focus on 
transients potentially leading to pin failures. The project also incorporates validation 
experiments with MOX fuel for safety computer codes. Fuel-coolant-clad chemical 
interactions will be studied up to 1 700°C. 

As mentioned above, transmutation of minor actinides (MA) can be performed in 
three main ways. Using critical fast reactors, the reference option (also in the framework 
of the GIF R&D Programme) is the “homogeneous” way, in which the MA are recovered 
from an aqueous co-extraction with U and Pu. The reference sodium fast reactor fuel is 
MOX, in which a few percent of MA are incorporated. Major differences as compared with 
Pu-MOX are not expected as shown from previous experiments (main example is called 
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SUPERFACT, a fuel experiment irradiated in Phenix), and fuel licensing should not be too 
difficult. However, with this option the whole fuel cycle is “polluted” with highly 
radioactive elements (Am, Cm) producing high-gamma and neutron activity. This means 
that the fuel will be fabricated in expensive hot cells conditions. Another alternative 
scenario considers that the MA should be present in high concentration in so-called 
“targets” irradiated in a lower energy neutron flux, like in the breeding regions of the 
reactor. In this case the design and the licensing of these innovative targets is much more 
difficult. The matrices can be UO2 or “inert” materials like MgO or Mo (Figure 3). Their 
fabrication costs will be high, but limited to small amounts since the main fuel cycle 
remains conventional MOX. 

Figure 3: CERMET Am, Pu oxide in Mo matrix (JRC, Karlsruhe) 

250 µm

 

Finally, the ADS route presents the advantage of enabling MA to reach the highest 
concentration in the core due to its neutron physics characteristics. The fuels will be 
composed of Pu (even of second generation, thus already irradiated once in a LWR) and 
MA in high concentration (up to 40%), embedded in inert matrices (references are Mo, 
MgO). The price to pay will be the development of a new type of reactor (linked to an 
accelerator), and very innovative fuel. It should be noted that the fuel partitioning 
processes will also have to be adapted to the fuel type selected. 

In all options, fuel steady state and transient experiments will need to be carried out 
in large amounts. It will be costly, and take a long time. For these reasons, pure MOX fuel 
cores are taken as reference in the demonstration projects currently in the design phase 
(ASTRID, MYRRHA). These irradiation infrastructures will then be used for testing the 
more advanced concepts. 

Conclusion 

The main choices and decisions regarding P&T are directly linked to the irradiation 
scheme. Today, two ways are considered in Europe, namely the fast reactor and the ADS. 
At present, the first cores of such demonstration infrastructure would use (fast reactor) 
MOX fuel. This type of fuel is known since it has already been fabricated in quite large 
amounts (mainly in Belgonucleaire, Belgium, for the first core of the SNR-300 reactor and 
for experiments, and in CEA-Cadarache, France, for RAPSODIE, Phenix and Super-Phenix). 
Its reactor behaviour is quite well known, but should be re-assessed in view of new 
design parameters, and alternative coolants (lead or lead-bismuth). In parallel, R&D work 
should be pursued for the MA recovery (partitioning) on the one hand, and for the 
innovative fuel developments on the other hand. In view of present budget restrictions, 
however, the efforts at the latter component are rather limited. 
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Future nuclear fuel cycles: 
Meeting sustainability through actinide recycling∗ 

Dominique Warin 
Atomic Energy and Alternative Energies Commission 

Nuclear Energy Division, CEA/Saclay, Gif-sur-Yvette, France 

Abstract 

Nuclear energy stands as a sustainable way to answer the worldwide increase in energy 
needs, while limiting green-house gas emissions. Considering the post-Fukushima context, 
societal acceptance is closely associated with enhanced safety, by improving the technical 
and organisational measures of the highest standards taking into account the management 
of extreme situations for all nuclear facilities. Reactors and fuel cycle offering the best 
safety features while staying economically competitive have to be promoted in the next 
decades in order to recycle valuable materials, such as plutonium, and to better manage 
highly radioactive nuclear waste by partitioning and transmutation of minor actinides and 
particularly americium. 

This paper aims to depict these fuel cycle options and the corresponding supportive French 
R&D programme strategy, with the objective of increasing the sustainability of nuclear 
energy within the scopes of the 1991 and 2006 French Acts on Waste Management 
requesting in particular the study of applicable solutions for still minimising the quantity 
and the hazardousness of final nuclear waste. 

For the future, the long-term sustainable nuclear systems will be fast reactors which allow 
full use of uranium with no enrichment needs, efficient burning of plutonium and 
potentialities for improving waste management. They will be initially fuelled with 
plutonium coming from spent LWR MOX fuels, then the corresponding fuel cycle main 
features will be full plutonium/uranium multi-recycle, with advanced recycling concepts 
(no separated pure plutonium with COEXTM, on-line recycling and co-location of processing 
and fuel fabrication plants, appropriated international safeguards measures using a 
systemic approach based on accountancy and monitoring). Regarding waste management, 
most of the research in France has been conducted towards the assessment of industrial 
potentialities of the diverse P&T options by 2012 and the construction of the sodium-cooled 
ASTRID reactor allowing minor actinide transmutation demonstration by 2025. This paper 
gives an overview of the current status of the research and the main outcomes obtained at 
CEA on these topics. 

In the coming years, next steps will involve both better in-depth understanding of the 
scientific basis of MA recycling processes, and an engineering scale demonstration test of 
the Am recycling based on the innovative EXAm process (from spent fuel dissolution to 
UAm transmutation target fabrication). 

                                                            
∗The full paper being unavailable at the time of publication, only the abstract is included. 
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Development of pyro-processing – Sodium-cooled fast reactor closed 
fuel cycle in the Republic of Korea∗ 

S.W. Kwon, H.S. Lee  
Korea Atomic Energy Research Institute, Yuseong, Daejeon, Republic of Korea 

Abstract 

The Republic of Korea has 23 nuclear power plants in operation. Currently, spent fuel is 
stored at an on-site storage pool, but its storage capacity will be saturated by 2016. A 
promising option for spent fuel management is the treatment of spent fuel by pyro-
processing and the recycling of recovered actinide in fast reactors. Accordingly, the Korea 
Atomic Energy Research Institute (KAERI) has been developing technologies related to 
advanced fuel cycle and sodium-cooled fast reactor (SFR) for decades. On the basis of the 
results of bench-and engineering-scale research, the PRIDE (PyRoprocess Integrated 
inactive DEmonstration) facility was constructed. PRIDE, using uranium or uranium based 
surrogated material, will test the operation of equipment for pyro-processing, material 
flow measurement, and integral process performance. It will provide beneficial information 
pertaining to scale-up design, operation, and safeguards concept for the development of 
pyro-processing technology. The SFR is designed to recycle transuranics (TRU) in spent 
fuels including those from PWRs, which benefits nuclear waste management in a closed 
fuel cycle system and is also synergistic with the efficient use of natural uranium, thus 
contributing to sustainable development. The long-term SFR development plan was 
updated in 2011 towards the construction of an advanced SFR prototype plant by 2028. 
Under the revised development plan, KAERI is developing the conceptual design of a 
prototype SFR for subsequent specific design. 

 

                                                            
∗The full paper being unavailable at the time of publication, only the abstract is included. 
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Overview of Japan’s strategy for the utilisation of nuclear power 

Kazufumi Tsujimoto 
Japan Atomic Energy Agency, Japan 

Abstract 

The accident at the Fukushima Daiichi Nuclear Power Plant has had a great impact not 
only on Japan but also on the world. In Japan, many people started to have concerns about 
the safety of nuclear power. As of September 2012, only two of 50 reactors have been 
operating. The Japanese Government started discussions on future energy policy including 
the utilisation of nuclear power. Based on the national discussion, the Energy and 
Environment Council decided their “Innovative Strategy for Energy and the Environment” 
on 14 September 2012. The new strategy presented policy targets such as “no nuclear 
power plants operating in the 2030s”. However, at the same time, the strategy highlighted 
the importance of promoting R&D for P&T technology. 
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Accident at the Fukushima Daiichi nuclear power plant 

The Great East Japan Earthquake and the accident at the Fukushima Daiichi Nuclear 
Power Plant have made a great impact on Japanese people. Due to the earthquake and 
the subsequent tsunami attack, all AC and DC power was lost. This resulted in the loss of 
all functions for injecting cooling water and cooling the reactor. While the Fukushima 
Daiichi NPS comprises six BWR units, the core damage occurred in three reactors (U-1, U-2, 
and U-3) and the consequent hydrogen explosions destroyed the reactor buildings (U-1, U-3, 
and U-4). Following the Fukushima accident, the Japanese Government and TEPCO focused 
on the implementation of emergency response measures. TEPCO released the “Roadmap 
towards Settlement of the Accident at Fukushima Daiichi Nuclear Power Station, TEPCO” 
[1] on 17 April 2011 in order to implement the settlement work. Based on the basic policy 
of “By bringing the reactors and spent fuel pools to a stable cooling condition and 
mitigating the release of radioactive materials, we will make every effort to enable 
evacuees to return to their homes and for all citizens to be able to secure a sound life”, 
the following two steps were set as targets: “Radiation dose is in steady decline” as Step 1 
and “Release of radioactive materials is under control and radiation dose is being 
significantly held down” as Step 2. On 19 July 2011, the Nuclear Emergency Response 
Headquarters stated that the targets of Step 1 had been achieved. On 16 December 2011, 
the Japanese Government announced through the Nuclear Emergency Response 
Headquarters that all of the reactors at Fukushima Daiichi NPS had been brought into a 
condition equivalent to “cold shut-down” at the completion phase of Step 2. Stable 
cooling for reactors and spent fuel pools is maintained. Radioactive wastewater is being 
processed in a continuous and stable manner in water treatment plants. Waste sludge is 
being stored and managed. Measures were taken to counter the next big earthquake or 
tsunami attack (reinforcement of building, back-up for electricity or cooling system). For 
the restoration of the reactor buildings, the cover for U-1 has been completed and work 
on the cover for U-3 and U-4 is currently underway.  

Following the completion phase of Step 2, the Japanese Government and TEPCO 
developed a new roadmap towards decommissioning, “Mid-and-long Term Roadmap 
towards the Decommissioning of Fukushima Daiichi Nuclear Power Plants Units 1-4, 
TEPCO” [2]. This roadmap divides the term of decommissioning into the following three 
phases and will detail the main on-site work and R&D schedule to be implemented as 
effectively as possible hereafter:   

• Phase 1: From the completion of Step 2 to the start of fuel removal from the spent 
fuel pool, (Target: accomplish within 2 years after completion of Step 2).  

• Phase 2: From the end of Phase 1 to the start of fuel debris (corium) removal. 
(Target: accomplish within 10 years after completion of Step 2). 

• Phase 3: From the end of Phase 2 to the end of decommissioning. (Target: 
accomplish within 30 to 40 years after the completion of Step 2). 

As part of the recovery work, TEPCO removed 2 unused fuel assemblies from U-4 
spent fuel pool without any major trouble in July 2012. (U-4 pool contains 1 535 fuel 
assemblies, including 204 unused ones.) Although recovering from the worst nuclear 
disaster will certainly not be easy, activities will be focused on this recovery to support 
TEPCO and the government. 

Even more than one and half years after the accident, many people are forced to live 
away from their hometown. 
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Current status of nuclear power plants in Japan 

The current status of the nuclear power plant is shown in Figure 1. There are 50 
reactors in addition to four units in the Fukushima Daiichi plant. The nine units shut 
down during the 11 March earthquake. These nine reactors – Units 1 and 3 of the 
Onagawa plant, unit 2 of the Tokai plant, all four units at the Fukushima Daini plant and 
units 5 and 6 of the Fukushima Daiichi – are in cold shut-down, although these plants 
suffered a tsunami attack. Two reactors, units 4 and 5 at the Hamaoka plant, were shut 
down at the request of the Prime Minister to increase their resistance to tsunamis. As of 
September 2012, only two of the other reactors have been operating. The permission of 
restart from the periodic inspection was not given because of protests of local residents 
and public opinion against nuclear power. In fact, for two months from May, there was 
no operating reactor. In June, the government decided to restart two of the reactors, Units 
3 and 4 at the Ohi plant, because of concerns about electricity shortages in the summer 
season. In July, these two reactors started full operation. 

After the Fukushima accident, the Japanese Government ordered all of the nuclear 
plants to perform two-phase “stress tests”. The first phase of these tests must be carried 
out while the reactor is shut down for a scheduled outage. Under the first stage of stress 
tests utilities are required to examine the safety margin of important pieces of 
equipment in accordance with guidelines set by the country's Nuclear and Industrial 
Safety Agency (NISA) and Nuclear Safety Commission (NSC). The previous organisation of 
Japan’s nuclear safety regulation is a double-check system by NISA and NSC. While a 
review of the analysis results for Ohi-3 and -4 was completed by NISA and confirmed by 
NSC, technical reliability for the restart of all other reactors will be judged as a 
responsibility of the new regulatory body, the Nuclear Regulation Authority, which was 
launched on 19 September 2012. 

Figure 1: Current status of nuclear power reactor in Japan [3] 

 
 

：In operation (Ohi-3, Ohi-4,  2 unit, 2.36GWe)
：Outage for the periodic inspection and others
(35 units, 30.61GWe)

：Shutdown due to tsunami and the government request
(13 units, 13.18 GWe)

: Abolished

(as of August 31, 2012)
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Discussion of a new strategy for energy and the environment 

In the present Strategic Energy Plan of Japan (revised in 2010), the share of nuclear 
power in power generation in 2030 was estimated 53% (536.6 billion kWh). However, the 
Fukushima accident led to concerns on the safety of nuclear power plants and to 
movements against nuclear power in Japan. The Japanese Government established the 
Energy and Environmental Council under the Cabinet Secretariat in June 2011 in order to 
revise Japanese mid-and long-term energy and environmental strategy. On 29 June 2012, 
the Energy and Environmental Council summarised their discussion and provided three 
options for a future scenario that can reduce dependence on nuclear energy as well as on 
fossil fuels and reduce greenhouse gas emissions [4]. Three scenario options were 
considered based on the four perspectives; securing nuclear safety and reducing future 
risks, strengthening energy security, contribution to the solution of global warming, and 
restraining costs and preventing the hollowing-out of the industry. The scenario options 
could be called the 0%, 15% and 20-25% options, representing the portion of electricity 
that would come from nuclear power plants. 

• 0% scenario: 

– reduce the share of nuclear energy to 0% at the earliest possible time before 
2030 and adopt the nuclear fuel cycle policy of the direct disposal of spent 
nuclear fuel; 

– convert the energy structure to one consisting of renewable energy and fossil 
fuels in the end; 

– impose strict regulations, including restrictions on/prohibition of sales of 
products with poor energy conservation performance, in broad fields, and 
implement a considerably more drastic shift of energy sources to renewable 
energy, energy conservation and gas, even with a heavier economic burden, in 
order to reduce dependence on fossil fuels to the minimum and reduce 
greenhouse gas emissions to a level comparable to other scenarios. 

• 15% scenario: 

– steadily reduce dependence on nuclear energy to around 15% in 2030 and 
smoothly realise reduction of dependence on fossil fuels and CO2 emission 
reduction; 

– reprocessing and/or direct disposal are possible in relation to the nuclear fuel 
cycle policy; 

– utilise nuclear power, renewable energy, and fossil fuels through their 
combination and flexibly respond to various environmental changes, including 
those in the energy situation, in the international situation concerning the 
global environment, and in technological innovation. 

• 20-25% scenario: 

– keep a certain level of dependence on nuclear energy while slowly reducing it 
and achieve a share of nuclear energy in 2030 around 20-25%, construction of 
new nuclear power plants and replacement of existing plants are required; 

– reprocessing and/or direct disposal are possible in relation to the nuclear fuel 
cycle policy; 

– promote reduction of dependence on fossil fuels and CO2 emission reduction 
from a more economic aspect; 

– strong public confidence in nuclear energy and administration thereof is the 
premise. 
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The share of each energy resource for electricity in each scenario is summarised in 
Table 1 as is greenhouse gas emission compared with 1990 and options for the nuclear 
fuel cycle. The Energy and Environmental Council had promoted a national debate for 
these three options and collected opinions from a variety of areas to summarise them as 
a new strategy. In this discussion, public support for a zero nuclear power policy was 
predominant. 

Table 1: Summary of scenario options for energy and environment (numerical values 
other than the present conditions in 2030) 

Scenarios 0% 
scenario 

15% 
scenario 

20-25% 
scenario 

Current 
(2010) 

Nuclear 0 % 15 % 20-25 % 26 % 

Renewable energy 35 % 30 % 25 -30 % 10 % 

Fossil fuel 65 % 55 % 50 % 63 % 

Greenhouse gas 
emission1 

▲23 % ▲23 % ▲25 % ▲0.3 % 

Nuclear fuel cycle Direct disposal Reprocessing/direct 
disposal 

Reprocessing/direct 
disposal Reprocessing 

*1 Greenhouse gas emissions are compared with 1990. 

New strategy for energy and environment 

On 14 September 2012, the Energy and Environment Council decided on “Innovative 
Strategy for Energy and the Environment” [5]. In that strategy, the Japanese Government 
clearly presented concrete policy targets such as “no nuclear power plants operating in 
the 2030s”. Three guiding principles towards the realisation of a society not dependent on 
nuclear power in the earliest possible future are: 

• to strictly apply the stipulated rules regarding forty-year limitation of the 
operation; 

• to restart the operation of nuclear power plants once the Nuclear Regulation 
Authority gives safety assurance; 

• not to plan the new and additional construction of a nuclear power plant. 

Moreover, the strategy provided five policies including the nuclear fuel cycle policy. 
For the nuclear fuel cycle policy, the strategy said that “the Government will continue its 
present nuclear fuel cycle policy to engage in reprocessing projects”. At the same time, 
the strategy also said that the following steps should be given priority for the time being: 

• research on direct disposal is to be launched; 

• Regarding MONJU, under international co-operation, research for compiling the 
outcomes of the development of a fast-breeder reactor, as well as that on the 
reduction of the amount and toxic level of radioactive waste and other related 
purposes will be conducted. A research plan for a certain period of time for those 
purposes will be developed, implemented, and, after confirming its outcomes, 
completed. 
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• Research and development of spent fuel processing technology, advanced burner 
reactors and others for the reduction of the amount and toxic level of radioactive 
wastes will be promoted. 

• The government will take responsibility for the project on the back-end, not 
simply rely on efforts made by the private sector. 

The strategy contains many contradictions. For example, the basic policy of no 
nuclear power plants operating in the 2030s is clearly inconsistent with continuing the 
present fuel cycle policy to engage in the reprocessing projects. Although the Japanese 
Government expressed that the new Strategic Energy Plan of Japan will be formed taking 
into account the strategy, the strategy has very little support from economic and 
industrial areas. For the realistic future strategy, a lot of discussions will be necessary. 
However, although Japan’s future policy for the utilisation of nuclear power is quite fluid, 
there is almost no doubt that partitioning and transmutation (P&T) will be a key 
technology to reduce the environmental burden of HLW, as also defined in the new 
strategy. The development of P&T has a meaning in a sense of “flexibility of the scenario” 
and of “technological answer to the public who have doubts about the safety of nuclear 
systems”.  

Conclusion 

The Japanese Government decided on historical policy targets such as “no nuclear 
power plants operating in the 2030s” in its Innovative Strategy for Energy and the 
Environment. The new strategy contains many contradictions and Japan’s future policy 
for the utilisation of nuclear power is quite fluid. However, even though dependency on 
nuclear energy has been reduced, the steady implementation of HLW disposal is one of 
the most important issues. P&T will be a key technology to reduce the environmental 
burden of HLW. The steady implementation of R&D for P&T is a significant issue. 
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Abstract 

The UK has a long track record in research and development (R&D) related to nuclear fuel 
reprocessing and in particular the PUREX process. Over the last two decades R&D has 
been focused towards supporting the continued operations of the two reprocessing plants 
at the Sellafield site, reprocessing uranium metal Magnox and uranium oxide fuels, and 
the development of advanced PUREX processes for future fuel cycles. Specifically, the 
development of single cycle reprocessing flowsheets aimed at co-processing uranium, 
neptunium and plutonium has been a major target. More recently, mainly through 
participation in European framework projects, there has been significant growth in 
industrial (national laboratory) and academic (university) research in minor actinide 
partitioning and pyrochemical processing. Some significant highlights from these European 
collaborations include the synthesis of a range of soft donor ligands which show 
extraordinary selectivity for trivalent actinides over the trivalent lanthanides and the 
development of a new grouped actinide extraction (GANEX) process using a combination of 
TODGA and DMDOHEMA ligands in the organic phase. Additional recent highlights are 
the UK-based MBASE and REFINE projects, focusing respectively on probing the molecular 
basis of aqueous separations and networking groups interested in pyrochemical actinide 
separations. 
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Introduction 

While current reprocessing programmes in the UK are close to completion with both 
Thorp and Magnox reprocessing plants anticipated to close by ~2018, there is a growing 
interest in nuclear new build [1]. To aid strategic decision making, two scenarios for new 
nuclear energy in the UK have been identified – (i) replacement scenario (new capacity up 
to 16 GW to replace current reactors) and (ii) expansion scenario (up to 40 GW to meet 
expected energy demands and targets for carbon dioxide emissions) [1]. In the 
replacement scenario spent fuel is expected to be stored prior to disposal in a geological 
repository. However, the expansion scenario would require reinstatement of a closed fuel 
cycle with actinide recycling. A number of recent studies have consequently highlighted 
the need for a national research and development programme in advanced nuclear 
energy to maintain skills and underpin policy development, which would include spent 
fuel management and actinide recycling [2-3].  

Over the last two decades R&D has been focused towards supporting the continued 
operations of the two reprocessing plants at the Sellafield site, reprocessing uranium 
metal Magnox and uranium oxide fuels, and the development of advanced PUREX 
processes for future fuel cycles. Specifically, the development of single cycle reprocessing 
flowsheets aimed at co-processing uranium, neptunium and plutonium has been a major 
target [4]. More recently, mainly through participation in European framework projects, 
there has been significant growth in industrial (national laboratory) and academic 
(university) research in minor actinide partitioning and pyrochemical processing. Some 
significant highlights from these European collaborations include the synthesis of a 
family of nitrogen-based soft donor ligands, namely the BTP (bis-triazinyl pyridyl), BTBP 
(bis-triazinyl bipyridyl) and BTPhen (bis-triazinyl phenanthroline) ligands which show 
extraordinary selectivity for trivalent actinides over the trivalent lanthanides [5-6] and 
the development of a new grouped actinide extraction (GANEX) process [7]. Additional 
recent highlights are the creation of new UK-based projects “MBASE” and “REFINE”, 
focusing respectively on probing the molecular basis of aqueous separations and 
networking groups interested in pyrochemical actinide separations. This paper thus 
provides an overview of current UK-based research into actinide separations chemistry 
and chemical engineering related to both advanced reprocessing (U, N, Pu) and minor 
actinide partitioning (Am, Cm) with particular focus on some of the specific highlights 
mentioned above. 

Aqueous processes 

Underpinning PUREX separations and development of an advanced PUREX process 

While the PUREX process is well established, there is still much to learn regarding the 
underlying process chemistry. The development of process models that accurately 
describes the process also requires substantial thermodynamic and kinetic data. Until 
recently, there was relatively little data, for instance, on the kinetics of actinide redox 
reactions in the organic phase. Partly in collaboration with Russian institutes, significant 
efforts have been made in this field [8-11]. Development of models of actinide and fission 
product extraction into TBP are a continuing requirement, particularly models that more 
closely reflect the solution speciation, including accounting for activity effects and 
solvent loading [12]. 

In the development of next generation reprocessing, the objective has been to 
rationalise the separation process towards a single solvent extraction cycle that 
generates less wastes, will have improved economics and greater proliferation resistance 
compared to conventional PUREX (Figure 1). In the development of such an advanced 
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PUREX process obtaining full extraction of neptunium has been highlighted as a key issue 
[13-14]. Studies of Np(V) oxidation in HNO3 and 2-phase HNO3/TBP systems [15] and Np(V) 
disproportionation in the organic phase [11] have helped define flowsheets that fully 
extract Np in the initial extract/scrub contactor, unlike current reprocessing plants that 
split Np between product and raffinate. Np extraction is promoted by raising nitric acid 
concentrations in the feed and scrub coupled with elevated temperatures (40-50°C) and 
spiked tests have shown that even using short residence time centrifugal contactors, >99 % 
Np can be co-extracted with U. Improved separation of Pu and Np from bulk U in the U/Pu 
split is also required in the development of a single cycle solvent extraction flowsheet. To 
meet proliferation resistance demands incomplete U/Pu separation is also advocated. 
Substantial work at the UK National Nuclear Laboratory (NNL) has developed the use of 
aceto-(or formo-) hydroxamic acid for selectively stripping Pu and Np from a U-loaded 
organic phase [4]. Pu stripping is by a complexation reaction with Pu (IV), hence, unlike in 
conventional reductive stripping, a Pu (III) stabilising agent such as hydrazine is not 
required. Np is stripped by a fast reduction of Np (VI) to inextractable Np (V). U in a ~1:1 
U/Pu ratio can be leaked to the Pu/Np product to meet proliferation resistance demands 
by reducing the number of re-extract stages in the contactor. Some successful trials of 
this advanced PUREX process have been carried out [14]. Alternative options for U-Pu/Np 
separations using new salt free reducing agents, including oximes, hydroxylamine 
derivatives and hydrazine derivatives have also been investigated [16-18]. 

Figure 1: Schematic of a single cycle flowsheet for an advanced PUREX process showing 
routing of feeds and products 
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Current work on advanced PUREX process development is focused towards 
demonstrating >99% Np co-extraction with U and Pu and acetohydroxamic acid (AHA) 
based U/Pu/Np co-stripping. Integration between solvent extraction and head end 
advanced dissolution processes and addressing some safety case/waste management 
aspects are also focus areas.  

Support to Thorp and Magnox reprocessing plants is as required by Sellafield but 
predominantly focuses on supporting continued operations, underpinning reprocessing 
more challenging fuels remaining in the Thorp baseload, understanding causes of plant 
blockages and addressing uncertainties in plant safety cases.  

MBASE Project 

A major new project, MBASE (The Molecular Basis of Advanced Nuclear Fuel 
Separations) led by the University of Manchester (UoM) is linking UK universities at 
Lancaster, Reading and Imperial College, London with interests in actinide separations 
science to explore two approaches to nuclear fuel separations: one based on established 
solvent extraction technology and the other on innovative ion selective membranes 
(ISMs). The project structure is illustrated in Figure 2.  
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distinctive activity. The MBASE consortium is collaborating with NNL to integrate 
fundamentally orientated academic and applied industrial activities in UK actinide 
separations research. 

Centrifugal contactor studies 

The two reprocessing plants at the Sellafield site, reprocessing uranium metal 
Magnox and uranium oxide fuels, use different technologies for the liquid-liquid 
separation, namely pulsed columns and mixer settlers. In the intervening years following 
construction of these facilities centrifugal contactors have become the preferred 
technology for laboratory-scaled experiments and are widely expected to be next 
generation plant technology. This is primarily due to their ability to maintain a high 
process throughput in a compact unit, ideal for operation in a nuclear environment. 
While centrifugal contactors are considered technically mature at laboratory scale and at 
large scale in other industries, there remains a development requirement to understand 
how to size centrifugal contactors for operation of a full size nuclear separation plant. 

A collaborative undertaking within the European framework ACSEPT Project [19] has 
seen experimental trials undertaken by University of Groningen (RUG) and CINC solutions 
to explore the factors affecting mass transfer in centrifugal contactors [20]. All trials used 
30% TBP in Exxsol D80 diluent, at ambient temperature, with extraction from a range of 
HNO3 concentrations with varying flowrates and phase ratios. Trials were undertaken 
using a 5 cm rotor diameter (RD) contactor, fitted with a window to facilitate 
measurement of annulus height, with further experiments undertaken using a 25 cm RD 
contactor. In all cases the droplet size in the annulus has been measured using a 
Lasentech probe to measure chord length distribution which can be processed to give 
Sauter mean diameters for the droplets. The probe position was chosen to be in a region 
of the annulus where air entrainment was minimal. These trials have been modelled by 
NNL giving correlations that can be used to size centrifugal contactors based on the 
flowsheeted throughput basis for a plant. It has been found necessary to describe the 
contactors with two separate models, depending on which phase is continuous, with 
separate tests being applied to determine which model is applicable. The models express 
droplet size as a function of the fluid properties (viscosity, interfacial tension, density) 
and power deposited in the liquor which is, in turn, a function of the contactor geometry 
and operating conditions.  

Minor actinide separations 

Ligand development for partitioning processes 

Preparations of a range of families of ligands capable of showing high extraction 
selectivities for trivalent actinides in the presence of lanthanides have been carried out 
by the synthetic organic chemistry group at the University of Reading (UoR) [5-6] [21-24] 
and these are illustrated in Figure 3. Two classes of ligand based on annelated bis-
triazinyl bipyridyl (CyMe4BTBP, 1) [5] and bis-triazinyl phenanthroline (CyMe4BTPhen, 2) [6] 
scaffolds have shown particular promise, with the latter being able to extract americium 
into the organic phase from aqueous 4 M nitric acid solutions with 
americium(III)/europium(III) separation factors (SFAm/Eu) up to 400 giving organic-aqueous 
distribution factors for americium (DAm) up to 1 000. Moreover, the extraction and 
stripping kinetics are reasonably fast, even in the absence of phase transfer agents such 
as DMDOHEMA (N,N’-dimethyl -N, N’-dioctyl-2- (2-hexyloxyethyl) malonamide). 
Unsymmetrical ligands such as CyMe4hemiBTBP 3 and ligands based on bis-trazolinyl 
tripyridyl (CyMe4BTTP) scaffolds 4 showed much lower separation factors, indicating that 
“bite angle” plays an important role [21]. Crystallographic studies of lanthanide complexes 
and NMR spectroscopic analysis of complexes in solution indicate that the trivalent metal is 
usually 9 co-ordinate (Figure 4 a-b). With the BTBP and BTPhen systems, this results in 
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complexes consisting of two orthogonal ligands with an additional counter-ion; whereas the 
BTTP complexes contain a single BTTP ligand and 4 additional solvent ligands [22]. 

Figure 3: Ligands developed for minor actinide separations 
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Figure 4 a: Crystal structure of 
Eu(CyMe4BTBP)2.NO3 

Figure 4 b: Crystal structure of 
YbCyMe4BTTP.4(H2O) 

 

 

Development of the GANEX process for grouped actinide extraction 

Several hydrometallurgical processes are being considered in Europe for the separation of 
the minor actinides, most of which invoke the PUREX process to remove U, Np and Pu then 
routing the raffinate through a minor actinide and lanthanide co-extraction process (DIAMEX 
process) followed by an actinide (An) (III) – lanthanide (Ln) (III) separation in the SANEX 
process. Ligands described in the section above thus form the basis of achieving this 
challenging An(III)/Ln(III) separation in the SANEX process. An alternative concept, first 
proposed by the French Atomic Energy Commission (CEA) for the homogenous recycling of 
actinides in Generation-IV fuel cycles, is the GANEX process [25]. This is designed to avoid 
pure Pu product streams by co-separating all the transuranium elements (TRU = Np, Pu, Am, 
Cm) in one stream. The GANEX process thus requires a solvent capable of extracting all 
TRU ions in oxidation states III, IV, VI and possibly V that can also cope with high Pu 
loading (up to ca.20 wt.% Pu or 50 gPu·L−1 in Generation-IV reactor fuels). Following 
screening of combinations of several ligands well known to extract An(III) ions, a 
combination of 0.2 M TODGA (N,N,N’,N’-tetra-n-octyl-diglycolamide) with 0.5 M DMDOHEMA 
in odourless kerosene (OK) was shown to be a promising solvent [26]. In co-operation with 
other European laboratories, NNL has developed a GANEX flowsheet which is currently 
undergoing testing with spiked solutions before hot testing with spent fuel (legacy fast 
reactor fuel) later this year. Briefly the flowsheet involves a high acidity extraction of the 
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TRU actinides and lanthanides followed by low acid scrubbing to remove co-extracted Sr 
and Fe [7]. Pd and Zr co-extractions are suppressed by the addition of 1,2-
cyclohexanediaminetetraacetic acid (CDTA) to the feed and scrub[27]. Np extraction is 
enhanced at high acidities by promotion of the Np(V) disproportionation reaction in 
aqueous and organic phases[28]. Following co-extraction of actinides and lanthanides, 
the actinides are selectively stripped using a combination of AHA and a BTP molecule 
that has been sulphonated to make it hydrophilic and aqueous soluble rather than 
organic soluble. AHA strips tetravalent actinides from the solvent phase at low acidities 
and also rapidly reduces Np(VI) to Np(V)[28]. The hydro-BTP selectively strips trivalent 
actinides and also forms strong complexes with Pu(IV). The net effect is that conditions 
of acidity, hydro-BTP concentration, S/A ratio and temperature can be identified in which 
all the actinide ions can be stripped from the solvent phase without stripping lanthanides. 
Work is on-going to optimise the flowsheet conditions through spiked tests in centrifugal 
contactors at NNL. 

Pyrochemistry 

In the last few years, collaborations between NNL, selected UK universities and 
European national research institutions have produced R&D into pyrochemical 
processing of spent fuels. The aims of these projects are to develop technology that may 
have applications in future nuclear fuel cycles. Specific areas of interest are the 
development of innovative uses of pyrochemical processing of light water reactor (LWR) 
fuels and also the technological development of specific electrode systems for enhanced 
actinide recovery from a molten salt system. 

A major recent UK development is REFINE, a new research initiative for sustainable 
nuclear fuel reprocessing. The REFINE consortium is led by the University of Edinburgh 
(UoE) and includes the Universities of Cambridge, Manchester, Nottingham and 
University College London, in partnership with NNL. The background to this programme 
is the global recognition of nuclear fission as a key low carbon energy source, vital in the 
fight against global warming and the Research Councils UK (RCUK) energy programme 
identification of nuclear fission as an essential part of the “trinity” of future fuel options 
for the UK, alongside renewables and clean coal. REFINE is a UK multi-disciplinary 
programme aimed at delivering the platform technologies required to enable scientific 
advances in related molten salt application areas together with the underpinning process 
development and training essential to establish and deliver safe, dependable and 
sustainable reprocessing of nuclear fuel. This aims at developing specific sustainable spent 
fuel reprocessing technologies suitable for minimising waste from new Generation-III and 
Generation-IV reactor systems, delivering safe, reliable, economic and sustainable nuclear 
energy on the scale required in both the short-and long-term. The programme is focused 
on the fundamental research, understanding essential systems required to produce a 
viable molten salts based, spent fuel treatment facility. It consists of an integrated 
programme of three work packages, each addressing a key theme with its identified 
global and specific objectives. The Direct Electrochemical Reduction work package 
concentrates on understanding and controlling interactions in molten salts, as well as 
the clean and efficient formation of solid state materials, specifically electro-active 
materials for enhanced electrochemical separation in an electro-refiner. The Electro-
refining & Speciation work package is investigating specific solid state materials production 
by dissolution and deposition of selected species with controlled composition and 
morphology, with particular emphasis on ensuring proliferation resistance. Also under 
investigation are the dissolution of stable materials, specifically Generation-IV fuels 
(ceramic, nitride and carbide fuels) and production and characterisation of the molten 
salt soluble species. The final work package, simply entitled Analysis, is concerned with 
the establishment of molten salt analysis techniques, specifically the in-line sensing 
technology with modelling to understand molten salt materials processes. 
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Researchers at the UoE and NNL are also collaborating with European research 
institutions within the ACSEPT Project [19]. In this programme they are evaluating the 
processes for chloride salt decontamination against a reference composition, and placing 
them in order of effectiveness/efficiency. It is expected that a reference salt composition 
for baselining process options will be defined, followed by the design and build of a small 
scale column for zeolite assessment. In this set-up, it is planned to determine 
thermodynamic and kinetic parameters for chosen zeolites and establish relevant 
physical parameters, e.g. bead stability and its potential effect on processing. Within the 
programme, UoE has concentrated on the development of sensor systems capable of 
operating in and surviving the harsh environments of molten salt solutions. Sensing 
systems have been developed and produced using silicon fabrication technologies at the 
Scottish Microelectronics Centre. These devices have then been successfully employed to 
sense species in molten salt solutions in dedicated furnace facilities. 

In all these activities development of facilities is a key component. As well as lab-
scale facilities, NNL has an engineering scale molten salt dynamics rig (a test bed for 
molten salt handling and materials research) and is installing a bespoke large 3-well 
furnace dry box to complement smaller single well dry box facilities already in use. 

Conclusions 

The UK has a long track record in developing reprocessing technology and currently 
has two operating reprocessing plants at the Sellafield site. For the last decade, skills and 
capabilities in reprocessing research have been maintained by the site owners and 
operators primarily to support continued operations. However, reprocessing operations 
will stop by ~2018 when the current contracts cease after which the UK will adopt an 
open fuel cycle with the long-term storage of spent fuel prior to geological disposal. 
Recent reports have highlighted the need to consider expansion of nuclear energy in the 
UK to meet carbon reduction targets and energy needs [1]. Such expansion may 
necessitate a reversion to a closed fuel cycle in the future and various groups have thus 
stressed the need for a national level programme in nuclear fuel cycle development 
including reprocessing and recycle to maintain skills and assist energy policy 
development [2-3]. The justification for such a programme is currently being considered 
by the UK Government [29]. However, there has been a recent resurgence in academic 
based research in actinide separations through the REFINE and MBASE Projects. Coupled 
with advanced reprocessing and minor actinide partitioning process development at the 
UK NNL and international collaborations established by both universities and NNL, there 
now exists a sound base for defining an effective national level actinide separations 
programme in the UK. 
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Progress in R&D on pyrochemical partitioning technology 
in the Czech Republic 

Jan Uhlíř 
Nuclear Research Institute Řež plc, Czech Republic 

Abstract 

Pyrochemical partitioning represents a prominent part of the Czech R&D activity in 
partitioning and transmutation. R&D activities in pyrochemistry have been focused 
exclusively on fluoride technologies as these activities are grounded on the molten salt 
reactor system concept with fluoride-salt-based liquid fuel, the fuel cycle of which is based 
on the pyrochemical fluoride partitioning of spent fuel. At present, the aim of the 
pyrochemical programme is broader, in addition to MSR fuel cycle technology, the 
utilsation of the fluoride separation processes within the fuel cycles of LWR or fast breeder 
reactors, is investigated as well.  

Two main fluoride partitioning technologies are under development at the Nuclear 
Research Institute Řež plc. The first technology, devoted to the reprocessing of LWR or FBR 
spent fuel and to the primary processing of MSR transuranium fuel, is fluoride volatility 
method. The second technology under development is the electrochemical separation 
process from fluoride molten salt media. The electrochemical separation should be mainly 
used for “on-line” reprocessing of MSR fuel. Here, emphasis is placed also on the specific 
aspects and requirements of on-line reprocessing technology devoted to MSR systems with 
thorium-uranium fuel. 
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Introduction 

Pyrochemical partitioning represents a prominent part of the Czech R&D activity in 
partitioning and transmutation. R&D activities in pyrochemistry have been focused 
exclusively on fluoride technologies as these activities are grounded on the molten salt 
reactor system concept with fluoride-salt-based liquid fuel, the fuel cycle of which is 
based on the pyrochemical fluoride partitioning of spent fuel. At present, the aim of the 
pyrochemical programme is broader, in addition to MSR fuel cycle technology, the 
utilisation of the fluoride separation processes within the fuel cycles of LWR or fast 
breeder reactors, is investigated as well.  

The Czech activities in the development of pyrochemical partitioning technologies 
devoted to the reprocessing of selected advanced fuel types of Generation-IV reactor 
systems are focused on two fluoride technologies – fluoride volatility method and 
electrochemical separations from fluoride molten salt media. Both technologies have 
been under development at the Nuclear Research Institute Řež plc (NRI Řež). 

R&D in the field of the fluoride volatility method is focused on the development and 
verification of experimental semi-pilot technology for light water or fast reactor spent 
fuel reprocessing. The method is chiefly suitable for the reprocessing of oxide fuel types, 
which are insoluble in nitric acid and therefore cannot be treated by hydrometallurgical 
technologies. The technology is based on the flame fluorination process and a 
subsequent partitioning of volatile (UF6) and non-volatile fluorides (PuF4, minor actinides, 
fission products) by condensation, sorption and distillation.  

R&D on electrochemical separation processes from fluoride melt media is aimed at 
the chemical partitioning of selected actinides from fission products (mostly lanthanides) 
within the on-line reprocessing of the circulating fuel in molten salt reactor. The 
electrochemical separation technology, under development, is based on the combination 
of anodic dissolution method and cathodic deposition method. The carrier molten-salt 
mixtures studied are mainly LiF-BeF2 , LiF-NaF-KF and LiF-CaF2 eutectics.  

Progress in the fluoride volatility method 

The fluoride volatility method (FVM) is regarded as a promising advanced 
pyrochemical reprocessing technology, which can be used for the reprocessing mainly of 
oxide spent fuels coming from future Generation-IV fast reactors, especially of fast 
breeders operated within the closed uranium – plutonium fuel cycle. The technology 
should be chiefly suitable for the reprocessing of advanced oxide fuel types e.g. MOX 
fuels with high content of plutonium, dispersed fuels with inert matrixes and/or fuels of 
very high burn-up and very short cooling time, which can be hardly reprocessed by 
hydrometallurgical technologies due to their high radioactivity or pure solubility in nitric 
acid. 

The fluoride volatility method is based on a separation process, which comes from 
the specific property of uranium, neptunium and partially plutonium to form volatile 
hexafluorides whereas most fission products (lanthanides) and higher transplutonium 
elements (americium, curium) present in irradiated fuel form non-volatile trifluorides. 
This property has led to the development of several technological processes based on 
fluorination of irradiated fuel either by strong fluorinating agents like BrF3, BrF5, ClF3 or 
even by pure fluorine gas [1-4]. Chiefly, the fluorination by pure fluorine gas enables 
conducting the process very fast and effectively as the flame reaction with very high 
efficiency. 
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The reprocessing technology based on the fluoride volatility method consists of the 
following main operations: 

• fluorination of the powdered fuel (the purpose of this operation is the separation 
of the uranium component from plutonium, minor actinides and most of the 
fission products); 

• thermal decomposition of plutonium hexafluoride; 

• purification of the uranium product. 

However, before the fluorination of the powdered fuel, the removal of cladding 
material and subsequent transformation of the fuel into a powdered form of a suitable 
granulometry has to be done. These two preparatory stages for FVM itself can be realised 
separately from the FVM. The technology suitable for removing the cladding material is 
melting in a high-temperature furnace. The cladding material of oxide fuel is either 
zircalloy (LWR) or stainless steel (FR) and both can be fully removed. Transformation of 
the fuel pellets into a powder is possible either mechanically by grinding or by partial 
oxidation of UO2 into U3O8. This chemical process is known as voloxidation. Either flowing 
air or oxygen at 575°C to 650°C is used as an oxidising agent. 

Flame fluorination reaction of a spent oxide fuel is a basic unit operation of the whole 
process. The main partitioning of spent fuel is realised directly in the fluorination reactor. 
Whereas the volatile products of the fluorination reaction leave the apparatus, the non-
volatile fluorides remain caught in the fluorinator bottom in the form of ash. The further 
separation of most of the individual components forming volatile fluorides is generally 
possible through sorption, condensation or distillation processes. While the fluorination 
of uranium to the volatile hexavalent form is spontaneous, plutonium hexafluoride is 
thermally unstable and can be obtained only with a considerable surplus of fluorine gas. 
The behaviour of neptunium during the flame fluorination varies between uranium and 
plutonium, however, the thermal stability of neptunium hexafluoride is substantially 
higher than that of plutonium hexafluoride.  

Final purification of uranium hexafluorides from MoF6, TcF6, IF5 and SbF5, which tends 
to accompany UF6 through the system, could be accomplished by a rectification process. 
Distillation of UF6 is usually done in the temperature range of 75°C to 90°C at a pressure 
of about 2 atm in order to produce uranium hexafluorides in liquid form.  

Figure 1: Process flowsheet of the fluoride volatility method 
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The process flowsheet of the FVM, which was designed and calculated, is shown in 
Figure 1. The process flowsheet of investigated technology is based on the direct 
fluorination of powdered spent fuel by fluorine gas and on the subsequent purification of 
volatile products by condensation, sorption, thermal decomposition and rectification. 

The experimental verification of the technology has been realised at the semi-pilot 
level. The technological line called FERDA (shown in Figure 2) was built in the 
radiochemical laboratory of NRI Řež plc [5]. FERDA is an experimental technology of batch 
character with a short-term capacity of 1-3 kg of powdered fuel per hour. The maximum 
capacity of volatile fluorides (UF6) accumulated in the technology is about 7 kg. The main 
structural material of the FERDA line is nickel or nickel alloys. 

Figure 2: Experimental technological line FERDA  

 

From the left: flame fluorinator, series of condensers and sorption columns, rectification column. 

The main aims of existing experimental development have been pre-hot test 
verification of individual apparatus and process control before emplacement of the 
technology into hot cell. The crucial experimental effort has been focused on the 
mastering of the flame fluorination process as the previous historical laboratory 
investigations of the fluoride volatility method used primarily slow gradual fluorinations 
of the fuel poured on the reaction boat or quasi fluidised bed technique. Diluted fluorine 
gas was usually used for these fluorinations. 

Several experiments with uranium fuels (UO2 and U3O8) with simulated spent fuel 
(uranium oxides and selected non-active oxides of lanthanides) were performed to obtain 
data for optimisation of the design and construction of scroll feeder and the flame 
fluorination reactor. The final design of the flame fluorinator was verified by long-run 
fluorination tests (several hours) with uranium oxides and with simulated spent fuel 
mixtures. The objective of the experiments with uranium oxide was to achieve maximum 
conversion factor; the objective of experiments with simulated spent fuel was to verify 
the partitioning of volatile and non-volatile products of fluorination reaction. The fission 
product simulants were mixtures of non-radioactive oxides of Y2O3, Nd2O3, CeO2, Sm2O3, 
BaO and SrO, which represented 3-5% of fuel [6]. 

The maximum conversion factor (fluorination efficiency) with pure uranium fuel 
reached 92% with U3O8 and 97% with UO2. The presence of fission product simulants had 
no measurable effect on flame fluorination reaction and fully verified the ability of the 
flame fluorinator to separate non-volatile products of fluorination. 

The existing development of the fluoride volatility method successfully verified the 
basic functionality of the main tested apparatus in non-active conditions with uranium 
and simulated fuels. The subsequent step of the verification should be realised in hot cell 
with irradiated fuels. 
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Progress in electrochemical separations from fluoride molten salt media 

R&D on electrochemical separation processes from fluoride molten salt media has 
been focused on the development of a suitable electroseparation technique for the 
partitioning of actinides and fission products from MSR liquid fuel. Special emphasis has 
been placed also on the specific aspects and requirements of on-line reprocessing 
technology devoted to MSR systems with thorium – uranium fuel.  

The development of on-line reprocessing (fuel salt clean-up) technology represents a 
very specific problem affecting even the MSR design, reactor core chemistry and a choice 
of structural materials. Particularly, the link to reactor core chemistry is close because the 
chemical reaction rates and their character in the reactor have to be compensated by the 
reprocessing technology. Special attention should be paid to the selection of carrier 
molten salt, which must exhibit several basic properties (e.g. good thermal conductivity, 
appropriate melting point, low vapour pressure, radiation stability, sufficient solubility of 
actinides and last but not least the reprocessability by adequate separation techniques). 
Based on these requirements, the 7LiF – BeF2 remains the basic carrier salt candidate for 
the MSR primary (fuel) circuit [7]. 

The theoretical as well as the experimental investigation realised at the Nuclear 
Research Institute Řež plc has been focused mainly on the electrochemical separation 
processes from fluoride media suitable for on-line reprocessing technology of MSR. The 
main objective of experimental activities in the area of R&D on electrochemical 
separation technology has been to outline the separation possibilities of the selected 
actinides (uranium, thorium) and fission products (lanthanides) in selected fluoride melt 
carriers. The cyclic voltammetry method was used to study the basic electrochemical 
properties [8]. 

The first step was the choice of fluoride melts suitable for electrochemical 
separations. The chosen melt should meet some basic characteristics – low melting point, 
high solubility of the studied compounds, high electrochemical stability and appropriate 
physical properties (electrical conductivity, viscosity etc.). Unfortunately, no melt 
fulfilling all the requirements was found. Therefore, three candidate melts were selected 
for further electrochemical separation studies: eutectic mixture of LiF-NaF-KF (acronym 
FLINAK, m.p. 454°C, however limited electrochemical stability), mixture of LiF-BeF2 
(acronym FLIBE, m.p. of chosen composition 456°C, however, limited electrochemical 
stability) and eutectic mixture of LiF-CaF2 (m.p. 766°C, good electrochemical stability). A 
special reference electrode based on the Ni/Ni2+ redox couple was developed to provide 
reproducible electrochemical measurements in molten fluoride salts [8-10]. 

The selected redox potentials evaluated for uranium, thorium and selected fission 
products in individual carrier molten salts are listed in Table 1. 

Results obtained from the measurements can be interpreted in the following way: 

• In FLIBE melt, there is a good possibility for the electrochemical separation of uranium. 
Altough the electrochemical studies of protactinium have not been realised yet, based 
on the thermodynamic properties of PaF4, there is a presumption that protactinium 
could be separated from this melt too. 

• In FLINAK and/or in LiF-CaF2 melts, both uranium and thorium and most of the fission 
products (lanthanides) can be electrochemically separated.  
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Table 1: Evaluated red-ox potentials [V]  

Red-ox  
couple 
 

LLiiFF--NNaaFF--KKFF  LLiiFF--CCaaFF22 LLiiFF--BBeeFF22  

Ref. Ni/Ni2+ 

In FLINAK 

Ref. Ni/Ni2+  

in LiF-CaF2 

Ref. Ni/Ni2+ 

in LiF-BeF2 

U3+/U0 -1.75 -1.90 -1.4 

U4+/U3+ -1.20 -1.40  

U5+/U4+ +0.40 -  

U6+/U5+ +1.40 -  

Thx+/Th0 ~ -2.00 -1.70 out of window 

Th4+/Thx+ -0.70 -  

Nd2+/Nd0 < -2.05 -2.00 out of window 

Nd3+/Nd2+ ~ -1.00 not-detected  

Gd2+/Gd0 < -2.05 -2.10 out of window 

Gd3+/Gd2+ ~ -1.00 not-detected  

Eu3+/Eux+ ~ -0.75 not-detected  

Eux+/Eu0 -1.95 < -2.30  

Zr4+/Zrx+ -1.50 -  

Zrx+/Zr0 -1.80 -  

Sr2+/Sr0 < -2.05 -  

La3+/La0 < -2.05 - out of window 

Pr3+/Pr0 < -2.05 - out of window 

Sm2+/Sm0 -0.8 - - 

Sm3+/Sm2+ out of window - - 

Conclusion 

The fluoride partitioning technologies under development in the Czech Republic can be 
used mostly within the fuel cycles of fast breeder reactor systems and molten salt reactor 
systems. The fluoride volatility method has a good potential to be used within the fuel cycles 
of advanced reactor types for the reprocessing of modern oxide fuel types. The main 
attractiveness of the technology can be found in the reprocessing of spent fuels coming from 
fast breeder reactors owing to the extreme radiation resistance of the used chemical agents 
(fluorine gas, inorganic fluorides), which allows the reprocessing of the spent fuels after a 
short cooling time and the avoidance of any moderating agent, which enable the 
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reprocessing of fuels with high content of fissile material. Moreover, this technology should 
be attractive for the reprocessing of dispersed (inert matrix fuels), which cannot be processed 
by hydrometallurgical methods due to their insolubility in nitric acid. However, the 
technology still needs exacting development to reach full industrialisation. Development of 
the pyroprocessing separation methods devoted to the MSR thorium-fuel on-line 
reprocessing technology represents a crucial step in the entire molten salt reactor technology. 
The solution to the challenging problem is that the on-line reprocessing method must meet a 
great number of requirements regarding chemistry, radiation resistance, compactness, 
exclusion of moderating agents, compatibility with the carrier molten salt and structural 
materials of MSR as well as non-proliferation issues. In spite of that the on-line reprocessing 
of MSR thorium fuel can allow operating MSR as an excellent thorium breeder reactor system, 
which can significantly contribute to the sustainability of nuclear power and which can also 
minimise the problems of long-lived radioactive waste. 
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Abstract 

In the framework of the French Act on Waste Management, options of minor actinides (MA) 
transmutation are studied, based on several scenarios of sodium fast reactor deployment. 
Basically, one of these scenarios considers the deployment of a 60 GWe SFR fleet in two 
steps (20 GWe from 2040 to 2050 and 40 GWe, as well as, from 2080 to 2100). For this 
scenario, the advantages and drawbacks of different transmutation options are evaluated: 

• transmutation of all minor actinides or only of americium; 

• transmutation in homogeneous mode (MA bearing fuel in all the core or just in the 
outer core) or in heterogeneous mode (MA bearing radial blankets); 

Scenarios have been optimised to limit the impacts of MA transmutation on the cycle: 

• reduction of the initial MA content in the core in the case of transmutation in 
homogeneous mode to reduce the impact on reactivity coefficients; 

• reduction of the number of rows of blankets and fuel decay heat in the case of 
transmutation in heterogeneous mode. 

The sensitivity of transmutation options to cycle parameters such as the fuel cooling time 
before transportation is also assessed. Thus, the transmutation of only americium in one 
row of radial blankets containing initially 10 wt% Am and irradiated during the same 
duration as the standard fuel assemblies appears to be a suitable solution to limit the 
transmutation impacts on fuel cycle and facilities.  

A comparison of results obtained with MA transmutation in dedicated systems is also 
presented with a symbiotic scenario considering ADS (accelerator-driven system) 
deployment to transmute MA together with a SFR fleet to produce energy. The MA 
inventory within the cycle is higher in the case of transmutation in ADS than in the case of 
transmutation in SFR. 

Considering the industrial feasibility of MA transmutation, it appears important to study 
“independently” SFR deployment and MA transmutation.  
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Consequently, scenarios of progressive introduction of MA options are assessed: 

• beginning of MA partitioning and transmutation once the SFR fleet is totally 
deployed, which transmutes only the MA produced by the SFR fleet at equilibrium; 

• no MA transmutation at the beginning of SFR deployment, then introduction of 
MA transmutation in radial blankets, and finally in homogeneous mode at the SFR 
fleet equilibrium. A similar scenario with only americium transmutation is also 
considered. 

The results of these progressive scenarios in terms of MA inventory in waste and in cycle 
are found to be intermediate between those of scenarios dedicated to each transmutation 
option. The MA inventory in waste is a function of the date of the beginning of MA 
partitioning. 
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Introduction 

In the framework of the French Act on Waste Management, options of minor 
actinides (MA) transmutation are studied, based on several scenarios of sodium-cooled 
fast reactor (SFR) deployment. Basically, one of these scenarios considers the deployment 
of a 60 GWe SFR fleet in two steps to renew the French PWR fleet. For this scenario, the 
advantages and drawbacks of different transmutation options are assessed with the 
simulation software COSI [1] [2]. 

The first part presents the different scenario assumptions. The following two parts 
give results concerning MA transmutation in homogeneous then heterogeneous mode. 
The next part provides performance analysis as a function of the transmutation mode 
(homogeneous or heterogeneous), the type of transmuted MA (all MA or just Am) and a 
comparison with MA transmutation in dedicated systems (ADS). The last part explores 
the possibility of progressively introducing the transmutation options during SFR 
deployment. 

Scenario and reactor assumptions 

Scenario studies are carried out with the simulation software COSI [3] (simulation 
code for nuclear strategy studies). COSI simulates the evolution of a nuclear reactor fleet 
and of the associated fuel cycle facilities over a defined period (an order of magnitude of 
centuries), to analyse from a physical point of view the consequences of the choices 
made over the fleet, the fuel types and fuel cycle process. The evolution calculation is 
performed by a coupling with CESAR [4] (simplified evolution code applied to 
reprocessing). Both COSI and CESAR have been developed by the SPRC (Reactor Physics 
and Fuel Cycle Service) at the CEA Cadarache Centre. CESAR is the reference code used at 
the AREVA NC La Hague reprocessing plant to calculate quickly the isotopic composition 
of irradiated fuel from the initial isotopic composition, the fuel burn-up and the 
irradiation time. CESAR uses neutron data libraries (cross-sections sets) supplied by the 
CEA reference calculation codes for neutron physics: APOLLO2 [5] for thermal spectrum 
systems and ERANOS2 [6] for fast spectrum systems. 

In the scenario considered for the study, the current French fleet, which contains 58 
PWR reactors loaded with UOX fuel (one-third are loaded with 30% of MOX fuel), phases 
out progressively from 2020 to 2050. Its renewal occurs within two steps:  

• 2020-2040: deployment of 40 GWe of Generation-III EPRTM reactors with UOX and 
MOX fuel;  

• 2040-2050: deployment of 20 GWe of Generation-IV SFR. MOX in PWR is stopped 
accordingly in 2040. 

Assuming that the lifetime of reactors is fixed to 60 years, the fleet will be renewed 
from 2080 with only SFR, leading to a total SFR fleet in 2100. 

Throughout the scenario, the nuclear electrical production is supposed to remain 
equal to its current level, i.e. 430 TWhe/year. 
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Table 1: Main core characteristics 

 EPRTM 
reactors SFR V2B ADS 

Thermal/net electrical power (MW) 4 500/1 550 3 600/1 450 384/154 

Net yield/load factor (%) 34.4%/81.8% 40.3%/81.8% 40.1%/74.0% 

Heavy metal mass in core (tonnes) 120.0 

Core: 74.0 

MABB 20% MA: 11.9 

AmBB 10% Am: 12.5 

5.4 

Core management x irradiation time (EFPD) 4 x 367 5x410 3x365 

Fuel type 
17x17 UOX 

17x17 MOX 

MOX (U-Pu, 

eventually MA) 

CERCER (26.9% MgO, 

73.1% Pu-MA1) 

Fuel assemblies average burn-up (GWd/tonnes) 55 

Core: 98 

MABB 20%MA: 39-502 

AmBB 10%Am: 11.3 

78 

Equivalent Pu239 weight content (wt%) − 11.0% 18.6% 

Average initial Pu weight content (wt%) − ~16.0% 45.7% 

Results on MA transmutation in homogeneous mode 

The main results of the reference homogeneous transmutation scenario have been 
published in [1] and [2]. MOX PWR fuel reprocessing between 2038 and 2055 (as described 
in Figure 4) leads to a large increase of the minor actinides flow. Since MA are not 
separated from plutonium, the maximal MA mass content in fresh fuel is 3.9% (the 
equilibrium MA content is 1.2%, see Figure 6). In an alternative scenario with only Am 
recycling, the maximal Am content is 2.9%. The technical feasibility of the homogeneous 
transmutation remains limited to a content of about 2.5~3.0% MA if one remains on the 
design of reference core SFR V2B, with acceptable impacts on reactivity coefficients [9]. 

Optimisation of the reprocessing strategy (see Figure 5) allows limiting the maximal 
MA content loaded in reactors: PWR MOX fuel assemblies are reprocessed over a longer 
period thus more diluted, and since all fuels are reprocessed in “last-in-first-out” mode, 
the cumulated 241Am production is reduced. Those changes lead to keeping the MA 
content below 2.5% during the transient period of SFR deployment (see Figure 6). The 
same optimisation gives a comparable reduction of Am content (maximum is 2.0%) for 
the scenario with only Am transmutation. 

                                                            
1 Mean values on inner, intermediate and outer core. 
2 The MABB average burn-up increases significantly with the initial Cm weight content. 
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Figure 4: Reprocessing (reference scenario) Figure 5: Reprocessing (optimised scenario) 
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Figure 6: MA content in fresh fuel 
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Results on MA transmutation in heterogeneous mode 

The main results of the reference heterogeneous transmutation scenario have been 
published in [1] and [2]. The Am flux produced by the reprocessing plant described in 
Figure 4 (up to 4 tonnes per year) involves loading two rows of AmBB with a 20% Am 
content in SFR during the transition period. The heterogeneous Am transmutation 
scenario has been re-evaluated with an improved calculation scheme: the burn-up of 
AmBB (20% Am) is reduced to a more realistic value of 35 GWd/tonne. This improved 
scenario has been optimised: 

• By reducing both initial Am content (from 20% to 10%) and irradiation time of 
AmBB (from 10 cycles to 5 cycles of 410 EFPD, which is the same duration as 
standard fuel) to increase loading frequency. This allows reduction of Cm build-up 
and consequently fuel decay heat. 

• By optimising the reprocessing strategy (identical to the homogeneous case, see 
Figure 5). 
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• It remains possible to use only one AmBB row with 10% Am in the optimised scenario. 
The thermal power of fresh AmBB is divided by 2 (see Figure 8), although Am 
inventory in fuel cycle is higher than illustrated in Figure 9; 115 tonnes at equilibrium 
instead of 80 tonnes for the reference scenario and 93 tonnes for the scenario with 
improved data. The separated Am mass is below 10 tonnes for the optimised scenario 
(see Figure 7). 

Table 2: AmBB assumptions Figure 7: Evolution of Am separated mass 

Scenario
Reference 
scenario 
(full line)

Improved 
scenario 

(crossed line)

Optimized 
scenario 

(dotted line)
Row 

number 2 2 1

Am content

20 % in 
transient, 
10 % at 

equilibrium

20% 10%

Irradiation 
duration 10 cycles 10 cycles 5 cycles

Burn-up 58 GWd/t 35 GWd/t 11 GWd/t

    0

    4

    8

    12

    16

    20

2040 2062 2084 2106 2128 2150
year 

Se
pa

ra
te

d 
Am

 (t
on

s)

 

Figure 8: Fresh AmBB thermal power Figure 9: Am inventory in cycle 
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Transmutation performance analysis 

The following figures give a comparison of the performances obtained for a scenario 
without transmutation (full line), transmutation in homogeneous mode (crossed line) and 
transmutation in heterogeneous mode (line with circles). The case of transmutation of 
only Am is represented in lighter colours with dotted lines. 
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Figure 10: Fresh fuel thermal power Figure 11: Spent fuel decay heat 
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Figure 12: MA inventory in cycle Figure 13: MA inventory in waste 
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Comparison between homogeneous and heterogeneous transmutation 

MA are concentrated in MABB in heterogeneous mode whereas MA are diluted with 
standard fuel in homogeneous mode. Consequently, fresh fuel thermal power and spent 
fuel decay heat are significantly higher for MABB than for U-Pu-MA fuel, requiring longer 
cooling time to handle fuel (up to 15 years for MABB with high Cm content). MA 
transmutation in homogeneous mode is more efficient, allowing a more important 
reduction of MA inventory in cycle, stabilised at 80 tonnes. MA inventory in waste 
constant to 63 tonnes is independent of the transmutation mode, but is determined by 
the separation rate for MA at the reprocessing plant (fixed by assumption to 99.9% since 
2040). 

Comparison between MA and Am transmutation 

In the case of MA transmutation, Cm is built up in fuel during the scenario due to 
capture on Am. The transmutation of only Am allows the fresh fuel thermal power to 
remain steady due to the relative stability of isotopic composition, which can facilitate 
fuel handling. The MA inventory in cycle is reduced from 20~25 tonnes and stabilised, but 
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the MA inventory in waste increases slowly due to Np and Cm accumulation. 
Nevertheless, Am being the major contributor to waste toxicity after 500 years of cooling, 
the gain on this period is equivalent for Am and MA transmutation. 

Comparison with MA transmutation in dedicated system 

Based on the reference scenario of SFR deployment, a scenario of MA transmutation in 
dedicated systems has also been studied. ADS Pb-EFIT [8] are deployed to deal with MA in 
parallel to SFR recycling Pu without a significant change in SFR deployment. Pu coming from 
spent fuel reprocessing is used to start both SFR and ADS. A possible ADS deployment 
presented in Figure 14 is sustainable thanks to an input of 40 tonnes of external Pu or to the 
addition of fertile blankets to SFR. After a transient period with 10 ADS, 18 ADS 
(corresponding to 2.7 GWe installed) are required at equilibrium to stabilise the total MA 
inventory at a similar level to MA transmutation in heterogeneous mode in SFR, as illustrated 
in Figure 15. 

Figure 14: Possible ADS deployment Figure 15: Global MA inventory  
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The evolution of the isotopic composition of Pu charged in ADS is presented in Figure 
16. Pu quality decreases when Pu is recycling in ADS: Pu239 fraction decreases from 60% to 
less than 20%. In contrast, Pu238 fraction increases significantly, leading, in association 
with Cm build-up to a high level of fresh fuel thermal power (see Figure 17).  

Figure 16: Pu isotopic composition in ADS Figure 17: Fresh fuel thermal power 

0%

10%

20%

30%

40%

50%

60%

70%

2040 2060 2080 2100 2120 2140
Year

 P
u 

is
ot

op
ic

 c
om

po
si

tio
n

Pu238
Pu239
Pu240
Pu241
Pu242

 

 0

 1

 2

 3

 4

 5

 6

 7

 8

2040 2060 2080 2100 2120 2140
Year of loading

Fr
es

h 
fu

el
 th

er
m

al
 p

ow
er

(k
W

 / 
as

se
m

bl
y)

ADS
SFR fuel U-Pu-MA
MABB (20% MA)

 



   NEA/NSC/DOC (2013)3 

TWELFTH INFORMATION EXCHANGE MEETING ON PARTITIONING AND TRANSMUTATION, © OECD 2013 63 

Finally, MA transmutation in ADS gives similar results to MA transmutation in SFR in 
heterogeneous mode, but requires starting 18 units of ADS, leading to a strong economic 
penalty. 

Progressive introduction of minor actinides options 

The scenarios on progressive introduction of MA options consider the start of SFR 
deployment with only Pu recycling. MA transmutation is carried out as a second step in 
order to separate the SFR deployment and Pu availability issues from the MA 
transmutation one. 

MA transmutation in SFR fleet at equilibrium 

This scenario considers the carrying out of MA transmutation once the SFR fleet is 
totally deployed and at equilibrium. Thus, only the MA produced by the SFR fleet at 
equilibrium are transmuted. 

Figure 18: MA cycle and waste inventories Figure 19: MA content in fresh fuel 
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After 2120, the homogeneous MA transmutation will lead to an increase in the global 
Pu inventory and in the amount of MA in spent fuel storage (see Figure 18); none of them 
will be stabilised. The homogeneous MA transmutation enables stabilisation of the 
amount of MA in waste. However, all the MA coming from REP reprocessing having been 
put in waste, it will reach 310 tonnes in 2120, instead of 63 tonnes if MA partitioning 
begins in 2040. 

Between 2120 and 2170, the MA content in SFR fresh fuel will increase but it will 
stabilise at around 1.2% (see Figure 19). Beginning the homogeneous MA transmutation 
after the SFR fleet has reached equilibrium enables avoidance of the peak in MA content 
observed when SFR are deployed during MA transmutation from 2040 (see “Results on MA 
transmutation in homogeneous mode”).  

MA transmutation in heterogeneous then homogeneous mode 

This scenario considers the successive carrying out of several MA transmutation 
options in order to progressively set up homogeneous MA transmutation in SFR: [2040-
2060] SFR U-Pu  [2060-2080] AmBB 10%  [2080-2120] MABB 20%  [2120] SFR U-Pu-MA. 

As seen previously in Figure 10, the use of minor actinides bearing blankets 
containing 20% of MA leads to really high thermal powers, up to 7 kW/assembly at 
loading. Such thermal powers could be avoided by considering a similar scenario with 
only americium transmutation, as follows: [2040-2060] SFR U-Pu  [2060-2080] AmBB 10% 
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 [2080-2120] AmBF (Am bearing fuel loaded in the outer core)  [2120] SFR U-Pu-Am. 
Results of Am and MA progressive transmutation scenario will be compared in the next 
figures. 

The curves illustrated in Figures 20 and 21 do not represent the average MA content 
and fuel thermal power, but the ones of the assemblies in which they are maximal (for 
example between 2060 and 2080, AmBB instead of SFR Pu fuel). 

Figure 20: Am/MA content in fresh fuel Figure 21: Fresh fuel thermal power 
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The Am content in AmBF is limited to 7%. In the Am transmutation scenario, with all 
available Am being used, the Am content reaches 4.7% at its maximum (in 2097). The use 
of AmBB 10% and of AmBF (containing no curium) leads to fuel thermal power that 
remains below 1.5 kW/assembly. The use of MABB 20% induces a maximum fresh fuel 
thermal power of 7 kW/assembly, as in the scenario dedicated to this option. 

Due to the homogeneous Am transmutation, the Pu inventory will not stabilise and reach 
1 120 tonnes in 2150. The global Am inventory stabilises as illustrated in Figure 22. 
Nonetheless, the transmutation being delayed, Am is accumulated in waste until 2060 and 
the global Am inventory stabilises at 135 tonnes (instead of 80 tonnes if the homogeneous 
Am transmutation has been carried out since 2040). 

Figure 22: Am inventories (global and in waste) 

0

50

100

150

200

2010 2030 2050 2070 2090 2110 2130 2150
Year

A
m

 in
ve

nt
or

y 
(to

ns
)

Heterogeneous then homogeneous transmutation - total
Heterogeneous then homogeneous transmutation - waste
Homogeneous transmutation since 2040 - total
Homogeneous transmutation since 2040 - waste

 
 

SFR Pu 

AmBB 
10% MABB 20% 

SFR 
Pu+Am/MA 

SFR Pu

AmBB 
10% MABB 20% 

SFR 
Pu+Am/MA 

AmBF 
AmBF 



   NEA/NSC/DOC (2013)3 

TWELFTH INFORMATION EXCHANGE MEETING ON PARTITIONING AND TRANSMUTATION, © OECD 2013 65 

Conclusion 

Within the framework of the French Act on Waste Management, scenario studies on 
progressive SFR deployment have been carried out with the simulation software COSI to 
compare advantages and drawbacks of MA transmutation options. The impacts of MA 
transmutation in terms of fuel decay heat and mass inventories in cycle and waste are 
assessed depending on which element is transmuted (all MA or only Am) and the chosen 
mode of transmutation, homogeneous versus heterogeneous.  

In the case of transmutation in homogeneous mode, MA content in SFR core is 
adjusted as a function of the MA amount coming from reprocessing. Old PWR MOX fuel 
reprocessed at the beginning of SFR deployment leads to a peak of 3.9 wt% (2.9 wt% only 
if Am is transmuted). An optimisation of reprocessing allows reduction of this peak value 
under 2.5 wt% during the scenario. Scenarios of MA and Am transmutation in 
heterogeneous mode have been re-evaluated to take into account improved data and to 
limit fresh fuel thermal power and spent fuel decay heat. Am transmutation in 
heterogeneous mode is the most reasonable way at industrial scale (acceptable levels of 
thermal power on a limited number of fuel assemblies) and gives significant gains on MA 
inventories in cycle and in waste. Consequently, the transmutation of only americium in 
one row of radial blankets containing initially 10 wt% Am and irradiated during the same 
duration as the standard fuel assemblies appears to be a suitable solution. 

A comparison of results obtained with MA transmutation in dedicated systems is also 
presented with a symbiotic scenario considering ADS (accelerator-driven system) 
deployment to transmute MA together with a SFR fleet to produce energy. MA 
transmutation in ADS gives similar results to MA transmutation in SFR in heterogeneous 
mode, but requires starting 18 units of ADS, leading to a strong economic penalty, 
limiting the interest of MA transmutation in ADS in the French context. 

To limit the industrial risks associated with MA transmutation, scenarios on 
progressive introduction of MA transmutation options have been assessed. SFR 
deployment has started without MA transmutation and transmutation options have been 
carried out in a second step, once the SFR fleet is at equilibrium or by successively 
chaining heterogeneous and homogeneous options. Results of these progressive 
scenarios have been found to be intermediate between those of scenarios dedicated to 
each transmutation option. The MA inventory in waste is a function of the date of the 
beginning of MA partitioning. 
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Abstract 

This paper analyses a multi-tier reactor system devised for the recycling and 
transmutation of long-lived actinide components from used nuclear fuel. The first stage 
consists of current LWRs operating on UO2 fuel. The transuranic isotopes (TRUs) recovered 
via reprocessing from the discharged fuel are supplied to the second stage reactors where 
they are continuously recycled and incinerated. Reduced moderation PWRs with Th fertile 
carrier and liquid metal fast reactors with either U or Th fertile carriers have been 
considered for this second stage. This paper analyses the top-level fuel cycle performance 
of the various options to assess relative merits and shortcomings. The results indicate that 
in principle all options considered can achieve full recycle and incineration of TRUs from 
UO2 used fuel. The Th-based incineration route has greater potential for reducing the 
number of transmutation reactors, and a minimum is achieved when they are preceded by 
an interim Pu burn in Th-PuO2 PWRs. The thorium route appears the only viable option to 
enable transmutation in RMPWRs. FRs are more efficient than RMPWRs because even 
with slightly inferior incineration rates they can attain significantly greater discharge BU, 
thus lowering reprocessing and fuel manufacturing requirements. U-based transmutation 
can build on a much more developed knowledge basis and industrial infrastructure and, 
for heterogeneous recycling schemes, minimises the amount of fuel requiring remote 
manufacturing. Regardless of the route and specific technology, the development of 
expensive and challenging technologies is required for all schemes, inherently discouraging 
industrialisation without an overriding, compelling drive. 
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Introduction 

While not eliminating the need for a permanent disposal site, the partition and 
transmutation (P&T) of long-lived actinides can in principle offer significant benefits from 
both societal and technical standpoints. It can mitigate public concerns by drastically 
reducing the amount of long-lived components to be segregated from the biosphere and 
it can improve the repository performance by reducing the heat load of the waste 
packages during disposal. In addition, by recovering and recycling actinides from used 
fuel, the implementation of a P&T strategy can greatly enhance the use of nuclear 
resources, which can be of strategic importance if nuclear energy is continued to be used 
in the future. On the other hand, P&T adds significant costs, risks and technical 
challenges to the nuclear fuel cycle, it requires large investments and long-term 
commitment; it can pose safety hazards through handling and manufacturing fuel with 
isotopes with high specific radioactivity and decay heat. Westinghouse is identifying the 
promises and challenges of P&T by participating in various exploratory studies such as 
the one described in this paper. 

Fuel cycle scheme analysed 

The multi-tier fuel cycle scheme evaluated in this paper aims at achieving low-
radiotoxicity waste by recycling and transmuting long-lived transuranic isotopes (TRU) 
while minimising the number of transmutation reactors and associated technologies to 
reduce the extra costs. This scheme is illustrated in Figure 1. The reactors in the first tier 
are the current, industrially mature LWRs, which constitute the large majority of the US 
and global nuclear fleet, and are projected to be so for the current century. These reactors 
are assumed to continue to exist and operate with the current fuel cycle and 
infrastructure to attain optimal economic performance. Reactors in the second-tier are 
assumed to be gradually introduced with the purpose of burning the actinides recovered 
from the used fuel of the first-tier reactors (current legacy fuel and future used fuel); 
these reactors should enable full recycle of the actinides in their own discharged fuel for 
an indefinite number of irradiation cycles. By pursuing full actinide recycle, the high-
level waste (HLW) generated can in principle consist of fission products (FPs) plus the 
inevitable actinide losses. The ensuing intermediate-and long-term decay heat and 
radiotoxicity would be greatly reduced compared to direct used fuel burial or partial 
recycle schemes (e.g. Pu recycle and MA disposal). On the other hand, costs and technical 
challenges would be greatly enhanced. 

The reactors envisaged for the second tier are: reduced moderation water reactors 
(RMWRs), PWR in this study, evolved from current PWR designs, and fast reactors (FRs). 
The neutron spectrum for RMPWRs and especially for FRs is shifted considerably towards 
higher energies compared to current LWRs, which fosters a number of key advantages to 
implement the intended full recycle strategy. Primarily, the likelihood of direct 
destruction by fission instead of transmutation to higher mass number increases with 
neutron energy, which mitigates the potential negative impact on the reactor 
performance of multi-recycled fuel, improves the efficiency of legacy LWR TRU waste 
burning and increases the number of neutrons available for transmutation (or breeding if 
so desired). While in principle both RMPWRs and FRs can accomplish full actinide recycle 
and transmutation, FRs offer superior fuel cycle performance and flexibility. They can 
attain higher thermal efficiency, higher power density and more compact core design, 
larger span of fertile-to-fissile conversion ratio, including breeding, higher discharge 
burn-up (BU) and lower reprocessing rate per energy produced, as well as lower 
production of higher actinides in a closed cycle due to lower ratio of capture to fission 
cross-sections. 
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TRU transmutation scheme; this feature appears crucial to the viability of a TRU-burner 
RMPWR, and in general it mitigates coolant voiding effects with relatively simple designs 
(e.g. avoiding axial heterogeneous fuels). The use of Th mitigates core voiding also in FRs, 
a feature that could be appealing for Na-cooled designs especially when TRU burning, 
and not Pu breeding, is the primary objective. However, for liquid metal FRs, U is by far 
the predominant option, having been proposed historically in part due to its enhanced 
breeding potential. In addition, Na-cooled FRs with a wide range of TRU conversion ratios 
and feed types, have been investigated and appear neutronically feasible, including U as 
fertile carrier [1].  

Another possibly beneficial characteristic of Th comes from the significantly lower 
radiotoxicity and decay heat of its in-bred actinides compared to those in-bred from U, an 
advantage that is lost after about 20 000 years of post-irradiation decay by which times 
the waste radiotoxicity has decayed to relatively low levels [2]. Whether the lower 
radiotoxicity represents a real advantage is questionable, but the lower decay heat could 
be beneficial on the repository performance, if confirmed by a dedicated investigation. On 
the other hand, this potential benefit could remain only speculative for several reasons: it 
depends on actual reprocessing losses and waste packages and on how these would 
compare with the counterpart U cycle, and this is hard to predict given the limited 
experience with Th reprocessing. Waste decay heat (and radiotoxicity) in a closed U cycle 
is also already quite low once the bulk of FPs has decayed, i.e. after ~300 years of post-
irradiation cooling, so even if there were benefits from Th they would still be of little 
consequence. Finally, a Th-closed cycle will not materialise as long as TRUs need to be 
burned and are supplied from the first to the second reactor tier, essentially implying 
that in order for a Th-closed cycle to occur the entire reactor fleet would need to be self-
sufficient in terms of fissile generation and operating on full actinide recycle. This 
possibility at the current time appears quite remote and certainly very speculative, also 
even if pursued, it would require several decades, if not centuries, to unfold.   

Perhaps the more credible short-term path for Th introduction in the fuel cycle is as 
Th-PuO2 (ThOX) fuel in current LWRs, an option that is shown in the bottom-left part of 
Figure 1. This is similar to U-PuO2 (MOX) but with higher net consumption of Pu, and the 
generation of U3. This option could be of interest for disposition of excess Pu in a matrix 
more stable than U, without precluding a future policy of full recycle, as shown in Figure 1; 
after completing one irradiation cycle in PWRs, used ThOX fuel would be cooled, reprocessed, 
with FPs buried as waste and actinides, minus losses, recovered and recycled in the 
second-tier reactors: RMWRs and/or FRs. The MA (Np, Am and Cm) separated from the 
LWR used fuel that provided the Pu for ThOX (or MOX) fuel could be disposed together 
with the FPs, or separated for transmutation in the second-tier reactors once available. 
The latter option has been considered in the set of calculations with results to follow, for 
both RMPWRs and FRs. Alternatively, both Pu and MA recovered from LWR used fuel 
could directly go to the second-tier reactors without any intermediate ThOX (or MOX) 
burn. The advantage of the intermediate ThOX or MOX burn could be to reduce legacy Pu 
in reactors already available, thereby minimising second-tier reactors and decay of 241Pu 
to 241Am in the used fuel. On the other hand, the harder spectrum fostered in second tier 
reactors, especially FRs, is in principle more suitable for Pu transmutation with minimal 
additional generation of MA.  

At the end of the irradiation cycle, the fuel discharged from the RMPWRs/FRs is 
cooled and reprocessed. Actinides (minus the losses) are recycled and re-manufactured 
into new fuel for further irradiation cycles. FPs and actinide losses are buried as waste. 
The reactors in the second-tier, especially the FRs, have the potential for enough design 
flexibility to accommodate the variety of fuel actinide compositions and conversion 
ratios that may be required as the recycled fuel actinide composition changes and the 
supply of actinides to transmute from the first tier becomes extinguished. This is, 
however, an eventuality that is highly unlikely to materialise for many decades, due to 
the inertia of the current nuclear system. In this regard, it should be noted that U-fuelled 
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FRs have typically higher breeding potential than Th-fuelled ones. Conversely, Th-fuelled 
FRs have reduced intrinsic breeding, primarily due to smaller fast fission contribution of 
232Th compared to 238U and fewer fission neutrons from U3 compared to Pu. As a result, 
for similar design characteristics, a Th FR enables higher legacy consumption rates but at 
the cost of increased reactivity swing to control. This trade-off in breeding potentially 
favours the use of Th to maximise legacy consumption rate with a minimum number of 
transmutation reactors deployed, as will be discussed in the next section. The use of U is 
preferred in more traditional heterogeneous irradiation schemes and certainly when 
breeding is the foremost objective. Finally, it should be noted that for reactors operating 
on a burner scheme with an implied objective of maximising incineration rates, U3 
should also be counted as legacy to be burned, even though with respect to TRU it has 
some potential reactor physics and fuel cycle advantages (and some disadvantages), as 
discussed in more detail in [2] [3]. The approach of considering U3 as part of the legacy to 
incinerate is described in this paper. 

Fuel manufacturing and reprocessing are key technological components of every 
transmutation scheme. The fuel cycle scheme investigated here assumes oxide fuel with 
aqueous reprocessing in recognition of the wider experience basis and potential for 
implementation on an industrial scale. Alternative technologies, such as metal fuel with 
pyro-reprocessing for the FR cycle, would still be compatible with the general framework 
but would require revisiting some assumptions and design inputs and lead to slightly 
different results. Even adopting oxide fuel and aqueous reprocessing, there remain 
technological gaps that need to be filled to enable the transmutation scheme described; 
efficient separation of MA from FPs, and possibly further partition of Am and Cm to 
alleviate the high radiation field, heat generation and He release associated with Cm 
build-up in the recycled fuel. If Th is pursued, the recovery and partition of additional 
actinides is required, e.g. Pa (231Pa could be a long-term hazard due to its relative mobility 
in some repository environments) and the reprocessing itself will be complicated by more 
difficult dissolution and far less experience than with U fuels. Past experience include the 
reprocessing of 17 MT of stainless steel clad Th oxide pellet fuel from the Indian Point 
nuclear plant performed successfully at the commercial Nuclear Fuel Services plant at 
West Valley, NY; previously, over 800 MT of fuel had been reprocessed using the THOREX 
process at ORNL, SRP and Hanford [4]. Th-based fuels have typically better thermo-
physical properties than U-based counterparts (higher melting point and thermal 
conductivity) which, together with some favourable, but limited, irradiation experience, 
lead to positive expectations for ThOX fuel performance [4]. On the other hand, due to 
many uncertainties, including licensing, it is questionable whether these potential 
benefits can ever be credited as operational or safety margins. 

Fuel incorporating Pu and/or fresh Th can be manufactured in a glovebox facility 
(shown in green in Figure 1). If a homogeneous recycle strategy is pursued, all fuel for the 
reactors in the second-tier will be performed remotely due to the high-radiation field 
from the presence of Am, Cm and higher actinides, and/or in-bred 232U in Th-based 
recycled fuel. If a heterogeneous recycle strategy is pursued, then the amount of fuel 
requiring remote manufacturing can be reduced considerably, especially for the U-based 
scheme. Irradiated thorium will require ~20-year interim storage to allow decay of 228Th 
(and high decontamination from U due to its content of 232U) before fuel remanufacturing 
in glovebox can be performed.   

Regardless of the appealing features of Th, in general, U is greatly preferred by the 
existing infrastructure and knowledge base. While part of this infrastructure will not be 
directly applicable to U-based transmutation, and substantial further developments will 
be required anyhow, U appears to be the more likely short-term option, especially if FRs 
with heterogeneous transmutation are pursued. 
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Results 

The reactors used for the top-level analysis of the fuel cycle depicted in Figure 1 are 
reviewed below, together with the stages they are associated with. The core physics tools 
used for the analysis are WIMS [6] with JEF 2.2 library and ECCO/ERANOS with JEFF 3.1 
library supplemented with the EQL3D procedure [7-9].  

• Stage 1): Current LWRs, for simplicity represented by 4-loop PWR Westinghouse 
design with 3.4 GWt and operating on UO2 fuel with 4.4% 235U enrichment. 
Discharge BU of 52  GWd/tiHM; 10-year cooling from before recycle of TRU (or Pu) 
in the next stage(s).  

– Stage 1a): Interim Pu-burn in MOX or ThOX fuel. Same reactor design and power 
rating as in Stage 1) have been assumed, with a discharge of BU of 50 GWd/tiHM. 
A cooling time of 5-year for MOX or ThOX has been assumed before recycle in 
Stage 2) RMPWRs or FRs.   

• Stage 2): Two reactors used for the simulation.  

– 2.1) Reduced-moderation PWR, based on 4-loop PWR in 1) and 1a) but with larger 
fuel rod diameter, bringing the H/HM from ~2.0 of standard moderation design to 
1.1 [10]. This option has been examined only with Th as fertile material. 

– 2.2) FR based on the Westinghouse-Toshiba Na-cooled 1 GWt advanced 
recycling reactor, ARR [11] with the same recycling schemes as for the RMPWR 
(e.g. direct recycle of TRU from UO2 PWR fuel or from the interim MOX or ThOX 
stage). This option has been examined with both U and Th as fertile materials. 

The top row of Table 1 summarises the fuel and reactor types for the various stages of 
the scenarios simulated. UO2 PWR is the first stage (“Stage 1”), common to all scenarios. 
This is followed by the optional Pu burn in either MOX or ThOX PWR, indicated as “Stage 
1a”, and then full recycle in “Stage 2” reactors, i.e. the ARR FR or the RMPWR. When the 
Pu recovered from Stage 1 is recycled in Stage 1a, then the residual MA from the UO2 

separation are assumed also to be recovered and recycled in Stage 2 together with the 
TRU (and U3 for ThOX) from Stage 1a discharge. If Pu recycle in Stage 1a is not pursued, 
then all the TRU recovered from UO2 PWR fuel will be directly recycled in Stage 2 (2nd to 
4th row in Table 1). As mentioned, Stage 2 reactors are assumed to operate on full recycle 
of the actinides in their own discharged fuel plus those supplied as external feed from 
the previous stage(s), and topped up with their characteristic fertile material (natural U or 
Th). While both U and Th-based transmutation are neutronically possible in the ARR, the 
safety constraints on the moderator temperature coefficient make Th the only practical 
option for the RMPWR. 

The results shown in Table 1 have been calculated at the equilibrium cycle 
characteristic of each scenario, obtained by repeated recycle in Stage 2 reactors until 
mass flows and isotopic inventory are converged. The reactor’s support ratio thus 
obtained has been translated into share of electricity for the various stages, as shown in 
Table 1. Direct recycle of actinides from Stage 1 to Stage 2 leads to a share of electricity 
for the transmutation reactors in the 35-30% range, down to 25-20% if interim Pu burn in 
Stage 1a is pursued. Therefore, an intermediate MOX or ThOX stage brings significant 
benefits when minimisation of the number of transmutation reactors is one of the 
primary goals, which is probably due to their likely high costs, associated infrastructure 
required and long time to deployment. Between U-based and Th-based transmutation, 
the latter option appears to have greater potential to achieve a minimum number of 
transmutation reactors. This is due to the inherently lower conversion ratio of Th for the 
reactors considered. The main reasons are: lower fast-fission contribution from 232Th 
compared to 238U, lower average number of fission neutrons from Pu compared to U3 and 
reduced density of Th-based oxide fuel compared to U-based oxide fuel which favours 
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neutron leakages and reduces internal breeding [12]. While the U-based FR design 
adopted can in principle be modified to further reduce the conversion ratio and match 
the incineration rate of the Th-based design, the core TRU content would increase and as 
a result of the safety performance, void coefficients in particular, would deteriorate. A 
more detailed discussion on these aspects will be presented in [13]. Remarkably, the 
share of electricity of Th-based FR and RMPWR burners is practically the same, ~30% in 
the single-tier scheme and ~20% in the multi-tier scheme. 

The next three metrics analysed in Table 1, incineration rate, discharge burn-up and 
kg incinerated/MT reprocessed, are given as the averages over Stage 1a (when present) 
and 2, using the share of thermal energy as weights. As a result of a preceding MOX stage, 
the overall rate of incineration of the U-based scheme decreases, while the opposite is 
true for the Th-based schemes. The behaviour observed in the U multi-tier scheme is 
explained by the relatively low incineration rate of MOX (~100 kg/GWt-yr) once 
introduced to precede the FR stage (which itself has a ~ 175 kg/GWt-yr incineration rate 
with Stage 1a feed). Conversely, the higher incineration rate of ThOX (~180 kg/GWt-yr) 
and Th-FR or RMPWR (213 and 226 kg/GWt-yr respectively) combine favourably to yield 
the trend and differences observed. It should be noted that to maximise incineration in 
the last stage, it is desirable to burn and convert Pu to U3 in a preceding stage with 
thermal spectrum (e.g. ThOX PWR) to avoid conversion in a hard spectrum where Pu has 
higher fission neutron yield and thus promotes higher internal breeding. The relatively 
low discharge of BU in the RMPWRs scheme, ~ 43 GWd/tiHM, is a consequence of the 
trade-off in increasing TRU loading (and discharge BU) while respecting safety limits 
(MTC especially) and operational constraints (reactivity control). The discharge of BU in 
FRs is dictated primarily by respecting the limit on the cladding fast fluence. As a result, FR-
based schemes can achieve much higher discharge BUs than the RMPWR, in the range of 110-
120 GWd/tiHM for the single-tier ARR and 88-95 with the interim Pu-burn (the difference 
originating from the low discharge BU, ~ 50 GWd/tiHM, of the MOX or ThOX stage compared 
to FR). Therefore, FRs offer a more efficient incineration environment, confirmed by the 
significantly higher ratio of kg burned/MT reprocessed. The slightly higher discharge of BU of 
the Th vs. U FR schemes is due primarily to the same fuel management but lower density for 
Th-based fuels; this, combined with the higher incineration rate, results in the largest value 
of kg burned/MT reprocessed pertaining to the Th-based FR schemes. 

Table 1 also shows the breakdown of fuel manufacturing and reprocessing 
requirements for each stage of the various schemes. From the reprocessing standpoint, 
the total requirements are similar for all FR cycles, but ~25% higher in the RMPWR as a 
result of its much lower discharge BU compared to FRs. As for fuel manufacturing, the 
key economic discriminator is the amount of fuel that needs to be fabricated remotely, 
and, to a much lower extent, that requiring glovebox manufacturing, with respect to the 
much cheaper hands-on manufacturing route. FRs are advantageous compared with 
RMPWRs also from this viewpoint, with less than a third remote fuel manufacturing 
requirements assuming homogeneous recycling strategy. Under this assumption, the Th 
FR would be slightly favoured compared to the U FR, and the multi-tier scheme would be 
the optimum, with less than 10% of the total fuel fabricated remotely. On the other hand, 
if a heterogeneous recycle strategy is pursued, then the absence of U3 requiring remote 
manufacturing favours U-based recycle strategies.   

With regard to Stage 2 fuel inventories, it should be noted that the RMPWR fuel 
features, on a percent basis, higher amounts of fertile and lower amounts of Pu+U3 
compared to the counterpart Th FR schemes. This results from the lower fissile 
requirements in the softer RMPWR spectrum and lower discharge BU than in the FR. The 
U FR shows higher equilibrium cycle content of Pu as a result of the conversion of 238U 
into 239Pu. The amount of MA in Stage 2 fuel inventory is quite similar for all single-tier 
options, and higher when preceded by an interim Pu-burn in MOX or ThOX. The 
feasibility of fuel manufacturing with relatively high content of TRU, Am and Cm 
especially, plus 232U, needs to be determined.  
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Table 1: Summary of transmutation performance 

Fuel & reactor at

Stages 1/1a/2 

UO2 PWR/ 
(Absent)/ 

U-FR 

UO2 PWR/
(Absent)/ 

Th-FR 

UO2 PWR/
(Absent)/ 

Th-RMPWR 

UO2 PWR/ 
MOX-PWR/ 

U-FR 

UO2 PWR/ 
ThOX-PWR/ 

Th-FR 

UO2 PWR/ 
ThOX-PWR/ 

Th-RMPWR 

Fertile in  
Stage 1a/2 

238U 232Th 232Th 238U 232Th 232Th 

Actinides 
burned/source in 

Stage 1a 
Absent Absent Absent Pu in UO2 Pu in UO2 Pu in UO2 

Actinides 
burned/source in 

Stage 2 
TRU in UO2 TRU in UO2 TRU in UO2 

TRU 

in MOX 
+ MA in UO2 

TRU+U3 

in ThOX 
+ MA in UO2 

TRU+U3 in 
ThOX 

+ MA in UO2 

Share of electricity 
(%)1 

(Stage 1a),  
Stage 2 

 
35 % 

 
31% 

 
32% 

(12%) 
25% 

(9%)/ 

-23% 

(7%)/ 

21% 

Incineration rate 
(kg/GWt-yr)2 163 186 192 152 238 223 

Burn-up 
(GWd/tiHM)2 110 118 43 88 99 43 

Kg burned/MT 
reprocessed2 49 60 23 41 66 26 

MT of Fuel/GWe-yr

Stage 1/1a/2 
(Total) 

14.4/0/ 

2.9 (17.3) 

15.3/0/ 

2.4 (17.7) 

14.5/0/ 

8.2 (22.7) 

13.6/2.4/ 

2.0 (18.0) 

14.8/2.0/ 

1.6 (18.4) 

15.2/1.6 

5.9 (22.7) 

Stage 2 fuel 
inventory 

(% of iHM, eq. 
cycle) 

      

232Th or 238U 62.1% 55.8% 74.8% 57.8% 49.9% 72.3% 

U from Th - 8.9% 6.1% - 13.9% 6.9% 

Np 0.8% 1.1% 0.6% 1.4% 1.7% 0.8% 

Pu 33.0% 29.2% 15.3% 33.8% 25.7% 15.6% 

Am 3.0% 3.7% 2.2% 4.7% 6.0% 3.2% 

Cm 1.1% 1.3% 1.0% 2.3% 2.8% 1.2% 

1 An energy conversion efficiency of 0.33 for the PWR and RMPWR and 0.4 for the ARR has been assumed. 2Incineration rate, burn-up 
and kg burned /MT reprocessed are averaged over Stage 1a and 2, using as weights the share of electricity of these two stages. 
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Conclusion 

A multi-tier fuel cycle scheme aimed at devising a credible transmutation route for 
long-lived actinides contained in UO2 used fuel has been described. The first-tier reactors 
are current LWRs; the second tier reactors recycle and incinerate TRUs supplied from the 
first tier over multiple, in principle indefinite, in-reactor irradiation cycles. The reactors 
investigated for this purpose are RMPWRs with Th-based fuel and FR with either U-based 
or Th-based fuel. A top-level comparison of the transmutation performance of the 
various schemes has been provided based on core physics analysis of the equilibrium 
cycle. The results indicate that in principle all options considered can achieve full recycle 
and incineration of TRU from UO2 used fuel, which would dramatically reduce the 
inventory of long-lived isotopes requiring permanent disposal compared to used fuel 
burial. The Th-based incineration route has greater potential for reducing the number of 
transmutation reactors, and a minimum is achieved when preceded by an interim Pu-
burn in Th-PuO2 PWRs. FRs are more efficient than RMPWRs because, even with slightly 
inferior incineration rates, they can attain significantly greater discharge BU, thus 
lowering reprocessing and fuel manufacturing requirements. U-based transmutation can 
build on a much more developed knowledge basis and industrial infrastructure and, for 
heterogeneous recycling schemes, minimises the amount of fuel requiring remote 
manufacturing. Th can be appealing if RMPWRs are the preferred option, and has the 
additional advantage of mitigating reactivity insertion following core voiding with 
relatively simple fuel design (e.g. axially homogeneous). On the other hand, the 
technology gap with respect to U is considerable, and in general the development of 
expensive and challenging technologies would be required for all schemes, inherently 
discouraging industrialisation without an overriding, compelling drive.  

References 

[1] W.S. Yang (2008), Trends in transmutation performance and safety parameters versus 
TRU conversion ratio of sodium-cooled fast reactors. IEMPT-10 Int. Conf, 8 October 2008, 
Mito, Japan. 

[2] F. Franceschini, C. Fiorina et al. (2012), Radiotoxicity Characterization of Multi-Recycled 
Thorium Fuel, Waste Management Symposia, 26 February-1 March 2012, Phoenix, AZ, USA. 

[3] C. Fiorina, A. Cammi, F. Franceschini, J. Krepel, K. Mikityuk, M.E. Ricotti, Analysis of 
Thorium and Uranium Fuel Cycles in an Iso-breeder Lead Fast Reactor using Extended-
EQL3D Procedure. Ann. Nucl. Energy. 

[4] R.E. Brooksbank, W.T. McDuffee, R.H. Rainey (1978), A Review Of Thorium Fuel 
Reprocessing Experience, ORNL Report CONF-780223-3. 

[5] M.R. Floyd (2011), Advanced Fuel Cycle Development at Chalk River Laboratories, Int. 
Conf. Future of HWRs, Ottawa, Ontario, Canada, 2-5 October 2011. 

[6] T. Newton, G. Hosking, L. Hutton, D. Powney, B. Turland, E. Shuttleworth (2008), 
Developments within WIMS10. Proc. PHYSOR 2008, Interlaken, Switzerland. 

[7] G. Rimpault ( 1997), Physics documentation of ERANOS the ECCO cell code. Technical 
Report. RT-SPRC-LEPh-97-001. 

[8] G. Rimpault, D. Plisson, J. Tommasi, R. Jacqmin, J. Rieunier, D. Verrier, D. Biron (2002), 
The ERANOS code and data system for fast reactor neutronic analyses. Proc. Int. Conf. 
PHYSOR 2002, Seoul, Republic of Korea, 7-10 October 2002. 

[9] J. Krepel, S. Pelloni, K. Mikityuk, P. Coddington (2009), EQL3D: ERANOS Based Equilibrium 
Fuel Cycle Procedure for Fast Reactors. Ann. Nucl. Energy 36, 550–561. 



NEA/NSC/DOC (2013)3 
 

76 TWELFTH INFORMATION EXCHANGE MEETING ON PARTITIONING AND TRANSMUTATION, © OECD 2013 

[10] B.A. Lindley et al. (2013), Transmutation, Burn-up and Fuel Fabrication Trade-offs in 
Reduced-Moderation Water Reactor Thorium Fuel Cycles; Waste Management Symposia 
2013, Phoenix, AZ, USA 24-28 February 2013. 

[11] A. Dobson (2008), GNEP Deployment Studies Preliminary Conceptual Design Studies. 
Technical Report. Volume IV – Advanced Recycling Reactor. 

[12] C.E. Till, Y.I. Chang, J.H. Kittel, H.K. Fauske, M.J. Lineberry, M.G. Stevenson, P.I. 
Amundson, K.D. Dance (1980), Fast breeder reactor studies; Technical Report, Argonne 
National Laboratory, ANL-80-40. 

[13] F. Franceschini et al. (2013), Safety Aspects of Thorium Fuel in Fast Reactors, International 
Conference on Fast Reactors and Related Fuel Cycles (FR13), Paris, France, 4-7 March 2013. 

 

 



   NEA/NSC/DOC (2013)3 

TWELFTH INFORMATION EXCHANGE MEETING ON PARTITIONING AND TRANSMUTATION, © OECD 2013 77 

Scenario study for closing nuclear power generation 

Kenji Nishihara, Kazufumi Tsujimoto, Hiroyuki Oigawa 
Japan Atomic Energy Agency, Japan 

Abstract 

MOX in LWR, ROX (rock-like oxide) in LWR, FR and ADS as Pu or TRU transmuter are 
investigated by the material balance analysis assuming the closing scenario of nuclear 
power generation in Japan. The utilisation of MOX or ROX in LWR results in reducing Pu 
amount from 340 tonnes to 215 or 140 tonnes and transmuting the reactor-grade Pu to the 
MOX- or ROX-grade Pu that are less attractive as nuclear weapons. Another advantage of 
these scenarios is to stabilise most of the fission products and MA into the glass waste 
form. However, the repository size and the potential radiotoxicity are not changed by MOX 
and ROX. The introduction of more innovative transmuters such as FR and ADS with a 
corresponding reprocessing plant leads to a significant reduction in the amount of TRU, 
repository area and radiotoxicity. However, many transmuters (15-24 reactors) and a long 
period of time (120-240 years) are needed after closing LWRs. The high transmutation rate 
of the ADS contributes to a short transmutation period which is half that of FR scenarios.  
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Introduction 

When we think of the end of nuclear power generation in the future of a certain 
country, there will be considerable amounts of nuclear material that will be no longer 
burnable in the commercial nuclear power reactors. Some countries may stop nuclear 
power generation after they operate only light water reactors (LWR) with uranium fuel, 
then, will have depleted uranium, plutonium (Pu) and small amounts of minor actinides 
(MA) in the spent fuel (SF). Another may stop after deploying a fleet of fast breeder 
reactors (FBR), and it will have larger amounts of Pu and MA in the FBR spent fuel than 
those in the LWR one. When they stop nuclear power generation, they will have to 
choose among three options: directly-disposing of the spent fuels, transporting them to 
other countries and burning them in dedicated transmutation systems. The first choice 
might be superior from the economic aspect, but it is difficult to find and construct the 
repository owing to its large size and the possibility to recover Pu for nuclear weapon. 
The second one is reasonable if the neighbouring countries need Pu, but is not available 
for the last country that exits the nuclear power generation. The third one is costly but 
effective in minimising the burden of repository. 

In the third strategy, i.e. transmutation strategy, Pu has to be transmuted prior to MA 
because of its amount and usability as nuclear weapons. For countries without FBR 
technology, Pu must be transmuted in the LWR dedicated to transmutation using the 
mixed oxide (MOX) fuel or the rock-like oxide (ROX) fuel. The ROX fuel contains mainly 
Pu with a smaller amount of 238U to reduce Pu production and to transmute about 90% of 
fissile Pu. The spent ROX fuel is so stable as to confine radionuclides and it is difficult to 
obtain Pu by reprocessing after disposal. Both transmutation methods in the LWR can 
reduce the emission of radionuclides to the environment and the opportunity to use Pu 
in the repository as weapons. However, potential radiotoxicity is not reduced due to 
remaining Pu and MA. If the transmutation systems such as fast reactor (FR) or 
accelerator-driven system (ADS) are introduced in the nuclear fuel cycle, very small 
amounts of Pu and MA are found in the high-level waste, and, the potential radiotoxicity 
is reduced.   

In the present study, the above mentioned transmutation methods were investigated 
quantitatively in terms of the necessary number of transmutation systems and period 
after closing the nuclear power using analysis code for nuclear material flow for Japan’s 
case. Moreover, a comparison of repository size and its potential radiotoxicity was made 
along the transmutation scenarios. 

Methodology 

To estimate future material flows of heavy metals, the NMB code that stands for 
Nuclear Material Balance analysis code has been developed by authors on the platform of 
Microsoft Excel with VBA. The NMB code provides the trends of actinide from user input 
of NPP construction in each year and reprocessing scheme. The features of the code are: 

• Composition change during depletion in the reactor and following storage of 26 
actinides with half-life longer than several days including thorium to curium are 
calculated by the exponential multiple methods with one-group cross-sections 
equipped in the code. The calculation accuracy is equal to that of the dedicated 
burn-up code such as the ORIGEN code except for the effect of cross-section 
change of actinides during depletion. 

• The initial enrichment of the 235U or Pu content of the fresh fuel is determined by 
the infinite multiplication factor (k-infinity) so that the Pu content of FR can 
reasonably depend on the Pu isotropic vector. 
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• LWR, CANDU, gas-cooled reactor, several sodium-cooled FRs and lead-bismuth-
cooled ADS are available. Each reactor can be coupled with appropriate fuel such 
as UO2, MOX, ROX, Pu-nitride (PuN) and MA-nitride (MAN). 

• Fission products are estimated by dividing them into several groups (Ag, rare gas, 
Tc and platinum group metals, Sr, Cs and others) depending on neutron spectrum 
(fast or thermal) and fission material (235U or 239Pu). Then, the amount of waste 
package and repository size are determined by rough temperature analysis taking 
repository layout into account. Potential radiotoxicity, which is the intake-dose, is 
also estimated. 

Assumptions 

Three groups of scenario have been defined: once-through (OT), once-through 
transmutation (OT-Tra.) and multiple-transmutation (Multi-Tra.), as listed in Table 1. The 
OT group, which has only the LWR-OT scenario, is the simplest one with direct disposal 
of UO2 spent fuel based on the phase-out strategy in which no LWR will be constructed in 
Japan after 2015. Pu and MA are found in spent fuel and directly disposed of in 
underground repositories. Reprocessing will not be done in the future, but, reprocessing 
of 7 100 tHM of spent fuel has been done overseas and is taken into account. 

In the second group, Pu is retrieved from UO2 spent fuel, fabricated as MOX or ROX 
fresh fuel, burned in conventional or dedicated LWR, and finally directly disposed of in 
the form of spent fuel. Pu is burned at once in the reactor, hence the name of this group: 
once-through transmutation (OT-Tra.). The purpose of the OT-Tra group is to reduce Pu 
amount in the repository, to degrade Pu with respect to the non-proliferation issue and to 
confine the fission products and MA into glass waste, which is more stable than spent 
fuel. This group includes two scenarios using MOX and ROX. 

ROX fuel is developed for the purpose of high burn-up of Pu and stability of spent fuel 
in the repository1. ROX fuel is superior to MOX fuel with respect to transmutation 
performance and stability in the repository. Transmutation performance is compared in 
Table 2. The transmutation ratio of ROX reaches 88% for 239Pu, which is much higher than 
45% of MOX. Because of the small amount of 238U in ROX whose atomic ratio is inert 
matrix; U: Pu=87:5:8. Other characteristics of ROX are very similar to MOX: 30% loading to 
the usual LWR is possible, the full-ROX reactor is available, and fabrication of the ROX 
can be done by slight modification of MOX fabrication facility. 

In the Multi-Tra group, transuranic actinide (TRU=Pu+MA) retrieved from UO2 spent 
fuel is fabricated as MOX or nitride fuel and burned in the dedicated transmuter multiple 
times. The dedicated reprocessing facility is necessary to achieve multiple 
transmutations. The aim of this group is to minimise the environmental impact and 
potential radiotoxicity of the repository in addition to the purpose of the OT-Tra groups. 
Therefore, the partitioning function is supposed to be equipped in the LWR reprocessing 
plant from 2025. In partitioning, heating elements (Sr and Cs) are removed from vitrified 
waste, are stored for long-term (~300 years) and are disposed of in a compact manner. 

There are three scenarios: FR, FR+ADS and ADS in the Multi-Tra group. In the FR 
scenario, FR with a smaller amount of 238U accepts Pu and MA without any restriction on 
the MA to heavy metal (HM) ratio which is typically 5%, due to reactor safety issues and 
fabrication difficulty. In the FR+ADS scenario, this ratio is limited to below 5% and the 
remaining MA is transmuted in the ADS. The ADS transmutes all of TRU in the ADS 
scenario. The specifications of FR and ADS are listed in Table 3. This medium-size FR was 
designed for the Pu burner with high content of Pu around 40%3. The effective 
transmutation rate, which is defined as transmuted ratio divided by total of in- and out- 
core time, is 1.9% per year. The ADS was originally designed to transmute MA from LWR 
or FBR4, but this design is adopted for the Pu burner, too. The preliminary calculation of 
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Pu-ADS showed a very high effective transmutation rate of 5% per year owing to small Pu 
inventory in the core, but, the drop of criticality was too high to be compensated by the 
current of the accelerator. Although further improvement of the design is necessary, this 
study describes preliminary ADS design. 

        

Table 3: Characteristics of FR and ADS 

 FR (Pu+MA5%) ADS 

Pu MA 

Power (thermal/El.) GWe 1.6/0.6 0.8/0.264 

Batch length Day 183 300 

Batch number  4 2 

Specific heat MW/tHM 80 400 200 

Burn-up GWd/tHM 59 240 120 

Pu ratio % 37.5/45 ~100 ～35 

MA/HM ratio % ＜5 - ～65 

Transmutation rate kg/yr/unit 345 250 250 

Effective transmutation rate* %/yr 1.9 

(2.4+3 yr) 

5 

(2+3 yr) 

2.5 

(2+3 yr) 

Reference 0 Our estimation 0 

* Transmuted amount to inventory of in- and out- core. In+out core period is written in parenthesis. 

Table 2: Comparison of 
transmutation ratio of MOX and 

ROX 2 

Fuel Fresh fuel  
(tPu/GWe) 

Transmuted 
(tPu/GWe) 

Ratio 

(%) 

MOX 0.99/1.69* 0.44/0.41 45/25 

ROX 0.80/1.36 0.70/0.81 88/60 

* 239Pu/Pu 

Table 1: Scenarios 
Group Scenario Pu MA 

OT LWR-OT Waste Waste 

OT-
Tra. 

L-MOX LWR Waste 

L-ROX LWR Waste 

Multi-
Tra. 

FR(Pu+MA15%) FR FR  

FR(Pu+MA5%) 
+ADS(TRU) 

Mainly, 
FR 

Mainly, 
ADS 

ADS(TRU) ADS ADS 
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supposed to be vitrified satisfying temperature limit, so, a jump after the transmutation 
period is observed in 2300. 

Potential radiotoxicity is reduced and the necessary period to reach the value below the 
one corresponding to natural uranium is reduced from 100 thousands to 10 thousands, 
except the FR scenario in which a good amount of Pu and MA remains. The timing of the 
introduction of the partitioning technology affects the reduction, too.  

Figure 8: Repository size foreseen when wastes are produced 
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Figure 9: Potential radiotoxicity 
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Discussion  

Table 4 summarises the results. The number of the transmuter and transmutation 
period in OT-Tra scenario group is small compared with the Multi-Tra group. Moreover, 
the MOX technology is already practical, and the ROX will be available in the near future. 
But, there is little effect on the reduction of Pu and MA, repository area and radiotoxicity.  

On the other hand, more innovative reactors in the Multi-Tra group can significantly 
reduce the amount of Pu and MA, repository area and radiotoxicity. In the FR and FR+ADS 
scenario, a very long period of 240 years is necessary due to the small effective 
transmutation rate of the FR. The full utilisation of ADS in the ADS scenario can reduce 
the period to half, although 24 ADSs have to be constructed. They will be unified to 
modules of four subcritical cores for example and economically optimised. 
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Table 4: Summary of scenario study 

Index 
Transmuter 

Period (yr) *1 Pu MA 

Repository 

Area 
(km2) 

Tox. 
(yr) *2 

LWR FR ADS 

OT LWR-OT - - - 0 340 90 4.2 1E5 

OT-Tra. 
L-MOX 2 - - 45 215 115 4.1 1E5 

L-ROX 2 - - 40 140 110 3.7 1E5 

Multi-Tra. 

FR - 15 - 240 35 40 0.9 5E4 

FR+ADS - 11 9 240 10 20 0.7 1E4 

ADS - - 24 120 4 20 0.8 1E4 

*1 Necessary period for transmutation *2 Time to decay less than toxicity of corresponding natural uranium. 

Conclusion 

In the present study, MOX in LWR, ROX in LWR, FR and ADS are analysed as Pu or 
TRU transmuter assuming the closing scenario of nuclear power generation in Japan. The 
introduction of two full-MOX or full-ROX LWRs as transmuter adding up to 30%-loading 
in other LWRs results in reducing Pu amount by 125 or 200 tonnes and transmuting 
reactor-grade Pu into MOX-or ROX-grade Pu. Another advantage is to stabilise most of the 
fission products and MA into the glass waste form. However, repository size and 
potential radiotoxicity are not changed by MOX and ROX.The introduction of more 
innovative transmuters such as FR and ADS with a corresponding reprocessing plant 
leads to a significant reduction in the amount of Pu and MA, repository area and 
radiotoxicity. However, many transmuters (15-24 reactors) and a long period  
(120-240 years) are needed after closing LWRs. It should be noted that a high 
transmutation rate of the ADS contributes to a short transmutation period, which is half 
that of the FR scenarios. This analysis is based on the assumption of “closed-country”, 
that is, there is no material flow from country to country except natural uranium. 
However, there is a flow of Pu in the real world such as the LWR-MOX fuel transported 
from UK to Japan although they originate in Japan. If the Pu is not necessary any more for 
a certain country, it can be used in another country, only MA is transmuted or disposed 
of. Therefore, further analysis must be performed in a region-wise or world-wise manner 
as a next study. However, it should be noted that the closure scenario is necessary and 
worth investigating for a certain country that exits nuclear power generation last. 
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Abstract 

One of the key objectives stated in the Nuclear Energy R&D Roadmap of the Department of 
Energy’s Office of Nuclear Energy (DOE-NE) is the development of sustainable nuclear fuel 
cycles that improve natural resource utilisation and that provide adequate capability and 
capacity to manage wastes produced by the fuel cycle. In order to achieve this objective, 
the Fuel Cycle Technologies Programme Office of DOE-NE is initially conducting an 
evaluation and screening of nuclear fuel cycle options. As part of the evaluation and 
screening effort, Fuel Cycle Data Packages (FCDPs) are being developed for collecting high-
quality and traceable technical data on fuel cycle options.  

In this paper, mass flow data that are part of the FCDP are systematically compared for 
twelve of the fuel cycle options that are being evaluated. These include three once-through 
options, three limited recycle options, and six continuous recycle options. For the fuel cycle 
options that require enriched uranium support, the natural resource utilisation is generally 
lower than 2% regardless of the recycle strategies of the used nuclear fuel and the neutron 
spectrum of the nuclear power plant/transmutation system. However, for fuel cycle options 
that do not need enriched uranium support, the natural resource utilisation becomes as 
high as ~30% for an once-through option, ~50% for a limited recycle option, and ~80% for 
the continuous recycle options (processing loss rate > 1.0%). As primary data used in the 
cost evaluation of fuel cycles, the charge fuel and reprocessing masses of the options are 
compared. The once-through PWR option requires 2 190 tonnes of charge fuel to produce 
100 GWe-year of electricity, and due to the higher discharge burn-up, the continuous 
recycle option employing SFR with TRU fuel requires 1 365 tonnes of charge fuel and 
reprocesses the same mass of discharge fuel. Additionally, the TRU mass (dominant 
contributor to the long-term decay heat and radiotoxicity) for the once-through and limited 
recycle options are about 10 – 30 tonnes, but this amount could be reduced by order(s) of 
magnitude in the continuous recycle options. 
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Introduction 

The United States Department of Energy’s Office of Nuclear Energy (DOE-NE) recently 
developed a roadmap for its research, development and demonstration activities to 
ensure that nuclear energy remains a compelling and viable energy option for the United 
States, based on its ability to provide abundant and stable electricity supply while helping 
to meet clean air and carbon reduction goals. One of the key objectives stated in this 
Nuclear Energy Research and Development (R&D) Roadmap [1] is to develop sustainable 
nuclear fuel cycles, where the nuclear fuel cycle is the progression of nuclear fuel from 
mining and enrichment to power generation to ultimate disposal of the used nuclear fuel 
(UNF) or derived waste products.  

To achieve this objective and enable prioritisation of future activities, the Office of 
Fuel Cycle Technologies (FCT) in DOE-NE conducts R&D on nuclear fuel cycle 
technologies that have the potential of being deployed in the country in the future. 
Budgetary constraints dictate that available resources are applied selectively to R&D 
efforts having the greatest potential benefits and returns on investment. Consequently, 
the FCT Office periodically reviews and prioritises its R&D activities. An evaluation and 
screening process for various fuel cycle options has been developed and is being refined 
to assist in such prioritisation efforts. As part of the evaluation and screening effort, the 
FCT Office is developing an electronic fuel cycle catalog that can be a repository of 
information on fuel cycle options and associated technologies. At the current time, the 
so-called Fuel Cycle Data Package (FCDP) is being used as the mechanism to collect the 
high-quality and traceable technical data on fuel cycle options for a wide-range of fuel 
cycle options, including once-through, limited-recycle, and continuous-recycle options.  

The FCDP has two components of data, namely the System Datasheet and Technology 
Datafile. System Datasheet contains the information on the specific fuel cycle option, 
such as summary description of fuel cycle option, material flow diagram, high-level 
technology dependent performance parameters, mass flow data, references, etc. 
Technology Datafile contains wiki-style generic information on a nuclear fuel cycle 
technologies used in the fuel cycle option. A technology includes fuel type, nuclear power 
plant/transmutation (NPPT) system, and reprocessing/separations technologies.  

In this paper, the mass flow data, in particular, the required mass of natural resource, 
natural resource utilisation, reprocessing mass, and waste stream, are systematically 
compared for selective fuel cycle options to demonstrate how the information in the 
FCDPs could be utilised for fuel cycle evaluation and screening. It is noted that the fuel 
cycle performance parameters in the FCDP are collected for the equilibrium state fuel 
cycle, not considering the information during the transition period from a current nuclear 
fleet to the equilibrium state.  

Fuel cycle options  

A fuel cycle option is defined by the set of fuel cycle technologies and nuclear materials 
operating together in a unique and specific system arrangement to perform all the 
nuclear fuel cycle functions (from obtaining initial fuel resources through ultimate 
disposal of fuel and/or wastes) needed to produce useful energy. Fuel cycle options are 
placed into one of three categories with respect to the strategy for managing fuel 
discharged from the NPPT systems used in the fuel cycle. These categories are once-
through, limited recycle, and continuous recycle options. In the once-through fuel cycle 
option, the discharged fuel from a NPPT system is not recycled for further use, while the 
materials in used nuclear fuel (UNF) are recycled back into NPPT system(s) for a limited 
number of times or continuously in the limited recycle option or continuous recycle 
option, respectively.  
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Figure 1 and Table 1 show the material flow diagram and mass flow data, respectively, 
that are part of the system datasheet for a two-stage continuous recycle fuel cycle option 
using both pressurised water reactor (PWR) and sodium-cooled fast reactor (SFR) burner, 
which was pursued as a reference fuel cycle option in the Global Nuclear Energy Partnership 
(GNEP) programme [2]. The first stage is the current state-of-the-art commercial PWR utilising 
commercially supplied low-enriched uranium (LEU) nuclear fuel with an average discharge 
burn-up of ~5 wt%. The recovered transuranics (TRU) and uranium (RU) from the discharged 
fuel (DF) are recycled into the second stage. The second stage is the sodium-cooled fast 
reactor (SFR), in which all recovered TRU and RU from stages 1 and 2 are recycled 
continuously with the average discharge burn-up of ~9 wt% and TRU conversion ratio of ~0.8. 
All non-recovered actinides and the fission products (FP) are sent to the disposal site.  

In Table 1, all mass data were evaluated for the equilibrium state with the 
assumption of nuclear material loss rate of 0.2% in the fresh fuel fabrication and 1.0% in 
the DF reprocessing. The masses were normalised to produce 100 GWe-year of electricity 
from the whole nuclear fleet. The signs (-) and (+) indicate the feed and product to or 
from each fuel cycle technology category, respectively. In this particular fuel cycle option, 
the PWR and SFR produce the electricity of 41% and 59%, respectively, in the equilibrium 
state.  

Masses in each column indicate the mass flow per each technology to support each 
stage, while the masses in the last column indicate the total feed and final products from 
the fuel cycle option. For instance, this particular fuel cycle option requires 7 795 tonnes 
of natural uranium (NU) and produces 6 885 tonnes of DU, 786 tonnes of extra RU, 0.3 
tonnes of TRU, 105 tonnes of FP with 18 tonnes of material loss in the fuel fabrication and 
DF reprocessing processes.   

Figure 1: Material flow diagram for two-stage continuous recycle option with PWR and SFR 
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Table 1: Mass flow data for two-stage continuous recycle option with PWR and SFR 

Stage 1 2 
Sum 

Technology Fuel NPPT Rep/Sep Fuel NPPT Rep/Sep 

Electricity, GWe-year 41.4 58.6 100.0 

Feed or product nuclear material (metric ton) 

Natural uranium -7,795.7      -7,794.7 

Products from fuel 
technology 

DU +6,885.4      +6,885.4 

LEU +907.4 -907.4  +467.1 -467.1  0 

Pu    +100.3 -100.3  0 

MA    +11.0 -11.0  0 

Products from 
NPPT technology 

RU  +848.3 -848.3  +418.1 -418.1 0 

Pu  +10.6 -10.6  +93.0 -93.0 0 

MA  +1.2 -1.2  +9.1 -9.1 0 

FP  +47.3 -47.3  +58.2 -58.2 0 

Products from 
Rep/Sep 

technology 

RU   +839.8 -468.0  +414.0 +785.7 

Pu   +10.5 -100.5  +92.0 +2.1 

MA   +1.2 -11.0  +9.0 -0.8 

FP   +46.8   +57.6 +104.5 

Loss +1.8  +9.1 +1.2  +5.8 +17.8 

 

Numerous fuel cycle options could be possible by combining the various reactor types 
and reprocessing/separation technologies. In this study, however, twelve representative 
fuel cycle options were selected for comparison: three once-through options, three 
limited recycle options, and six from continuous recycle options. The twelve fuel cycle 
options are briefly described here, each with its own fuel cycle option ID, in which the 
legends of OT, LR, and CR indicate the recycle strategies of once-through, limited recycle, 
and continuous recycle, respectively; the reactor type is denoted using the first character 
of the reactor acronym (for instances, P, and S indicate PWR and SFR, respectively); and 
the major fuel composition in the reactor is provided in the parentheses.  

Once-through fuel cycle options 

Once-through option with PWR, OT/P(LEU) is the reference fuel cycle option based on 
the current state-of-the-art commercial PWRs utilising ~4.2% enriched uranium oxide 
fuel with an average discharge burn-up of ~5 wt%. The DF is cooled and sent to a geologic 
disposal site.  
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In once-through option with HTGR, OT/H(LEU), TRISO fuel is irradiated in a prismatic 
high-temperature gas-cooled reactor (HTGR) to average discharge burn-up of ~12 wt% [3]. 
The uranium enrichment of the fresh fuel is 15.5% and the DF is cooled and sent to a 
geologic disposal site. 

Once-through option with SFR, OT/S(NU) uses the so-called sustainable sodium-
cooled fast reactor (SSFR), which adopts a many-batch fuel management scheme to 
achieve breed-and-burn (B&B) mode operation by only feeding natural or depleted 
uranium [4]. The achievable discharge burn-up is ~30% and the DF is cooled and sent to a 
geologic disposal site. While technology maturity and transition period are not the focus 
of this study, it should be noted, however, that the SSFR core concept has a low 
technology readiness level and its fuel cycle will take a long time to reach an equilibrium 
state. 

Limited recycle fuel cycle options 

Limited recycle option with SFR, LR/S(NU) is similar to OT/S(NU), but the DF is recycled 
back into the SFR after re-cladding and re-conditioning of the DF [5]. The number of DF 
recycles was limited to a few times because it becomes difficult to maintain criticality 
with the accumulated FPs. If additional recycling of the DF is not allowed, the final DF is 
cooled and sent to a geologic disposal site. The feed material is the natural or depleted 
uranium and the achievable discharge burn-up is ~50%.  

Limited recycle option of PWR to PWR, LR/P (LEU)-P(Pu) consists of two stages. The first 
stage is identical to the once-through option of OT/P (LEU), except that the Pu and RU 
recovered from the first stage DF are recycled into a second stage using PWR technology. 
The enrichment and burn-up of the first stage are identical to those of OT/P(LEU). The 
discharge burn-up of the second stage is ~5 wt% with Pu content (i.e. Pu mass fraction per 
heavy metal mass) of 10.7%. The non-recovered actinides, FPs, and all DF from the second 
stage are sent to a geologic disposal site. At the equilibrium state, the electricity sharing 
ratios of the first and second stages are ~90% and ~10%, respectively.   

Limited recycle option of PWR to HTGR, LR/P (LEU)-H (TRU) is similar to LT/P(LEU)-P(Pu), 
but the reactor technology of the second stage is changed to HTGR. The enrichment and 
burn-up of the first stage are identical to those of OT/P (LEU). The recovered TRU from the 
first stage are recycled in the second stage with the discharge burn-up of ~65 wt% [3]. The 
non-recovered actinides, RU, FPs from the first stage and all DF from the second stage are 
sent to a geologic disposal site. At the equilibrium state, the electricity sharing ratios of 
the first and second stages are ~80% and ~20%, respectively. 

Continuous recycle fuel cycle options 

Continuous recycle option with PWR, CR/P (LEU/TRU) is a so-called CORAIL concept, in 
which the TRU is continuously recycled using PWR technology with LEU support [6]. Each 
of the fuel assemblies has two zones for LEU and TRU-bearing fuels. The uranium 
enrichment and TRU content (i.e. TRU mass fraction per heavy metal mass) in the LEU 
and TRU oxide fuels are ~3.8% and ~6.7%, respectively, and the discharge burn-up is 
assumed to be ~4.5% in the design study. Non-recovered actinides and FPs are sent to a 
geological disposal site.   

Continuous recycle option with SFR, CR/S (TRU) uses SFR technology and continuous-
recycling of recovered TRU and RU from DF to operate in a self-sustaining manner with 
an external supply of natural uranium. The TRU conversion ratio is slightly above 1.0 to 
compensate for material losses. The TRU content of the fresh fuel is ~12.6% and the 
average discharge burn-up is ~7.3 wt%. Non-recovered actinides and FPs are sent to a 
geological disposal site. 
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Continuous recycle option with SFR using thorium, CR/S (U3/Th) is similar to 
CR/S(TRU), but a thorium/233U fuel cycle is adopted instead of uranium/TRU fuel cycle. 
The recovered thorium and trans-thorium (most 233U) from the DF are recycled in a self-
sustaining manner using the SFR technology. 233U mass fraction per heavy metal mass is 
~9.1 % and the average discharge burn-up is ~2.3 wt%. Non-recovered actinides and FPs 
are sent to a geological disposal site. 

Continuous recycle option of PWR to SFR, CR/P(LEU)-S(TRU) was introduced already 
along with Figure 1.  

Continuous recycle option of PWR to PWR to SFR, CR/P(LEU)-P(Pu)-S(TRU) consists of three 
stages combining the limited recycle option of LR/P(LEU)-P(Pu) and the continuous recycle 
option of CR/P(LEU)-S(TRU). The recovered Pu and RU from the first stage are recycled in the 
second stage using PWR technology, and all remaining TRU and RU from stages 1 and 2, and 
those recovered in stage 3 are recycled in the third stage using the SFR technology. Non-
recovered actinides and FPs are sent to a geological disposal site. The uranium enrichment 
and Pu content, and discharge burn-up of the PWRs are identical to those of LR/P (LEU)-P(Pu). 
The discharge burn-up of the third stage is ~10.1 wt% with TRU content of ~17.3% in the fuel. 
At the equilibrium state, the electricity sharing ratios of the first, second, and third stages are 
~41%, ~5%, and ~54%, respectively. 

Continuous recycle option of PWR to SFR to PWR, CR/P (LEU)-S (TRU/Th)-S(U3/U): This 
three-stage fuel cycle option consists of PWR, SFR, and PWR technologies. The TRU 
generated in the first and last stages and that recovered in the second stage are recycled 
in the second stage using SFR technology and the recovered uranium (mostly 233U) from 
the thorium blanket of the second stage is recycled along with natural uranium in the 
third stage that uses PWR technology. Non-recovered actinides and FPs are sent to a 
geological disposal site. The uranium enrichment and discharge burn-up of the first stage 
are identical to those of the once-through option OT/P (LEU). The whole core average 
discharge burn-up of the second stage is ~4.9 wt% with the TRU enrichment of ~28.6%. 
The discharge burn-up and 233U enrichment of the third stage are comparable to those of 
the first stage. At the equilibrium state, the electricity sharing ratios of the first, second, 
and third stages are ~10%, ~51%, and ~39%, respectively.  

Comparison of mass flow data  

For systematic comparison of the fuel cycle performance parameters such as the required 
natural resource, natural resource utilisation, required capacity for DF reprocessing, and 
waste stream, the total feed and final products of the twelve fuel cycle options were 
compared in Table 2, which are collected from the last column of the mass flow data of the 
FCDP System Datasheet of each fuel cycle option. Again the signs (-) and (+) represent the 
feed and products, respectively, and the masses are normalised to produce the electricity of 
100 GWe-year.   

Natural resource utilisation 

First the required natural resource and its utilisation are plotted in Figure 2. In this study, 
the natural resource utilisation was defined as the ratio of the natural resource mass 
consumption to the required natural resource mass. It is noted that the total mass of the FP 
in Table 2 is equivalent to the natural resource consumption by fission. The total FP masses 
are comparable regardless of the fuel cycle options because of the similar fission rate per unit 
energy generation, which is approximately 110 metric tonnes per 100 GWe-year in Table 2. 
The variations are due to the different thermal efficiencies. Thus, the natural resource 
utilisation is inversely proportional to the required natural resource mass. For the fuel cycle 
options which need enriched uranium support, the required natural resource mass increases 
because the major portion of natural uranium is translated into depleted uranium in the 
enrichment process. As a result, the natural resource utilisation is generally lower than 2% 



   NEA/NSC/DOC (2013)3 

TWELFTH INFORMATION EXCHANGE MEETING ON PARTITIONING AND TRANSMUTATION, © OECD 2013 93 

for most fuel cycle options that need LEU fuels. The once-through option of OT/H (LEU) has a 
utilisation value of 0.4%, which is the lowest among the fuel cycle options considered in this 
study because of its highest uranium enrichment. It is noted that, although LEU fuel is used, 
the natural resource utilisation of the continuous recycle option of CR/P(LEU)-S(TRU/Th)-
P(U3/U) increases to 5.4% because the LEU fuel is somewhat replaced with the denatured 233U 
fuel. For the fuel cycle options which do not need enriched uranium support, the natural 
resource utilisation increases to ~30% for the once-through option (OT/S(NU)), ~50% for the 
limited recycle option (LR/S(NU)), and ~80% for the continuous options [CR/S(TRU) and 
CR/S(U3/Th)]. 

Table 2: Mass flow data per 100 GWe-year electricity generation from  
whole nuclear fleet of twelve fuel cycle options 

Fuel Cycle Strategy Once-through Limited Recycle Continuous Recycle 

NPPT(fuel) 

Stage 1 

Stage 2 

Stage 3 

P(LEU) 

 

 

H(LEU) 

 

 

S(NU) 

 

 

S(NU) 

 

 

P(LEU) 

P(Pu) 

 

P(LEU) 

H(TRU) 

 

C(TRU) 

 

 

S(TRU) 

 

 

S(U3/Th) 

 

 

P(LEU) 

S(TRU) 

 

P(LEU 

P(Pu) 

S(TRU) 

P(LEU 

S(TRU) 

P(U3/U) 

Electricity share, % 

Stage 1 

Stage 2 

Stage 3 

100.0 

 

 

100.0 

 

 

100.0 

 

 

100.0 

 

 

90.3 

9.7 

 

79.7 

20.3 

 

100.0 

 

 

100.0 

 

 

100.0 

 

 

41.4 

58.6 

 

41.3 

4.5 

54.3 

9.8 

51.2 

38.9 

Feed or product nuclear material (metric ton) 

Natural resource 
NU -18,811.4 -20,123.8 -330.1 -185.8 -16,980.3 -14,992.2 -11,261.6 -121.1  -7,794.7 -7,766.2 -1,848.8 

Th         -180.2   -38.9 

Pr
od

uc
t f

ro
m

 ea
ch

 te
ch

no
lo

gy
 

Fuel DU +16,617.0 +19,514.3   +14,969.5 +13,243.4 +10,187.9   +6,885.4 +6,860.3 +1,594.7 

NPPT 

Th             

U-233             

U a) +2,047.2 +514.5 +201.2 +72.6 +163.7 +0.04       

Pu +25.7 +15.9 +31.3 +14.4 +15.2 +5.3       

MA +3.0 +1.8 +0.6 +0.3 +1.6 +2.5       

FP +114.2 +76.0 +96.3 +31.4 +10.9 +14.9       

Reprocessing
/Separation 

Th         +5.5   +1.1 

U-233         +6.2   -0.1 

U     +1,638.7 +1,615.2 +931.9 +2.2  ++785.7 +782.5 +169.6 

Pu     0.0 -0.2 +1.8 +4.6 +0.1 2.1 -0.1 0.0 

MA     +2.7 -0.2 -1.9 -0.1 0.0 -0.8 +0.1 -0.7 

FP     +102.0 +90.1 +112.7 +98.1 +127.7 +104.5 +105.0 +102.0 

Loss +4.4 +1.2 +0.7 b) +67.1 +24.1 +21.2 +29.2 +16.4 +38.7 +17.8 +18.5 +23.6 
a.Uranium other than 233U and its daughters. b. Amount of FPs in total loss is 61.8 tonnes. 
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Figure 2: Comparison of required natural resource and utilisation 
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It is noted that the natural resource utilisation of a continuous recycle option could be 

close to 100%, which is the theoretical maximum value. However, in Figure 2, the natural 
resource utilisation values of the single-stage continuous recycle options are about 20% 
lower than theoretical maximum value due to the material losses in the fuel fabrication 
and DF reprocessing processes. The impact of the fabrication or reprocessing loss rates 
on the natural resource utilisation is clearly found in Figure 3, in which the utilisation of 
the single-stage continuous recycle option of CR/S(TRU) was plotted as a function of the 
material loss rate in the DF reprocessing. The required natural resource increases as the 
loss rate increases, while the FP mass (i.e. natural resource consumption) does not. As a 
result, the natural resource utilisation decreases as the loss rate increases. For this 
particular fuel cycle option, the utilisation decreases to 57% as the DF reprocessing loss 
rate increases to 5%.  

Charge fuel and reprocessing masses 

The charge fuel mass and reprocessing mass, which are primary data for cost estimation 
of the front-end and back-end of a fuel cycle, are plotted in Figure 4. The reprocessing mass is 
equal to the charge fuel mass in the continuous recycle options, while it is slightly smaller 
than the charge fuel mass in the limited recycle options because a portion of the UNF is not 
recycled. The charge fuel mass decreases as the discharge burn-up increases, with minor 
variations due to the different thermal efficiency values. For the once-through fuel cycle 
options, the PWR fleet requires 2 190 tonnes of LEU fuel to support electricity capacity of 
100 GWe in a year, but the charge fuel mass is 608 and 329 tonnes for the HTGR and SFR 
fleets, respectively, due to their higher discharge burn-up compared to the value for the 
PWR. A similar trend was observed in the limited and continuous recycle options. 
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Figure 3: Natural resource utilisation vs. loss rate 
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Figure 4: Comparison of charge fuel and reprocessing masses 
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The limited recycle option of LR/P(LEU)-P(Pu) requires 2 190 tonnes of the charge fuel, 

which is the same to the charge mass of the once-through option of OT/P(LEU), but the 
mass decreases to 1 768 tonnes and 613 tonnes in the limited recycle options of 
LR/P(LEU)-H(TRU) and LR/S(NU), respectively, because the discharge burn-up is increased 
in the second stage of those fuel cycle options. 

The continuous recycle option of CR/S(TRU) requires 1 365 tonnes of charge fuel and 
reprocesses the equivalent amount of DF; but those masses increase as the number of 
stages increases, a low discharge burn-up reactor is involved in, etc. In particular, 
compared to the continuous recycle option of CR/S (TRU), the reprocessing mass of the 
continuous recycle option of CR/S(U3/Th) is higher by a factor of 2.4 because the 
discharge burn-up of the thorium fuel in the fast reactor decreases drastically. 

Waste stream  

The waste streams from the fuel cycle options are compared in Figure 5. In this study, 
all non-used or recycled materials in a specific fuel cycle option were considered as the 
waste, which include the extra DU and RU. 

The extra DU is the major fraction of the waste for the fuel cycle options that need 
enriched uranium support, and the extra RU is the second largest waste fraction except 
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for few recycle options such as LR/S(NU), CR/S(U3/Th), and CR/S(TRU). The total FP 
masses are comparable regardless of the recycle strategies and reactor types. The 
material losses from the once-through fuel cycle options are smaller than those from the 
limited- and continuous recycle options because of no DF reprocessing. TRU is the major 
contributor to the long-term decay heat and radiotoxicity of the waste disposal site. The 
TRU masses from the once-through and limited recycle options are about 10-30 tonnes, 
but they decrease significantly in the continuous recycle options.  

Figure 5: Comparison of waste streams  
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Conclusions 

The Department of Energy’s Office of Nuclear Energy (DOE-NE) has issued a Nuclear 
Energy R&D Roadmap discussing its nuclear research, development and demonstration 
activities that will ensure nuclear energy’s continuing contribution as a viable energy option 
and its possible expansion in the United States. One of the key objectives stated in the 
Department of Energy’s Office of Nuclear Energy (DOE-NE) roadmap is the development of 
sustainable nuclear fuel cycles that improve natural resource utilisation and that provide 
adequate capability and capacity to manage wastes produced by the fuel cycle. To achieve 
this objective, the Fuel Cycle Technologies (FCT) Programme Office of DOE-NE is conducting 
an evaluation and screening of nuclear fuel cycle options. As part of the evaluation and 
screening effort, Fuel Cycle Data Packages (FCDPs) are being developed for collecting high-
quality and traceable technical data on fuel cycle options.  

In this paper, the mass flow data, which are part of the FCDP, are systematically 
compared for twelve fuel cycle options, which include three once-through options, three 
limited recycle options, and six continuous recycle options. The mass flow data were 
evaluated at the equilibrium state for 100 GWe-year with the assumption that the nuclear 
material loss rate is 0.2% during fuel fabrication and 1.0% in the discharged fuel 
reprocessing. 

For the fuel cycle options that need enriched uranium support, the required natural 
resource mass increases in the uranium enrichment process and as a result, the natural 
resource utilisation is generally lower than 2% regardless of the fuel cycle options. 
However, the utilisation could be improved as the LEU fuel is replaced by denatured 233U 
fuel or if the enriched fuel support is avoided. For the fuel cycle options that do not need 
enriched uranium support, the natural resource utilisation is as high as ~30% for the 
once-through option, ~50% for the limited recycle option, and ~80% for the continuous 
recycle options with the reprocessing loss rate of 1.2%. 
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As primary data for the cost evaluation of the front-end and back-end fuel cycles, the 
charge fuel mass and the reprocessing mass of the fuel cycle option were compared, and 
are inversely proportional to the discharge burn-up with minor variations due to the 
different thermal efficiency values. The once-through PWR option requires 2 190 tonnes 
of charge fuel, but due to the higher discharge burn-up, the continuous recycle option of 
SFR with TRU fuel requires 1 365 tonnes of charge fuel and reprocesses the same mass of 
the discharge fuel.   

Finally, the waste masses from the fuel cycle options were compared in this paper. 
For the fuel cycle options that need low-enriched uranium (LEU) fuels, the non-used 
depleted uranium and recovered uranium are the major fraction of the waste. As a result, 
the waste masses are about two orders of magnitude greater than those of the fuel cycle 
options that do not need the LEU fuels, while the FP masses are comparable regardless of 
the recycle options. The TRU mass (dominant contributor to the long-term decay heat 
and radiotoxicity) for the once-through and limited recycle options is about 10-30 tonnes, 
but it could be reduced by order(s) of magnitude in the continuous recycle options.  
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Abstract 

In spite of the Fukushima disaster, strong demands for nuclear energy still exist and are 
increasing especially in many emerging states. With a steadily growing civilian nuclear 
power industry in the world, the need for a stable supply of nuclear fuels (front-end fuel 
cycle) and safe disposal of spent fuels (back-end fuel cycle) is intensifying. However, the 
related nuclear technologies, such as uranium enrichment and spent fuel reprocessing, 
have often been used for the clandestine nuclear weapon even under various national and 
international control mechanisms of today's nuclear non-proliferation regime. Eliminating 
the risk of proliferation and terrorism through facilitating peaceful and environment-
friendly uses of nuclear energy, is the primary objective of the multinational nuclear 
approach (MNA). International efforts for the implementation of MNA for regions of 
emerging economies can be as important as reinforcing the current non-proliferation 
regime. In order to develop more detailed scenarios for implementing MNA proposals, the 
significant features of MNA proposals through literature review were examined. In 
addition, the coverage of MNA in the fuel cycle is defined by considering current issues and 
necessities, and evaluated with important criteria: proliferation-resistance, environmental-
friendliness, accident-tolerance, continuity and economy. In this process, a proposal for 
MNA on the back-end fuel cycle is introduced as a schematic structure. 
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Introduction 

The global nuclear power industry gained a strong momentum with time in the 2000s. It 
was firmly believed that concerns about global climate change and as anticipated, 
demand for enormous electricity with emerging economies could be better solved by 
revisiting nuclear energy options. However, the Fukushima disaster in March 2011 
imparted an immense impact on the entire nuclear power industry in the world. The 
event led most governments including those of emerging economies to reconsidering 
their national policies for nuclear power because it cast widespread public doubt on the 
safety and security issues of nuclear facilities. Some cancelled or revised their plans; 
other took a “wait and see” stance, but most of the emerging economies decided to 
maintain their nuclear energy programmes. It shows that most nations still share the 
consensus on the fact that nuclear energy can be the best realistic alternative for their 
sustainable growth. 

Most emerging economy states have agendas for enhancing national economic 
competitiveness and living standards. They intend to promote the domestic industry and 
to enhance economic strength through introducing nuclear power as a driving-force for 
energy and industry development. In the projection of global nuclear power capacity by 
the International Atomic Energy Agency (IAEA), the global capacity is expected to grow 
from 370 GW(e) in 2012 to the range of 501 to 746 GW(e) in 2030 [1]. With the soaring 
construction of new nuclear power plants, worries concerning the supply of fresh nuclear 
fuels will arise as well as solutions for accumulated spent fuels, although with less 
urgency. However, the anticipated expansion of nuclear industry in the coming decades 
may increase the risk of nuclear proliferation especially in rapidly developing regions. It 
is clear that the more civilian nuclear power plants operate, the more needs for new 
nuclear fuel and disposal of spent fuels become evident. Sensitive technologies, such as 
enrichment and reprocessing, so far, are firmly controlled not to spread under the 
current nuclear non-proliferation regime. This decade may prove to be the starting point 
of explicit complaint over the nuclear “Haves” and “Have-nots”.  

More established nuclear power plants are struggling with spent nuclear fuel 
management. In the US, the Yucca Mountain Project is in limbo and licensing processes 
for new plant construction and long-term operation are in jeopardy without having a 
tangible solution for spent nuclear fuel management. For European and northeast Asian 
states with high-population densities, nuclear power programmes are exposed to public 
opposition mainly due to a lack of ultimate solutions for spent nuclear fuels. Interim 
storage can be developed with public support if ultimate safe solutions for spent nuclear 
fuel management can be displayed.  

The US Blue Ribbon Commission issued the final report with recommendations to 
make a fully democratic process for disposal site selections and seek international co-
operation. The international co-operation is becoming increasingly important as 
technical complexity and proliferation risk cannot be managed by one state, as the world 
has learned during the past several decades. This is mainly why several proposals on 
multinational approach have been suggested. The concept of Multi-National Approach 
(MNA) to nuclear fuel cycle aims to manage the nuclear fuel cycle that works beyond 
national control. It functions as an institutional mechanism not only for reducing 
concerns of power states about horizontal nuclear proliferation, but also for satisfying 
needs for the stable operation of civilian facilities of non-power states without any 
interruptions. In the case of a multinational nuclear facility for uranium enrichment or 
reprocessing, authorities on ownership, control or operation would be shared among 
member states. Participating states in MNA will be required to guard nuclear non-
proliferation, security as well as safety to ensure blockages to any clandestine attempt, 
while providing technical expertise needed for the complex operations. Moreover, 
notwithstanding the sensitive technologies, MNA could guarantee member states to be 
assured of the supply of fuel cycle services. Despite the advantages of MNA, this 
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mechanism is not well identified and agreed on even among supporting states because 
potential problems on the proliferation are still anticipated [2].  

Discussion of existing MNA proposals to nuclear fuel cycle 

There have been many discussions of MNA on the nuclear fuel cycle since the 1946 
Baruch Plan. The suggestions on MNA were discussed especially in 1970s and 1980s; the 
IAEA Study on Regional Nuclear Fuel Cycle Centres (1975-1977), the International Nuclear 
Fuel Cycle Evaluation Exercise (1977-1980), the Expert Group on International Plutonium 
Storage (1978-1982) and the IAEA Committee on Assurance of Supply (1980-1987). In this 
era, recommended studies are featured as a technically feasible and economically 
attractive proposal, mainly focused on the back-end fuel cycle including spent fuel 
reprocessing and plutonium containment [3]. In the 2000s, after the statement for strong 
support on MNAs addressed by Mohamed Elbaradei, Director General of the IAEA, a 
number of proposals have been made by states, industries and international 
organisations. Overviews on recent proposals were performed in earlier research, thus 
what follows will be short explanations of the representative proposals. Table 1 
summarises the proposals. 

• Global Nuclear Power Infrastructure (Russian Federation, 2006): Vladimir Putin, 
President of the Russian Federation, suggested a proposal as “a global 
infrastructure that will give all interested countries equal access to nuclear energy, 
while stressing reliable compliance with the requirements of the non-proliferation 
regime”, including the system of international centres which provide fuel cycle 
services on non-discriminatory basement [4]. 

• Global Nuclear Energy Partnership (United States of America, 2006): In the Bush 
Administration, a strategy was recommended to increase global nuclear security, 
encourage clean development, and reduce the risk of proliferation. The GNEP 
proposed “fuel services programme to enable nations to acquire nuclear energy 
economically while limiting proliferation risks. In this process, a consortium of 
states with sensitive technologies would ensure that states who agreed to forgo 
their own investments in enrichment and reprocessing technologies will have 
reliable access to nuclear fuel” [5]. 

• Six-country Concept for a Multilateral Mechanism for Reliable Access to Nuclear 
Fuel (France, Germany, the Netherlands, the Russian Federation, the United 
Kingdom and the United States of America, 2006): The six major states for 
supplying enrichment service proposed that enrichment suppliers should 
substitute their services for each other in the case of supply interruptions to 
customers that have “chosen to obtain suppliers on the international market and 
not to pursue sensitive fuel cycle activities”. Moreover, this proposal would 
function as physical or virtual reserves of low-enriched uranium in the event of 
the failure of the existing fuel assurance system [6]. 

• Nuclear Fuel Bank (Nuclear Threat Initiative, 2006): This approach was created by 
the Nuclear Threat Initiative (NTI) pledging $50 million to establish the 
International Fuel Bank run by the IAEA. It resembles the Russian proposal in its 
goal that low-enriched uranium (LEU) stockpiles under IAEA control would operate 
when supply arrangements are going to be disrupted, but not involved in a specific 
enrichment facility [7]. 

• International Uranium Enrichment Centre (Russian Federation, 2007): The Russian 
Federation proposed to establish an International Uranium Enrichment Centre 
(IUEC) at Angarsk as an element in the long-term plan, Global Nuclear Power 
Infrastructure. A mechanism is developed to bring in a LEU stockpile that could 
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support a broader assurance of supply, and membership in the centre is on the 
equal and non-discrimination basis [8]. 

• Multilateral Enrichment Sanctuary Project (Germany, 2007): Germany announced 
the creation of a multilateral uranium centre with extraterritorial status, under the 
IAEA’s control, which could perform a new actor in the commercial market. 
Germany has further developed this plan into a Multilateral Enrichment Sanctuary 
Project (MESP) as a multilateral enrichment facility. This mechanism would be 
established by interested states, supervised by the IAEA, operated by a 
multinational consortium [9]. 

• Multilateralisation of the Nuclear Fuel Cycle (Austria, 2007): Austria proposed a 
two-track multinational mechanism. The first track aims the optimisation of 
international transparency going beyond the current IAEA safeguards 
commitments. The second places all nuclear fuel business under the assistance of 
a Nuclear Fuel Bank to “enable equal access to and control of most sensitive 
nuclear technologies”, in particular enrichment and reprocessing [10]. 

Table 1: Comparison of current proposals 

 Goal Target Remarks 

Global Nuclear Power 
Infrastructure 

Provide states equal access to fuel cycle 
services while stressing the non-
proliferation regime 

Front-end and back-end fuel 
cycle services 

Create international fuel cycle 
centre 

Not clear and specific on back-
end proposals 

Global Nuclear Energy 
Partnership 

Provide states equal access to fuel cycle 
services while stressing the non-
proliferation regime 

Front-end and back-end fuel 
cycle services 

Too dependent on development 
of new technologies 

Renamed as IFNEC in 2010 

Six-country Concept for a 
Multilateral Mechanism for 
Reliable Access to  
Nuclear Fuel 

Measures for reliable assurance of 
uranium enrichment services or LEU 

Front-end service; uranium 
enrichment service supply 

Role as a back-up mechanism 
for supply 

Nuclear Fuel Bank Assure an international supply of nuclear 
fuel without discrimination  

Front-end service; access to 
LEU 

Key issues still to be 
determined (contents, location, 
criteria for access, safety and 
export standard, etc.) 

International Uranium 
Enrichment Centre 

Provide states equal access to
 fuel cycle services 

Front-end service; uranium 
enrichment service supply 

Independent IAEA-controlled 
LEU reserve, currently in 
operation 

Multilateral Enrichment 
Sanctuary Project 

Commercially viable and politically neutral 
option for fuel supply 

Front-end service; uranium 
enrichment service supply 

Independent IAEA-controlled 
enrichment plant in 
extraterritorial area with no 
access to technologies 

Kazakhstan is considered to 
host 

Multilateralisation of the 
Nuclear Fuel Cycle 

Promote multilateralisation of the nuclear 
fuel cycle 

Front-end and back-end fuel 
cycle services; enrichment and 
reprocessing under MNA 
control 

Difficulties of conversion of 
facilities’ ownership form 
national to multilateral 
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Qualitative evaluation of MNA concepts 

The benefits and challenges of the MNAs are still controversial. The following items 
are recommended as the benefits of co-operation; providing viable alternative, achieving 
the economies-of-scale, creating new revenue source (of host), confidence-building 
among participants and reducing proliferation risk by avoiding unnecessary 
accumulation of separated plutonium. In contrast, overcoming obstacles are anticipated 
as follows: ethical and fairness issues related to spent fuel problem, complicating 
national policies in radioactive waste management and increasing transportation 
requirements in the region [12]. A direction of multi-national co-operation in future 
should be pursued by enhancing advantages and improving weaknesses.  

First, none of the MNA proposals could be a panacea solving all problems and 
conflicts in the nuclear era. In other words, the only MNA as a regional framework could 
be assessed as reasonable because it can consider various issues specified in the region. 
Prior to detailed discussion and design, it is necessary to establish basic principles which 
can be accepted in general:  

• assurance of fuel cycle services should be complied with non-proliferation regime; 

• beneficiary should take responsibility. 

The first principle is rather obvious; MNA concepts originate in the efforts to meet all 
requests of both the nuclear “Haves” and “Have-nots”. If a MNA is properly introduced to 
balance demands, the multinational co-operation can obtain strong potentials to ensure 
both promotion of the peaceful use of nuclear energy and reduction of concerns about 
proliferation. The second is recommended as a “fair rule”. In a whole commercial nuclear 
fuel cycle (see Figure 1 again), the life of nuclear fuel starts at the mining and milling 
stage, and ends with the final disposal of waste. Many countries earn profits from this 
value chain, not only suppliers but consumers. Then, the question is when the 
responsibility of beneficiaries ends. The answer this study provides the time when spent 
fuel lowers its radioactive level to meet a reasonable standard. For example, a country 
that operates an enrichment facility gains benefits in the market, it should share the 
concerns to deal with spent fuels management, and make efforts to contribute in 
particular. In these perspectives, all states of nuclear power and non-power can gain an 
unbiased logical background for multinational co-operation with the recognition of 
practical needs and obligations. 

To discuss more details, norms for qualitative evaluation of MNA are needed. In this 
study, the following five standards are recommended as criteria for evaluation; 
proliferation-resistance, environmental-friendliness, accident-tolerance, continuity and 
economy (the PEACE criteria). It originates from the name of a sustainable reactor system, 
and is applied to the MNA evaluation with necessary modifications because MNA is also 
required to play a role in sustainability and reliability. 

• Proliferation-resistance: Technologies, materials and items, which could be 
transferred to or used for nuclear weapons, should be under well-established 
control. It is regarded as the main criterion in current non-proliferation regime. 

• Environmental-friendliness: A mechanism, which could give positive effects on 
the natural environment, or relieve harmful and toxic burdens, could be evaluated 
as “environmental-friendly”.  

• Accident-tolerance: The safety and security issues in nuclear facilities or activities 
must be controllable. If not, proper measures have to be improved or prepared 
without difficulties. In this category, the accident includes problems in both safety 
and security. 



NEA/NSC/DOC (2013)3 
 

104 TWELFTH INFORMATION EXCHANGE MEETING ON PARTITIONING AND TRANSMUTATION, © OECD 2013 

• Continuity: Considering number of efforts for siting and sunk costs to settle, the 
operation of related facilities in the international mechanism needs to be assured 
by intrinsic or extrinsic means. 

• Economy: The most visible incentive should be produced and shared among 
participants especially in a host country. Also, it can assure competiveness in the 
commercial market, and obtain a comparative advantage over other options. 

With these criteria, a qualitative evaluation on each MNA is performed. In the case of 
the front-end MNA, environmental-friendliness is not discussed because of its mere 
impact on the environment, while the back-end case is highly prized. In contrast, the 
MNA on the back-end service is undervalued in the continuity due to a lack of social and 
political consensus on spent fuel. From the economic aspect, the back-end is not 
guaranteed now, while the frond-end works well in commercial. Nonetheless, the back-
end MNA can hold a comparative advantage in social cost for spent fuel management. 
The requirements of the “black box approach” and high standards of safety and security 
are assessed in the same manner. Table 2 describes these results in detail.  

Table 2: Evaluation of MNAs to front-end and back-end fuel cycle 

 MNA to front-end fuel cycle MNA to back-end fuel cycle 

Proliferation-resistance Need “black box approach” to allow services, not 
technologies; 

Need “black box approach” to allow services, not 
technologies; 

Environmental-
friendliness Not applicable Reduce amount of burden in radioactive waste 

management 

Accident-tolerance 

Ensure safety and security in facilities with proper 
measures and regulations 

Need an agreement for transporting of nuclear materials 
among member states 

Ensure safety and security in facilities with proper 
measures and regulations 

Need an agreement for transporting of nuclear materials 
among member states 

Continuity 
Continuous operations by long-term contracts 

 

Continuous operations by long-term contracts 

Public acceptance and policy to spent fuels in host state 
are variables. 

Economy 
Economy of scale makes profits in commercial market 
(not in case of a sub-mechanism with no competitions 

with existing actors) 

Not applicable 

Have comparative advantage in policy and cost for spent 
fuel management 

 

A new framework for the back-end fuel cycle is required to be constructed on the 
robust principles and considerations for reliability. It needs to increase in continuity and 
economy on a reasonable industrial scale, and to enhance its strength in contribution to 
a conundrum on spent fuel management by providing the definite solution. A proposal 
for MNA combined with P&T is presented in the next chapter. 
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Conclusion 

With about 60 new constructions even after the Fukushima accident and with 
deadlocks in spent nuclear fuels disposal in many states it is expected that demands for 
the construction of new enrichment plants and spent nuclear fuel recycling facilities will 
intensify within this decade. It is clear that attempts at preventing development of own 
nuclear fuel cycles may not be trivial without offering an alternative solution. Multi-
national approach (MNA) can play an important role as a proactive measure to meet the 
reasonable demands of nuclear power states. Various MNA proposals made over the past 
four decades for the proliferation resistance of nuclear fuel cycle have been reviewed in 
this work. The primary significant progresses have been made on the front-end fuel cycle 
such as enrichment or LEU reserve that led to a successful launch of the International 
Nuclear Fuel Bank over the last ten years. The MNA for the front-end fuel cycle provided 
confidence in a similar approach to the back-end case where high political pressure on 
spent nuclear fuels in many states with high dependence on nuclear power has been 
accumulated as a driving force. However, significant safety and political risks of 
transportation of spent nuclear fuel, the return of plutonium and high-level wastes as 
well as excessive costs to member states make it difficult to launch MNA. 

Based on recent significant developments in partitioning and transmutation 
technology, it is anticipated that final wastes from advanced P&T systems can be clean 
enough to be classified as intermediate-level waste (ILW) with very low alpha-emitter 
concentration and heat density. Assuming that this laboratory-proven technology can be 
scaled up for industrialisation in decades to follow, a back-end MNA proposal has been 
made in this study. As an example, specific technical options are illustrated using 
PyroGreen for partitioning, PEACER for transmutation and US WIPP approach for the final 
waste disposal. The final ILW can be returned to the country of origin at no proliferation 
risk, at a very low risk of return-shipping and at significantly lower disposal costs 
compared with today's reprocessing options. If the proposal responds well to the 
anticipated concerns, a practical co-operation framework could be constructed to verify 
its technical and institutional viability. Such an MNA is ready to be launched in 
association with on-going international P&T, R&D like the MYRRHA Project. The 
advanced P&T technologies (such as advanced pyro-processing or aqueous processing) 
crucial for the success of MNA f+or the back-end cycle can be verified under the project. 
Also, considerations related to non-technical issues, including legal, social and economic 
aspects warrant further studies. It is hoped that the international MYRRHA consortium 
be launched in the near future will serve as a test-bed for developing an institutional 
framework. 
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Abstract 

Nuclear energy is considered today, despite recent events, a reliable, clean and cost 
effective energy source. As environment protection and availability of natural resources are 
becoming crucial issues, nuclear research is focusing on innovative reactors and associated 
fuel cycles able to optimise resource exploitation and nuclear waste management. In order 
to minimise waste inventories, the proposed fuel cycles use partitioning and transmutation 
strategies. Implementation of these cycles may influence appreciably parameters such as 
fuel radiation activity during fabrication, waste decay heat and radiotoxicity in a final 
repository. Therefore, it is necessary to identify the most important isotopes, which are the 
major contributors to those parameters. It is also important to assess the associated 
uncertainties, due essentially to uncertainties in neutron cross-sections. For this purpose, 
different scenarios have been analysed with the COSI code and NUCLEONICA, the latter 
being used for decay calculations. The first outcome of these analyses, i.e. the assessment 
of the most important nuclei for the evaluation of doses in fuel fabrication, of decay heat in 
fuel discharge and in a repository, of waste radiotoxicity, etc. is presented in the paper. 



   NEA/NSC/DOC (2013)3 

TWELFTH INFORMATION EXCHANGE MEETING ON PARTITIONING AND TRANSMUTATION, © OECD 2013 109 

Introduction 

It has been shown that partitioning and transmutation (P&T) technologies could 
contribute significantly to reducing the burden on a geological disposal [1]; nevertheless, 
it is important to determine the impact of P&T on gamma and neutron emissions, heat 
load at some key points of the fuel cycle (e.g. fabrication plants, reactor fuel unloading) 
and waste toxicity in repositories. In order to assess the impact, a clear identification of 
the most important nuclides represents a first crucial step. It has been demonstrated [2] 
in fact that the present knowledge of some relevant minor actinides nuclides cross-
sections should be significantly improved, especially when highly loaded low conversion 
ratio fast reactors or U-free fuelled accelerator-driven systems are considered. 

The aim of the present paper is therefore to determine the minor actinides nuclides 
which present the highest impact on transmuter fuel at unloading, on fabrication plant 
and on repository in closed fuel cycles, in terms of heat load, ingestion radiotoxicity, 
neutron and gamma emission. The outcome of this preliminary work will help to choose 
the most relevant nuclides and reactions cross-sections to investigate in order to assess 
sensitivity and improve accuracy. 

Hypotheses and assumptions 

In the present work the relative importance of the different heavy nuclides, in 
particular, plutonium isotopes and minor actinides (MA) has been assessed in closed fuel 
cycles where critical fast reactors with various conversion ratios are implemented. For 
this purpose, a regional-type scenario was chosen (Figure 1), where two groups of nations 
are considered: 

• Group A: phasing-out group of nations, with legacy spent fuel inventory 
represented in COSI6 [3] simulations as a decaying stock [4]; 

• Group B: on-going nuclear policy group of nations, operating in particular a UOX-
PWR fleet, target fuel burn-up of 50 GWd/tHM and an irradiated fuel cooling time of 
5 years are adopted; 

• A regional group of facilities, shared by the two groups of nations, which has the 
final goal to transmute, until the end of the present century all TRU from Group A 
and to stabilise the MA or TRU production (according to the specific objective) of 
Group B. 

Three types of transmuters, all fast critical reactors but with three different 
conversion ratios (CR), and two different minor actinides to plutonium ratios (MA/Pu) 
were investigated (in a uranium matrix), in order to explore a wide range of fuel cycle 
options. In particular: 

• Option 1: break-even FR with CR=1, MA/Pu=0.1; 

• Option 2: burner FR with CR=0.8: 

– MA/Pu=0.1; 

– MA/Pu=1; 

• Option 3: burner FR with CR=0.5: 

– MA/Pu=0.1; 

– MA/Pu=1. 

With options 2 and 3 MA are produced by a PWR-UOX fleet whose energy production is 
kept constant (400 TWhe) over the whole scenario simulation time, and FR transmuters are 
introduced as an extra dedicated component of the power park. In the case of option 1 a 
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replacement of the PWR fleet with a corresponding (i.e. equal total power) FR fleet has been 
simulated. In 2035 PWRs will start to be shut down and replaced by FRs up to 2080, while the 
total energy production will be kept constant (400 TWhe). 

Adoption of two different MA/Pu ratios in fresh FR fuel and of different values of the 
conversion ratio CR, allows fulfillment of different objectives. 

In summary: 

a. If the full TRU inventory of countries “A” has to be treated by the end of this 
century and the MA inventory of countries “B” has to be stabilised, while the Pu inventory 
is kept growing (e.g. for future use in FRs in countries “B”), the dedicated regional burners 
(with CR=0.5 or CR=0.8) should have a fuel with a MA/Pu ratio equal ~1. The number of 
dedicated burners is consequently relatively small, as is illustrated in Figure 2, where the 
fleet of dedicated regional burners is shown for both CR=0.5 and 0.8 in terms of energy 
production. In this case the MA inventory is stabilised and the Pu inventory is growing, as 
required (see Figures 3 and 4). Note that in this fuel cycle option the reprocessing of the 
fuel from countries “A” and “B” requires the separation of Pu from MA. 

b. If the full TRU inventory of countries “A” has to be eliminated by the end of this 
century and both MA and Pu inventories of group “B” should be stabilised (i.e. the Pu 
inventory of countries “B” has also to be reduced), the dedicated regional burners with 
CR=0.5 and CR=0.8 have a fuel with the MA/Pu ratio equal to 0.1, i.e. close to the ratio of 
MA/Pu in the fuel unloaded from the PWRs. Note that, if that ratio is adopted, in principle 
it is not necessary to separate Pu from MA in the reprocessing step. In this case, the 
number of dedicated transmuters is much higher than in the previous case since the 
burning requirements are much higher (since they concern both MA and Pu). Figure 5 
gives the size of the burner fleet in terms of energy production. This fleet is very large in 
particular in the case of CR=0.8, since in this case the amount of MA that can be burnt is 
relatively modest. Figures 6 and 7 show the Pu and MA inventory stabilisation. It should 
be noted, however, that for CR=0.8 – MA/Pu=0.1 core case a proper stabilisation is not 
achievable due to the large amount of TRUs generated by the PWRs-UOX fleet compared 
with the transmutation capability of the transmuter (the TRUs stabilisation target is 
possible for lower PWRs energy production). 

c. The case with FRs with CR=1 (Figure 8) is quite different in purpose. In fact, in the 
previous cases the PWR-UOX fleet stays constant and an extra dedicated fleet of burner 
FRs is deployed, while in this case the PWRs fleet is replaced by a corresponding fleet of 
FRs that will manage the full TRU stock of both groups of countries. For this reason, a 
direct comparison of the cases a) b) and c) is possible only in relative terms (e.g. 
comparing the specific decay heat of unloaded fuels in each case). The Pu and MA 
inventories are given, respectively, in Figures 9 and 10. The stabilisation of the MA 
inventory at a lower value (~70 tonnes) is due to the fact that a smaller overall fleet of 
reactors is considered. 

There are two types of stocks which are transmuted (i.e. from Group A and Group B – see 
above), with different compositions which strongly evolve over time, therefore in the 
simulation two compositions in fabrication plant were extracted: around the half of the 
present century (when Group A TRU stock is transmuted) and around the half of the next 
century (when Group B MA inventory is transmuted and stabilised). 

In order to simplify calculations it was assumed that reprocessing compositions 
would be close to those of fabrication plants: assumed fabrication and reprocessing times 
are in fact rather short (i.e. 0.5 years), while fuel cooling time was assumed to be 5 years 
for PWRs and 2 years for FRs. 
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Figure 1: Scenario flow scheme 

 

Figure 2: FRs with MA/Pu=1 fleet energy production 

 

Figure 3: Pu mass in complete fuel cycle for the CR<1 (fuel cycle options 2 and 3)  
and MA/Pu=1: the plutonium inventory is still growing 
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This effect is due to the fact that in repository all reprocessing losses over the full 
duration of the scenario are accumulated, with consequent 242Cm decay. 

General trends obtained in this work are in rather good agreement with results 
obtained in [6] (in particular the increase in heat load and neutron emission originated 
from a core with CR=1 to CR=0.5 with a large MA content). 

In Table 5 the mass flow rates are reported for the CR and MA/Pu cases quoted above 
at fabrication plants in ~2050 and ~2150 and in repository at the end of the scenario. 

These mass flows are consistent with the burner reactor deployment given in Figures 3, 6 
and 9. According to the different scenario objectives as explained above, different inventories 
are shown not only for different MA/Pu ratios in the fuel, but also for different conversion 
ratio values. Finally, the low flow in repository is due to the fact that only losses (0.1%) are 
stored in the geological repository. 

Table 6 summarises results that can be inferred from Tables 1-4: in particular 241Am 
and 244Cm are relevant for decay heat and ingestion radiotoxicity aspects, 244Cm for 
spontaneous fission, and 241Am, 242mAm, 242Am (coming from 242mAm decay), 243Cm for 
gamma dose rate in fabrication plant. Therefore, it can be concluded that nuclides 
relevant in close fast critical scenarios with TRU recycle are 241Am, 242mAm, 243Cm and 
244Cm. 

Moreover, as a result of an analysis of the same tables it can be conluded that the fuel 
cycles which present in general the higher specific values are the ones with FR 
transmuters with the CR=0.5 – MA/Pu=1, in agreement with conclusions drawn in [6]. 

To provide a preliminary indication of important reactions which cause the build-up 
of nuclides quoted above, a build-up scheme is shown in Figure 11. In particular, 241Am 
(produced by 241Pu β-decay, half-life=14.35 yr) by neutron capture produces 242mAm 
(~10%) – which builds up – and 242Am (~90%) (half-life, respectively, 141 yr and 16.04 h), 
which decays with a branching ratio of 82.7% into 242Cm (17.3% decays into 242Pu, which by 
neutron capture decays into 243Pu, which, in its turn, decays with a half-life of 4.956 h into 
243Am), which by successive neutron captures allow the formation of 244Cm. Another route 
is the neutron capture of 242Am, which produces 243Am (half-life=7370 yr), which by 
capture becomes 244Am (half-life=10.1 h) decaying by β decay into 244Cm. As fission 
reactions play a role in the removal of nuclides, it can be noted that relevant reactions 
which influence the formation of critical nuclides in fuel cycles are capture and fission of 
241Am, 242Am, 243Am, 244Am, 242Cm, 243Cm and 244Cm. A further sensitivity and uncertainty 
analysis would be required in order to provide quantified uncertainty contributions by 
isotope and reaction type. 
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Table 1: Decay heat nuclides share (specific total value and %) in reactor discharged fuel (at the 
end of the scenario after 30 days) at fabrication plant and repository after 100 and 1 000 years 

Case: 

Decay heat (α+β+γ) 

CR=0.5 CR=0.8 CR=1 

MA/Pu=0.1 MA/Pu=1 MA/Pu=0.1 MA/Pu=1 MA/Pu=0.1 

T=30 d 

FR discharge 

2050 

Tot (W/g) 0.35 0.41 0.17 0.29 0.087 

Cm-242 83.8 % 76.4 % 84.3 % 76.8 % 88.0 % 

Cm-244 - 12.5 % - 11.8 % - 

       

T=30 d 

FR discharge 

2150 

Tot (W/g) 0.37 0.35 0.12 0.23 0.17 

Pu-238 - 16.9 % - 17.7 % - 

Cm-242 79.4 % 68.7 % 68.5 % 67.7 % 75.3 % 

Cm-244 11.4 % 12.3 % 22.0 % 12.4 % 14.3 % 

       

T=0.5 y 

Fabrication plants 

2050 

Tot (W/g) 0.023 0.047 0.021 0.033 0.009 

Pu-238 36.9 % 24 % 40.6 % 26.1 % 40.3% 

Am-241 27.6 % 37.3 % 19 % 36.1 % 29.5 % 

Cm-244 26.7 % 35.7 % 32.8 % 34.4 % 21.6 % 

       

T=0.5 y 

Fabrication plants 

2150 

Tot (W/g) 0.076 0.16 0.034 0.11 0.005 

Pu-238 31.9 % 18.8 % 26.7 % 27.0 % 29.8 % 

Cm-244 56.5 % 74.6 % 63.4 % 63.1 % 51.8 % 

       

τ=0 y 

Repository 

Tot (W/g) 0.056 0.044 0.042 0.045 0.02 

Pu-238 40.3 % 46.5 % 40.8 % 47.2 % 41.1 % 

Am-241 21.6 % 29.8 % 23.8 % 28.6 % 28.2 % 

Cm-244 30.3 % 16.7 % 25.8 % 17.1 % 13.3 % 

       

τ =100 y 

Repository 

Tot (W/g) 0.026 0.025 0.021 0.025 0.012 

Pu-238 40.6 % 38.8 % 37.9 % 40.0 % 31.5 % 

Pu-240 - - 10.2 % - 14.2 % 

Am-241 43.6 % 49.1 % 44.1 % 47.8 % 41.7 % 

       

τ =1000 y 

Repository 

Tot (W/g) 0.0056 0.0052 0.0052 0.0052 0.004 

Pu-239 10.5 % 14.6 % 14.3 % 14.9 % 27.6 % 

Pu-240 35.9 % 25.8 % 37.9 % 26.4 % 39.3 % 

Am-241 47.9 % 54.9 % 43.3 % 54.1 % 30.2 % 

  In bold largest value is indicated. 
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Table 2: Ingestion radiotoxicity nuclides share (absolute total value in %) in reactor 
discharged fuel (at the end of the scenario, after 30 days) and repository after 1 000, 10 000, 

and 100 000 years 

Case: 

Radiotoxicity 

CR=0.5 CR=0.8 CR=1 

MA/Pu=0.1 MA/Pu=1 MA/Pu=0.1 MA/Pu=1 MA/Pu=0.1 

τ=1000 y Tot (Sv/g) 1.44E+03 1.32E+03 1.35E+03 1.31E+03 1.09E+03 

Repository Pu-239 12.1 % 17.2 % 16.3 % 17.5 % 30.2 % 

 Pu-240 41.6 % 30.4 % 43.1 % 31.0 % 42.9 % 

 Am-241 41.4 % 48.4 % 36.8 % 47.6 % 24.7 % 

       

τ=10 000 y Tot (Sv/g) 4.11E+02 3.63E+02 4.28E+02 3.66E+02 4.49E+02 

 Pu-239 34.8 % 50.3 % 41.2 % 50.3 % 57.1 % 

Repository Pu-240 56.5 % 42.7 % 52.7 % 42.8 % 40.2 % 

       

τ=100 000 y Tot (Sv/g) 3.53E+01 3.67E+01 3.27E+01 3.72E+01 3.0E+01 

 Pb-210 15.3 % 14.1 % 13.1 % 14.3 % - 

Repository Po-210 26.7 % 24.5 % 22.8 % 24.8 % 13.7 % 

 Pu-239 32.7 % 39.4 % 42.4 % 39.1 % 65.3 % 

  In bold largest value is indicated. 

Table 3: Spontaneous fission rate nuclides share (absolute total value in %) in reactor discharged 
fuel (at the end of the scenario) and at the fabrication plant 

Case: 

Spontaneous fission rate 

CR=0.5 CR=0.8 CR=1 

MA/Pu=0.1 MA/Pu=1 MA/Pu=0.1 MA/Pu=1 MA/Pu=0.1 

T=30 d Tot (s-1·g-1) 5.62E+04 9.33E+04 2.43E+04 6.31E+04 1.05E+04 

FR discharge Cm-242 31.6 % 20.3 % 37.2 % 21.4 % 44.7 % 

2050 Cm-244 67.3 % 79.1 % 62.0 % 78.0 % 54.7 % 

       

T=30 d Tot (s-1·g-1) 8.42E+04 7.90E+04 4.70E+04 5.32E+04 4.61E+03 

FR discharge Cm-242 21.6 % 18.7 % 10.6 % 18.3 % 17.1 % 

2150 Cm-244 73.6 % 79.6 % 81.3 % 80.1 % 77.3 % 

       

T=0.5 y Tot (s-1·g-1) 9.38E+03 2.48E+04 9.97E+03 1.70E+04 2.96E+03 

Fabrication plant 2050 Cm-244 97.4 % 99.0 % 98.0 % 98.9 % 97.9 % 

       

T=0.5 y Tot (s-1·g-1) 6.95E+04 1.88E+05 3.37E+04 1.34E+05 4.50E+03 

Fabrication plant 2150 Cm-244 90.3 % 93.5 % 90.9 % 92.9 % 92.4 % 

In bold largest value is indicated. 
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Table 4: Gamma dose rate nuclides share (absolute total value in %) in reactor discharged fuel (at 
the end of the scenario after 30 days) and at the fabrication plant 

Case: 

Gamma dose rate 

CR=0.5 CR=0.8 CR=1 

MA/Pu=0.1 MA/Pu=1 MA/Pu=0.1 MA/Pu=1 MA/Pu=0.1 

T=30 d Tot [μSv/(h·g)] 8.13E+01 1.08E+02 4.70E+01 7.95E+01 2.08E+01 

 Np-239 - - 10.3 % - 17.8 % 

FR discharge Am-241 20.3 % 33.6 % 24.1 % 33.2 % 29.2 % 

2050 Am-242 20.3 % 20.6 % 20.8 % 20.7 % 17.8 % 

 Am-242m 26.2 % 26.6 % 26.8 % 26.7 % 23.0 % 

 Cm-243 21.7 % - 14.9 % - - 

       

T=30 d Tot [μSv/(h·g)) 8.67E+01 8.65E+01 3.02E+01 5.91E+01 6.92E+00 

 Np-239 - - 19.3 % - 52.9 % 

FR discharge Am-241 19.9 % 32.7 % 19.6 % 31.7 % 14.9 % 

 Am-242 20.5 % 20.2 % 18.3 % 20.1 % 11.2 % 

2150 Am-242m 26.4 % 26.0 % 23.6 % 25.9 % 14.4 % 

 Cm-243 21.4 % - 15.1 % - - 

       

T=0.5 y Tot [μSv/(h·g)] 4.45E+01 1.06E+02 3.39E+01 7.37E+01 1.95E+01 

Fabrication Am-241 69.9 % 79.8 % 55.0 % 79.0 % 66.7 % 

plants Am-242m - - 17.0 % - 13.1 % 

2050 Am-242 - - 13.2 % - 10.2 % 

       

T=0.5 y Tot [μSv/(h·g)] 7.21E+01 1.29E+02 2.56E+01 8.95E+01 5.16E+00 

 Am-241 35.3 % 24.1 % 29.7 % 23.7 % 37.6 % 

Fabrication Am-242m 22.3 % 30.9 % 25.8 % 31.2 % 25.0 % 

plants Am-242 17.3 % 23.9 % 20.0 % 24.2 % 19.4 % 

2150 Cm-243 17.3 % 10.4 % 15.2 % 10.8 % - 

In bold largest value is indicated. 

Table 5: Scenario masses flow rate at the fabrication plant and repository: mass, decay heat, 
spontaneous fission, and gamma dose total values 

Scenario flow masses 

(annual inputs - t/y) 

CR=0.5 CR=0.8 CR=1 

MA/Pu=0.1 MA/Pu=1 MA/Pu=0.1 MA/Pu=1 MA/Pu=0.1 

Fabrication plant (2050) 59 9 137 14 185 

Fabrication plant (2150) 152 23 378 36 508 

Repository (2200) 0.09 0.03 0.1 0.03 0.1 
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Table 6: Summary of the most relevant nuclides effects on fuel cycle 

Relevant nuclides Heat load Ingestion radiotoxicity Spontaneous fission rate Gamma dose rate 

Am-241 X X  X 

Am-242    X 

Am-242m    X 

Cm-243    X 

Cm-244 X  X  

 

Figure 11: Actinides formation scheme in neutronic simulations 

 

 

Conclusions 

A set of scenario simulations of different fuel cycles options based on critical fast 
reactors with various conversion ratios and fuelled with different minor actinides to 
plutonium ratios was assessed. The most important contributors to crucial fuel cycle 
parameters, in particular heat load, radiotoxicity, neutron and gamma emission rate at 
the fuel fabrication plant and repository, were investigated. It was shown that, despite 
the significant differences in the scenarios, only a restricted number of MA and Pu 
isotopes give a significant contribution to the parameters mentioned above. The most 
important are 241Am (both for heat load and radiotoxicity) and 244Cm (in particular for the 
neutron emission rate). Moreover, it was possible to show that the CR=0.5 – MA/Pu=1 core 
configuration (representative of MA burner FRs) is the most critical one, according also to 
results already available in literature [6]. Future work will focus on the impact of cross-
sections uncertainties on the fuel cycle parameters adopted in the present study. 
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Fuel cycle analysis framework base cases for the IAEA/INPRO GAINS 
Collaborative Project 

Brent Dixon 
Idaho National Laboratory, US 

Abstract 

Thirteen countries participated in the Collaborative Project GAINS “Global Architecture of 
Innovative Nuclear Energy Systems Based on Thermal and Fast Reactors Including a 
Closed Fuel Cycle”, which was the primary activity within the IAEA/INPRO Programme 
Area B: “Global Vision on Sustainable Nuclear Energy” for the last three years. The overall 
objective of GAINS was to develop a standard framework for assessing future nuclear 
energy systems taking into account sustainable development, and to validate results 
through sample analyses. This paper details the eight scenarios that constitute the GAINS 
framework base cases for analysis of the transition to future innovative nuclear energy 
systems. The framework base cases provide a reference for users of the framework to start 
from in developing and assessing their own alternate systems. Each base case is described 
along with performance results against the GAINS sustainability evaluation metrics. The 
eight cases include four using a moderate growth projection and four using a high growth 
projection for global nuclear electricity generation through 2100. The cases are divided into 
two sets, addressing homogeneous and heterogeneous scenarios developed by GAINS to 
model global fuel cycle strategies. First, the business as usual (BAU) cases model a 
homogeneous world scenario with only LWRs and HWRs and no reprocessing. Next, the 
BAU-FR cases extend the BAU cases to include the introduction of fast reactors starting in 
the first half of the century and slowly replacing LWRs in the second half of the century. 
The rate of introduction of FRs is specified to 2050, after which they are commissioned 
based only on availability of plutonium for their start-up. The heterogeneous world 
scenario considers three separate nuclear groups based on their fuel cycle strategies, with 
separate non-synergistic and synergistic cases. Two of the groups, G1 and G2, are 
modelled to represent the existing global nuclear infrastructure, split between countries 
pursuing a closed fuel cycle with recycling and fast reactors (G1) and countries continuing 
to use a once-through fuel cycle without reprocessing (G2). The third group (G3) represents 
new nuclear growth and is modelled in the non-synergistic scenario as a standalone group 
that develops its own fuel cycle facilities. In the synergistic scenario, G3 works together 
with G1 and G2, obtaining fuel cycle services to support reactor deployment and operations. 
The framework base case analyses results show the impact of these different fuel cycle 
strategies while providing references for future users of the GAINS framework. A large 
number of scenario alterations are possible and can be used to assess different strategies, 
different technologies, and different assumptions about possible futures of nuclear power. 
Results can be compared to the framework base cases to assess where these alternate 
cases perform differently versus the sustainability indicators. 
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Introduction 

Phase 2 of the International Atomic Energy Agency (IAEA) International Project on 
Innovative Nuclear Reactors and Fuel Cycle (INPRO) has included several collaborative 
projects (CPs) established by INPRO members. The CP, “Global Architecture of Innovative 
Nuclear Energy Systems Based on Thermal and Fast Reactors, Including Closed Fuel 
Cycle” (GAINS) was conducted from 2008 to 2011 by Belgium, Canada, China, the Czech 
Republic, France, India, Italy, Japan, the Republic of Korea, the Russian Federation, 
Slovakia, Ukraine, the US and the European Commission, with Argentina as an observer. 
The objective of GAINS was to develop a standard framework for assessing future nuclear 
energy systems, taking into account sustainable development, and to validate the 
simulation results through sample analyses. The full GAINS report, “Framework for 
Assessing Dynamic Nuclear Energy Systems for Sustainability” will be published by IAEA 
later this year. 

This paper focuses on a specific portion of the GAINS effort, involving the 
development of eight “base cases” for the analysis framework. The framework base cases 
should not be considered as benchmarks, but rather as reference cases for users of the 
framework to start from in developing and assessing their own alternate systems. They 
were designed to present the major options supported by the framework. They are 
general cases for comparison, with no effort made to optimise on any particular set of 
performance objectives. They are also fairly straightforward cases using a minimal 
number of fairly standard generic reactor types to maximise the number of fuel cycle 
simulation codes that can use the framework. 

The framework base cases 

The framework base cases include two world scenarios, a homogeneous world where 
all nuclear energy users follow the same strategy, and a heterogeneous world where 
different groups follow different strategies (see Figure 1). Most analyses of fuel cycles 
treat the world as a single technology group, where all users of nuclear energy systems 
follow the same strategy and use the same facilities.   

Figure 1: World models supported by the GAINS framework 

(a) Homogeneous (b1) Heterogeneous (b2) Heterogeneous
Non-Synergistic Synergistic

One Group

NG1 NG2

NG3

NG1 NG2

NG3

 

Within the homogeneous strategy, the framework base cases are divided between 
maintaining the current nuclear technologies and starting with the current technologies, 
but transitioning to a closed fuel cycle utilising fast reactors. First, the “business as usual” 
(BAU) cases model a homogeneous world scenario with only 94% light water reactors 
(LWRs) and 6% heavy water reactors (HWRs) and no reprocessing. Next, the BAU-FR cases 
extend the BAU cases to include LWR used fuel reprocessing along with the introduction 
of fast reactors (FRs) starting in the first half of the century that slowly replace LWRs in 
the second half of the century. The rate of introduction of FRs is specified to 2050, after 
which they are commissioned based only on availability of plutonium for their start-up. 
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The GAINS framework also supports a heterogeneous world model, breaking the 
world into three separate nuclear strategy groups (NGs) following different fuel cycle 
strategies. Two of the groups, NG1 and NG2, are modelled to represent the existing global 
nuclear infrastructure, split between countries pursuing a closed fuel cycle with recycling 
and fast reactors (NG1) and countries continuing to use a once-through fuel cycle without 
reprocessing (NG2). The third group (NG3) represents new nuclear growth. Within the 
heterogeneous world model, the framework supports both a non-synergistic option, 
where there is no sharing of facilities or materials between NGs, and a synergistic option 
where sharing occurs: 

• Nuclear Group (NG1) starts with light water reactors (LWRs), then transitions to a 
closed fuel cycle with fast reactors. 

• NG2 maintains an open fuel cycle with LWRs and heavy water reactors (HWRs). 

• NG3 starts with no reactors and deploys LWRs and some fuel cycle infrastructure 
during the course of the simulation.   

How much fuel cycle infrastructure NG3 develops depends on whether the scenario 
includes synergy between NGs. In the non-synergistic base case, NG3 includes all of the 
necessary fuel cycle capabilities for fabricating new fuel, recycling used fuel, and 
disposing of waste. In the synergistic base case, NG3 works together with NG1 and NG2 to 
obtain fuel cycle services to support reactor deployment and operations. NG3 obtains all 
of its fuel from NG1 and NG2 (50/50 split) and returns all of its cooled used fuel back to 
NG1 and NG2. The GAINS participants acknowledged that other strategies and groupings 
are possible, but these strategies and NGs were identified as simply base cases to use for 
comparison.   

The framework also includes both a moderate and a high growth scenario, with base 
cases for both. Generation is presented in units of GW (e)/a, or the amount of electricity 
produced by a gigawatt of net electric generating capacity running at a 100% load factor 
for a full year. This unit allows for modelling of reactors with different thermal 
efficiencies and/or different load factors. Both cases start with the current worldwide 
nuclear generation level of ~298 GW(e)/a in 2008, with the moderate case growing to  
600 GW(e)/a by 2030, 1 000 GW(e)/a by 2050, and 2 500 GW(e)/a by 2100. The high growth 
case values for the same time periods are 700, 1 500 and 5 000 GW (e)/a. After 2100, no 
additional growth occurs, not because the GAINS participants thought growth would stop, 
but because this allows analysts to check the simulation code behaviour with no growth. 
For the heterogeneous base cases, the world electricity generation is initially divided in 
2008 at a 50/50 split between NG1 and NG2, transitioning to a 40/40/20 split between 
NG1/NG2/NG3 by 2100. 

To assist modellers, the framework includes tables providing the amount of 
generation for each year by reactor type. It also includes the generation levels to use from 
1970 to 2008 to support initialisation of models, including deployment of the existing 
reactors and the resulting used fuel inventories. These inventories are important for 
modelling of the fast reactor introductions later in most of the scenarios. 

The combination of all of the above options results in the following list of the eight 
framework base cases: 

• Homogeneous world: 

– business-as-usual (BAU) scenario; 

– moderate growth case; 

– high growth case; 

– BAU with fast reactor (BAU-FR) scenario; 

– moderate growth case; 
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– high growth case; 

• Heterogeneous world for BAU with fast reactor scenario: 

– non-synergistic;  

– moderate growth case; 

– high growth case; 

– synergistic; 

– moderate growth case; 

– high growth case. 

Reactor types 

The GAINS framework includes a reactor/fuel data template in Excel for modelling of 
different reactor types. The template provides a standard representation of reactor/fuel 
data for use by fuel cycle simulation codes. The template includes basic performance 
characteristics of the reactor, such as the thermal and net electric output, the average 
load factor, cycle length, and core inventory. It also includes more specific information 
for the power density, residence time, burn-up, etc. of the core, axial blanket and radial 
blanket regions. The second sheet of the template provides a summary isotopic listing of 
the core composition for the initial loading, reloads, reload discharges and full core 
discharge at retirement. This listing includes 16 of the most important actinide isotopes 
along with the total fission products.   

The framework database contains a number of populated templates for a range of 
thermal and fast reactors at different burn-up levels. The fast reactors include burners, 
break-even converters and breeders. These cases are provided for users of the framework, 
and users can also provide their own reactor/fuel options.   

For the framework base cases, only three of these reactor/fuel templates are used. 
These include an LWR (a pressurised water reactor using low-enriched uranium oxide 
fuel with a burn-up of 45 000 MWd/t), an HWR (a CANDU-type reactor using natural 
uranium oxide fuel with a burn-up of 7 500 MWd/t), and a break even fast reactor 
(breeding ratio ~1.0) running on mixed U/Pu oxide fuel.   

Other simulation parameters 

A number of additional parameters are necessary for simulating a nuclear energy 
system. These include everything from the 235U assay of the depleted uranium from 
enrichment to the minimum fuel cooling time after reactor discharge and before 
reprocessing or disposal. The framework base cases include numerous such parameters, 
generally taking a simple generic approach wherever possible rather than attempting to 
model the world exactly.   

Since some fuel cycle simulation codes support dynamically varying some of these 
parameters while others do not, the approach taken in the base cases is to keep as many 
parameters constant as possible. For this reason, even though parameters such as 
average burn-up or average load factors have changed considerably over the last few 
decades, these values are set as constants for the framework base cases. Users of the 
framework should note that if their code supports changes to these parameters during 
the course of a simulation, they can still vary these values in their own analyses.   

For a similar reason, minimum times are used for periods such as the material transit 
time from mining to fuel insertion. Again, this is to support as many simulation codes as 
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possible. Some codes require steps such as conversion, enrichment, and fabrication to be 
explicitly modelled with at least one time step at each stage. 

A number of sensitivity studies were conducted as part of the GAINS effort to 
examine the impact of varying several of the simulation parameters. Figure 2 is an 
example, showing the impact of varying the burn-up of the LWR fuel in the BAU scenario. 
While the total amount of used fuel generated is very sensitive to burn-up, the amount of 
uranium required is not. 

Figure 2: Impact of varying LWR burn-up on uranium usage and used fuel generation  
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The output template 

The GAINS framework also includes a set of two standard Excel output templates, one 
for the homogeneous world model and one for the heterogeneous world model. The 
heterogeneous template includes output sheets for each NG, along with a global 
summary sheet. Both templates include a number of columns for annual data generated 
by the simulation along with 36 built-in graphs for presenting the data. These standard 
graphs facilitate comparison of cases, as the data are always presented in the same 
manner each time. The template reports results for the 100 year period from 2010 to 2110. 
The heterogeneous template can also be used to compare up to three cases by using the 
three NG sheets instead for three separate runs, with the global summary sheet providing 
comparison graphs. This is useful for sensitivity studies and for comparison of base cases 
to alternate cases. 

Excel was selected for the output template because a number of simulation codes 
already use Excel for their output. To use the output template, the analyst will likely want 
to build a translation table that takes output values provided by their simulation code 
and converts the values into the units used in the GAINS framework. 

The standard output graphs include 20 key indicators and evaluation parameters 
identified by the GAINS participants to assess fuel cycle performance. These indicators 
were derived from a larger list of indicators developed in the INPRO methodology 
(TECDOCs 1 434 and 1 575) for assessing the potential for an individual country to use a 
nuclear energy system. Since many of the indicators in the INPRO methodology are for 
evaluation of the specific conditions of an individual country, some adaptation was 
necessary for use on a global scale. The indicators used in the output template cover the 
INPRO assessment areas of resource sustainability, waste management and 
environmental stressors, proliferation resistance and physical protection, and 
infrastructure. Safety and economics were also intended to be supported, but many of 
the current simulation codes do not provide capabilities in these areas. 

Figure 3 shows a comparison of the power production from LWRs and FRs for the four 
main base case scenarios using the high growth rate. For the BAU case, there are no FRs 
and the left graph shows the LWRs growing until 2100, when the scenarios level out. The 
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homogeneous world BAU-FR case has the most FRs because all of the world’s LWR used 
fuel is being reprocessed to start up FRs. (Each FR needs Pu from the LWR used fuel for a 
start-up core and initial refuelling. Since the base cases use break even FRs, once their 
own used fuel is available for reprocessing they require no additional material from the 
LWRs.) The decline in LWRs will occur after 2100 for this case, as FRs replace LWRs. Up 
until 2100, there were not enough new FRs to meet the growth in demand, so new LWRs 
continued to be built. The heterogeneous world cases fall between the two homogeneous 
cases, because only a portion of the used LWR fuel is reprocessed; only the NG1 fuel in 
the non-synergistic case and the NG1 fuel plus half of the NG3 fuel in the synergistic case. 

Figure 3: Comparison of LWR and FR power production for the base case scenarios 
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Some of the key indicators and evaluation parameters are normalised per unit of 
energy produced. This was intended to neutralise the impact of growth on the indicators, 
since without normalisation most of the graphs would show exponentially increasing 
values tracking with generation growth, masking other information in the output data. 

Figure 4 shows one of the normalised key indicators, the energy production per tonne 
of natural uranium, for the homogeneous BAU-FR case. At the start of the simulation, the 
system average is dominated by the LWRs because only 6% of the system is HWRs. Once 
FRs are introduced the system annual average starts to increase because the FRs are 
breeding their own fissile material from the depleted uranium left over from enrichment 
for the LWR fuel. The cumulative average also increases, but more slowly. The annual 
average is not smooth because uranium is being mined several years before it produces 
electricity. After growth ends in 2100, the impact of new cores is reduced and there is a 
small step improvement in the uranium utilisation by both the LWRs and HWRs, with the 
impact greater for the LWRs due to the effects of enrichment. The rate of improvement of 
the total system increases more rapidly after 2100 because LWRs are retiring and being 
replaced by FRs. This is an example of the type of behaviour that would be masked if the 
key indicator was not normalised. 

Figure 4: Key indicator of uranium utilisation for the BAU-FR scenario 
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Figure 5 shows the key indicator of material moving in and out of NG3 in the base 
case heterogeneous synergistic scenario. This is an important indicator for the synergistic 
scenario, as co-operation in the use of fuel cycle facilities requires an increase in 
shipments. In the base case, all new fuels are imported and all used fuels are exported, 
with no waste returned. Alternatives could be examined that move other materials. The 
delay between import and export is due to the time the fuel is in the reactor and in the 
used fuel pool cooling before it can be exported. The step increases in fresh fuel 
shipments when the growth rate increases around 2050 due to the additional fuel needed 
for start-up cores. Another smaller increase happens around 2030, again when the 
growth rate increases. The subsequent step decrease in 2100 is because growth stops and 
the only new cores needed are for replacing retiring reactors. The used fuel shows 
changes in slope corresponding to changes in the growth rate, but does not show these 
same step changes because the discharge rate is constant. 

Along with the key indicator and evaluation parameter graphs, 16 additional graphs 
included in the output template display general mass flow and other data. These graphs 
are useful for confirming proper behaviour of the simulation model and comparison to 
other studies that do not use the normalised GAINS parameters. 

Figure 5: Material imported/exported for NG3 – heterogeneous synergistic scenario 
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Using the framework 

Users of the GAINS framework should first familiarise themselves with the templates 
and other parameters included in the framework base cases to consider how to model 
these cases in their own simulation codes. The full GAINS report will include 
considerable information on how the framework is set up and why. 

Next, the user should set up their code to run one or more of the base cases and 
compare the results. This is primarily to ensure they are interpreting the parameter 
values in the same way as the framework developers and to understand where the 
specific modelling method of their code may vary from that assumed in the framework 
base cases. Specific attention should be paid to minimum delays, facility lifetimes, and 
reprocessing capacities in recycle cases. 

The overall results should be similar to those reported for the base cases, though 
some variation is to be expected. Results will typically not match exactly for a number of 
reasons, including how each code models time, when during the year output is generated 
(year-start or year-end), and what specific features are enabled in their code. If possible, 
some features should initially be turned off to better match the framework results, then 
reactivated. Codes handle a number of operations differently, such as isotopic decay 
during storage, and these differences can impact results. Key features to look for are if 
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changes in slope of inventories occur within a year or two of the documented base case 
results and if the slopes are nearly equivalent. 

Once the analyst is satisfied with their modelling of the framework base cases, they 
can develop their own scenarios that are variations from the base cases. It is 
recommended to only change a few parameters at a time to better understand why the 
results are changing as compared to the reference base case. For example, use the same 
growth curve and transition timing while introducing a different reactor type. Next, 
modify an additional parameter such as the timing for transitioning to the new reactor 
type. With each change, other parameters such as reprocessing capacity may need to be 
modified to have a consistent simulation.   

One particular area ripe for investigation of alternative strategies and scenarios is the 
heterogeneous synergistic world model. The framework base cases in this area only 
address one simple scenario where new nuclear energy system users obtain their fuel 
from others with established nuclear energy systems and return the used fuel. Figure 6 
shows some of the different options for mass flows between NGs.   

Figure 6: GAINS heterogeneous world model showing alternate mass flow options 
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Additional options arise by varying the fraction of material flowing from NG1 or NG2, 
changing the timing of flows, and other considerations. These may include special 
strategies for minor actinide management, impacts of returning high-level waste after 
reprocessing, focusing on used fuel returns from NG3 to NG1 to more quickly build the 
NG1 fast reactor fleet, etc. The GAINS participants also anticipated modelling of 
multilateral nuclear approaches (MNAs), where countries collaborate on shared fuel cycle 
facilities. 

A follow-on INPRO Project is investigating many of these options. The “Synergistic 
Nuclear Energy Regional Group Interactions Evaluated for Sustainability” (SYNERGIES) 
Project is using the GAINS framework as a starting point for identifying and evaluating 
mutually beneficial collaborative architectures that may help improve the sustainability 
of nuclear energy systems. Where GAINS deliberately modelled the nuclear groups as 
non-geographic groups of unnamed countries, SYNERGIES may look at specific regions 
and specific countries or other entities to assess drivers and impediments to achieving 
collaborative systems. SYNERGIES is also expanding on the sensitivity studies conducted 
in GAINS to better understand the behaviour of both the homogeneous and 
heterogeneous world models as individual parameters are varied. 

Additional NGs could also be considered. The GAINS effort limited the number of NGs 
due in part to limitations of simulation codes to model multiple interacting groups. At the 
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start of GAINS, most simulation codes were only configured to model one group (e.g. a 
homogeneous world) and three groups were a practical limit. Now newer versions of 
some codes may be able to handle more simultaneous groups. 

Conclusions 

The INPRO Collaborative Project GAINS has established a framework to analyse the 
dynamics of transitioning from the current thermal reactor based fuel cycle to a more 
sustainable closed fuel cycle using fast reactors. The framework can be used to analyse a 
range of reactor types and different scenarios. The framework supports both the standard 
homogeneous world model and a heterogeneous model where multiple simultaneous 
fuel cycle strategies are employed by different groups, with or without co-operation 
between groups. The framework includes data for numerous reactors and fuels and has a 
template for adding additional reactors/fuels. Another template standardises the output 
produced by analyses, such that analysts using different fuel cycle codes can easily share 
and compare results. A follow-on INPRO Project, SYNERGIES, is using the GAINS 
framework to examine how different groups following different fuel cycle strategies can 
work together to mutual benefit. Others should also find the GAINS framework useful for 
their own fuel cycle studies. 
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Abstract 

The French Act on Waste Management, 2006 June 28, requested an assessment of 
industrial perspectives of partitioning and transmutation of long-lived elements in 2012. 
These studies have to be carried out in tight connection with the Generation-IV systems 
development. 

The expected results have to include the evaluation of technical and economic scenarios 
taking into account the optimisation options between minor actinide (MA) transmutation 
processes, the interim storage and the geological disposal, based upon a systematic criteria 
evaluation methodology. 

In this perspective, CEA asked the French Waste Management Agency (Andra) to assess 
the impact of HLW (high-level waste) and ILW (intermediate-level waste) as produced by 
various transmutation options on the dimensioning of the geological repository. 

Indeed, MA recycling and transmutation considerably help limit the quantity present in 
waste, because with the exception of minimal losses, MA are no longer sent to waste. The 
waste MA inventory essentially depends on the transmutation option selected. For example, 
in Figure 1, if the non‐recycling of minor actinides means the continuous increase in their 
waste inventory (to reach nearly 400 tonnes in 2150), the transmutation of all the minor 
actinides helps stabilise this inventory at around 60 tonnes. Moreover, the limitation of the 
minor actinides in the waste also allows a reduction of the radiotoxicity and thermal power 
of the wastes. If only the waste produced after the introduction of transmutation is 
considered, the toxicity reduction of these wastes, in the most favourable case, varies 
between one and two orders of magnitude depending on the horizon. 
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Introduction 

Three scenario studies were taken into account: 

• The first scenario concerns the recycling of plutonium only in a sodium fast 
reactor (SFR), with the final HLW still containing the minor actinides and the 
fission products (PFs). 

• The second scenario concerns the recycling of Pu in SFR and the MA transmutation 
in MA bearing blankets; the HLW only contain FPs. 

• The third scenario concerns the recycling of Pu in SFR and the transmutation of 
Am only in Am bearing blankets; HLW therefore includes FPs, curium and 
neptunium. 

Figure 1: Inventory of minor actinide in waste 

 

 

Assumptions and approach 

The assumptions associated with these scenarios are based on industrial experience 
transposed as effectively as possible to these new material management options; they do 
not preclude any future process or technological developments.  

The scenarios analysed have in common the consideration that the current series of 
reactors would be renewed at constant installed capacity (60 GWe) generating 430 TWhe/year. 
40 GWe of light-water EPRTM-type reactors would be deployed between 2020 and 2040, 
followed by 20 GWe of sodium fast reactors (SFR) between 2040 and 2050. The date of 2040 
corresponds to a general hypothesis of a possible start of deployment of these SFRs, 
which would also be consistent with the main renewal dates for power reactors and fuel 
cycle plants. The introduction of a second set of 40GWe SFR would take place from 2080 to 
replace the EPRTM, which will have reached the end of their service life. Starting in 2100, 
nuclear power generation capability would consist entirely of fast reactors. For scenarios 
F1G and F1J, the transmutation will start in 2040 with the first deployment of SFR. 



   NEA/NSC/DOC (2013)3 

TWELFTH INFORMATION EXCHANGE MEETING ON PARTITIONING AND TRANSMUTATION, © OECD 2013 133 

Figure 2: Production by reactor technology 
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Two phases are considered in this study. In the first part, the results allow a 
comparison between the repository footprint and the excavated volume for each option; 
the impact of the interim storage duration is also assessed (70 years or 120 years). In the 
second part, solutions are proposed to optimise the footprint of the repository. An 
analysis of the advantages and drawbacks of transmutation options is proposed. 

The number of waste packages expected has been calculated for each of the three 
scenarios (Table 1). The quantities are similar from one scenario to the next. The annual 
waste flows appear to be of the same order of magnitude as those expected for Andra’s 
industrial geological repository Project “Cigéo”. This makes it possible to pursue the Cigéo 
Project options in terms of infrastructures and operating tools. 

Table 1: Number and volume of primary packages produced in the three scenarios 

 

If the number of packages produced is similar for all of the scenarios, significant 
disparities are observed regarding the thermal power generated by the CSD‐V packages 
(Figure 3). They are mostly due to the thermal power of americium, which is either 
present in the packages or not. 

Figure 3: Variation of the thermal power of CSD-V packages over their interim storage time 
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Most of the inventory is composed of compacted waste packages (CSD-C) with a  
180 liter unit volume. For storage purposes, they are grouped by eight in a sealed concrete 
container (see Figure 4). 

Figure 4: Waste packages for intermediate-level waste (CSD-C) 

 

Each HLW package is inserted individually into a disposal overpack consisting of a 
shell of non-alloy steel in order to withstand corrosion and situ stresses (see Figure 5). 

Figure 5: Waste package for high-level waste (CSD-V) 

 

High-level waste packages are placed in the repository cells consisting of micro-
tunnels with a diameter close to that of the waste packages. The cells are accessed via 
horizontal drifts located in the same plan as the cells. The cells are metal cladded in 
order to ensure their dimensional stability. 

The repository cells are organised as “modules”, which are implemented as the waste 
packages are put into storage. A new module is dug while the previous cell is being used. 
The modules are accessed via secondary connecting galleries (see Figure 6). 

The residual thermal power of the HLW packages (CSD-V) leads to an increase in the 
temperature that must be limited in order to avoid high-temperature ranges where the 
mechanisms are still poorly understood and uncertainties still subsist to prevent any 
accelerating kinetic effects of the weathering of the packages or of the geological 
environment. For the thermal dimensioning calculations, Andra specified a maximum 
temperature of 90°C in contact with the host formation. This limit implies limitations for 
the repository, particularly a prior interim storage of at least 70 years, and the need to 
space the waste packages. 
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Figure 6: Organisation of high-level waste repository 

 

Each cell (with useful length Lua) consists of a net part for the waste packages and a 
head of the cell. It is further characterised by the following three parameters (Figure 7): 

• the number (N) of packages per cell which results from the spacing between waste 
packages; 

• the distance between two adjacent cell (Px); 

• the distance between bottom cells (Dy). 

A decrease in N and an increase in Px is observed with the heat power of the waste 
package. At last, the combination of these parameters provides the footprint of the 
storage which increases with more exothermic waste packages. 

Figure 7: Geometric configuration of a storage “module”  

 

 

The thermal design is achieved by means of the modelisation of a cell and a portion 
of the host rock with finite elements in three dimensions. Considering that all the cells 
are loaded simultaneously, the transfer modes which are modelled are the conduction 
(predominantly in the rock), the convection and the radiation by means of model 
simulation. 
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Underground repository architecture and footprint – First results 

Underground repository architectures include three distinct areas: 

• the “common” (infrastructure links with the storage module) that are dug during 
the initial phase; 

• the “module” of intermediate-level waste containers; 

• the “module” of HLW which occupies the most part of the surface dedicated to the 
storage. 

Figure 8 shows an example of the arrangement of the different areas. The “common” 
is located towards the center and the intermediate-level waste “module” top left. 

Figure 8: Arrangement of the different areas of the storage 

 

Compared to the multi-recycling of Pu in SFR, the transmutation of MA provides for 
the entire duration of the scenarios (2040-2150) (Figure 9): 

• a reduction of factor 2 (only Am) to 2.5 (all MA) of the area covered by the 
repository of high-level glass stored over 70 years; 

• a reduction of 30 % (only Am) to 40 % (all MA) of the overall volume excavated. 

Partitioning and transmutation increases the importance of the extended interim 
storage period (70 years to 120 years) as seen in Figures 9 and 10. Without transmutation 
(scenario F4), the increase of the interim storage period ensures an amount of 25% on the 
HLW footprint (390 ha instead of 510 ha) and 7% on the total excavated volume. The 
presence of 241Am inside the packages, whose long radioactive half-life slows down the 
decrease of the thermal release, restricts the densification of the repository. 

In the case of the transmutation of all minor actinides (scenario F1G), the increase to 
120 years of the interim storage period allows a larger gain (60%) of the area covered by 
the repository of high-level glass stored (110 ha instead of 210 ha) and 12% of the overall 
volume excavated. 

Finally, with respect to the Pu multi-recycling scenario in SFR with a 70-year interim 
storage period, the transmutation of minor actinides associated with an increase of the 
interim storage period (120 years) allows a reduction of a factor 4.6 of the area covered by 
the high-level waste (reduction of 50% of the overall volume excavated) and thus 
essentially due to the decay of fission products. 



   NEA/NSC/DOC (2013)3 

TWELFTH INFORMATION EXCHANGE MEETING ON PARTITIONING AND TRANSMUTATION, © OECD 2013 137 

Figure 9: Comparison of the underground repository architectures for the different scenarios 
Repository at equilibrium, interim storage period 70 years 

 

 

 

 

 

 

 

 

 

 

 

  

No transmutation (F4)     Transmutation of Am (F1J)    Transmutation of MA (F1G) 
Interim storage period=70 years                Interim storage period=70 years   Interim storage period=70 years 
High‐level waste area: 510 ha (1)   High-level waste area: 280 ha (/1.8)   High-level waste area: 210 ha (/2.4) 
Overall repository area: 1 200 ha (1)   Overall repository area: 770 ha (/1.6)   Overall repository area: 620 ha (/1.9) 
Excavated vol.: 4.6 Mm3 (1)    Excavated vol.: 3.8 Mm3 (/1.2)   Excavated vol.: 3.4 Mm3 (/1.35) 

 

 

Figure 10: Comparison of the underground repository architectures for the different scenarios 
Repository at equilibrium, interim storage period 120 years 

 

  

No transmutation (F4)  Transmutation of AM (F1G) 
Interim storage period=120 years Interim storage period=120 years 
High‐level waste area: 390 ha (/1.3) High-level waste area: 110 ha (/4.6) 
Overall repository area: 900 ha (/1.3) Overall repository area: 470 ha (/2.5) 
Excavated vol.: 4.3 Mm3 (/1.1) Excavated vol.: 3.0 Mm3 (/1.5) 
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The transmutation of minor actinides is also used to reduce the duration of the 
thermal phase from 2 300 years to less than 200 years (the thermal phase represents the 
period during which the glass package is at a temperature exceeding 50°C and during 
which all water inflow at the glass level must be prohibited). 

Optimisation of the storage – Further study 

In view of the above results, the reduction of repository footprint permitted by the 
transmutation of minor actinides or that of americium alone appeared limited, still 
improvements seem to be accessible. In the second phase of the study, new design 
options were evaluated with the objective of a more drastic decrease of the repository 
footprint and in particular in the following areas: 

• research design options allowing additional densification of high-level storage 
areas; 

• research conditions densification of intermediate-level waste storage; 

• impact on repository behaviour and long-term performance.  

Hypotheses were limited to the following: 

• an interim storage period of 120 years; 

• a single repository site for all the wastes generated during the total duration of 
scenarios. 

To promote the density of the high-level glass storage area, the length of the cell was 
increased from 40 to 80 meters, which reduces the relative importance of the non-useful 
part (head of cell, gallery). Another evolution concerns a simplification of the “modules” 
concepts.  

Different solutions to reduce the repository footprint of the intermediate-level waste 
storage have also been investigated. They have not achieved significant gains. 

The general architecture of the storage has been optimised to make best use of 
available space. 

Compared to the multi-recycling of Pu in SFR, the transmutation of MA associated 
with the design optimisation of the storage, provides for the entire duration of the 
scenarios (2040-2150) (Figure 11): 

• a reduction of factor 7,3 (only Am) to 9,8 (all MA) of the area covered by the 
repository of high-level glass stored over 120 years; 

Thus, transmutation would reduce the repository footprint of high-level glass of  
1 200 hectares to 160 hectares (only Am) to 120 hectares (all MA). 

• a reduction of factor 3 of the total repository footprint; 

• a reduction of factor 2 of the overall volume excavated. 

For example, Figure 11 shows the architecture optimisation of the repository. 
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Figure 11: Optimisation of the repository-interim storage period of 120 years 

Without transmutation   Transmutation of MA 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Consequence of the densification of the HLW storage area 

A brief analysis has been conducted on the influence of the densification of the 
storage operation. From the thermal viewpoint, the densification of storage would 
increase the energy density of the geological environment by a factor of about 2, which 
would lead to an increase in the heating of the HLW storage area; the thermo-mechanical 
outcomes should be examined.  

For the hydrogen production by anoxic corrosion of steel, densification will lead to a 
decrease in the volume expansion offered by the galleries.  

In the altered evolution scenario of “exploratory drilling”, the densification could lead 
to a multiplication by 10 the radiation fraction captured by the drilling, but even under 
these conditions, doses remain well below the limit of 0.25 mSv/year.  

Considering these various elements, a cautious approach seems to be necessary about 
the possible densification of the storage. However, it should be noted that a factor of 3 is the 
maximum reduction value thanks to the MA transmutation. 

Conclusion 

In conclusion, for concepts studied today, the transmutation allows a decreasing of a 
factor 10 of the high-level waste repository footprint. Concerning the entire IL and HL 
geological storage, the footprint reduction could reach a maximum factor of 3. In other 
words, in this case, for a given storage resource, transmutation would allow handling of 
the waste generated by a power fleet 3 times higher. 



NEA/NSC/DOC (2013)3 
 

140 TWELFTH INFORMATION EXCHANGE MEETING ON PARTITIONING AND TRANSMUTATION, © OECD 2013 

Acknowledgements 

The authors would like to acknowledge Electricité de France (EDF) for their financial 
support in the framework of this study. 

References 

[1] C. Coquelet et al. (2011), “Comparison of Different Scenarios for the Deployment of Fast 
Reactors in France – Results Obtained with COSI”, Proc. of GLOBAL 2011, Makuhari, Japan, 
11-16 December 2011. 

[2] C. Chabert et al. (2011), “Comparison of Different Options for Minor Actinide 
Transmutation in the frame of the French Law on Waste Management”, Proc. of GLOBAL 
2011, Makuhari, Japan, 11-16 December 2011. 

 



   NEA/NSC/DOC (2013)3 

TWELFTH INFORMATION EXCHANGE MEETING ON PARTITIONING AND TRANSMUTATION, © OECD 2013 141 

Influence of alternative fuel cycles on uncertainty 
associated with geologic disposal 

Mark Nutt1, Rob P. Rechard2, Mark Sutton3, James A. Blink3, 
H.R. Greenberg3, M. Sharma3, Bruce A. Robinson4 

1Argonne National Laboratory, US1, 
2Sandia National Laboratories, US, 

3Lawrence Livermore National Laboratory, US, 
4Los Alamos National Laboratory, US 

Abstract 

The implementation of alternative fuel cycles for nuclear reactors, including partitioning 
and transmutation, to reduce the quantity of actinides will impact storage, transportation, 
and disposal. This paper provides a qualitative evaluation of the impact on the uncertainty 
associated with geologic disposal. Characterisation of uncertainty is an important aspect of 
evaluating the performance of geologic disposal in the United States (US), which includes 
parameter uncertainty, model form uncertainty, and the technical basis for inclusion or 
exclusion of specific features, events, and processes (FEPs) as part of scenario uncertainty.  

A qualitative evaluation of the impact on uncertainty from a theoretically fully-closed fuel 
was conducted by considering a generic list of FEPs, as derived from the NEA FEP database. 
Two aspects of impact are pertinent here: (a) the effort to characterise the uncertainty and 
(b) the impact on modelling components. For example, five categories of FEPs are often 
included and corresponding modelling components developed for the waste form:  
(1) inventory of actinide and fission products, (2) thermal processes related to waste form 
degradation; (3) chemical processes related to in-package chemistry and radionuclide 
speciation/solubility, (4) degradation related to spent nuclear fuel (SNF) and high-level 
waste (HLW); and (5) transport/chemical processes related to (a) sorption, and (b) colloid 
transport. 

A fully-closed cycle involving the partitioning and transmutation of actinides would reduce 
somewhat the uncertainty characterisation necessary for inventory, solubility, and 
sorption because actinide parameters would not be present. Yet, it would not eliminate the 
need for these modelling components since fission products would still be present. Similarly, 
thermal effects on waste form degradation might be less, but modelling components would 
still need to account for thermal effects at early times.  

For any waste form, whether existing or new (such as HLW disposed in ceramic), a project 
would need to (a) provide the technical basis for either inclusion or exclusion of FEPs for 
various modes of degradation, (b) consider alternative conceptual models for degradation, 
and (c) account for uncertainties in parameters values for the mathematical models used in 

                                                            
1  This abstract has been authored by the national laboratories operated for the US Department of 

Energy (DOE). Accordingly, the US Government retains a nonexclusive, royalty-free license to 
publish or reproduce the published form of this contribution, or allow others to do so, for US 
Government purposes. 
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a performance assessment (PA). Conducting these tasks would remain a large part of the 
effort of a PA regardless of the fuel cycle.  

It can be reasonably concluded that advanced fuel cycles, in combination with partitioning 
and transmutation, which remove actinides, will not materially alter the performance, the 
spread in dose results around the mean, the modelling effort to include significant FEPs in 
the performance assessment, or the characterisation of uncertainty associated with a 
geologic disposal system in the regulatory environment of the US. 

Related to transport FEPs, actinides are conceptually susceptible to transport by attaching 
onto mobile colloid particles, which can lead to migration of actinides in addition to 
relatively small amounts dissolved actinide species. It follows that a closed fuel cycle might, 
as a by-product, reduce uncertainties in processes associated with colloid-facilitated 
transport.  

Any benefits of reduced uncertainty, however, would only be realised in the situation 
where all current nuclear fuel from the open cycle is stored and then all existing open cycle 
fuel reprocessed when a closed cycle is fully implemented in the future. Any transition 
period where a repository is built to handle SNF and HLW from the open cycle and the 
modified open cycle would necessitate the characterisation of uncertainty and inclusion of 
modelling components related to actinides. 
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Introduction 

The development and implementation of future advanced fuel cycles by the US 
Department of Energy (DOE) Fuel Cycle Technology Programme (FCT), including those 
that recycle fuel materials, use advanced fuels different from current fuels, or partition 
and transmute actinide radionuclides, will impact the waste management system under 
study by the FCT Used Fuel Disposition (UFD) Campaign [1]. The impact of advanced fuel 
cycles on disposal in mined geologic repositories is of interest in the international 
community, and several countries, in addition to the US, have performed studies over the 
past decades [2-6]. These studies have evaluated the influence on (1) volume, mass, and 
space requirements for waste packages and repositories from changes in decay heat and 
waste form; (2) proliferation resistance; and (3) safety performance of the repository after 
closure.  

In addition, some of these studies have also suggested that the removal of actinides 
and perhaps other radionuclides could beneficially reduce the uncertainties related to 
geologic disposal [3] [6]. This paper examines this claim as related to US regulations for a 
theoretical, fully-closed advanced fuel cycle that removes actinides from the waste. In 
addition, this paper examines the treatment of uncertainty, in general, within a 
performance assessment.  

Uncertainty 

Inclusion of uncertainty is an important aspect of evaluating the performance of a 
geologic disposal system. It is part of the regulatory definition of a performance assessment; 
for example, the US Environmental Protection Agency (EPA) at 40 CFR 197 [8, §197.12] state. 

Performance assessment means an analysis that: (3) estimates the annual committed 
effective dose equivalent incurred by the reasonably maximally exposed individual, 
including the associated uncertainties, as a result of releases caused by all significant 
features, events, processes, and sequences of events and processes, weighted by their 
probability of occurrence (emphasis added). 

Three sources of uncertainty 

If all the associated uncertainties related to geologic disposal could be quantified, 
they would be represented by the spread in the results about the calculated mean of the 
annual committed effective dose equivalent, the health measure used in current US 
regulations. In general, uncertainty about the dose derives from the unavoidable gaps in 
understanding about current and future behaviour of the disposal system. The 
interpretation of the known data to develop a mathematical model and corresponding 
model parameters for analysis of performance can introduce further uncertainty. The 
uncertainty in the performance assessment of a geologic disposal system has typically 
been grouped with the three major aspects of the performance assessment: scenarios, 
models, and parameters. Scenario uncertainty is uncertainty as to (a) whether some 
unknown behaviour or concept has been unknowingly omitted (i.e. whether the features, 
events, and processes-FEPs-and scenarios formed from these FEPs are comprehensive 
and complete), and (b) the most appropriate way to group the FEPs for modelling (logic). 
Conceptual model uncertainty is uncertainty about (a) the hypotheses and the appropriate 
conceptual model forms, and (b) the translation of the conceptual model into a 
mathematical model. Parameter uncertainty is uncertainty in the most appropriate 
parameter values to use in the mathematical models of the disposal system. 
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Regulatory focus for uncertainty 

The Nuclear Regulatory Commission (NRC) regulation, 10 CFR 63, which implements 
the EPA health standard at 10 CFR 197, specifically requires inclusion of parameter 
uncertainty, consideration of model uncertainty, and the technical basis for inclusion or 
exclusion of FEPs as part of scenario uncertainty [9]. But because some aspects of the 
uncertainty cannot be quantified or are not of regulatory interest, EPA and NRC also 
established additional requirements and guidance for treating uncertainty within the 
performance assessment2. 

EPA and NRC have established general criteria on FEPs that are of regulatory interest; 
specifically, (1) only FEPs with probability greater than 10-8 annually; and (2) only FEPs 
that influence the time and magnitude of the dose. Although the regulatory period of the 
EPA health standard extends through the period of geologic stability, only those FEPs 
found important in the first 104 yr are to be considered beyond 104 yr. Also, EPA and NRC 
require that general corrosion of the waste package be considered even if the FEP was not 
important in the first 104 yr [8]. In addition, EPA and NRC adopted a strategy of describing 
the focus of interest for three common natural disruptive events: seismic events, igneous 
events, and climate change. 

EPA and NRC also narrowed the focus of interest for speculative anthropogenic 
disruption to that of inadvertent human intrusion through a single exploratory borehole 
into the repository in their regulations [8]. The event is to occur when sufficient 
degradation of the package has occurred such that driller would not easily recognise the 
existence of the repository. Although the event could occur far in the future, the current 
state of human knowledge and technology is to be assumed. Dose to a driller is not 
thought pertinent since it only depends upon the characteristics of the waste, not the 
geologic disposal system. Rather, only dose to individuals in the accessible environment, 
at least 5 km away, is to be evaluated. In the stylised calculation, the borehole creates a 
fast path from the repository to an aquifer, but retains the remainder of the natural 
barrier in the aquifer, where transport of radionuclides might be reduced. 

NRC also requires the use of multiple barriers in the geologic disposal system to 
compensate for residual uncertainty [9], specifically, part 63 not only requires DOE to 
account for uncertainty in its performance assessment but also contains a number of 
other requirements (e.g. use of multiple barriers, performance confirmation programme) 
to compensate for residual uncertainties in estimating performance. 

No measure of uncertainty set in US regulations 

Neither EPA nor NRC set a numerical limit on the maximum uncertainty permitted 
(such as the spread in the dose results). In fact, in a response to comments suggesting 
that NRC specify an acceptable level of uncertainty, NRC replied in the preamble [9]: 

The approach defined in part 63, which requires DOE to fully address uncertainties in 
its performance assessment rather than requiring DOE to meet a specific level of 
uncertainty, is appropriate. The treatment of uncertainty in DOE’s performance 
assessment will be an important part of NRC’s review. 

                                                            
2 The generic health standard, 40 CFR 191, for mined geologic disposal first promulgated by EPA in 

1985, and the corresponding implementing regulation, 10 CFR 60, promulgated by NRC, are still in 
force and could, in concept be applied to future repositories in the US. However, the evolution in 
the strategy adopted for the site-specific regulations for the proposed Yucca Mountain repository, 
first promulgated in 2001, would likely be adopted for future repositories. Specifically, NRC stated 
when promulgating 10 CFR 63 that the “generic Part 60 requirements will need updating” [7] [8]; 
furthermore, NRC staff has suggested that they would be similar to 10 CFR 63 [9] [10]. 
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Consequently, there is no penalty for uncertainty; instead, uncertainty for those 
aspects of regulatory interest must be addressed, and displayed along with the mean 
dose such that NRC has a reasonable expectation that the licensee has “demonstrated the 
safety of the repository.” This approach is reasonable because a measure of acceptable 
uncertainty would likely need to be tied to the value of the dose in relation to the limit 
(i.e. large uncertainty about a mean dose that is far below the dose limit would likely 
engender less regulatory concern than small uncertainty about a mean value that is only 
slightly below the dose limit). 

These concepts can be illustrated notionally in the following way. If a waste 
management programme reduced the overall inventory disposed in a repository (but kept 
the waste type, the thermal loads for the repository/package the same and the geologic 
variation and fluid flow uncertainty remained the same for the smaller repository3) then 
the dose would decrease but the overall uncertainty associated with a disposal system 
would not materially change (Figure 1, Curves A and B). Yet, any uncertainty from 
scenarios, models or parameters associated with geologic disposal may be of less 
regulatory concern if the corresponding reduction in dose is far below the limit (Figure 1, 
Curve B)4. 

Figure 1: Possible changes in mean peak dose and uncertainty of the peak dose for a geologic 
disposal system when the radionuclide content of the disposed waste is changed 

 

For Curves B, C, and D, the thermal loads and thermal constraints are assumed to be similar. Also, the geologic 
variation and fluid flow in the natural barrier is assumed to be similar. 

The performance of waste from the current once-through open cycle can also be 
compared notionally with the performance of a waste from a theoretical, fully-closed 
advanced fuel cycle. A closed fuel cycle would also produce in fission products and 
activation products as in the open cycle, but in the long-term, the inventory of uranium, 

                                                            
3  Because of the change in repository size, the uncertainty might not be the same in a highly 

heterogeneous geologic environment, but large heterogeneity is usually avoided in site selection. 
Furthermore, we are speaking of less than a factor of 10 decrease or factor of 2 increase in size. 
In the limit, as the repository size decreased to one package, spatial variability in an important 
parameter such as fluid flow at the package, for example, would disappear leaving only the 
spatial variability of corrosion rates on the one package. However, the underlying uncertainty in 
what value to use for fluid flow, for example, would still remain. 

4  The figure is plotting the probability density function (PDF) of the peak doses, whenever they 
occur over the regulatory period. The x-axis is the individual dose (e.g., mSv/yr). The mean 
shown on the PDF is the expected value of these peak doses, regardless of time (i.e. 

max{ }totalDE ). US regulations actually measure the mean of the dose over time, where the 

maximum of this measure must be less than the limit (i.e., max ( )totalD t < dlimit). The use of the 

PDF of peaks more readily shows the influence of uncertainty over the entire spectrum of 
behaviour, since uncertainty as to when the peak dose occurs is of secondary importance. 
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plutonium, and minor actinides would be reduced to only quantities left behind in a less-
than perfect separation process5. 

For a closed, theoretical advanced fuel cycle that removes actinides, the situation 
might or might not be similar to reducing the inventory. If an actinide is a dominant 
contributor to dose, then the position of the mean dose would decrease similar to a 
reduction in overall inventory, possibly to a point that there is less regulatory concern. In 
addition, if a characteristic of an actinide is also important in causing the spread in dose 
results (e.g. uncertainty in retardation of the actinide), then its reduction would also 
reduce overall uncertainty (Figure 1, Curve C). If the removed actinide radionuclide is not 
a dominant contributor to dose, then the position of the mean dose would not change. 
Although a less common occurrence, in concept, some characteristics of an actinide 
radionuclide could still be important to causing the spread in the dose results about the 
mean without being a dominant contributor to dose. For this situation, the uncertainty 
and, thereby, the spread about the mean would decrease, but the decrease would be less, 
and usually much less, than if the actinide was an important contributor to dose. 

Radionuclides important to repository performance 

The focus of this paper is on uncertainty of the dose performance measure. Two 
important components are the doses from the scenarios modelling (a) the undisturbed 
evolution of the repository, and (b) inadvertent human intrusion. The discussion of the 
third important component, dose from natural disturbance, is considered in the section 
on characterising scenario uncertainty. 

Undisturbed performance 

A general feature of geologic disposal systems is the role that geochemistry of the 
host rock and far-field groundwater plays in controlling radionuclide releases. The 
solubility of most actinides is a strong function of water chemistry of the groundwater 
(e.g. pH and reduction/oxidation conditions). In a reducing environment with fairly 
neutral pH (i.e. 6 to 9 pH, which are conditions expected in the salt, crystalline rock, and 
clay/shale environments located below the water table) actinides are very insoluble, 
which, in turn, leads to extremely small actinide releases from the disposal system. 
Reducing conditions also promote the sorption of actinides and, hence, their immobility in 
the three repository environments currently under generic study in the UFD Campaign [13]. 

As has been demonstrated in several studies [2] [4] and recent demonstration 
calculations by the UFD Campaign [12], the hypothetical doses calculated for the 
undisturbed evolution of the crystalline rock and clay/shale repositories are dominated 
by doses from mobile fission products such as technetium and iodine (99Tc and 129I) 
present in the repository for all fuel cycles, with usually no release from salt 
environments. Actinides such as neptunium and plutonium (237Np, 239Pu, 240Pu) may 
contribute to dose but they are not the dominant source. 

For UFD demonstration calculations for a repository disposing 140 000 metric tonnes 
of heavy metal (MTHM) of commercial spent nuclear fuel (SNF) from a pressurised water 
reactor (PWR), the mean peak dose was 10-5 mSv/yr for mined geologic disposal in 
crystalline rock and 10-10 mSv/yr for deep borehole geologic disposal-doses which are 

                                                            
5  The Fuel Cycle Technology Programme is currently studying a number of advanced fuel cycles 

[1]. Categories include (1) once-through where nuclear fuel makes a single pass through a 
reactor after which the used fuel is removed, stored for some period of time, and then directly 
disposed of in a geologic repository; (2) modified open cycles where some limited separations 
and processing technologies are applied to create fuels that enable the extraction of more 
energy; and (3) full recycle where all actinides are recycled in thermal- or fast-spectrum systems. 
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many orders of magnitude below the limits set for US repositories (0.15 mSv/yr in the 
first 104 yr or 1 mSv/yr thereafter) (Appendix A). 

In other words, actinide removal would not materially decrease the individual dose 
for the undisturbed scenario of the repository. Whether removing actinides would bring 
about a reduction in uncertainty is discussed in later sections. 

Performance after human intrusion 

Although numerous international studies have evaluated the influence of alternative 
fuel cycles on system performance for undisturbed conditions, the circumstances of 
human intrusion vary in the international community. Hence, results specific to the 
circumstances defined in the most recent US regulations are necessary. In a recent 
demonstration calculation by the UFD Campaign for a generic repository in crystalline 
rock, with properties similar to the proposed Swedish repository, the doses at a 5-km 
boundary are 5 orders of magnitude below the limit in the first 104 yr for intrusion into a 
package containing 10 assemblies of commercial SNF [14]. Not only are doses far below 
the limit, but the mean annual dose is dominated by the 129I fission product. 

For a generic repository in salt, with features similar to those of the Waste Isolation 
Pilot Plant in southern New Mexico, the mean peak dose at a 5-km boundary is 3 orders 
of magnitude below the limit after 104 yr after intrusion into a package containing  
10 assemblies of commercial PWR SNF. Although neptunium and plutonium actinides 
(237Np and 239Pu) are the dominant contributors to the mean peak dose for the repository 
in salt, the doses are far below the limit; thus, any reduction in dose would not bring 
about a significant benefit. 

Influence of fuel cycles on uncertainty and its characterisation 

The goal of the waste management system is safe disposal as defined by the 
consensus expressed in EPA and NRC regulations. The goal is not to endlessly seek to 
reduce the estimated individual dose, which could be accomplished by developing 
numerous small repositories. Consequently, the waste management system may respond 
to a reduction in actinide inventory and corresponding heat load by disposing more 
radioactive waste in the same repository, if allowed by future social/political agreements 
for siting repositories. In this situation, mean peak doses might not decrease, but, instead, 
increase because of the increased amount of fission products, which typically dominate 
dose as noted above (Figure 1, Curve D). 

The question with respect to the performance of the disposal system is whether 
differences in inventory from an advanced fuel cycle will impact the uncertainty in 
radionuclide mobilisation and migration to the accessible environment. Because the 
ultimate need for a geologic repository is independent of whether fuel cycle-fission 
products will need to be disposed−the issue reduces to evaluating the incremental 
decrease in scenario, model, or parameter uncertainty associated with not having to 
demonstrate to the NRC that Pu, uranium, and minor actinides will be isolated from the 
accessible environment for those aspects of regulatory interest. 

In addition to evaluating whether removing actinides will provide an incremental 
decrease in uncertainty, removal of actinides may influence the degree of difficulty in 
characterising uncertainty (i.e. screening FEPs, including processes in the models, and 
defining the parameter uncertainty). Hence, the impact on characterising uncertainty is 
also discussed as relates to both the natural and engineers barriers of the disposal system. 
Because FEPs are a starting point for the evaluation of the dose measure, they are a 
convenient point to qualitatively evaluate the impact of advanced fuel cycles on the 
uncertainty. 



NEA/NSC/DOC (2013)3 
 

148 TWELFTH INFORMATION EXCHANGE MEETING ON PARTITIONING AND TRANSMUTATION, © OECD 2013 

Characterising parameter and model uncertainty for the natural barrier 

For the natural barrier of a geologic disposal system, a significant number of FEPs 
relate to the properties, behaviour, and performance of the natural system with respect 
to its ability to retard or dilute the quantities of radionuclides that reach the accessible 
environment. For the purpose of evaluating the possible incremental decrease in 
uncertainty caused by removing actinides, those FEPs that are typically included in the 
performance assessment can be aggregated into three categories: 

• stratigraphic, mechanical, and hydrologic properties of the natural system; 

• hydrologic processes of flow through the natural system; 

• geochemical and transport processes influencing (a) dissolved radionuclide transport, 
(b) complexation with carbonates and organics, (c) sorption, and (d) colloid facilitated 
transport. 

Other FEPs must also be considered but are typically excluded when modelling 
behaviour of the natural barrier system related to: 

• biological processes; 

• nuclear criticality. 

Finally, some FEPs are important at the interface with the engineered barrier system 
(EBS)6 but their influence on movement of radionuclides through most of the natural 
barrier is generally excluded related to: 

• thermal processes; 

• gas sources. 

Three aspects of FEPs are pertinent here: (a) the impact on the technical basis to include 
or exclude a FEP in models of the disposal system for the analysis; (b) the effort to include the 
FEP in the modelling system and its impact on modelling uncertainty; and (c) the effort to 
characterise the parameter uncertainty related to a FEP if it is included in the analysis. The 
uncertainties associated with the first two categories (properties and hydrologic processes) 
are unchanged by the removal of actinides: the model components are developed, and the 
parameter uncertainties are characterised and propagated, regardless of the fuel cycle. For 
the third set (geochemical and transport processes), advanced fuel cycles that remove 
radionuclides from the disposed wastes would reduce somewhat the characterisation of 
parameter uncertainty necessary for dissolved radionuclide transport and sorption because it 
may not be necessary to include those radionuclides in the performance assessment. Yet, the 
effort to characterise uncertainty is not completely eliminated. FEP exclusion arguments, 
based on some type of limited characterisation, would still have to be made showing that the 
very small amounts of actinides and other radionuclides remaining from a less than perfect 
separation process are not important to the performance assessment. 

Conceivably, the reduced characterisation and reduced conceptual model uncertainty 
for colloid-facilitated transport using advanced fuel cycles could be important. Actinides 

                                                            
6  As defined by the NRC [9], the “engineered barrier system means the waste packages, including 

engineered components and systems other than the waste package, and the underground 
facility” where the “waste package means the waste form and any containers, shielding, packing, 
and other absorbent materials immediately surrounding an individual waste container” and 
where “underground facility means the underground structure, backfill materials, if any, and 
openings that penetrate the underground structure (e.g. ramps, shafts, and boreholes, including 
their seals).” In this paper, however, we have included most of the thermally perturbed portion 
of the host rock with the EBS (e.g. 100 m around a disposal borehole) to avoid tedious repetition 
of factors related to the natural barrier and EBS, and placed the waste form in its own category 
to focus attention on alternative forms. 
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are susceptible to transport by attaching onto mobile colloid particles. Since actinides are 
highly sorbing and sparingly soluble under most conditions anticipated in a geologic 
disposal system, colloid-facilitated transport can lead to farther, faster migration for a 
portion of the actinides than would otherwise be expected. It follows that a fuel cycle 
that reduces the quantity of actinides in a repository through partitioning and 
transmutation might reduce uncertainties in processes associated with colloid-facilitated 
transport. 

However, an important factor argues against this conceptual model uncertainty 
having a strong influence on the spread of the results and, thereby, being an important 
consideration in judging whether an advanced fuel cycle influences the overall 
uncertainty of a geologic disposal system. As already noted, dose is dominated by mobile, 
long-lived fission products in chemically-reducing repository environments of salt, 
crystalline rock, and clay/shale repositories. Hence, the propagation of uncertainty 
associated with less mobile actinide radionuclides will be muted, and possibly 
unimportant, in relation to the overall spread of the dose results. The modelling done for 
the proposed Yucca Mountain repository and experience at other sites contaminated 
with actinides support this conclusion, as discussed in a later section. 

Characterising parameter and model uncertainty for the engineered barrier 

As with the natural barrier, three aspects of FEPs related to the uncertainty associated 
with the engineered barrier system (EBS) (excluding the waste form in this section) are 
pertinent here: (a) the impact on the technical basis to include or exclude a FEP in models 
of the disposal system for the analysis; (b) the effort to include the FEP in the modelling 
system and its impact on modelling uncertainty; and (c) the effort to characterise the 
parameter uncertainty related to a FEP if it is included in the analysis. 

Four broad categories of FEPs are usually included, and corresponding modelling 
components developed for the EBS: 

• EBS integrity including (a) waste package degradation, (b) degradation of 
buffer/backfill/seals and other materials of EBS, (c) biological processes enhancing 
degradation of EBS components; and (d) mechanical processes influencing EBS 
performance; 

• hydrologic processes impacting the EBS; 

• geochemical and transport processes influencing movement of radionuclides 
through the EBS, including (a) conditions of water entering the EBS,  
(b) radionuclide speciation and solubility, (c) complexation with carbonates and 
organics, (d) sorption, and (e) colloid transport; 

• thermal effects on EBS components. 

A major difference between the EBS and natural barrier is the importance of FEPs 
related to thermal processes, because of the proximity of the EBS components to the 
heat-generating waste. 

One FEP category depends upon the repository environment with the very 
impermeable clay/shale and salt repositories possibly including the effects, and with 
crystalline repositories usually excluding the FEP category: 

• non-radiological gas sources from anoxic corrosion of metal components, or 
microbial degradation of organic material. 

Finally, other categories that must be considered but are usually excluded from the 
performance assessment include: 

• radiation effects and nuclear criticality in the EBS. 
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FEPs related to (4), thermal effects on EBS components, must be included and 
parameters characterised because the influence of advanced fuel cycles on thermal 
output of the SNF versus HLW is large. However, the overall repository temperature 
peaks and the uncertainty associated with these peaks caused by thermal effects would 
likely remain unchanged. To elaborate, uncertainty related to thermal effects is typically 
treated by setting a design constraint on thermally sensitive components of the disposal 
system such that the uncertainty on thermal effects can be tolerated, as confirmed 
through experiments and modelling of the coupled thermal-hydrologic processes. That is, 
if a component of the disposal system (such as waste form, package, or geologic medium) 
degrades rapidly or changes properties above a certain temperature threshold, then a 
thermal constraint (such as on peak package and peak host rock temperatures) can be 
established with an appropriate safety margin. These constraints are established by, for 
example, using the worse-case design basis heat load for the wastes and bounding 
thermal properties. An engineering strategy, such as minimum acceptable waste package 
and drift spacing, can then be adopted such that the repository does not exceed the 
thermal design constraints. 

As already noted in relation to Figure 1, a likely response of the waste management 
system to a reduction in the inventory of heat generating actinides would be to increase 
waste loading and/or reduce waste package spacing for the repository design in order to 
approach previously established thermal design constraints if allowed by future 
social/political agreements. For example, HLW packages may be made much hotter 
initially than either SNF or the current defense HLW in the US. Provided the various 
thermal design constraints are met with similar margins of safety through changes in 
drift and package spacing, it follows that the performance of a repository will be similar 
in relation to degradation of the packages, performance of the buffer, and behaviour of 
the near field. It also follows that any scenario, model, or parameter uncertainty 
associated with thermal behaviour of the repository would be similar. Rather, the 
influence of an advanced fuel cycle would be primarily on the cost to the waste 
management system to meet the thermal design constraints relative to other engineering 
strategies, such as surface storage cooling, package loading, repository layout, or 
repository capacity (if area is constrained). 

No change in modelling uncertainty or characterising parameter uncertainty would 
occur for FEPs related to (1a) waste package degradation; (1b) degradation of other EBS 
components; and (1c) biological processes enhancing degradation of EBS components. 
These FEPs must still be modelled and the same parameters characterised whether 
actinides are present or not. Mechanical impact of internal pressurisation by gas 
produced by actinides (1d) might have an influence on packages that do not degrade first 
from other processes, but typically this process is excluded even when actinides are 
included in the waste, for repository environments with sufficient advective flow such as 
crystalline rock repositories. Certainly, reasons for excluding this FEP and FEPs related  
to (6), radiation effects and nuclear criticality, would be simpler without the presence of 
actinides. 

Modelling of FEPs and characterisation of parameter uncertainty related to (2), 
hydrologic processes of flow through the EBS, would be unchanged by the removal of 
actinides. Also, characterising uncertainties and including fission products in models will 
still be necessary for FEPs related to (3) geochemical and transport processes influencing 
movement of radionuclides through the EBS, except for FEPs related to colloid-facilitated 
transport, as discussed for the natural system. Furthermore, arguments for excluding the 
actinides left from the less than perfect separation process would still require some 
characterisation, as previously mentioned. Certainly, the results from modelling these 
two categories of FEPs are influenced by the temperatures of the waste form; however, 
only the time at which these hydrologic processes become important will be influenced 
by different decay histories with and without actinides. The FEPs must still be included, 
and parameters characterised, with or without the presence of actinides. 



   NEA/NSC/DOC (2013)3 

TWELFTH INFORMATION EXCHANGE MEETING ON PARTITIONING AND TRANSMUTATION, © OECD 2013 151 

Characterising parameter and model uncertainty for the waste form 

Four broad categories of FEPs (many similar to the EBS) are usually included and 
corresponding modelling components developed, for the waste form: 

• inventory of actinide and fission product activity; 

• degradation related to (a) commercial SNF waste form and cladding degradation, 
(b) HLW degradation and (c) enhanced degradation through biological processes;  

• thermal processes related to waste form degradation; 

• geochemical and transport processes related to (a) in-package chemistry, 
(b) radionuclide speciation and solubility, (c) complexation with carbonates and 
organics, (d) sorption, and (e) colloid stability and transport. 

One FEP category depends upon the repository environment with the very 
impermeable clay/shale and salt repositories possibly including the effects, and with 
crystalline repositories usually excluding the FEP categories (similar to the situation for 
non-radiological gas sources in the repository/package component of the EBS): 

• gas sources from fission products and helium from alpha decay of actinides. 

Finally, another category that must be considered but is usually excluded from the 
performance assessment included. 

• radiation effects. 

An advanced fuel cycle with actinide partitioning and transmutation would reduce 
somewhat the characterisation of parameters uncertainty necessary for (1) inventory; 
and (4) geochemical and transport processes related to (4a) in-package chemistry,  
(4b) solubility, (4c) complexation, and (4d) sorption because parameters for actinides 
would not be present (however, arguments for excluding the actinides left from the less 
than perfect separation process would still require some characterisation, as previously 
mentioned). Also, it would not eliminate the need for these modelling components 
because fission products would still be present. 

The modelling of (2c), enhanced degradation from microbial activity, would not be 
materially influenced by the fuel cycle. Similarly, (3), thermal effects on waste form 
degradation, would likely be similar because the same thermal constraints on the 
repository design are observed, as previously discussed for the EBS. 

Modelling components for (4e), formation and stability of colloids for colloid 
facilitated transport of actinides within the EBS, would not be necessary in the absence of 
actinides, as discussed for the natural barrier. Similar to the situation for the EBS, the 
arguments for excluding (6), radiation effects from alpha decay on waste form 
degradation, would be simpler without actinides present. 

Regarding FEPs related to waste form degradation, potentially, a HLW waste form 
offering better performance relative to borosilicate glass or zircaloy-clad SNF could be 
developed as part of the current open fuel cycle or a future advanced fuel cycle. However, 
new waste forms do not always produce substantially better disposal system 
performance. As observed in UFD demonstration calculations for clay/shale repository 
environments and at Yucca Mountain in the oxic environment, other components of the 
multiple barrier disposal system compensate for less favourable characteristics of the 
borosilicate glass or zircaloy-clad SNF. Furthermore, new waste forms require extensive 
characterisation of uncertainty, which would increase the burden, at least initially, rather 
than decrease the burden, especially for advanced fuel cycles that produce multiple 
waste streams and multiple waste forms. 

In general, flexibility in accommodating various waste forms has been an intended 
attribute of geologic disposal system designs, rather than finely tuning the disposal 
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system to specific characteristics of the waste. Flexibility is a natural outcome of using 
multiple barriers in the geologic disposal system. For example, current geologic disposal 
systems have been designed for a variety of waste forms: direct disposal of SNF only 
(Sweden in crystalline rock), for HLW only (France in clay/shale), and for a mixture of SNF 
and HLW (US in volcanic tuff [15]). 

Characterising scenario uncertainty 

For developing natural disruptive scenarios, the general categories of external agents 
acting upon the disposal system are geologic, climatic, and planetary. Planetary events 
include meteorite impact, changes in earth’s magnetic field, and solar flares. Climatic 
changes include natural variations in precipitation and temperature and glacial effects. 
For these later two types of external agents, a change in actinide inventory would have 
no primary influence on the uncertainty of the event and so the spread of the results 
about the mean could not be changed. 

Geologic agents include (1) long-term processes such as dissolution and tectonic 
activity causing uplift, subsidence, faulting, or folding; (2) igneous activity, and (3) seismic 
activity. Again, a change in actinide inventory would not have any influence on the 
uncertainty of the event, and so the spread of the results would not be changed. Rather, 
the scenario uncertainty for geologic agents depends on the timing and the number of 
events, which are site-specific. Initially the frequency and severity of a natural 
disturbance would be addressed through site selection and later through site 
characterisation. Because a generic approach cannot easily evaluate specifics as to the 
frequency and severity, and because actinides cannot influence scenario uncertainty, it is 
not discussed further except for secondary effects. 

A secondary effect may occur in that a natural or anthropogenic disturbance scenario 
causes a change to occur in the configuration of the disposal system. For inadvertent 
human intrusion, the change in the disposal system configuration involves a fast path in 
the natural system. However, EPA and NRC did not identify fast paths that by-passed 
features of the natural barrier system as of regulatory interest7. Rather, disruption to the 
EBS was the influence of most regulatory interest. A change in configuration, in turn, may 
make other radionuclides such as actinides more important, in which case, a reduction in 
actinide inventory would reduce the dose; however, the uncertainty would not likely 
change except in the manner already described for the undisturbed scenario, because 
parameters of the natural barrier have such an important influence on the uncertainty in 
the dose as described below. 

Uncertain scenarios and parameters in real disposal systems 

Although much can be learned from the behaviour of generic disposal systems, the 
uncertainty of a generic disposal system is defined for modelling. Only a real disposal 
system has uncertainty that must be discerned through characterised. Several results 
from the proposed Yucca Mountain are pertinent. 

As regards the contribution of various scenarios and thereby scenario uncertainty to 
total dose, the doses from the undisturbed scenario were the most important 
contributors to the total dose in early iterations of performance assessments for the 
Yucca Mountain disposal system. For the undisturbed scenario without inclusion of 
disruptive events, mobile fission products 99Tc and 129I were the most important 
contributors even in an oxic environment. 

                                                            
7  Except for an igneous event that erupted the contents of several packages into the atmosphere [16]. 

For this scenario, actinides are a dominant contributor to dose, but calculated doses are far 
below the regulatory limit for the proposed repository at Yucca Mountain [17, Figures 8.2-10]. 
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As understanding of the Yucca Mountain disposal system increased, the peak doses 
generally decreased from those calculated initially. Coincident with the general decrease 
in peak doses, was the general increase in the contribution of the dose from natural 
disruptive events, especially igneous disruption. While the radionuclides contributing to 
total from seismic events were 99Tc and 129I fission products, the dramatic disruption of 
the EBS caused by the igneous event increased the importance of actinides. Interestingly, 
the igneous event at Yucca Mountain remained at the threshold of being excluded from 
the analysis based on the regulatory criterion (an annual probability of 2×10-8 for the 
igneous event is only slightly larger than minimum regulatory criterion of 10-8). 
Consequently, the doses calculated were near the threshold of regulatory concern. 

In the sensitivity/uncertainty analysis conducted for the Yucca Mountain disposal 
system, uncertain parameters of the natural barrier system (which are parameters 
unrelated to the fuel cycle), most often appeared as important in explaining the spread of 
the results about the mean dose (e.g. percolation in the unsaturated zone and fluid flux 
in the saturated zone were always important). As corrosion resistance of the waste 
package was increased, a few parameters related to the package robustness become the 
most important (but parameters also unrelated to the fuel cycle). Uncertainty in natural 
parameters such as biological dose conversion factors directly related to 99Tc and 237Np 
and uncertainty of parameters for the waste form such as the solubility of U and Pu were 
somewhat important but ranked at the end of the list of important parameters. 

The performance assessment of the Yucca Mountain disposal system also considered 
colloid-facilitated transport for several actinides. The solubility of actinides and stability 
of colloids at the waste form were generally very low. Furthermore, the concentration of 
groundwater colloids, another parameter directly influencing colloid-facilitated transport, 
was only of moderate importance in explaining the spread of the dose about the mean. In 
reducing environments and in environments with limited advective water flow (e.g. clay 
and salt), this result would be even more pronounced. 

The experience of actinide transport at other sites contaminated with radionuclides 
supports the finding at Yucca Mountain. Risk assessments at sites such as Hanford, Los 
Alamos National Laboratory, Nevada National Security Site (formerly the Nevada Test 
Site), and the Savannah River Site show dissolved radionuclides dominating the total 
dose. The Rocky Flats site dealt extensively with the issue of plutonium transport, and 
eventually analysts dismissed colloid-facilitated transport. In other words, observations 
indicate that while very small quantities of actinides, present in colloidal form, may 
travel a considerable distance, the vast majority of the actinide inventory remains very 
close to the source, as expected for a relatively immobile constituent. 

Summary of key points 

For the undisturbed scenario, the natural barrier system in reducing environments 
coupled with the engineered barrier system greatly reduces the mobility of actinides, 
such that fission products, which exist in all fuel cycles, dominate the hypothetical dose 
to individuals 104 to 106 yr in the future. Hence, removal of actinides from the repository 
would not change the magnitude of the mean dose. For disruptive scenarios, changes in 
actinide inventory cannot change the inherent uncertainty of the event, but as a 
secondary effect, extensive disruption of the engineered barrier system can result in 
more actinide releases. Although dose might decrease somewhat with the removal of 
actinides, the dose is already so small for inadvertent human intrusion, and possibly for 
natural disruptions as well, that a decrease in dose would not be considered beneficial. 

Because geologic disposal is required for fission products regardless of the fuel cycle, 
the issue of importance is whether removing actinides provides a noticeable incremental 
decrease in the spread of dose. However, the spread of dose is usually caused by 
parameters unrelated to the characteristics of actinides; specifically, parameter 
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uncertainty associated with the natural barrier. In addition, a few parameters of the 
waste package of the engineered barrier system can contribute to the spread of the dose, 
(often in disposal environments where advective releases provide an important 
contribution to total dose). 

Processes and associated parameters directly related to actinides have only a weak 
influence on the spread of the dose. The most obvious process is colloid-facilitated 
transport of actinides, but because actinides are not the primary contributors to dose in 
most environments, the uncertainty associated with colloid-facilitated transport of 
actinides is muted. Furthermore, any remaining uncertainty specifically associated with 
fission products is not necessarily less than the uncertainty associated with actinides. 
Hence, the spread of dose results will not be significantly reduced by the removal of 
actinides in the inventory. 

Secondary effects from the removal of actinides are difficult to discern in a generic 
sense. Because the repository design would likely change, thermal effects on components 
of the engineered barrier system would likely be unchanged with the removal of 
actinides or the use of advanced fuels, even though the influence of advanced fuel cycles 
on thermal output of the SNF or HLW is large. To elaborate, uncertainty of repository 
performance caused by high temperatures of the waste related to thermal effects is 
typically treated by setting a design constraint on thermally sensitive components of the 
disposal system. Provided the thermal design constraints are met with similar margins of 
safety with and without the presence of actinides, it follows that the performance of a 
repository will be similar in relation to degradation of the packages, performance of the 
buffer, and behaviour of the near field. It also follows that any scenario, model, or 
parameter uncertainty associated with thermal behaviour of the repository would be 
similar. Rather, the influence of an advanced fuel cycle would be primarily on the cost to 
the waste management system to meet the thermal design constraints relative to other 
engineering strategies, such as surface storage cooling, package loading, and repository 
layout (or potentially to repository capacity). 

The characterisation of natural and engineered barrier uncertainty is a major task of a 
performance assessment for a geologic repository. This task remains a major effort 
regardless of the fuel cycle. Granted, parameter characterisation and modelling 
components for formation, stability, and transport of colloids would be unnecessary in 
the absence of actinides. Also, removal of actinides would somewhat diminish the 
characterisation of parameter uncertainty related to inventory, solubility, and sorption 
because of their absence, but some characterisation would be necessary to support 
screening out the importance of remnant actinides in the less than perfect separation. 
Furthermore, the modelling components would still be necessary and the associated 
modelling uncertainty would still be present for the fission products. 

Any of the small benefits of actinide removal described above would potentially be 
off-set by the need to characterise new waste forms (either HLW or advanced fuels). As 
an example, in the case of HLW disposed in a new ceramic waste form, an applicant 
being regulated under requirements analogous to 10 CFR 63 would need to (a) “provide 
the technical basis for either inclusion or exclusion of features, events, and processes” on 
various modes of failure and degradation, (b) “consider alternative conceptual models” 
that explain modes of degradation, and (c) “account for uncertainties and variabilities in 
parameters values” for the mathematical models developed for the performance 
assessment. 

Furthermore, any of the small benefits of actinide removal would only be realised in 
the situation where current nuclear fuel from the open cycle is stored and then fully 
reprocessed when an advanced fuel cycle with actinide partitioning and transmutation is 
fully implemented in the future. Any transition period where one or more repositories 
are built to handle SNF and HLW from the open cycle or a transition open cycle would 
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necessitate the characterisation of uncertainty and inclusion of modelling components 
related to actinides. 

Therefore, it can reasonably be concluded that advanced fuel cycles, in combination 
with partitioning and transmutation, which removes actinides or that use advanced fuels, 
will not materially alter (1) the repository performance, (2) the spread in dose results 
around the mean, (3) the modelling effort to include significant FEPs in the performance 
assessment, or (4) the characterisation of uncertainty associated with natural or 
engineered barriers of a geologic disposal system in the regulatory environment of the US. 
This finding ultimately rests on the fact that the influence of uncertainty in waste form 
behaviour is diminished because other barriers often control the release, whether by 
design in the case of robust package or by existing geochemical conditions in the natural 
barrier. In other words, the combination of the natural and engineered barriers provides a 
geologic disposal system that mitigates the unknowns of scenario uncertainty and model 
uncertainty and provides sufficient flexibility to accommodate a large variety of 
radioactive wastes from existing commercial reactors, experimental reactors, and 
reprocessed fuel from future fuel cycles. Any benefits of reduced uncertainty, however, 
would only be realised in the situation where all current nuclear fuel from the open cycle 
is stored and then all existing open cycle fuel reprocessed when a closed cycle is fully 
implemented in the future. Any transition period where a repository is built to handle 
SNF and HLW from the open cycle and the modified open cycle would necessitate the 
characterisation of uncertainty and inclusion of modelling components related to 
actinides. 

However, as the Fuel Cycle Technology Programme pursues the development of 
sustainable fuel cycles, the UFD Campaign should continue to anticipate that nuclear fuel 
cycles that remove short-lived, heat producing radionuclides and long-lived actinides will 
have a significant impact on the design of a repository (e.g. layout and waste package 
spacing) and waste package (volume and heat load). 
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Abstract 

The MYRRHA Project was started in 1998 by SCK•CEN in collaboration with Ion Beam 
Applications (IBA, Louvain-la-Neuve), as an upgrade of the ADONIS Project. MYRRHA is 
designed as a multi-purpose irradiation facility in order to support research programmes on 
fission and fusion reactor structural materials and nuclear fuel development. Applications of 
these are found in accelerator-driven systems (ADS) and in present generation as well as in 
next generation critical reactors. The first objective of MYRRHA, however, will be to 
demonstrate on one hand the ADS concept at reasonable power level and on the other hand the 
technological feasibility of the transmutation of minor actinides (MA) and long-lived fission 
products (LLFP) arising from the reprocessing of radioactive waste. MYRRHA will also help the 
development of the Pb-alloys technology needed for the LFR (lead fast reactor) Generation-IV 
concept. 

The transmutation of minor actinides can be completed in an efficient way in fast neutron 
spectrum facilities. Both critical reactors and subcritical ADS are potential candidates as 
dedicated transmutation systems. However, critical reactors, heavily loaded with fuel 
containing large amounts of MA, pose reactivity control problems, hence safety problems, 
caused by unfavourable reactivity coefficients and small delayed neutron fraction. A subcritical 
ADS operates in a flexible and safe manner even with a core loading containing a high amount 
of MA, leading to a high transmutation rate. Thus, subcriticality is not a virtue but rather a 
necessity for an efficient and economical burning of the MA. Besides these reactor and core 
physics considerations, there are other parameters to consider when deciding on the most 
appropriate technology suitable for the large scale deployment of partitioning and 
transmutation (P&T) technology for the reduction of the HLW burden. 

The implementation of P&T needs the demonstration of the feasibility of several installations at 
an “engineering” level. The respective research and development activities could be arranged in 
four so-called “building blocks” aiming to: 

• demonstrate the capability to process a “sizable” amount of spent fuel from 
commercial power plants (i.e. LWR) in order to separate Pu and MA; 

• demonstrate the capability to fabricate at semi-industrial level the dedicated fuel 
needed to load a dedicated transmuter; 

• make available one or more dedicated transmuters; 

• provide an installation for the processing of the fuel unloaded from the transmuter 
which can be of a different type from the one used to process initially the original spent 
fuel unloaded from the commercial power plants (i.e. LWR). 

This paper summarises the progress of the MYRRHA Project and its perspective of 
implementation in Belgium. 
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Introduction 

Since its creation in 1952, the Belgian Nuclear Research Centre (SCK•CEN) at Mol has 
always been heavily involved in conception, design, realisation and operation of large 
nuclear infrastructures. The Centre has even played a pioneering role in such types of 
infrastructures in Europe and worldwide. SCK•CEN has successfully operated these 
facilities at all times thanks to the high degree of qualification and competence of its 
personnel and by inserting these facilities in European and international research 
networks, contributing to the development of crucial aspects of nuclear energy at an 
international level. 

One of the flagships of the nuclear infrastructure of SCK•CEN is the BR2 reactor, a 
flexible irradiation facility known as a multi-purpose materials testing reactor (MTR). This 
reactor has been in operation since 1962 and has proven to be an excellent research tool, 
which has produced remarkable results for the international nuclear energy community 
in various fields such as material research for fission and fusion reactors, fuel research, 
reactor safety, reactor technology and for the production of radioisotopes for medical and 
industrial applications. BR2 has been refurbished twice, consisting of the replacement of 
the beryllium matrix and considerable safety improvements, at the beginning of the 
1980s and in the mid 1990s.  

The BR2 reactor is now licensed for operating until 2016 with a potential extension for 
another ten-year period until 2026. The SCK•CEN at Mol has been working for several 
years at the pre- and conceptual design of a multi-purpose flexible irradiation facility, 
which can replace BR2 and which is innovative to support long-term oriented research 
projects ensuring the future of our research centre. This facility, called MYRRHA [1], has 
been designed as a multi-purpose accelerator-driven system (ADS) for R&D applications, 
and consists of a proton accelerator delivering its beam to a spallation target, which, in 
turn, couples to a subcritical fast core, cooled with lead-bismuth eutectic (LBE). 

To determine the characteristics of this multi-purpose flexible irradiation facility, an 
analysis of the international communities’ present-day needs has been conducted in 
particular in the European Union and as a conclusion, MYRRHA should target the 
following applications catalogue: 

• to demonstrate the ADS full concept by coupling the three components 
(accelerator, spallation target and subcritical reactor) at reasonable power level to 
allow operation feedback, scalable to an industrial demonstrator.  

• to allow study of the efficient transmutation of high-level nuclear waste, in particular 
minor actinides that would request high fast flux intensity (Φ>0.75MeV = 1015 n.cm-2.s-1); 

• to be operated as a flexible fast spectrum irradiation facility allowing (a) for fuel 
developments for innovative reactor systems, (b) for material developments for 
Generation-IV systems and for fusion reactors and finally (c) for radioisotope 
production for medical and industrial applications (holding a back-up role for 
classical medical radioisotopes and focusing on R&D and production of 
radioisotopes requesting very high thermal flux levels). 

The different versions of MYRRHA have been included in successive collaborative 
projects of the European Commission in its framework programmes. In particular, the 
2005 version has been offered as a starting basis for the XT-ADS design within the 
EUROTRANS Project (2005-2010) [2] in the 6th framework programme in the context of 
partitioning and transmutation.  

XT-ADS was intended as a short-term (operational around 2020) small-scale (50 to 
100 MWth) experimental facility that should demonstrate the technical feasibility of 
transmutation in an ADS. At the end of the EUROTRANS Project, the XT-ADS design has 
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complied with the project’s main requirements. Nevertheless, some technical solutions 
for achieving them still remained to be confirmed. 

Within this paper, an overall view of the MYRRHA Project at its current state is 
described. Section 2 describes the linear accelerator used for MYRRHA. Section 3 handles 
the current design of the MYRRHA core and primary system. Section 4 is devoted to the 
reactor building design and plant layout. Finally, Section 5 describes on-going 
developments. 

The MYRRHA accelerator 

The accelerator is the driver of MYRRHA since it provides the high-energy protons 
that are used in the spallation target to create neutrons which, in turn, feed the 
subcritical core. In the current design of MYRRHA, the machine must be able to provide a 
proton beam with an energy of 600 MeV and an average beam current of 3.2 mA. The 
beam is delivered to the core in continuous wave (CW) mode. Once a second, the beam is 
shut-off for 200 μs so that accurate on-line measurements and monitoring of the 
subcriticality of the reactor can take place. The beam is delivered to the core from above 
through a beam window. 

Accelerator availability is a crucial issue for the operation of the ADS. A high 
availability is expressed by a long mean time between failure (MTBF), which is commonly 
obtained by a combination of over-design and redundancy. Besides these two strategies, 
fault tolerance must be implemented to obtain the required MTBF. Fault tolerance will 
allow the accelerator to recover the beam within a beam trip duration tolerance after 
failure of a single component. In the MYRRHA case, the beam trip duration tolerance is 3 
seconds. Within an operational period of MYRRHA the number of allowed beam trips 
exceeding 3 seconds must remain under 10, shorter beam trips are allowed without 
limitations. The combination of redundancy and fault tolerance should allow obtaining a 
MTBF value in excess of 250 hours. 

At present, proton accelerators with megawatt level beam power in CW mode only 
exist in two basic concepts: sector-focused cyclotrons and linear accelerators (linacs). 
Cyclotrons are an attractive option with respect to construction costs, but they do not 
have any modularity which means that a fault tolerance scheme cannot be implemented. 
Also, an upgrade of its beam energy is not a realistic option. A linear accelerator, 
especially if made superconducting, has the potential to implement a fault tolerance 
scheme and offers a high modularity, resulting in the possibility to recover the beam 
within a short time and increasing the beam energy. 

Figure 1 shows the basic layout of the MYRRHA accelerator, aiming at maximising its 
efficiency, its reliability (or MTBF) and its modularity. 
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Figure 2: Section of the MYRRHA-FASTEF reactor 

 
 

A. Reactor vessel 
B. Reactor cover 
C. Diaphragm 
D. Primary heat exchanger 
E. Primary pump 

F. In-vessel fuel handling machine  
G. Core 
H. Above core structure 
I. Core restraint system 

 

The requested high fast flux intensity has been obtained by optimising the core 
configuration geometry (fuel rod diameter and pitch) and maximising the power density. 
For the first core, loadings 15-15Ti as cladding material instead of T91 will be selected, 
which will be qualified progressively further on during MYRRHA operation. The use of 
lead-bismuth eutectic (LBE) as coolant permits lowering the core inlet operating 
temperature (down to 270°C), decreasing the risk of corrosion and allowing an increase in 
the core ΔT. This, together with the adoption of reliable and passive shut-down systems, 
will permit meeting the high fast flux intensity target. 

Figure 3: Cut in the MYRRHA-FASTEF core 
showing the central target, the different types of fuel assemblies and dummy components 

 

As depicted in Figure 3, showing a critical core layout (with 7 central IPS) at the 
equilibrium of the fuel cycle, 37 positions are available for multi-functional channels 
(MFC) that can host indifferently:  

• fuel assembly and dummy, loaded from the bottom (in all the 151 positions); 

• IPS, control and scram rods, loaded from the top. 

In subcritical mode the accelerator (as described in the previous section) is the driver 
of the system. It provides the high-energy protons that are used in the spallation target to 
create neutrons, which, in their turn, feed the subcritical core. The accelerator is able to 
provide a proton beam with an energy of 600 MeV and a maximum current of 4 mA. 

In subcritical mode the spallation target assembly, located in the central position of 
the core, brings the proton beam via the beam tube into the central core region. The 
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assembly evacuates the spallation heat deposit, guarantees the barrier between the LBE 
and the reactor hall and assures optimal conditions for the spallation reaction. The 
assembly is conceived of as an IPS and is easily removable or replaceable.  

Unlike the critical layout (Figure 3), in ADS mode the six control rods (buoyancy 
driven in LBE) and the three scram rods (gravity driven in LBE) will be replaced by 
absorbing devices to be adopted only during refuelling. Thanks to the (aimed and reached) 
flexibility, such absorbing devices will be implemented by adopting the control rods, but 
they will be controlled manually only by the operator. 

As in critical mode, two different kinds of dummy are foreseen (Figure 3): 

• an internal ring surrounding the fissile zone made of LBE dummy (to increase 
neutron “reflection”); 

• an external ring made of dummy having the same structure of FA with clads filled 
with YZrO pellets (to shield the core barrel). 

The primary, secondary and tertiary cooling systems have been designed to evacuate 
a maximum thermal core power of 110 MW. The 10 MW more than the nominal core 
power account for the power deposited by the protons, for the power of in-vessel fuel and 
for the power deposited in the structures by γ-heating. The average coolant temperature 
increase in the core in nominal conditions is 140°C with a coolant velocity of 2 m/s. The 
primary cooling system consists of two pumps and four primary heat exchangers (PHX). 

The primary pumps will deliver the LBE to the core with a mass flow rate of 4 750 kg/s 
(453 l/s per pump). The working pressure of the pump is 300 kPa. The pump will be fixed at 
the top of the reactor cover, which is supposed to be the only supporting and guiding element 
of the pump assembly. 

The secondary cooling system is a water cooling system while the tertiary system is 
an air cooling system. These systems function in active mode during normal operation 
and in passive mode in emergency conditions for decay heat removal. 

The main thermal connection between the primary and secondary cooling systems is 
provided by the primary heat exchangers (Figure 4). These heat exchangers are shell and 
tube, single-pass and counter-current heat exchangers. Pressurised water at 200°C is used 
as secondary coolant, flowing through the feed-water pipe in the centre of the PHX to the 
lower dome. All the walls separating the LBE and water plena (feed-water tube, lower 
dome and upper annular space) are double walled to avoid pre-heating of the secondary 
coolant and to prevent water leaking in the LBE in case of tube failure.  

Figure 4: Heat exchangers 
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In the case of loss of the primary flow (primary pumps failure), the primary heat 
exchangers are not able to extract the full heat power. In such cases, the beam must be 
shut-off in the subcritical case and the shut-down rods must be inserted in the critical 
case. The decay heat removal (DHR) is achieved by natural convection. Ultimate DHR is 
done through the reactor vessel coolant system (RVACS, reactor vessel air cooling system) 
by natural convection. 

The interference of the core with the proton beam, the fact that the room situated 
directly above the core will be occupied by lots of instrumentation and IPS penetrations, 
and core compactness result in insufficient space for fuel handling to (un)load the core 
from above. Since the very first design of MYRRHA, fuel handling has been performed 
from underneath the core. Fuel assemblies are kept by buoyancy under the core support 
plate. 

Two fuel handling machines are used, located at opposite sides of the core (Figure 5). 
Each machine covers one side of the core. The use of two machines provides sufficient 
range to cover the necessary fuel storage positions without the need of an increase for 
the reactor vessel when only one fuel handling machine is used. Each machine is based 
on the well-known fast reactor technology of the “rotating plug” concept using SCARA 
(selective compliant assembly robot arm) robots. To extract or insert the fuel assemblies, 
the robot arm can move up or down for about 2 meters. A gripper and guide arm is used 
to handle the FAs: the gripper locks the FA and the guide has two functions, namely to 
hold the FA in the vertical orientation and to ensure neighbouring FAs are not disturbed 
when a FA is extracted from the core. An ultrasonic (US) sensor is used to uniquely 
identify the FAs. 

Figure 5: The in-vessel fuel handling machine 

 

 

The in-vessel fuel handling machine will also perform in-vessel inspection and 
recovery of an unconstrained FA. Incremental single-point scanning of the diaphragm 
can be performed by an US sensor mounted at the gripper of the IVFHM. The baffle under 
the diaphragm is crucial for the strategy as it limits the work area where inspection and 
recovery are needed. It also eliminates the need of additional recovery and inspection 
manipulators, prevents items from migrating into the space between the diaphragm and 
the reactor cover, and permits side scanning. 

Reactor building design and plant layout 

The work described in this section deals with the so-called balance of plant studies, in 
other words all elements in the FASTEF facility outside the reactor vessel and its internals. 
One of the first activities was to determine the requirements for reactor building 
(dimensions, configuration, containment, etc.), fuel handling (fresh and spent), 
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radiological safety and infrastructure, auxiliary systems, instrumentation and, finally, the 
general layout of the whole plant on the technical site of SCK•CEN. 

When determining the criteria for the plant, it should be recalled that the FASTEF 
reactor has a power of 100 MWth (much larger than the XT-ADS concept in the FP6 
EUROTRANS Project), cooled by LBE, capable of operating in critical or subcritical mode 
and to which a 600 MeV linear accelerator (LINAC) is attached. In addition, the reactor 
must be able to carry out experiments on irradiating materials, doping silicon ingots, 
producing medical radioisotopes and others so as to endow the facility with great 
versatility but on the other hand making it extremely complex. 

Figure 6: The present FASTEF facility within the existing installations 

 

 

The plant comprises a reactor building, a LINAC tunnel, an accelerator front-end 
building, control buildings, a spent fuel storage building and other auxiliary buildings 
needed for plant services.  

To reduce costs and facilitate the construction process, the LINAC tunnel is at the 
ground level and afterwards covered by a 7 m thick sand layer to enhance radiological 
protection. All buildings of the plant are constructed above ground, except for the reactor 
building, where the reactor vessel and reactor cover lie completely under ground level. 
This is an important difference from the previous development in the EUROTRANS 
Project. Figure 6 presents the layout of the FASTEF facility within the existing 
installations on the SCK•CEN technical site.  

An important point in this general layout is that the FASTEF buildings are aligned 
with the overall grid present on the SCK•CEN site to obtain an easy and effective relation 
to the existing buildings and infrastructure. The minimum distance between buildings 
depends on the fire prevention regulations and also takes into account the accessibility of 
the buildings. The fixed junction of the front-end building, the LINAC tunnel and the 
reactor building, which add up to a total length of approximately 400 m, determine a 
large part of the general layout. Room for future extensions, either for MYRRHA or for 
other SCK•CEN projects, has also been foreseen.  

The design of the reactor building started off with the reactor hall (taken from the XT-
ADS facility – a rectangle of 40 m length by 16 m width) at the centre, enlarging from 
there by implementing the related rooms. When developing the reactor hall, the main 
philosophy was to ensure that the clean zones remained clean. This was achieved by 
determining that the movement of any elements was only done in one direction: new 
elements only entered through a dedicated airlock, and the same criterion was applied to 
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bringing in fresh fuel, taking out waste, spent fuel and experiments. In addition to these 
requirements, one element that has seriously influenced the design is the vacuum line, 
which also must be removable, connecting the accelerator to the reactor. The design of 
the ventilation system considers the strict requirements of the reactor hall atmosphere 
(nitrogen at an underpressure of 350 Pa). The accelerator line is laid perpendicular to the 
vertical axis of the reactor, thereby making it necessary to place electro-magnets to bend 
the beam: two at 45 degrees and one at 90 degrees (see Figure 7). 

Figure 7: Vertical cross-section in the reactor building  
showing the beam line entry in the reactor vessel 

 

Once the position of the reactor within the reactor hall has been set, the space 
requirements are determined for the reactor hall. Studies were made of the movement of 
new elements, waste and space for maintenance in the reactor hall. The width of the 
reactor hall was determined based on the maximum extension of a proved technology 
remote handling system while the height was determined by the length of the longest 
equipment inside the reactor (the heat exchanger), the reactor hall crane (200 tonnes) and 
the accelerator vacuum line. A decision was made to provide a storage pit inside the 
reactor hall to foresee the possible substitution of the reactor lid and of the diaphragm 
during plant lifetime. This allows designing the airlocks, entrances, exits and doors for 
operational modes and not for the size of these two very large components. 

With the current building configuration the first seismic response spectra in the main 
equipment locations have been calculated. Our safety approach comprises two levels of 
seismic loading: the design- and beyond design-based earthquakes. As a result of the 
Fukushima accident, special attention will be paid to the seismic calculations. 

The current FASTEF reactor building layout is larger than in the previous XT-ADS 
concept, but many functions foreseen in separate buildings are now concentrated in one 
single building with easier material and personnel workflows. Still, civil engineering 
represents between 25 and 30 percent of the total investment costs of the project, which 
justifies the past and current iterations. 

Further developments 

In the following years, a great deal of R&D must be performed in order to support the 
design work and the safety analysis of the facility presented in this paper. 

First, it is essential to perform the necessary R&D to support the qualification of the 
MOX fast driver fuel and the investigation of structural and cladding material behaviour 
in reactor conditions. 
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Then, the main goal of the material R&D and qualification programme is to provide 
reliable material property data for the design and licensing of FASTEF. Within the 
MYRRHA Project as a whole, it is preferred to consider industrially available and qualified 
materials, rather than to develop and optimise new materials. Based on the available 
material properties, 15-15Ti, T91 and 316L have been selected as candidate materials. 
Austenitic stainless steels, including 15-15Ti and 316L, have been used in the 
construction of fast, sodium-cooled, reactors and are well characterised for nuclear 
applications. However, due to the innovative character of FASTEF, further investigation 
on the material behaviour and performances must be done. At this moment, four 
overlapping activities regarding material R&D are being performed: a) identification of the 
material issues for design and licensing, b) development of test and evaluation guidelines 
for structural materials characterisation, c) assessment of material properties and  
d) development of testing infrastructure. 

Finally, for a long-term operation of a LBE cooled facility, chemistry control and 
monitoring is crucial for the reactor. LBE chemistry and conditioning R&D programme 
handles the LBE technology related to the chemical control of the coolant and the 
purification of the evaporated gasses. Several issues have been identified for this 
programme: a) development of oxygen sensors to measure the dissolved oxygen 
concentration in the coolant, b) conditioning of the LBE to minimise dissolution of 
structural materials and core internals and to prevent formation and precipitation of 
oxides, c) filtration and trapping of impurities in the LBE, d) evaporation and capture of 
volatile and/or highly radiotoxic elements from the cover gas and e) removal of LBE or 
dissolved constituents from among other components and test samples. 

Conclusions 

SCK•CEN is proposing to replace its ageing flagship facility, the material testing 
reactor BR2, by a new flexible irradiation facility, MYRRHA. Considering the international 
and European needs, MYRRHA is conceived of as a flexible fast spectrum irradiation 
facility able to work in both subcritical and critical mode. 

MYRRHA is now foreseen to be in full operation by 2024 and it will be operated in the 
first years as an accelerator-driven system to demonstrate the ADS technology and the 
efficient demonstration of MA in subcritical mode. Afterwards it is envisaged to decouple 
the accelerator from the reactor and run MYRRHA as a critical facility in support of LFR. 
As a fast spectrum irradiation facility, it will address fuel research for innovative reactor 
systems, material research for Generation-IV systems and for fusion reactors, 
radioisotope production for medical and industrial applications and industrial 
applications, such as Si-doping. 

The MYRRHA design has now, with the FASTEF version, entered into the front-end 
engineering phase covering the period 2012-2014. The engineering company which will 
handle this phase is currently being selected. At the end of this phase, the purpose is to 
have progressed in such a way in the design of the facility that the specifications for the 
different procurement packages of the facility can be written, to have adequately 
addressed the remaining outstanding R&D issues, to have obtained the construction and 
exploitation permits and to have formed the international members’consortium for 
MYRRHA. 
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Abstract 

The specific characteristics of fast spectrum reactors allow loading of fuels containing 
minor actinides (MA) and implementing closed (or partially closed) fuel cycles thus 
providing an option for MA transmutation and incineration. However, advantages in terms 
of fuel cycle sustainability should not lead to a lower safety level of the systems. 

Within the Collaborative Project on European sodium fast reactor, CP-ESFR, reference 
designs for cores with oxide and carbide fuels were proposed by CEA (France). Both 
systems show a positive sodium void reactivity effect (SVRE) at Beginning of Life (BOL).  

In order to reduce the SVRE, measures have been considered for improving neutron leakage 
under voided conditions. This paper refers to the modified configuration as CONF2 where a 
larger Na plenum close to the core, an absorber layer above the Na plenum and a lower 
fertile blanket have been introduced compared to the reference design. 

The low SVRE in CONF2 (about 2$ less than the reference configuration) offers an 
opportunity for introducing MA into the core and the lower axial blanket. Several options 
with homogeneous and heterogeneous MA loadings have been considered showing a good 
flexible behavior of the system.  

The reference and the modified configurations have been compared also in terms of fuel 
cycles. A simplified reference scenario characterised by a constant nuclear energy 
production in the period 2020-2200 has been defined. The transition from pressurised 
water reactors (PWRs) based fleet to fast reactors (FRs) fleet has been studied. Only Pu 
and MA produced in the cycle have been considered focusing on the characteristics of the 
fast reactor transmuting its own waste (and the ones accumulated by the thermal fleet) 
while reaching an equilibrium condition.  

The results have shown that the introduction of MA in the lower fertile blanket (10-20%) is 
sufficient for stabilising the MA inventory in the cycle without any impacts on safety 
coefficients of the system. Further studies are needed to investigate the feasibility of this 
type of fuel and the impact on fabrication and reprocessing plants. 
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Introduction 

In the development of innovative fast reactor (FR) concepts, safety and 
competitiveness are the main issues to be addressed. The achievement of a robust 
architecture that is able to respond to abnormal situations limiting the impact on the 
environment is one of the main targets [1] [2]. Due to specific characteristics of the FRs 
spectrum, fuels containing minor actinides (MA) can be loaded into their cores and closed 
(or partially closed) fuel cycles can be implemented thus providing an option for minor 
actinides transmutation. The flexible and robust management of the nuclear materials 
and especially the waste reduction through the MA burning is a significant advantage of 
these systems, ensuring the long-term sustainability of the nuclear sector [3] [4]. 

Among the several fast reactor concepts actually considered in Europe [5], the 
sodium-cooled fast reactor (SFR) is the most advanced. It is associated with the broadest 
experience gained in the past by operating FRs, including Phénix and Superphénix in 
France. Recently, an industrial size (3 600 MWth) advanced SFR is being investigated in 
the 7th Framework Programme CP-ESFR [6], where, fuel, core design and fuel cycle as well 
as safety (including severe accident analyses) have been considered. 

In the present study, the original core and a modified configuration (called CONF2) are 
examined. CONF2 includes modifications, considered within the CP-ESFR Project, for 
reducing the sodium void worth, avoiding entering in severe accident routes and/or 
controlling the energetic potentials of the accident itself [1] [7-9]. Within this 
configuration, the effect of the introduction of MA in the core has been analysed. Further 
optimisations (beyond CONF2) as well as the evaluation of the uncertainties associated to 
the safety coefficient determination have not been addressed here because they are 
considered to lie beyond the scope of the present study. 

Here, the impact of CONF2 on the fuel cycle has been addressed with respect to a 
simplified reference scenario. A scenario which has been selected is representative for a 
country that intends to develop nuclear energy in isolation [10] [11]. It includes a 
transition from pressurised water reactors (PWRs) based fleet to a full FRs fleet. The 
constant fleet nuclear energy production has been considered for the period 2020-2200. It 
is covered by PWRs during the first 60 years of the fleet operation, then, starting from 
2080, a transition to a FRs fleet starts adopting only Pu produced in the cycle. In order to 
examine the impact on the fuel cycle of several MA loading options (MA or Am-only, in 
core and/or in the axial blanket), a parametric study has been performed. 

The preliminary results indicate that loading MA only in the axial blanket (10%-20%) is a 
reasonable choice. The introduction of systems based on CONF2 core in a constant energy 
production scenario results in an increasing Pu inventory, which represents a positive 
aspect for rising economies (like China and India [12]) but it does not correspond to the 
European policy. In order to reduce the Pu accumulation, some options, such as a lower 
core height, have been further investigated [13]. The system has shown a flexible 
behaviour and it can be used in a wide range of scenarios including the phasing-out 
strategy. 

All the neutronics analyses have been performed using the deterministic ERANOS 
code systems [14] using JEFF-3.1 data library [15]. The effective neutron cross-sections 
(XSs) have been processed by ECCO cell code using actual geometries and fine-group 
energy structure (1 968 groups). Fine energy group effective XSs have been collapsed to 33 
groups XSs for the flux calculation performed by the TGV/VARIANT module (SP3 option) 
embedded in the ERANOS code [16] [17]. The scenario investigations have been carried 
out with the dynamic scenario analysis code COSI6 code [18] originally developed at CEA 
(France) [19]. 



   NEA/NSC/DOC (2013)3 

TWELFTH INFORMATION EXCHANGE MEETING ON PARTITIONING AND TRANSMUTATION, © OECD 2013 171 

Models description 

Within the CP-ESFR Project [6], two 3 600 MWth core designs, loaded with oxide and 
carbide fuels, respectively, were proposed by CEA (France). Both cores have a positive 
sodium void reactivity effect1 (SVRE) of about 4$ at Beginning of Life (BOL). 

Figure 1 shows the core layout and the axial structure of the reference oxide core (in the 
following named REF). The core is composed of 453 fuel sub-assemblies (SAs) subdivided into 
two zones (with 14.5% wt. and 16.9% wt. initial Pu content for the inner and outer zone), 9 
diverse shut-down devices (DSDs, containing B4C with 90% of 10B), 24 control and shut-down 
devices (CSDs, containing natural boron carbide) and shielding SAs around. The active height 
for the oxide core is 100 cm. An upper axial reflector (UAB, 7.6 cm height), an upper gas 
plenum (UGP, 15 cm height), plugs, a 15 cm height Na plenum zone, and the upper steel 
structure are placed above the core. The lower part is composed of a lower axial blanket in 
steel (LAB, 30 cm height) and a lower gas plenum (LGP, 91.3 cm height). The average burn-up 
of 100 GWd/tHM is reached after 2050 equivalent full power days (efpd) for a power density of 
206 W/cm3. 

Several measures for reducing the positive SVRE at the BOL have been considered; the 
ones mostly reducing the void without changing the other core parameters (Pu content, 
breeding characteristics, power distribution) have been selected for the modified core [20] [21]. 

The most effective way to reduce the SVRE is to increase the core leakage rate under 
voided conditions by modifying the region above the core [21] [22] by the adoption of a 
larger Na plenum (60 cm instead of 15 cm) with an absorber layer of B4C above (30 cm). To 
enhance this effect, the Na plenum has been shifted close to the core by eliminating the 
UAB and reducing the UGP height (from 7.6 to 5 cm). In addition, the lower reflector is 
replaced by fertile material in order to reduce reflection back to the core under voided 
conditions. This last modification improves the Pu balance of the system as illustrated in 
the scenario study, as well. As reported in [13], the addition of small fractions of AmO2

 in 
the lower blanket can be important for the proliferation resistance point of view (since  
5% vol. of AmO2 in blanket results in a “dirty” Pu vector, with 238Pu content larger than 
12% wt. [23]) but it does not affect the advantages concerning the void reduction. 

The modified configuration (CONF2) has the same general core layout as REF (Figure 
1a). The new axial structure is presented in Figure 1c. To maintain the criticality level as 
in the reference configuration at BOL (assuming maximal acceptable variation of 200 pcm) 
and compensate the leakage under full Na conditions, the Pu content has been 
homogeneously increased to 14.76% wt. and 17.15% wt. for the inner and outer zones of 
CONF2, respectively. 

The measures considered here help in reducing the BOL extended SVRE1 by about 2–3 $ 
(1$ = βeff = 393 pcm), from +1211 pcm for the REF configuration to +496 pcm for 
CONF2. The SVRE is not significantly reduced (ca. 100 pcm) as compared to the REF case. The 
results are summarised in Table 1. 

As indicated in Table 1, the BOL coefficients deteriorate with increasing burn-up, 
however, the extended SVRE at the end of cycle 3 (EOC3) remains slightly below the 
extended SVRE at BOL for the REF configuration. The EOC3 composition (i.e. the 
composition after three irradiation cycles assuming reshuffling every 410 efpd; i.e. after 
1 230 efpd) has been considered as representative of the beginning of the equilibrium 
cycle [1].  

                                                            
1  With SVRE, we refer to the voiding of the total active height for the inner and outer fuel zones. 

With extended SVRE, in addition to the active height, we refer to the voiding in the above 
structures(UGP, UAB, plugs and Na plenum regions). The void is considered only inside the SAs 
wrappers,(i.e. sodium between SAs is not removed). 
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The axial structure modifications do not affect the radial power distribution at BOL 
and during burn-up as indicated in [1]. Therefore, thermal-hydraulic considerations 
adopted for the REF case can be applied to CONF2 without big changes being required. The 
reactivity swing is the additional advantage of CONF2 compared to REF, the Δk between 
BOL and the end of irradiation (EOI, after 2050 efpd) is about 500 pcm less in the case of 
CONF2. 

Figure 1: ESFR-OXIDE configurations [6] 

     

(a) (b) (c) 

Note: (a): core layout (ERANOS model); (b): axial structure of REF; (c): axial structure of CONF2. 

Table 1: Void and Doppler effects for REF and CONF2 

 REF CONF2 

 BOL BOL EOC3 

 Pcm 

SVRE +1532 +1423 +1951 

Extended SVRE +1211 +496 +1170 

Doppler constant, KD −1239 −1158 −843 

keff 1.00930 1.01141 1.00414 

 

Preliminary results of an unprotected loss of flow (ULOF) transient analysis, 
performed at KIT by means of the SIMMER III vers. 3D code [24] [25], have shown that for 
the CONF2 core the reactivity decreases when sodium starts boiling (ca. 31 s after pump 
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trip) while the reactivity increases for the REF configuration 2 , a behaviour that 
qualitatively confirms the results obtained with the ERANOS code [1]. 

Impact of MA core loadings 

Within the CP-ESFR Project, several MA loading strategies have been considered:  
1) homogeneous strategy with 4% of MA loaded in core (and axial blanket) for systems 
able to burn MA accumulated by a thermal fleet; 2) heterogeneous strategy with 20% of 
MA loaded in depleted uranium SAs (radial blanket) placed at the periphery of the core 
for systems able to burn its own MA. 

As the total MA inventory is dominated by 241Am and 243Am mass contribution, the 
present study was restricted to Am (76%: 24%, 241Am: 243Am) homogeneous loading. Two 
cases, 2% wt. (called CONF2-2% Am) and 4% wt. (called CONF2-4% Am) of americium 
loading in core and axial blanket, have been compared. As indicated in Table 2, the 
homogeneous introduction of Am in the core deteriorates the SVRE (extended SVRE) at 
BOL by about ca. 0.5 $ (ca. 1 $) for 2% wt. case and ca. 1 $ (ca. 2 $) for 4% wt. case3, in 
addition, Doppler constant, effective delayed neutron fraction (βeff) and mean neutron 
generation time (Δ) are also impaired. A similar deterioration has been noticed for 
homogeneous Am loading in the REF configuration too, the extended SVRE for the 4% wt. 
Am loading in core is +1 700 pcm (compared to +1031 pcm in the REF) [1]. 

The use of Am loading in the core has advantages also regarding the reactivity swing, 
as indicated in Figure 2. The CONF2-2% Am model shows a roughly constant reactivity 
during the irradiation time mainly due to 241Am burning. For the CONF2-4% Am 
configuration, even an increase in reactivity versus burn-up is obtained. Loading of 241Am 
in the lower axial blanket improves the neutron capture under voided conditions 
(reducing the SVRE), and it gives advantages in terms of proliferation resistance due to 
increase of 238Pu at discharge. The Pu vector in used fuel unloaded from the three systems 
differs mainly for 239Pu and 238Pu fractions: 239Pu is reduced from 56% to 52% (between 
CONF2 and CONF2-4% Am) while 238Pu is increased from 1.97% to 5.98% (11.7% from the 
blanket only). Both values increase proliferation resistance, as indicated in [23]. 

The burning capabilities of the systems, expressed in kg/TWhth, are compared in 
Table 3 assuming 3 600 MWth and 2050 efpd. All systems have comparable Pu production 
(ca. 7-8 kg/TWhth driven by the blanket) but the CONF2-4% Am model burns roughly 50% 
more MA compared to the CONF2-2% Am configuration. Am isotopes are burned 
resulting in Cm isotope production (same effect visible also in the scenario dedicated 
part). 

Margins of improvement of the system exist, e.g. by the reduction of the active height 
and/or increasing the irradiation time. Preliminary results will be discussed in detail later. 

                                                            
2 The axial position for the boiling on-set is the same in the two configurations [1]. 
3 Table 2 shows lower variations at EOC3, as expected due to the MA burning during irradiation. 
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Figure 2: Reactivity swing 

 

 

Table 2: Void and Doppler effects for configurations considered 

 CONF2 CONF2-2%Am CONF2-4%Am 

 BOL EOC3 BOL EOC3 BOL EOC3 

 Pcm 

SVRE +1 423 +1 951 +1 636 +2 029 +1 821 +2 104 

Extended SVRE +496 +1 170 +781 +1 290 +1 031 +1 407 

Doppler constant, KD −1158 −843 −904 −785 −712 −600 

βeff 393  377  361  

Λ (μs) 0.4406  0.3816  0.3345  

Keff 1.01141 1.00414 1.00963 1.01330 1.00796 1.02105 
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Table 3: Burning capability of the systems (calculated between BOC and EOI) 

 CONF2 CONF2-2%Am CONF2-4%Am 

 Core Blanket Core Blanket Core Blanket 

 kg/TWhth 

Pu238 −1.00 0.00 0.28 0.35 1.62 0.64 

Pu239 4.96 5.33 4.08 4.82 3.28 4.39 

Pu240 0.52 0.38 0.26 0.32 0.03 0.26 

Pu241 −2.15 0.02 −2.23 0.01 −2.30 0.01 

Pu242 −1.05 0.00 −0.71 0.08 −0.36 0.15 

Am241 0.44 0.00 −2.80 −0.68 −6.13 −1.21 

Am242m 0.04 0.00 0.18 0.05 0.34 0.09 

Am243 0.90 0.00 −0.09 −0.18 −1.02 −0.33 

Cm242 0.05 0.00 0.21 0.05 0.38 0.09 

Cm243 0.00 0.00 0.03 0.00 0.04 0.01 

Cm244 0.28 0.00 0.89 0.15 1.47 0.27 

Cm245 0.03 0.00 0.12 0.01 0.19 0.02 

 Core+Blanket Core+Blanket Core+Blanket 

Pu 7.00 7.27 7.72 

MA 1.75 −2.06 −5.79 

The reference scenario: Hypotheses on energy demand and on reactors considered 

The relatively good burning characteristics of CONF2 indicated in Table 3 have 
pushed the fuel cycle scenario studies. The scenario selected in the present work has 
been defined in detail in [10] [11]. The period considered is 2020-2200. Six PWRs (of  
1 500 MWe each) are introduced during the first 10 years and they produce in total ca.  
70 TWhe/yr. Beginning in 2080, a transition to FRs, driven by Pu available in the cycle, has 
been considered. The deployment pace of FRs is shown in Figure 3. 

Various scenarios have been simulated applying the COSI6 code [18], with different 
reactor characteristics given in Table 44. Suitable data libraries needed in the simulations 
have been generated by means of the ERANOS code [14]. Cases considered are shown in 
Table 5 [11] [12] [26]. 

                                                            
4  The minimum time before reprocessing considered for PWRs spent fuel and FRs spent fuel is 

5 years and 2 years, respectively. Spent fuel reprocessing starts 10 years before FRs introduction 
and the oldest fuel is reprocessed as first. 
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Figure 3: Energy production share per reactor type 

 

In Figure 4, the total MA (Am, Np, Cm) mass accumulated in cycle are compared. In 
particular, Figure 4a shows that the recycling of Pu in FRs reduces about 30% (in 2200) the 
total MA stock with respect to the “once-through” PWRs case. Considering the same 
amount of Am (4%) in core, REF (CASE-1) and CONF2 (CASE-3)-based configurations 
stabilise the MA at the same level, ca. 50% as compared with the ESFR case (where only 
Pu was recycled). However, Figure 4b shows that the introduction of MA in blanket only 
(good for safety aspects) helps reduce the MA stock to the same level. 

When 4% of Am or MA are loaded in blanket (resulting in ca. max 2% in average), the 
MA produced by PWRs fleet are not efficiently burned, only MA produced in FRs are 
transmuted (CASE-4). For higher MA fraction (20%, in average ca. 5%) stabilisation is 
achieved to the same level as the case with 4% in core and blanket (Figure 4b) and MA 
coming from PWRs fleet are burned efficiently (see Figure 5a). Therefore, a value between 
4% and 20% in blanket could be a reasonable choice for MA management. An 
intermediate case with 10% MA in blanket (in average ca. 3%) shows only a delay for 
incinerating the total MA coming from PWRs fleet. If by this fuel the limits on handling 
are exceeded, a value lower than 10% can be considered, too. 

The best solution from the fuel cycle point of view seems to be the homogeneous 
burning of MA (ca. 5%) in a core without blanket, as indicated in Figure 4a (CASE-2). 
However, this is the most challenging configuration concerning safety coefficients. When 
only Am and Pu are loaded, the large MA stabilisation can be attributed to Cm, as 
indicated in Figure 5b. 

Table 4: Reactors characteristics 

 PWR ESFR 
MWth 4 500 3 600 

Coolant, spectrum water, thermal sodium, fast 
Load factor (%) 81.76 85.0 

Efpd 4*366.6 5*410.0 
Efficiency (%) 34.44 40.0 

Burn-up (GWd/tHM) 55 100 
HM mass (tons) ~120 ~75 

Ave. fissile content (%) 4.6 15.6 
BR - ~1.03 

Fuel (geometry) UOX (17x17) MOX (HEX) 
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Table 5: Cases considered in the study 

Name Case Type of System Recycling 
Pu Am Cm Np 

PWRs PWRs Thermal no no no no 

ESFR ESFR Fast core yes no no no 
No blankets no no no no 

ESFR-4%Am CASE-1 Fast core yes yes (4%) no no 
No blankets no no no no 

ESFR-5%MAs5 CASE-2 Fast core yes yes yes yes 
No blankets no no no no 

CONF2-4%Am CASE-3 Fast core yes yes (4%) no no 
Lower axial blanket no yes (4%) no no 

CONF2-(4%Am) CASE-4 Fast core yes no no no 
Lower axial blanket no yes (4%) no no 

CONF2-(4%MAs)6 CASE-5 Fast core yes no no no 
Lower axial blanket no yes yes yes 

CONF2-(20%MAs) CASE-6 Fast core yes no no no 
Lower axial blanket no yes yes yes 

CONF2-(10%MAs) CASE-7 Fast core yes no no no 
Lower axial blanket no yes yes yes 

 

For CONF2-based configurations Pu mass accumulates (see Figure 6a). The transition 
to FRs (ESFR case) reduces Pu stock by 45% in 2200. When Am is homogeneously loaded, a 
larger amount of Pu is produced (ca. 15% in 2200) both for REF and CONF2 cases, the other 
differences (e.g. between CASE-1 and CASE-3) are due to the Pu produced in blanket (ca. 
30% more in 22007). As for the material sent to the final repository, the adoption of MA 
multi-recycling in the lower axial blanket shows the same advantages as homogeneous 
MA loading in core (CASE-2), as indicated in Figure 6b. 

Maximum MA content is about 5% on average for all the cases considered, a value 
considered acceptable in the project. However, further studies are needed to investigate 
the feasibility (mainly at fabrication and reprocessing plants) in handling SAs containing 
an axial blanket with high MA content (20%-10%) because of high decay heat and neutron 
emission. 

To address the needs of a country in phase-out (e.g. total MA and Pu burning), some 
modifications of the core could be considered. A lower active height of the core (and the 
correlated increase in fissile enrichment) can reduce the accumulated Pu mass in cycle 
and increase the leakage term, giving advantages in terms of safety [13]. Starting from 
CONF2-4% Am (e.g. 4% Am loaded in core and in the axial blanket), the active height has 
been reduced by 20% (80 cm instead of 100 cm), maintaining the same power density (the 
total power of system has also been reduced by 20%, 2880 MWth). This flatter core shows 
advantages on extended SVRE at BOL of only +354 pcm (instead of the +1 031 pcm of 
CONF2-4% Am, see Table 3); a value indeed comparable to BOL extended SVRE of CONF2 
without MA loading [13]. 

                                                            
5  Where 5% wt. MA is the maximum content of the total MA in fuel. The relative share between 

Am, Np, and Cm is determined by the scenario evolution. 
6  Where 4% wt. MA is the maximum content of the total MA in blanket. The relative share 

between Am, Np, and Cm is determined by the scenario evolution. Same for the cases CONF2-
(20% MA) and CONF2-(10% MA). 

7  The difference of 30% is in agreement with the design where blanket corresponds to ca. 25% in 
the mass of the core. The variation is not exactly the same because of dynamic effects in the 
scenario calculations (i.e. better quality Pu loaded in core). 
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Figure 4: MA inventory in the cycle 
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According to preliminary studies performed at KIT [13], the core configuration with 
reduced height burns efficiently the same quantity of MA as CONF2-4% Am but with 20% 
less power installed, i.e. the MA mass in cycle is stabilised at the same level in both cases, 
whereas the Pu mass is reduced in 2200 by 15%. 

 

Figure 5: a) MA behaviour in MA stock after LWRs spent fuel reprocessing 
b) Cm accumulated in the cycle 
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Figure 6: a) Pu inventory in cycle, b) MA sent to disposal 
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Conclusions 

The transition to a fast reactor-based fleet and the use of closed fuel cycles is 
envisaged in many countries for long-term nuclear energy sustainability. The main issue 
is the fulfillment of high-safety goals and the mitigation (or even elimination) of severe 
accident routes leading to core destruction and recriticalities. The activities related to the 
reduction of the positive sodium void worth have been carried out here within the CP-
ESFR Project. 

Measures, which considerably reduce the void effects at BOL without appreciably 
changing the other core characteristics, have been highlighted. In particular, the adoption 
of a larger Na plenum shifted close to the core, as well as an absorber layer above the Na 
plenum, help in reducing the positive void worth of the system by about $ 2-3. The 
introduction of a lower fertile blanket further reduces the void worth by increasing the 
core leakage and improves the core characteristics, as breeding performance and 
reactivity swing. 

The CONF2 configuration, characterised by a lower value of the extended SVRE at the 
BOL, has been considered as a basis for introducing and burning MA. A homogeneous 
loading of Am (between 2% to 4% wt.) into core and lower axial blanket has been 
examined. 

In order to analyse the impact of CONF2-based fuel cycle on long-term MA 
management, scenario studies have been performed. Several options of MA treatment 
have been compared, considering both homogeneous burning in core and heterogeneous 
burning in the axial blanket. 

The results have shown that the introduction of MA in the lower fertile blanket (10-
20%) is sufficient for stabilising the MA mass in the cycle and does not deteriorate the 
safety coefficients of the FRs. Therefore, CONF2 with MA in the axial blanket offers an 
attractive option for managing MA in the cycle in countries with on-going nuclear energy 
development. 

Further studies are needed to investigate the impact on fuel handling at fabrication 
and reprocessing plants (e.g. associated decay heat and neutron emission and shielding). 

The preliminary results obtained here have shown the flexibility of the ESFR system 
for different applications. In particular, the core with a lower height has the potential to 
optimise the fast system making it flexible for phasing-out strategy. 
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Recent partitioning and transmutation related activities in CRIEPI: 
Development of pyrochemical processing  

and metallic fuel technologies 

Masatoshi Iizuka, Takanari Ogata, Tadafumi Koyama 
Central Research Institute of Electric Power Industry, Japan 

Abstract 

The development of innovative nuclear fuel cycle technology, which has the advantages of 
economic and safe power generation as well as proliferation resistance, is strongly 
expected to be an effective measure in achieving environmental sustainability and 
satisfying the increasing energy demand. Metallic fuel cycle technology, consisting of a 
metallic fuel fast reactor, pyrometallurgical reprocessing and fuel fabrication by injection 
casting, is attracting increasing attention as one of the most promising nuclear fuel cycle 
technologies to achieve the above requirements. 

From the viewpoint of partitioning and transmutation, the metallic fuel cycle technology 
has excellent advantages. The metallic fuel which has a standard composition of U-Pu-Zr 
incorporates a very high content of the minor actinides (MA) homogeneously into itself and 
gives superior MA burning efficiency. In the pyrometallurgical reprocessing, no additional 
steps for MA recovery are needed, unlike for the aqueous processes since they always 
accompany the U-Pu product inevitably due to their similar thermodynamic properties. 

CRIEPI started research and development on the pyro-chemical processing and metallic fuel 
technologies in 1986 with domestic and international collaborations. Since 1994, CRIEPI 
and JAEA have jointly started studying the basics of actinide behaviours in molten salt and 
liquid metal systems, and expanded the joint study to carry out the integrated pyro-
processing test and the metal fuel fabrication test for irradiation in the JOYO reactor. The 
basic feasibility of pyrometallurgical reprocessing, such as the recovery of uranium and 
transuranium elements by electrorefining, has already been confirmed. Since 2009, an 
engineering-scale fuel cycle test as a project entrusted by the Japanese Government has 
been in progress to obtain the data required for designing the pyro-processing equipment 
for practical use. The joint study between CRIEPI and JRC-ITU has demonstrated the 
irradiation integrity of MA containing metal fuels up to 10 at.% BU and the recovery of MA 
from both irradiated metal fuels and spent MOX fuels. 

Regarding pyro-chemical technology, an additional advantage lies in its flexibility to accept 
other types of fuels, such as oxides and nitrides. Conventional UO2 and MOX fuels can be 
supplied to the pyrometallurgical treatment after reduction to metals by adoption of the 
electrochemical reduction technique. In the joint study with JRC-ITU, it has been 
demonstrated that the irradiated MOX fuels can be successfully reduced to metals using 
this method. After this technological achievement and the adaptability to diverse materials 
of various physical/chemical properties, pyro-processing is currently under preliminary 
evaluation for its applicability to the treatment of corium, mainly consisting of (U, Zr) O2, 
formed during the accident of the Fukushima Daiichi nuclear power plant. 
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Introduction 

Uncertainty over future prospects seems to be increasing worldwide, however, the 
importance of the safe and peaceful use of nuclear energy will be kept unchanged as a carbon 
free energy source to meet future energy demand. Accordingly, the development of 
innovative nuclear fuel cycle technology that has the advantages of economic and safety 
power generation in addition to proliferation resistance is strongly expected. Metallic fuel 
cycle technology, a combination of a metal fuel fast reactor and pyrometallurgical 
reprocessing, is now focused in many countries on realising advanced fuel cycle with reduced 
burdens of proliferation risk and long-lived radioactive waste [1] [2]. From the viewpoint of a 
partitioning and transmutation (P&T) scenario for long-lived nuclides, the metal fuel cycle 
technology has a lot of advantages. Higher minor actinides (MA) content with uniform 
distribution can be attained in the metallic fuel, and the metal-fuelled fast reactor has a high 
heavy-metal density and a hard-neutron spectrum [3]. These features lead to the 
improvement of the transmutation performance. The injection casting for metallic fuel 
fabrication, which is suitable for the remote operation of highly active materials, enables 
higher MA concentration, shorter cooling period, and consequently more efficient MA 
transmutation operation. In the pyrometallurgical reprocessing of the metallic fuel, MA 
are recovered at the liquid cadmium cathode (LCC) always together with uranium, 
plutonium and rare earths (RE) fission products [4] [5]. This indicates that the enclosure of 
MA is inherently fulfilled in the metallic fuel cycle without an additional recovery step. 

The Central Research Institute of Electric Power Industry (CRIEPI) has been studying 
pyro-processing and metal fuel technology since 1986 with domestic and international 
collaborations [6]. Since 1994, CRIEPI and the Japan Atomic Energy Research Agency (JAEA) 
have jointly started studying the basics of actinide behaviours in the pyro-process, and 
expanded the joint study to carry out the integrated pyro-processing test and the metal 
fuel fabrication test for irradiation in the JOYO reactor [7]. Since 2009, the accumulation of 
design data through tests with engineering-scale pyro-processing fuel cycle equipment 
has been underway as a project entrusted by the Japanese Government (MEXT) [7]. The 
joint study between CRIEPI and Joint Research Centre-Institue for Transuranium 
Elements (JRC-ITU) has demonstrated the irradiation integrity of MA containing metal 
fuels up to 10 at.% BU and the recovery of MA from both irradiated metal fuels and spent 
MOX fuels [7]. According to the results obtained, the pyro-processing fuel cycle 
technology has been recognised as a promising option for FBR cycle and partitioning and 
transmutation of MA [8]. After the Fukushima Daiichi accident, a study of the 
applicability of pyro-processing to treat the damaged spent fuel debris is in progress. This 
paper describes the technological achievements of these studies. 

Partitioning and transmutation with metallic fuel cycle (CRIEPI & JRC-ITU joint studies) 

CRIEPI proposed a pyro-partitioning and metal fuel transmutation scenario in 1987. 
After the feasibility study with simulating materials, CRIEPI started a joint study with 
JRC-ITU for the demonstration of pyro-partitioning of MA elements from real HLLW and 
transmutation of the elements charged in the metal fuel matrix in fast reactor followed 
by the recovery of residual actinides in the irradiated fuels by pyrometallurgical 
reprocessing [2]. 

Pyro-partitioning of HLLW 

A small-scale demonstration test of the pyro-partitioning process was carried out 
using approximately 520 g of HLLW which was prepared mainly from the raffinate of 
Purex reprocessing of MOX fuel irradiated in a PWR. The test consisted of the denitration 
step which converts various elements in HLLW into oxides by calcination in air, the 
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chlorination step which converts the denitrated material into chlorides by using chlorine 
gas and carbon, and the reductive-extraction step which separates actinide elements 
from fission products (FPs) in a molten salt/liquid metal system. As shown in Figure 1, 
almost 100% of plutonium and MA in the initial HLLW were recovered in the liquid 
cadmium phase, suggesting complete reactions and negligible mass loss in the 
denitration, chlorination, and reductive-extraction steps [9]. It was also confirmed that 
the separation behaviours of actinide elements from rare-earth FPs observed in this study 
were quite similar to that in previous experiments using un-irradiated material. 

Figure 1: Recovered ratios of uranium and TRUs in cadmium phases  
through pyro-partitioning test using HLLW 

 

 

 

 

 

 

Irradiation of MA-containing metallic fuel 

The irradiation programme for U-Pu-Zr metallic fuel alloys containing minor 
actinides in Phénix, the so-called METAPHIX programme is in progress in a joint study 
with JRC-ITU [10]. On the basis of the results of various characterisation (miscibility, 
phase structure, phase transition temperature, etc.) experiments on U-Pu-Zr-MA-RE 
alloys, three types of MA-containing alloys: U-19Pu-10Zr-2MA-2RE, U-19Pu-10Zr-5MA-5RE 
and U-19Pu-10Zr-5MA and a standard ternary alloy: U-19Pu-10Zr were selected and 
fabricated for irradiation experiments, where MA means Np, Am and Cm, and RE denotes 
Ce, Nd, Y and Gd. The compositions of MA and RE are decided on the basis of the spent 
LWR fuel composition calculated by ORIGEN-II code. The MA metals were obtained 
through the chemical reduction of each oxide with metal reductant such as Nd or Th 
followed by vapourisation/deposition treatment. The cladding material is austenitic steel, 
CW15-15Ti [11] [12]. The cast fuel rods were cut into lengths of 20-50 mm and then 
inserted into the cladding tubes with metal sodium. The MA-containing alloys were 
sandwiched by U-19Pu-10Zr rods with lengths of 100 mm and 285 mm, thus the total 
length of fuel stack was 485 mm, as shown in Figure 2. These three pins with different 
compositions are loaded in the same irradiation capsule. Three capsules of the identical 
configuration were fabricated and charged in the Phénix core to achieve three different 
burn-ups of ~2.5 at.% (METAPHIX-1), ~7 at.% (METAPHIX-2), and ~10 at.% (METAPHIX-3), 
respectively. The irradiation experiments started at the end of 2003 and were successfully 
completed by May 2008 with the support of CEA. 
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 (a) MMETAPHIX-1(~2.5at.%) (b) METAPHIX-2(~7.0at.%) 

Pin#1      Pin#2     Pin#3

Fig. 2 Configuration of METAPHIX pins.

(a) (b)

Fig. 3  Optical microscopy images of basic 

alloy fuels (U-19Pu-10Zr) from pin#1.
(a) METAPHIX-1 (~2.5at.%)

(b) (b) METAPHIX-2 (~7.0at.%)
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products obeyed that of zirconium against different electrorefining conditions, as 
predicted from the un-irradiated metal fuels [18]. 

Electroreduction of LWR irradiated MOX fuels followed by recovery of U and Pu-MA-U 
with electrorefining has also been carried out in the same hot cell [19]. This is the first 
demonstration of MA recovery from spent LWR-MOX, which leads to a reduction in the 
environmental burden of radioactive waste. 

Figure 4: Ar atmosphere hot cell facility installed in JRC-ITU 

 

 

 

 

 

Figure 5: Anode residue of electrorefined METAPHIX fuel 

 

 

 

 

Metallic fuel development (CRIEPI & JAEA joint studies) 

Extensive irradiation data for U-Pu-Zr metallic fuel have already been acquired 
mainly at the experimental fast test reactors EBR-II and FFTF in the US since the 1960s 
under moderate irradiation conditions such as a maximum cladding temperature below 
873 K, and a maximum burn-up of ~20 at.% has been attained by Argonne National 
Laboratory (ANL) [20]. In order to improve the thermal efficiency of metallic fuel FBR 
plants for future commercial applications, it is still necessary to confirm the integrity of 
metallic fuel under more prototypical conditions such as a maximum cladding 
temperature greater than 873 K and a peak burn-up greater than 15 at.%. CRIEPI and JAEA 
have been planning an irradiation test on metallic fuel in the experimental fast test 
reactor JOYO under the conditions [21]. For this purpose, the first sodium-bonded 
metallic fuel elements in Japan were fabricated [22]. 

First, U-Pu alloy ingots were prepared by the electrochemical reduction of MOX pellets, 
consolidation and salt distillation. The product alloy ingots exhibited sufficiently high 
purity for use as a feed material for the injection casting [23]. Additional U and Zr metals, 
and scraps of preceding castings as feed materials, six U-Pu-Zr ternary alloy fuel slugs 
were fabricated under pre-determined casting conditions using U-Pu alloy. These fuel 



 

Fig. 6  Structure of metallic fuel elements for irradiation 

test at Joyo and appearance of cast U-Pu-Zr slugs.
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casting furnace of a capacity of about 6 kg/batch. Thirty slugs of approximately 300 mm 
in length and 6 mm in outer diameter can be casted in one operation. The casting 
operation is automated. The fabricated U-Zr pins are chopped and brought back to the 
electrorefining step to simulate the metal fast reactor fuel cycle. Besides that process 
equipment, the product treatment equipment and self-propelled in-cell transfer system 
have been installed. The former heats the electroreduction/electrorefining cathode 
products to 773-923 K to melt the adhering electrolytes and transfers them from one 
container to the other. The latter is remotely controlled to move both the electrodes in 
the electroreduction/electrorefining equipment and the equipment for the replacement 
or maintenance. 

During the sequential operation of the major pyrochemical processing steps, it was 
demonstrated that the simulated metallic fuel (U-Zr alloy rods) was successfully 
fabricated in engineering-scale using UO2 as the starting material. The electrorefining, 
product transfer, salt distillation and injection casting equipment operated satisfactorily, 
and their performance was sufficiently high. The material balance of uranium was kept 
excellently, and the change of the total amount of uranium in the whole process 
accounted for between before the start of the electrorefining test and that after the 
completion of the injection casting test was no more than 0.86%. 

Molten salt/liquid metal transport technology 

Since the pyrometallurgical reprocessing is conducted in a molten salt/liquid metal 
system, the transport of these high-temperature melts is an essential technology for 
practical use. In particular for the LCC, the time for operations, such as taking the 
electrode in and out of the electrorefiner, pre-heating/cooling down of the ceramic 
cathode crucible and removing the product from the crucible, can be drastically 
decreased by introducing the molten salt/liquid metal transport technology. The new 
concept of an electrorefiner connected with a salt treatment system and a cathode 
processor has been proposed [31]. The molten salt is transported to a salt treatment 
system to reduce FP concentration accumulated during several batches of the 
electrorefining operation. The treated salt is transported back to the electrorefiner. In this 
concept, the liquid cadmium-actinides alloy is transported to the distillation crucible of 
the cathode processor while pure cadmium obtained by distillation of the cadmium-
actinide alloy is transported back to the cathode crucible. For the demonstration of this 
concept, an engineering-scale experimental apparatus, Pyro-station, consisting of a large 
Ar atmosphere glovebox (2mW x 7mL x 4mH) and Ar purification unit, has been installed. 
In this apparatus, an engineering-scale electrorefiner equipped with a semi-continuous 
LCC instead of the conventional stationary LCC, a cadmium distillation apparatus for 
treatment of cadmium from the LCC, and a six stage counter-current molten salt/liquid 
cadmium contactor have been installed. The distillation apparatus and the contactor are 
connected to the electrorefiner with temperature-controlled molten salt/liquid metal 
transport system. The transport tests of molten salt/liquid cadmium have been 
performed by a number of methods. As one example, the result of the liquid cadmium 
transport test using a centrifugal pump is shown in Figure 10 [32]. It can be seen that the 
average flowing rate of liquid cadmium can be controlled by the opening of the valve on the 
transfer line. Another example is the transport test of molten salt (LiCl-KCl), also using the 
centrifugal pump. This test has demonstrated that a favourable controllability of the 
molten salt flow rate can be obtained also via the rotation speed of the pump, as shown 
in Figure 11 [33]. 
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Application of the pyrochemical technology to corium treatment  
(CRIEPI & JAEA joint studies) 

During the accident in the Fukushima Daiichi NPP, almost certainly core melting 
occurred and a large amount of “fuel debris” (mixture of melted fuel, cladding, structural 
material etc.) was generated in the reactor pressure vessel and the pressure containment 
vessel. The scheme and the method for the fuel debris treatment will be discussed based 
on its characteristics, technical feasibility, requirements from various aspects. At present, 
diversity in debris management options (e.g. actinide separation by chemical treatment, 
long-term storage without separation, final disposal as waste, et al.) have to be retained 
to accommodate to possible future situations flexibly. 

According to the chemical analyses of the corium samples obtained from TMI-2, the 
damaged core consisting of (U, Zr)O2 was hard to dissolve into nitric acid [34]. This result 
suggests that it is unpromising to adopt a conventional aqueous process for corium 
treatment and that approaches other than the Purex process should be investigated for 
their feasibility and expected performance. On the other hand, a promising result has 
been obtained by Argonne National Laboratory, US by applying the pyrochemical 
technique (reduction of oxides to metal by reacting with Li metal) to treatment of the 
synthetic corium [35]. 

Several processes have been proposed according to the options in TRU recovery and 
waste issues. Figure 12 shows one of the flowsheets proposed by CRIEPI for corium 
treatment. In the beginning, the actinides in the corium are reduced to metals by 
electroreduction. The reduction product is sent to the electrorefining step to separate 
uranium for recycle use or volume reduction of the waste. The transuranium elements 
(TRUs) are recovered into liquid lead cathode and finally stabilised in a vitrified waste 
form. The fission products will be processed in metal waste form or ceramic waste form 
that are developed from pyrometallurgical reprocessing. CRIEPI and JAEA have jointly 
started a feasibility study on pyrochemical processes in order to acquire effective options 
for corium treatment. Currently, the behaviour of ZrO2 and simulated corium (U,Zr)O2 
during the electroreduction in LiCl-Li2O electrolyte is under investigation. As regards the 
behaviour of zirconium, ZrO2 can be reduced to Zr metal by electroreduction in LiCl melt, 
while some part of ZrO2 can be converted into Li2ZrO3 which is hardly reduced to Zr metal. 
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Detailed studies on the behaviour of (U,Zr)O2 and the adequate condition for the 
electroreduction of corium are currently underway. 

Figure 12: Proposed flowsheet for corium treatment by application of pyrochemical technology 

 

 

 

 

Conclusions 

This paper summarises the recent progress in the P&T related activities in CRIEPI, the 
pyrochemical processing and the metallic fuel technology development. Successful 
results and steady advances in these fields have been obtained with 
international/domestic collaborations. Post-irradiation examination and pyrochemical 
processing of METAPHIX are in progress. Besides the additional knowledge in the 
fundamental chemistry in molten salt/liquid metal systems, much progress has been 
made recently in the engineering development for the pyrochemical processing including 
the semi-industrial scale process equipment, valuable information from the repeated fuel 
cycle tests and transport technologies for high-temperature melts. On the other hand, 
another role has emerged for pyrochemical technology to treat the fuel debris at the 
Fukushima-Daiichi NPP. Flowsheets applying pyrochemical processes have been 
proposed and a feasibility study on these flowsheets is in progress. 
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Co-processing of actinides in nuclear fuel cycles∗ 

P. Soucek, R. Malmbeck, J.-P. Glatz 
European Commission, JRC, Institute for Transuranium Elements, 

Karlsruhe, Germany 

Abstract 

In view of increased discussions on the safe use of nuclear energy, the option to reduce the 
burden of nuclear waste to future generations is being investigated with great interest. 
This includes the transmutation part, where a demonstration is under development at the 
SCK•Mol (MYRRHA Project) but also the separation part developed in Europe mainly at the 
CEA and in the European ACSEPT Programme. In addition to the separation of individual 
actinides (U, Pu, Np, Am and Cm), an alternative is the co-processing of all actinides. The 
latter approach represents clearly a simpler process scheme due to a reduced number of 
steps and a better proliferation resistance due to impure products. A major disadvantage is 
the need of remote handling at the re-fabrication of targets. At ITU, investigations of the 
co-processing options are underway both for the aqueous- and the molten salt routes.  

 

                                                            
∗ The full paper being unavailable at the time of publication, only the abstract is included. 
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ACSEPT – a successful story in actinide separation process 
development in Europe∗ 

Stephane Bourg1, Andreas Geist2, Laurent Cassayre3, Chris Rhodes4, Christian Ekberg5 
1CEA, Nuclear Energy Division, RadioChemistry & Processes Department, 

Bagnols-sur-Cèze, France, 2KIT-INE, 3CNRS, 4NNL-UK, 5CHALMERS 

Abstract 

Over the last four years, the FP7 EURATOM Collaborative Project ACSEPT (Actinide 
recycling by SEParation and Transmutation) has co-ordinated the European research on 
aqueous and pyro-actinide chemical separation processes. A clear structuration of the 
work and an enthusiastic collaboration between partners has allowed significant progress 
in actinide separation process development.  

In the field of aqueous reprocessing, four hot-test demonstrations have been carried out 
based on chemical systems developed in former European projects (NEWPART, PARTNEW, 
EUROPART) or directly in ACSEPT. Process flowsheets are now available for the regular 
SANEX, the innovative SANEX, the 1 cycle SANEX and the GANEX concepts (some of 
them being more elaborate alternatives to reference existing processes), paving the way for 
further optimisation. This progress was made possible thanks to a well-driven organic 
synthesis work. It allowed the testing of more than 150 new molecules and the selection of 
about 5 of them for further process development. In addition, specific issues related to 
advanced fuel cycles involving materials with high Pu loading or minor actinides were 
addressed such as MOX dissolution or co-conversion into solid forms suitable for fuel 
fabrication. 

In the field of pyrochemical process development, two reference processes were selected 
within EUROPART (the electrorefining on solid aluminium cathode in molten chloride and 
the liquid-liquid reductive extraction in molten fluoride/liquid aluminium). In ACSEPT, the 
work has been continued with a focus on key process steps such as exhaustive electrolysis 
allowing a quantitative recovery of the transuranics after the electrorefining or the actinide 
back extraction from an aluminium alloy, a crucial step for the two reference processes. In 
addition, a specific effort has been allocated to the head-end step (oxide pre-reduction, 
thermal treatment), the salt recycling (chloride salt purification by precipitation, fluoride 
salt purification by distillation) and the specific salt waste conditioning. 

This experimental work has been completed by cross-cutting studies, such as system 
studies, scale-up studies, corrosion studies and on-line process monitoring developments 
for molten salts. The MARIOS irradiation performed in FAIRFUELS was also designed in 
ACSEPT to allow a better schedule of this long-run experiment. 

In parallel, one of the major successes of ACSEPT has also been its investment in people 
with the funding of two post-doctoral positions and of a dozen of student exchanges 

                                                            
∗ The full paper being unavailable at the time of publication, only the abstract is included. 
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between partners, allowing these students to broaden their field of competences and to 
increase collaboration between partners. Specific workshops and seminars were also 
organised to allow a better exchange between partners. 

Based on the successful work performed in ACSEPT, a new project proposal has been 
submitted to EC that would allow the community to optimise the selected separation 
processes and demonstrate and increase their safety on sound scientific bases. 
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Reprocessing of spent nitride fuel by chemical dissolution 
in molten salt: Results on plutonium nitride containing 

inert matrix materials 

Takumi Satoh, Kenji Nishihara, Masahide Takano 
Japan Atomic Energy Agency, Japan 

Abstract 

Solid solutions of actinide mononitrides have been proposed as a candidate fuel of the 
accelerator-driven system (ADS) for transmutation of minor actinides (MA). The 
pyrochemical process has several advantages over the wet process such as PUREX in the 
case of treating spent nitride fuel with large decay heat and fast neutron emission, and 
recovering highly enriched 15N. In the present study, the chemical dissolution of PuN, 
(PuxZr1−x)N and PuN+TiN, with CdCl2  in LiCl-KCl eutectic melt were investigated to confirm 
the possibility of the chemical dissolution process of spent nitride fuel. The plutonium 
nitrides, PuN, (PuxZr1−x)N and PuN+TiN, were dissolved by the reaction with CdCl2 in LiCl-
KCl eutectic melt at 823 K and most of Pu was recovered into the molten salt. On the other 
hand, most of ZrN and TiN were not dissolved and remained as undissolved residues. 
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Introduction 

Nitride fuel cycle for the transmutation of long-lived minor actinides (MA) has been 
developed in Japan Atomic Energy Agency (JAEA) under the double-strata fuel cycle 
concept [1-7]. The transmutation system proposed by JAEA is a Pb–Bi-cooled subcritical 
accelerator-driven system (ADS) with 15N-enriched Pu-MA mixed nitride fuels containing 
an inert matrix material such as ZrN and TiN [8]. The actinide mononitrides show 
excellent thermal properties and prospected large mutual solubility. The pyrochemical 
process has several advantages over the wet process such as PUREX in the case of 
treating spent nitride fuel with large decay heat and fast neutron emission, and 
recovering highly enriched 15N. 

In the currently-proposed pyrochemical process of spent nitride fuel, actinides are 
dissolved in LiCl-KCl eutectic melts and selectively recovered into liquid Cd cathode by 
molten salt electrorefining. The recovered actinides are converted to nitrides by the 
nitridation-distillation combined method, in which the Cd alloys containing actinides are 
heated in nitrogen gas stream. In order to apply the pyrochemical reprocessing of spent 
nitride fuel, the authors have investigated the elemental technologies of the main processes: 
the anodic dissolution behaviour of the nitride fuel and the recovery behaviour of actinide 
elements into the liquid cadmium cathode in the electrorefining process [9-18] and the 
renitridation of actinide elements recovered in liquid cadmium cathode [15] [19-21]. Moreover, 
the material balance was evaluated for the process using the reported data of pyro-chemical 
reprocessing [22]. As a result of the material balance calculation, it was elucidated that this 
process can satisfy the criteria required by the core design of ADS in principle. However, this 
process has some disadvantages such as (1) the decrease in the anodic dissolution rate of 
actinide nitride by the addition of the inert matrix materials, (2) the generation of the nitride 
products with different composition: the product from the electrorefining process and that 
from the processing of the anode residues, and (3) treating large amounts of Pu and MA 
including the inventory of them in the electrorefiner. 

On the other hand, the innovative process combining the chemical dissolution of 
spent nitride fuel into molten chloride and the multi-stage counter-current extraction of 
actinide elements from the molten chloride media with liquid Li-Cd alloy was newly 
considered. Figure 1 shows the process flow diagram of the new process. In the chemical 
dissolution of the spent nitride fuel, the actinide nitrides are dissolved into molten LiCl-
KCl eutectic salt as chlorides by chemical reaction with the oxidising agents such as CdCl2. 
The residue materials are processed into a metal waste form in the flow diagram. The 
molten salt containing actinide chlorides is transferred to the multi-stage counter-
current extraction of actinide elements from the molten chloride to liquid Cd using Li as 
a reductant. The actinides recovered in Cd are converted to nitrides by the nitridation-
distillation combined method. The salt containing fission products are contacted with 
zeolite columns, where the fission products (FPs) are occluded into the zeolite. The salt-
occluded zeolite is converted to sodalite and processed into a ceramic waste form. The 
major advantages of this process are (1) the improvement in processing rate, (2) the 
homogenisation of the composition of the nitride products and (3) the reduction of the 
amount of actinide elements treated in the reprocessing process as an inventory in the 
electrorefiner is not required. In the multi-stage counter-current extraction of actinide 
elements from the molten chloride media with liquid Li-Cd alloy and the removal of FPs 
with zeolite columns developed in the pyrochemical reprocessing for metal fuel [23-26] is 
considered to be applicable. 
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Figure 1: A process flow diagram of the process combining the chemical dissolution of spent 
nitride fuel and the multi-stage counter-current extraction 
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The chemical dissolution behaviours of uranium nitrides (UN and U2N3), UNCl and 
ZrN with CdCl2 in LiCl-KCl eutectic melt were reported [27] [28]. Most of nitrogen was 
recovered as N2 gas resulting from the reaction of uranium nitrides and CdCl2 above 823 K. 
ZrN was hard to dissolve with CdCl2 even at high temperatures such as 1073 K. The 
chemical dissolution behaviours of the simulated nitride fuels containing inert matrix 
materials, (DyxZr1−x)N and DyN+TiN (DyN=10, 40 and 70 mol%), with CdCl2  in LiCl-KCl 
eutectic melt were investigated in LiCl-KCl eutectic melt [29]. DyN was used as a 
simulated material of actinide mononitrides. (DyxZr1−x)N and DyN+TiN were dissolved by 
the reaction with CdCl2 in LiCl-KCl eutectic melt at 823 K and most of Dy was recovered 
into the molten salt. On the other hand, most of ZrN and TiN were not dissolved and 
remained as undissolved residues. However, the chemical dissolution behaviours of PuN, 
MA nitrides and the actinide nitrides containing an inert matrix material were not 
reported. Therefore, it is necessary to confirm the possibility of the chemical dissolution 
process of spent nitride fuel by experiments. 

Experimental 

The present study aims to investigate the chemical dissolution of simulated nitride 
fuels, PuN, (PuxZr1−x)N and PuN+TiN, with CdCl2  in LiCl-KCl eutectic melt in order to 
confirm the possibility of the chemical dissolution process of spent nitride fuel. 

Sample preparation 

The plutonium nitride samples, PuN, (PuxZr1−x) N and PuN+TiN were prepared by the 
method described below. The PuN powder was prepared by carbothermic reduction PuO2 
mixtures. The products were identified by X-ray diffraction analysis to be single-phase 
solid solution of PuN. To prepare a series of (PuxZr1−x)N solid solution and PuN+TiN 
samples, the powders of PuN and ZrN or TiN were mixed together at Pu/(Pu+M) (M=Zr or 
Ti) atomic fraction x = 0.1, 0.4 and 0.7 in a Si3N4 mortar. The concentration of the ZrN and 
TiN were set by the core design calculation of ADS. The mixtures were compacted into 
pellets with a diameter 5 mm at a pressure of 100 MPa. The PuN and PuN+TiN pellets 
were heated in the Ar-H2 gas stream at 2 023K for 5 h for the sintering. The (PuxZr1−x)N 
pellets were heated in the N2-H2 gas stream at 1 773 K for 30 h for the formation of solid 
solutions, and heated in the Ar-H2 gas stream at 2 023K for 5 h for the sintering. The 
densities of the pellets were adjusted over 80% of theoretical density (TD), intended for 
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spent nitride fuel. Prepared pellets were crushed in a Si3N4 mortar. The prepared nitride 
powders were sieved to below 160 μm. 

Table 1 summarises the characteristics of the prepared nitride samples. The densities 
of the samples were over 80% TD for all samples. Phases of the samples were identified 
as PuN, (PuxZr1−x)N solid solution, PuN and TiN two phase mixture, respectively, by XRD. 
The content of oxygen and carbon were 1400-2200 and 900-1800 ppm, respectively, 
almost the same value as those prepared by the same method previously reported [30]. 

Table 1: Typical characteristics of plutonium nitride fuel samples 

 

∗ Nominal 

Chemical dissolution 

Figure 2 shows a schematic of the experimental set-up for the dissolution of the 
plutonium nitrides. A mixture of a nitride powder sample (100-120 mg), CdCl2 and LiCl-
KCl (approximately 10 g in total) contained Al2O3 crucible, and was heated at 723-823 K. 
The amount of CdCl2 molten salt was 1.5 times the value which can dissolve all of the 
metal elements in the initial samples. The heating time was set at 12 hours, considering 
the time of operation per day of the reprocessing plant. The sample mixture was stirred 
at about 20 rpm with a Mo stirring rod (6.0 mmφ). A part of molten salt was sampled 
every 1 to 2 hours. The concentrations of Pu, Cd, Zr and Ti in the molten salt and residues 
were determined by ICP-AES. Dissolution yields of Pu, Zr and Ti were calculated by the 
increases in concentration of them in the molten salt. After the dissolution experiments, 
an undissolved residue was identified by XRD after removal of the attached salt by 
washing with water. 

Sample 
PuN content  

(mol%)* 

Density 

(%TD) 
Phases identified by XRD 

O content 
(wt%) 

C content 
(wt%) 

PuN  100  80.2  PuN  0.21 0.09 

(Pu, Zr)N  70  81.5  (Pu, Zr)N solid solution 0.15 0.11 

(Pu, Zr)N  40  82.6  (Pu, Zr)N solid solution 0.18 0.15 

(Pu, Zr)N  10  83.9  (Pu, Zr)N solid solution  0.22 0.13 

PuN＋TiN  70  82.6  PuN and TiN   0.20 0.16 

PuN＋TiN  40  84.4  PuN and TiN  0.15 0.18 

PuN＋TiN  10  86.0  PuN and TiN  0.14 0.18 
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Figure 2: Experimental set-up for the dissolution of the plutonium nitrides 

 

 

 

 

 

 

Results and discussion 

Table 2 summarises experimental conditions and results of the chemical dissolution 
experiments of simulated nitrides. Figure 3 shows the change of the concentrations of Pu 
and Cd in molten salt during the chemical dissolution experiment of PuN. The 
concentration of Pu in the molten salt increased and that of Cd decreased by the reaction 
of PuN with CdCl2 expressed by Equation (1): 

PuN + 3/2CdCl2 = PuCl3 + 3/2Cd + 1/2N2   (1) 

The dissolution yield of Pu was about 100.2±1.0% of the initial content in the nitride 
powder. Figure 4 shows the photograph of the sample after the experiment of PuN. A 
blue-purple color PuCl3-LiCl-KCl salt was obtained, and Cd metal was generated as the 
reaction product of Equation (1). 

Figure 5 shows the effect of the temperature for the dissolution rate of PuN at 723-823 K. 
The dissolution rates of PuN increased with increasing temperature. The dissolution yields of 
Pu were about 100.2±1.0% at 823 K, 99.6±1.0% at 773 K and 63.8±0.6% at 723 K. 

Figure 3: Change of the concentrations of Pu and Cd in molten salt  
during the chemical dissolution experiment of PuN at 550°C 
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Table 2: Experimental conditions and results of the chemical dissolution  
experiments of plutonium nitrides 

Sample 
PuN 

content 
(mol%)∗ 

Temperature 
(K) 

Dissolution yield∗∗ (%) 

Pu Zr Ti 

PuN 100 823 100.2±1.0   

PuN 100 773 99.6±1.0   

PuN 100 723 63.8±0.6   

(Pu, Zr) N 70 823 100.1±1.0 0.18±0.2  

(Pu, Zr) N 40 823 99.3±1.0 0.12±0.1  

(Pu, Zr) N 10 823 97.3±1.0 0.17±0.2  

PuN+TiN 70 823 100.2±1.0  N.D 

PuN+TiN 40 823 100.3±1.0  N.D 

PuN+TiN 10 823 99.5±1.0  N.D 

∗Nominal 

∗∗Percentage of the initial content in the sample 

N.D.: not detected (below detection limit) 

 

Figure 4: Photograph of the sample after the experiment of PuN 

Cd[reaction product of Equation (1)] 
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Figure 6 shows the change of the concentrations of Pu, Zr and Cd in molten salt 
during the chemical dissolution experiment of Pu0.4Zr0.6N solid solution at 823 K. The 
concentration of Pu in the molten salt increased and that of Zr slightly increased while 
that of Cd decreased by the reaction of Pu0.4Zr0.6N with CdCl2. After the experiment, an 
undissolved residue of dark yellow to black powder and Cd metal remained at the bottom 
of the crucible. The residue was identified as ZrN by XRD. The dissolution yields of Pu 
and Zr were about 97.3-100% and 0.12-0.18%, respectively. The dissolution yields of Pu 
decreased with increasing concentration of ZrN in the nitride samples. 

PuCl3‐LiCl‐KCl
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Figure 5: Effect of the temperature for the dissolution rate of PuN 

 

Figure 7 shows the change of the concentrations of Pu, Ti and Cd in molten salt 
during the chemical dissolution experiment of PuN and TiN mixture (TiN=60 mol%) at  
823 K. The concentration of Pu in the molten salt increased while that of Cd decreased by 
the reaction of PuN with CdCl2. On the other hand, that of Ti was below detection limit. 
After the experiment, an undissolved residue of dark brown to black powder and Cd 
metal remained at the bottom of the crucible. The residue was identified as TiN by XRD. 
The dissolution yields of Pu were about 99.5-100% and Ti was not detected. The 
dissolution yields of Pu slightly decreased with increasing concentration of TiN in the 
nitride samples. 

Therefore, the simulated nitride fuel powder containing inert matrix material, 
(PuxZr1−x)N and PuN+TiN, were dissolved by the reaction with CdCl2 in LiCl-KCl eutectic 
melt at 823 K and most of Pu was recovered into the molten salt. On the other hand, most 
of ZrN and TiN are not dissolved and remained as undissolved residues. These results 
suggest that the chemical dissolution process is considered to be applicable for treating 
the nitride fuels containing ZrN and TiN. The separation and recovery of the ZrN and TiN 
from other undissolved elements such as platinum group metals and cladding materials 
are necessary to recycle them. 

Figure 6: Change of the concentrations of Pu, Zr and Cd in molten salt  
during the chemical dissolution experiment of Pu0.4Zr0.6N 
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Figure 7: Change of the concentrations of Pu, Ti and Cd in molten salt  
during the chemical dissolution experiment of PuN+TiN (TiN=60) 

 

 

 

 

 

 

 

 

   

Summary 

The chemical dissolution behaviour of simulated nitride fuels, PuN, (PuxZr1−x)N and 
PuN+TiN, with CdCl2  in LiCl-KCl eutectic melt were investigated to confirm the possibility 
of the chemical dissolution process of spent nitride fuel. The plutonium nitrides, PuN, 
(PuxZr1−x)N and PuN+TiN, were dissolved by the reaction with CdCl2 in LiCl-KCl eutectic 
melt at 823 K and most of Pu was recovered into the molten salt. On the other hand, most 
of ZrN and TiN were not dissolved and remained as undissolved residues. Therefore, the 
chemical dissolution process is considered to be applicable for treating the nitride fuels 
containing ZrN and TiN. 
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Abstract 

Americium is a strong contributor to the long-term radiotoxicity of high activity nuclear 
waste. Transmutation by irradiation in nuclear reactors of long-lived nuclides like 241Am is, 
therefore, an option for the reduction of radiotoxicity, residual power packages as well as 
the repository area. One of the most attractive possibilities to burn MA is represented by 
the minor actinides bearing blanket (MABB) concept. In this option, MA is diluted in a UO2 
matrix and irradiated for a long time (4 100 EFPD) into radial blankets at the periphery of 
the outer core of a sodium fast reactor. The MARIOS irradiation experiment is the latest of 
a series of experiments on americium transmutation (e.g. EFTTRA-T4, EFTTRA-T4bis, 
HELIOS). Moreover, the MARIOS experiment, together with the DIAMINO experiment, 
which is in progress at the OSIRIS reactor in France, is dealing with the study of the in-pile 
behaviour of UO2 containing minor actinides (MA) in order to gain knowledge on the role of 
the microstructure and of the temperature on gas release and on fuel swelling for the 
MABB concept. The MARIOS experiment is carried out in the framework of the 4-year 
project FAIRFUELS of the EURATOM 7th Framework Programme (FP7). 

The MARIOS experiment was conducted at the HFR (high flux reactor) in Petten (The 
Netherlands) and started in March 2011. It has been planned that the experiment will last 
11 cycles, corresponding approximately to 11 months. 

This paper covers the description and the objectives of the experiment, as well as the 
preliminary results in terms of first assessment and temperature recording. 
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Introduction 

The MARIOS irradiation test is part of the 4-year EURATOM Project FAIRFUELS 
(FAbrication, Irradiation and Reprocessing of FUELS and target for transmutation), which 
aims to provide a way towards a more efficient use of fissile material in nuclear reactors, 
to reduce the volume and hazard of high-level long-lived radioactive waste, and to close 
the nuclear fuel cycle [1]. 

The analysis of previous irradiation experiments (e.g. EFTTRA-T4 [2] and EFTTRA-
T4bis [3]), which were carried out in the high flux reactor (HFR), showed that the 
release/trapping of helium is the key issue for fuel targets containing americium. These 
experiments showed a significant fuel volume swelling attributed to the production of 
helium, which is characteristic of 241Am transmutation. 

MARIOS is the latest of a series of irradiation experiments of fuel containing 
americium. Although it is quite different in its intent to test the so-called minor actinide 
bearing blanket concept (MABB), it takes advantage of previous experience in the 
irradiation of MA gained during the last two decades. For example, the idea of using open 
porosity to promote the release of helium was already used during the HELIOS 
experiment [4], conducted in 2009 and for which post-irradiation examination is on-going. 

The MABB consists in the transmutation of minor actinide on a fertile UO2 support in 
a sodium-cooled fast reactor (SFR) with a heterogeneous recycling mode [5]. 

MARIOS consists of four pins containing Am 0.15U0.85 O1.94 nominally, with two different 
densities (92.5% and 88% of theoretical density) [6]. Since the primary objective of the 
experiment is to obtain information on the temperature dependence of fuel swelling and 
helium release, it is highly important to maintain a well-defined fuel temperature during 
the irradiation. Two precautions have been taken for this purpose. First, to ensure flat 
intrapellet temperature profiles, thin fuel pellets have been used. Second, to diminish the 
effect of changes in fission power on fuel temperatures, the pellets have been placed 
inside a massive block of TZM (a molybdenum alloy), which functions both as a source of 
(gamma) heating and as a heat bath. Target temperatures are 1 000°C for pins 1 and 4 and 
1 200oC for pins 2 and 3. 

The MARIOS irradiation experiment started on 19 March 2011 in the position G7 of the 
HFR core, which has a thermal flux of about 1×1018 m-2s-1 and a total neutron flux of about 
5×1018 m-2s-1 and has been irradiated for 11 cycles (~304 full power days). The irradiation 
has been concluded and the experiment is now in the reactor pool for the cool-down 
period before proceeding with disassembly. This paper describes the experiment as well 
as the preliminary data collected during the irradiation. 

Irradiated target 

The MARIOS experiment consists of 4 pins made of Inconel 718 in order to withstand 
the high temperatures. Each of the 4 pins contains 6 fuel pellets. Each fuel pellet sits on 
top of a layer of tungsten which is on top of a layer of zirconia, and each of these 
assemblies sits inside a TZM tray. 

The use of a layer of zirconia produces a symmetric and uniform temperature 
distribution inside the pellet. The presence of a tungsten layer prevents chemical 
reactions between the fuel and the zirconia. A heat shield made of TZM separates the 
TZM trays from the pin wall. Figure 1 shows a schematic view of the pins while Figure 2 
shows the components of the pin. Some small details, like the tungsten and zirconia 
layer, are not presented. 
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Figure 1: Schematic layout of the fuel pins 
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Figure 2: The separate components of a pin 

 

 

Each pin contains a half-open niobium tube, which is welded to the end cap and intrudes 
into the pin in order to house a thermocouple. The niobium tube extends into a hole in a TZM 
tray which sits on top of the stack of trays. The use of niobium is mandatory due to the high 
temperature expected in the TZM trays (between 1 000 and 1 200°C depending on the pin). 

The fuel targets are small ceramic pellets consisting of solid solutions of 85 mol-% 
uranium dioxide (UO2) and 15 mol-% americium dioxide (AmO2) [6]. In the solid solution, 
the heavy metal atoms (Am and U) are dispersed on an atomic level, forming a single 
phase. The oxygen-to-metal ratio (O/M) is kept at about 1.94 in order to suitably adjust 
the oxygen potential. The material in many ways resembles UO2, although, due to the 
lowered O/M ratio, the thermal conductivity is significantly reduced. The chemical 
composition is the same for all pellets. Target temperatures for the irradiation are 1 000°C 
(pins 1 and 4) and 1 200°C (pins 2 and 3). Two fuel pellet densities are studied (see also 
Figures 3 and 4), 92.5% theoretical density and 88% theoretical density, so that two pins 
are required per temperature. Pellet diameter and height are specified as 4.5±0.2 mm and 
1.5±0.1 mm, respectively. The pins are filled to contain 99 % He and 1% Ne. 
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Figure 3: MARIOS dense pellet 

 

Figure 4: MARIOS pellet with open porosity 

 

 

A description of the experiment 

The MARIOS irradiation was carried out in the high flux reactor (HFR) Petten, in 
channel 2 of a standard TRIO-131 rig [7] (see Figure 5). The in-core section holding the 
pins consists of three elements: 

• the sample holder, containing the four fuel pins, which constitutes the 1st containment 
for the experiment; 

• the TRIO-131 channels containing the sample holders and representing the 2nd 
containment; 

• the rig head, representing the transition between in-pile section and out-of-pile 
installation and carrying all instrumentation leads and gas tubes. 

The sample holder is the part that contains the experiment and has been specifically 
designed for the MARIOS experiment. It consists mainly of three parts: 

• a tube of AISI 321 containing the irradiation experiment; 

• One shroud made by titanium grade 2 containing pins 1, 2, 3, and 4. The Ti shroud 
contains also some scientific instrumentation, such as thermocouples, fluence 
detector sets and gamma scan wires. 

• the sealed pins, described in Section 2, of Inconel 718 containing the fuel pellets. 

Figure 6 shows a schematic view. The sample holder is found in a TRIO-131 channel, 
the other two channels are supposed to be filled with a dummy sample holder (Figure 5). 

The heat generated by fission and gamma absorption in the materials will be radially 
dissipated through the structural materials and the gas gaps by conduction and radiation 
to the downstream primary coolant of the TRIO channel. The composition of the fuel pins 
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and the axial position of the sample holder have been selected such that the average 
temperature of the fuel in pins 2 and 3 always remains at 1 200 °C while the average 
temperature of the fuel in pins 1 and 4 (respectively top and bottom) always remains at  
1 000°C. The vertical position of the sample holder can be adjusted by means of a 
remotely operated vertical displacement unit (VDU). 

A set of dedicated measures were taken to achieve an optimised operation 
temperature of the experiment that fulfills the required irradiation conditions. The main 
measures taken were: 

• making use of the flux buckling in positioning (through the VDU) pins 1 to 4 in 
such a way to ensure that they do receive, in pairs, an identical flux; 

• Changing the gas mixture independently in each gap described above. At the 
beginning of irradiation (BOI), each gas gap was filled with helium. One or two 
days after the start, neon, having a lower thermal conductivity, was added to raise 
the temperatures to the required levels. Power changes due to progression of burn-
up were compensated by further changes of the He/Ne ratio. 

Figure 5: TRIO-131 capsule for experiment (north orientation) 

 

 

As the irradiation proceeds, one (or more) of the tailoring options cited above were 
applied to achieve the final experimental objective within the foreseen irradiation time. 
The scientific instrumentation of the MARIOS experiment consists of 24 thermocouples 
(TCs), 4 gamma-scan wires (GSW), which extend over the entire length of the sample 
holder and 8 fluence detectors (FD), 2 per pin. 

 

MARIOS 
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Figure 6: Schematic view of the MARIOS irradiation experiment 
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Figure 7: The titanium shroud surrounding the pins, where the TCs are located 

 

Figure 8: A picture of the experiment during the mounting process of pin 1  

 

Around pin 1 the titanium shroud and the TCs are inserted into the titanium shroud. 

The 24 TCs used in the experiment are of Type N produced by thermocoax. They are 
used to monitor the cladding and the central temperature of the pins. These 
thermocouples have an outer diameter of 1 mm, MgO insulation and Inconel 600 as 
sheath material. They have an operating range between -40 and 1 300°C. The TCs are 
located inside grooves realised on the outer diameter of the Ti shroud (see Figures 7 and 8) 
which surround the fuel pins. 
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The nuclear and thermal design of the experiment 

Nuclear design 

The nuclear calculations have been performed using the MCNP-4C3 code [8], using a 
representative HFR core model. The models for the TRIO configurations with MARIOS 
were placed in this model at position G7. The burn-up of the four pins of MARIOS was 
calculated with the OCTOPUS code package [9], which alternates spectrum calculation 
(using MCNP) and depletion calculation (using FISPACT-2001 [10]). The activation analysis 
was performed using FISPACT. In Figure 9 the expected power history of the MARIOS 
pellets in each pin is plotted. This figure clearly describes that the power density is higher 
in the pins which receive higher neutron flux (pin 2 and 3). For these pins, the production 
of plutonium is higher compared to pins 1 and 4. Figure 9 also shows the increase of the 
power density due to the production of Pu. 

Figure 9: Power history of the pellets contained in the MARIOS's pins  

Total Power

0

10

20

30

40

50

60

0 50 100 150 200 250 300 350

Irradiation time [Days]

Po
w

er
 [W

/g
]

Pellet Pin 1
Pellet Pin 2
Pellet Pin 3
Pellet Pin 4

 

The values refer to the total power of a single pellet. Each pin contains 6 pellets. 

The position-averaged fluence rates calculated by MCNP have been collapsed to the 
OSCAR3 7-group structure, which is applied for the HFR cycle calculations. Table 1 
summarises the results. The nuclear calculations have also been used to estimate the 
helium production in each pin. The maximum helium production, as calculated by 
neutronics, is about 0.16 mmol per pin after 304 irradiation days (11 cycles). 

Table 1: Position averaged fluence rates for MARIOS 

 
Energy boundaries 

(eV) 
Fluence rates 
[1018 m-2s-1] 

Group 1 8.208 105/1.96 107 0.770 

Group 2 5.53 103/8.208 105 1.046 

Group 3 4.00/5.53 103 0.749 

Group 4 0.625/4.00 0.171 

Group 5 0.248/0.625 0.088 

Group 6 0.058/0.248 0.246 

Group 7 0.0001/0.058 0.227 

Total  3.298 
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Thermo-mechanical design 

To understand the behaviour of the experiment, thermal analyses have been 
performed at the beginning (BOI) and at the end of irradiation (EOI). Because of the low 
contents of fissile material (only natural uranium) the fission power rises rapidly during 
the first few weeks of the irradiation due to plutonium production (Figure 9). Therefore, it 
has been decided to set specifications for the experiment only from 15.5 days after the 
BOI, to allow for a minimal initial production of plutonium. The experiment gives the 
possibility to tune the temperature by adjusting the gas mixture in the inner containment 
(i.e. inside the sample holder) and in the outer containment (i.e. inside the TRIO rig).  

To better understand the safety margins in the experiment, thermo-mechanical 
analyses with the gas gaps completely filled with helium or neon have been performed. 
These calculations used the finite element (FE) code MARC, version 2005 [11]. 
Temperatures and stresses were calculated by a coupled thermo-mechanical analysis 
using a single axisymmetric model. As a representative, the lower part of the model used 
can be seen in Figure 10. 

Besides material properties, input for the calculations are the axial distribution of 
radiation heating (gamma + neutron) based on MCNP calculations as reported in [12] [13], 
and fuel power as a function of irradiation time. Figure 11 shows the nuclear heating 
profile which was obtained from the MCNP results using a 3rd order polynomial 
regression. For all solid materials an emissivity coefficient of 0.5 was assumed [14]. 

Figure 10: The axial symmetric FE model of MARIOS (bottom region) 
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Figure 11: Radiation heating (gamma+neutron) for position G7 
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At the BOI + 15.5 days, the inner and outer gas gap mixture for the design case was 
assumed to be 30% He – 70% Ne, allowing a margin for extra helium to be used to cool the 
experiment down. At the design case at BOI + 15.5 days, the calculated maximum 
deviation of the average fuel pellet temperature from the target temperature is 18 K. The 
average deviation is 8 K. The difference in average fuel pellet temperatures between the 
100% helium case and the 100% neon case is approximately 200 K. Table 2 summarises 
the average temperatures in the fuel pellets, which can be reached during the irradiation 
by changing the gas mixture in the gas gaps. 

The temperature of the cladding is foreseen to stay always below 700°C. At the BOI 
the temperature in the pellet is driven mainly by the TZM tray, which will collect the 
nuclear heating and will keep the temperature of the pellet constant at the required 
temperature. After a while, the pellets themselves increase their power (see Figure 9) and 
to maintain constant the temperature inside the pellets some helium will be added in the 
gas gaps inside the sample holder and/or between the sample holder and the Trio rig. 
The increased presence of helium in the gas gap with burn-up will decrease the cladding 
temperature. 

Table 2: Average calculated temperatures for each fuel pin  
with different gas mixture at BOI + 15.5 days and at EOI  

Pin Density/target 
temperature [°C] 

Beginning of irradiation (BOI) +15.5 days End of irradiation (EOI) 

Tavg (100% He) 
[°C] 

Tavg (100% Ne) 
[°C] 

Tavg (70% Ne -
30% He) [°C] 

Tavg (100% He) 
[°C] Tavg (100% Ne) [°C] 

Tavg (70% He -
30% Ne) [°C] 

1 92.5%/1 000 873 1 087 1 007 944 1 117 997 

2 92.5%/1 200 1 043 1 243 1 190 1 123 1 296 1 190 

3 88% /1 200 1 056 1 256 1 203 1 160 1 347 1 214 

4 88%/1 000 872 1 086 1 006 925 1 099 992 

Pin 1 is at the top and Pin 4 is at the bottom. 
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Preliminary results 

After the start of the experiment it was noted that the measured temperatures in the 
fuel pins were higher than the foreseen calculated temperatures presented above. A more 
accurate analysis has shown a strong gamma heating gradient inside position G7 (see 
Figures 12 and 13) which may explain the overestimation, considering that the 
orientation of the capsule was north with the experiment in channel 2, the position of 
maximum flux (compare Figure 5 with Figure 13). Moreover, the temperature measured 
in pin 2, was found to be too high relative to that of the other pins. This was clarified 
after having a discussion with the technician who assembled the pins. During the 
assembly and the final welding of pin 2, some box argon may have entered inside the pin, 
causing an initial higher temperature than expected. The oxygen content in the box 
argon is specified as <10 ppm. 

Figure 12: A map of the gamma heating in the half east part of the HFR core  
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The black border signs the G7 position of the core where MARIOS is irradiated. 

Figure 13: A zoom (corresponding to G7 position, see Figure 12)  
of the map of the gamma heating in the core of the HFR 
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Figure 14: A comparison between the measured and calculated temperature 
in the 4 pins after having turned the experiment in south position 
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Figure 15: Temperature of the 4 pins of the MARIOS experiment 
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As a countermeasure to mitigate the effect of the gamma heating gradient in position 
G7, the experiment has been turned and inserted in south position where the gamma 
heating is weaker (see also Figure 5). Figure 14 shows the difference between the 
measured and the calculated temperatures on each pin after having inserted the 
experiment in south position and using up-dated local heating profiles in the calculations. 

The temperatures of the experiment are presented in Figure 15. The figure shows the 
temperatures read by the internal thermocouples located at the top of each pin inside the 
niobium pipe (see Figure 1). The temperature read from these thermocouples gives a 
value of around 100°C less than the temperature estimated in the fuel. During the first 
part of the first cycle, the temperatures were higher than expected. During the second 
part of the first cycle the experiment was turned (from north to south) and the 
temperature became in line with the expectation. The fuel in pins 1 and 4 should be 
maintained at 1 000°C. The fuel in pins 2 and 3 should be maintained at 1 200°C. It is also 
clear that pin 2 reached a higher temperature than expected due to the initial presence of 
argon. Unfortunately, during cycle 5 the internal thermocouple of pin 2 failed, probably 
due to the fact that it was working always close to its limit. Based on a comparison of 
other thermocouples located in the titanium shroud it can be concluded that the 
behaviour of pin 2 remained the same during the whole irradiation (see Figure 16); post-
irradiation examination may shed more light on this. Finally, cycle 11 was characterised 
by several scrams of the HFR unrelated to the MARIOS experiment. 
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Figure 16: A comparison of the temperatures measured in pins 2 and 3 
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Conclusions 

The Minor Actinide Bearing Blanket (MABB) concept presents a route to burn minor 
actinides on a fertile UO2 support in a sodium-cooled fast reactor (SFR). The MARIOS 
experiment will allow the understanding of the behaviour of this type of fuel during 
irradiation, especially concerning the release/trapping of helium and matrix swelling. 
This paper has presented the design of the experiment which has been optimised in 
order to achieve solid control of the fuel temperature and allow for free swelling of the 
fuel pellets. 

The following measures have been employed to control the temperature of the 
experiment: 

• the use of small pellets to ensure a flat intrapellet temperature distribution; 

• the addition of a heat bath (TZM trays) to counter the changes in fission power; 

• the possibility to change gas in the gaps between the fuel pellets and the cooling 
water (the heat sink); 

• the possibility to axially move the experiment in order to tune the flux hence the 
power in each fuel pin. 

Another measure has proven to be necessary to better meet the desired irradiation 
temperatures; during the first cycle, the experiment was turned from north to south 
orientation in HFR position G7 in order to reduce effective nuclear heating.    

The MARIOS experiment started on 19 March 2011 at the high flux reactor in Petten 
and it ended on 1 May 2012 after about 304 days of irradiation. This duration was chosen 
to reach a sufficient production of helium. 

The measured temperatures, except for pin 2, are in line with the requirements, and 
no anomalous behaviour of the fuel during the irradiation was observed. Dismantling of 
the experiment and the results of post-irradiation examination will be ready in 2013-14.  

A complementary experiment (DIAMINO) will be performed in the near future at the 
OSIRIS reactor to better understand the behaviour of such kind of fuel at lower 
temperatures (600 and 800°C). The full temperature range (600-1 200°C) roughly 
corresponds to the expected irradiation temperatures of MABBs in future SFRs [5]. 
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Qualification of minor actinide fuels for fast reactor: 
Fuel design and feedback of irradiation results 

N. Chauvin, M. Phelip, S. Bejaoui 
Centre de Cadarache, Saint-Paul-Lèz-Durance, France 

Abstract 

Two different modes exist for minor actinide transmutation: homogeneous route and 
heterogeneous route (UO2 or inert matrix support). 

After twenty years of R&D focused on technical feasibility, an analysis can be performed 
based on the main outcomes obtained for transmutation fuel to show where we are in the 
fuel qualification process. 

Maturity of each transmutation fuel could be evaluated using a qualification scale. This 
scale is used for several types of fuel up to industrialisation stage. 

This method has been applied to these fuels and evaluated the work to be done in the 
coming years. 

This will be followed by an adjustment of the R&D programme until the final qualification 
step with different items: fabrication process, fuel element and sub-assembly design, 
measured properties, behaviour modelling and irradiation programme. The irradiation 
programme will include analytical, semi-integral and integral irradiations, in MTR or in 
SFR prototypes in normal conditions as well as for transients and accidental conditions. 
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Introduction 

Among many possible strategies, two principal ways of actinides management are 
being studied for minor actinides transmutation in sodium fast reactor (SFR): 

• the homogeneous mode, in which the actinides are diluted in fuel; 

• the heterogeneous mode, in which the actinides are placed in dedicated 
assemblies in core periphery, with a separate management from the standard fuel. 

In both cases, multi-recycling is assumed with a continuous recycle of the spent fuel. 

This paper presents the results of the research provided on the evaluation of both 
transmutation fuels in response to the French Act on Waste Management 2006. This 
study summarises the conclusions of a comparison between different scenarios of minor 
actinides transmutation in SFR [1]. In addition to the two fuel concepts, another form of 
transmutation is targeted, an inert matrix fuel ,which is mainly identified for accelerator-
driven systems and treated in a separate paper with a once-through management [2]. 

Homogeneous fuel 

The main challenges for homogeneous fuel (minor actinide bearing fuel − MABF) are 
directly linked to its expected performances in terms of driver fuel and of minor actinides 
(MA) transmutation. 

The acceptance of this particular transmutation method involves two major 
requirements: the core and fuel performances must not be affected by the minor actinide 
presence while transmutation efficiency is demonstrated. Performances gathered 
showed no change in the core design or fuel element design, maintaining the safety 
criteria and core efficiency (burn-up and power rate). 

Homogeneous-mode experiments have been performed in the past and now the 
qualification of this homogeneous fuel is being investigated within the scope of the 
Global Actinide Cycle International Demonstration (GACID) Programme in the 
Generation-IV International Forum. 

The specificities of minor actinides bearing MOX fuels 

The behaviour of one (U, Pu, MA)Ox is expected to be the same as the standard (U, 
Pu)Ox as observed in previous experimental results. 

However, specificities must be learnt and performances must be checked to justify 
that a small content of MA addition (<3%) will not “degrade” performances of standard 
fuel for fast reactors in terms of burn-up or linear heat rate or even behaviour during 
transients. 

The differences between thermal and physico-chemical properties of MABF and that 
of the standard UPuO2 are essentially a lower melting point, lower thermal conductivity 
and a higher oxygen potential. Although the MA effect on mechanical properties has not 
yet been evaluated, a whole programme was devoted to these measurements [3-7]. In 
addition to the properties evolution, the higher helium production due to 241 Am will 
affect the behaviour of the fuel element. 
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The consequences expected are primarily: 

• an increase in the maximal central temperature at the beginning of life when the 
gap is open due to the lower thermal conductivity of MABF, amplified by Pu, MA 
redistribution and O depletion; 

• a decrease in melting margin; 

• a higher migration of O, Pu, Am and volatile FPs; 

• a higher helium production and release, leading to pin internal pressure increase 
and fuel gaseous swelling; 

• a gaseous and solid swelling (if He retention); 

• a faster and larger microstructure evolution: restructuring, gas precipitation inside 
grains or at grain boundaries; 

• a greater risk of fuel clad mechanical interaction (FCMI) due to gaseous swelling or 
internal pressure both due to He and inner pressure should increase from 15 to 
30% in the case of 2 or 4% Am; 

• a greater risk of fuel clad chemical interaction (FCCI) by internal corrosion due to 
volatile FP and enhanced by higher oxygen potential and temperature; 

• a fuel-clad gap conductance improved by high gas pressure mainly filled with He; 

• a modification of oxide clad joint. 

As a consequence, the risk of fuel melting and the risk of pin failure may be enhanced 
with the MA presence. 

The irradiation programme will help gain further understanding of the real impact on 
the above effects. Although low MA content could have a very small effect, it should be 
verified especially at high burn-up. So far, all tests have been made on less than 3% MA 
content and a burn-up of less than 7 at.%; for higher concentrations in MA all the 
phenomena mentioned have to be studied. 

If required, the burn-up limit would be reduced or the free volume of the pin would be 
increased. 

Irradiation results 

SUPERFACT irradiation in Phénix, 1986 to 1988 [8-11] 

SUPERFACT was the first experiment on MA homogeneous (and heterogeneous) 
recycling in a fast spectrum reactor, Phénix. Homogeneous fuels reached less than 7 at.% 
with no significant differences with MOX fuels irradiated at the time.  

A good in-pile performance of fuels fabricated using the sol-gel technique was 
demonstrated in this experiment. The non-destructive examinations of the  
4 homogeneous pins did not show any anomaly in their behaviour. In particular, no 
accelerated corrosion was observed.  

Moreover, the interpretation of the physico-chemical and ceramographic 
examinations of the fuels led to the following conclusions: 

• the fuel temperature was probably higher for the americium-containing fuel; 

• The Am pins had a higher helium production, mainly due to the daughter products 
with high specific alpha activity (e.g. 242Cm and 238Pu). The He production was 4 
times that of a standard (U, Pu)Ox irradiated under the same conditions. The 
released helium contributed to an increase in the internal pressure of the pin. In 
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addition, higher porosities and swelling were found, probably due to the helium 
still confined in the fuel. 

• the fission gas production and release were as predicted for this power (FGR~60%); 

• the fuel restructuration is similar to the UPuO2 one and the clad strain is also very 
similar to the standard pins (+0.3-0.5%); 

• U, Pu, Am and Np radial distributions were very flat: no specific actinide 
redistributions. 

The fairly low power rate (360 W/cm) has to be considered in these results. However, 
at intermediate burn-up and for low linear power, there is no real influence of the low 
MA amount on the fuel behaviour except for the He production and release.  

The measured extent of transmutation (CEA and ITU) of americium at the maximal 
flux level is 28%. From neptunium pins an average extent of transmutation of 30% was 
determined.  

Irradiation AM1 in JOYO, 2007 [12-14] 

A programme was carried out in Japan in the JOYO Fast Reactor in order to 
demonstrate that there is no fuel melting, although the fuel is the hottest at the 
beginning of life. No fuel melting was shown even for 5% Am since Pu and Am 
redistributions were measured with a depletion of oxygen near the central hole yet 
formed.  

Post-irradiation examinations of both fuels led to the following conclusions: 

• structural changes occurred such as the formation of lenticular pores and a central 
hole formed before 10 minutes of irradiation running; 

• quick Pu and Am redistribution whereas U depletion occurred near the central 
hole; the maximum Pu concentration was 34% in the irradiated fuel against 29% in 
the fresh fuel; the maximum Am concentration was 6.2% against 4.7% in the fresh 
fuel; 

• no apparent sign of fuel melting; 

• no significant difference in the restructuring features between 5% and 3% Am-
MOX fuels; 

• no FCCI; 

• smaller redistribution of Pu and Am for O/M = 1.95 compared to that with O/M = 1.98. 

These results indicate that careful consideration should be given to the redistribution 
of Pu and Am in evaluating the impact on thermal performances since it decreases the 
melting margin by increasing temperature rate and decreasing melting temperature. 
However, no sign of temperature excursion has been observed despite the worst 
combination occurring at the beginning of life. However, it is difficult to evaluate 
accurately the temperature increase in MABF compared to MOX standard fuel without a 
thermocouple inside the fuel pellet column during irradiation.  

AFC-2C and 2D irradiations in ATR, 2008 [15] [16] 

The objective of the two irradiations was to measure the impact of MA at high burn-
up, especially the modification of fuel cladding chemical interaction due to the higher 
oxygen potential with Am in the fuel. For these reasons, INL has launched a programme 
with an objective of 10 and 24 at.%. Post-irradiation examinations are currently underway. 
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Table 1: Experimental irradiations of homogeneous fuel:  
Content and irradiation characteristics  

 

Irradiation 

 

Reactor Irradiation length Linear heat rate 
(w/cm) Burn-up 

Superfact 

(U,Pu,Np)Ox 2% Np x=1,97 

(U,Pu,Am)Ox 2% Am x=1,96 

Phénix 382 EFPD 

 

385-350 

379-346 

 

6,6 at.% 

6,48 at.% 

AM1 

(U,Pu,Am)Ox 3 and 5% Am x=1,95 and 1,98 

(U,Pu,Np,Am)Ox 2% Np, 2% Am 

JOYO 10 min and 24h 

 

430 

430 

 

0,0082 at.% max 

 

AFC2C and AFC2D 

(U,Pu,Np,Am,Np)Ox 2% Np,3% Am            x=1,95 and 1,98 

ATR 

(thermal spectrum) 

 

260-600EFPD 

 

220 -300 

 

8 and18 at.% 

Needs of additional results for qualification 

While AM1 and AFC 2C-2D were analytical irradiations, SUPERFACT was an integral 
irradiation with representative conditions of spectrum but did not achieve sufficient 
burn-up under reduced linear power. Thus, some data on the effect of MA on fuel 
performances (linear power, burn-up,) and safety aspects (margin to melt, clad failure 
risk) are still required to complete the qualification process. This will be made through 
the irradiation programme devoted to fuel qualification (representative fuel element and 
representative conditions) within parallel the analytical programme, mainly in ATR and 
JOYO, to determine the MA effect on FCCI, FCMI, He fission gas release and fuel swelling. 
In addition, the irradiation test of homogeneous fuel with reprocessed MA coming from 
spent fuel should be carried out. 

A project management board has been set up within the SFR system of the 
Generation-IV in order to carry out the irradiation programme for homogeneous fuel 
qualification: GACID (Global Actinides Cycle International Demonstration) [17]. The 
collaboration framework GACID between the DOE, the CEA and the JAEA is being defined 
using JOYO and MONJU in order to implement a common irradiation programme, 
particularly on SFR fuels, pins and sub-assemblies, with Np, Am and Cm. The programme 
is planned to cover the 2007-2025 period with a final qualification at a sub-assembly scale. 

In addition, there were no transient tests with homogeneous fuels, this should be 
checked particularly at high burn-up when a lot of gas is inside the fuel. 

Finally, to fully achieve qualification, special attention should be paid to fabrication 
facility limits regarding MA content if there is no change in the process and in the use of 
glovebox fabrication. Concerning back-end cycle steps, an increase in the residual power 
and neutron dose due to MA should be evaluated for transport and handling operations. 

Heterogeneous fuel 

In this concept, the minor actinides are diluted in a UO2 matrix positioned in the 
pheripherical row of SFR core. These radial blanket positions for fuel sub-assemblies 
loaded with MA have the advantage of minimal impact on the reactor operating 
parameters and core safety regulations while allowing higher MA content (>10%MA). In 
the periphery, the neutron flux level is relatively low and the flux gradient is steeper. 
This involves a longer irradiation time than the driver fuel (2 or 3 times). 
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Therefore, the pin operates at a low temperature, the behaviour of MABB is not 
known accurately. Furthermore, the large quantity of americium results in the generation 
of large quantities of helium, which will either be released into the pin free volume or 
may activate fuel swelling, depending on several parameters. These issues indicate that 
adapted design changes are needed for the pin and the sub-assembly. 

The specificities of MABB type fuel  

Despite all its advantages, this concept is very innovative with several R&D 
challenges in many fields that have to be carefully considered for the fuel assembly 
design: helium production, fuel behaviour at low power rate, decay heat level, neutron 
source, fresh fuel thermal power, reactor operation, etc. The first point was to determine 
the properties of (U, MA)Ox contributing to the fuel behaviour under irradiation. Several 
results are presented in [18-21]. If there is a standard fuel element with (U, MA)Ox pellets 
inside a standard pin, the fuel design consists in the optimisation of pellet characteristics 
(diameter, density, porosity) and pin constituents. The following results [22] concern this 
standard design.  

A typical power history for a MABB pin increasing with time (Figure 1), is very 
different from those of standard fuels, which slowly decrease along the irradiation time.   

Another particularity of MABB towards standard (U, Pu)O2 fuel is helium production, a 
comparison with a MOX standard fuel is given below (x15 to 20). 

Figure 1: Power history of an MABB pin (case: 20wt% Am) [22] 

 

Figure 2: He production for MABB as a function of time [22] 
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Following a preliminary evaluation, the pellet centre temperature at the maximum 
flux plan is very low (600-700°C) and then increases with time until 1 300-1 500°C. A 
major challenge is to define a common design for pins that will have a huge difference in 
irradiation conditions depending on the time and on the position in the radial blanket 
where the gradient of neutron flux peaks. 

MABB‐20%AM ______ MABB‐20%AM ___ 

MABB‐20%AM ______ 

Std (UPuO)x 
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These unusual conditions (low temperature, high-gas production) may lead to safety 
worries through FCMI particularly if significant MABB pellet swelling occurs due to 
helium bubble coalescence in the grain boundaries in the temperature range of 600 to  
1 500°C. It should be noted that this temperature threshold for He release is likely to 
change in relation to the burn-up rate [23]. In order to prevent this swelling, a 
microstructure optimisation is possible: for example a lower density with interconnected 
open porosity stable under irradiation will promote the full release of helium. 

All the assumptions on the MABB behaviour make it difficult to reliably assess the 
irradiation limit and thus the technical feasibility of such a concept. The type of cladding 
material also has an impact on performance, though it is not yet possible to choose the 
most suitable steel grade for the concept.  

The behaviour of MABB, for example transient of power (eg control rod withdrawal) 
would be particularly useful, is of interest for its viability. A fuel with a great amount of 
helium inside should have a quick and strong swelling, leading to a strong pellet-clad 
mechanical interaction with a possible pin failure. This may be managed with an adapted 
microstructure but a TOP at the re-start just after a long cold stop ahead could be worse 
for the cladding. Furthermore, thermal properties at high burn-up may be strongly 
degraded and then decrease the margin to melt. 

These issues indicate that a complete experimental programme linked to modelling 
will be necessary to correctly design these pins and assess their safety issues. 

In the future, if improvements of a standard pin design are not sufficient, some 
innovative fuel element designs will be interesting to make it acceptable. 

Irradiation results 

Table 2: Experimental irradiations of heterogeneous fuel:  
Content and irradiation characteristics  

 

Irradiation 

 

Reactor Irradiation length Power rate Burn-up 

SUPERFACT 

(U,Am,Np)O1,93 20% Am, 20% Np 

(U,Np)O1,99 45% Np 

Phénix 
(fast spectrum) 

 

382 EFPD 

382 EFPD 

 

385-350 W/cm 

379-346 W/cm 

 

6,6 at.% 

6,48 at.% 

MARIOS 

(U,Am)Ox 15% Am 
HFR 

(thermal spectrum) 
 

304 EFPD 

 

350 - 450 W/cm3 

 

2-3 at.% 

DIAMINO 

(U,Am)Ox 7,5 and 15% Am 
OSIRIS 

(thermal spectrum) 
 

180 and 400 EFPD 

 

350 - 550 W/cm3 

 

2-3 at.% 

 

SUPERFACT irradiation in Phénix, 1986-1988 [9-11] 

The high concentration of americium in the (U0.60Np0.20Am0.20)O2 fuel led to a large 
increase in the fuel column length (x2 expected value for standard pin) and to a more 
significant diametrical strain of the cladding (+50-80% than for standard pin). This is 
probably due to the beginning of a mechanical interaction between the oxide fuel and the 
cladding. The interpretation of the physico-chemical and ceramographic examinations of 
the fuels led to the following conclusions: 
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• the beginning of a pellet-cladding mechanical interaction was observed for 
(U0.60Np0.20Am0.20)O2 pins; 

• the corrosion depth was as expected; 

• no central hole was observed, the power during irradiation was low; 

• U, Am and Np radial distributions were very flat: no specific actinide 
redistributions; 

• The fuel temperature was probably higher for the americium-containing fuel 
because the porosity is higher and the columnar grain diameter is larger than 
those of the neptunium alone pins. So it seems that the restructuration of the  
20% Am-20% Np pins is higher than that of the 45% Np ones whereas the gap 
conductance is better because its thickness is lower and filled with a very high He 
pressure. 

• The Am pins had a higher helium production (660 mm3/g of fuel ie 50x standard 
fuel), mainly due to the daughter products with high specific alpha activity (e.g. 
242Cm and 238Pu). The released helium contributed to an increase in the internal 
pressure of the pin because all the He produced during the irradiation was 
released since those produced during the cooling were half released. In addition, 
higher porosities and swelling were found, probably due to the helium still 
confined in the fuel. 

• Fission gas release rate was around 61% for pins with Am and Np and around 54% 
for pins containing 45% Np. 

The measured extent of transmutation of americium at the maximal flux level is 
31.5% for fuels with high minor actinide content. Neptunium analyses determined an 
average extent of transmutation of 30% for the three samples.  

MARIOS experiment in the HFR and DIAMINO in the OSIRIS reactor [23] [24] 

The first series of analytical experiments (separate-effect tests) on several fuel 
samples in available experimental reactors such as OSIRIS, HFR have been planned to 
study the behaviour of the MA-bearing fuel material under irradiation (helium swelling, 
gas releases) within the temperature range covering all normal conditions in MABB sub-
assembly pins (see Table 3). Furthermore, these experiments will be set out to correlate 
the irradiation behaviour with the MABB manufacturing process in order to optimise the 
microstructure of the future MABB fuel pellets for improved performance (open porosity 
obtained by pore forming addition, in detail [25]). The main objective of these 
experiments is to control and homogenise the fuel thermal conditions in order to 
correlate the helium swelling with the fuel temperature. For this reason, small, thin 
(U,241Am)O2-x fuel discs are used in these experiments rather than pellets [23], heated by 
gamma heating of molybdenum alloy crucibles. 

The target neutron fluence should be able to generate a quantity of helium similar to 
that which will be produced in MABBs containing 20% minor actinides loaded in an SFR. 
The MARIOS irradiation started in March 2011 and was completed after 304 EFPD in May 
2012, PIE is underway. The DIAMINO experiment is in progress for a loading in the OSIRIS 
reactor. 
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Table 3: Experimental grid for MARIOS and DIAMINO analytical experiments [23] 

Composition Targeted temperature (°C) 

600 800 1 000 1 200 

MABB (15% Am)* Standard microstructure DIAMINO DIAMINO MARIOS MARIOS 

Optimised microstructure DIAMINO DIAMINO MARIOS MARIOS 

MABB (7.5% Am)* Standard microstructure  DIAMINO   

Optimised microstructure  DIAMINO   

*Both Am% levels allow testing of the two kinetics of He production. 

Needs of additional results for qualification 

The goal is to demonstrate the feasibility of the MABB pin concept, i.e. to achieve the 
predicted transmutation performance while ensuring safe and reliable operation under 
all circumstances. At the end of this step, the technological choices for the MABB fuel 
element concept will be consolidated while the reference manufacturing process is 
defined.  

It should be noted that the fuel cycle considerations affect the fuel design mainly due 
to their residual power and neutron emission, and these characteristics will be integrated 
in the design requirements. 

Irradiation programme [26] 

In order to attain the feasibility objective, this programme integrates a second set of 
“semi-integral” experiments with fuel and cladding. These experiments will help better 
understand the phenomena occurring at high-transmutation rates, e.g. mechanical 
and/or chemical interactions between the cladding and the MABB, internal pin 
pressurisation, gas swelling, migration of volatile and gaseous species and any oxide-
cladding bond formation with respect to standard Am-free fuel etc. If possible, these 
irradiation experiments will be performed in a fast reactor. Otherwise, they will be 
performed in the MTR with a device capable of screening the thermal component of the 
neutron flux without overly reducing it. These types of experiments are currently being 
assessed for reactors such as the ATR (US), OSIRIS (France) and the HFR (EU) for the short-
term as well as, for the future JHR. 

After that, the representativeness of the future Generation-IV SFR technology 
irradiation conditions is important as the phenomena coming into play depend on the 
fuel thermochemical conditions (temperature and thermal gradient profile in the fuel and 
the cladding). For the representative neutron flux spectrum, BOR60 and after ASTRID Na 
fast reactor prototype will be foreseen for irradiations. 

Fuel design and modelling 

In order to assess the thermo-mechanical behaviour of the pins (needed to design the 
sub-assemblies), a reliable modelling tool should be developed and validated by 2025 on 
the basis of feedback from the analytical and semi-integral irradiation experiments. 
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The code reliability will be directly conditioned by the amount of knowledge collected on 
MABB behaviour during the irradiation experiments in parallel with measured properties 
and behavioural laws through irradiation results.  

Fuel cycle [27] 

In the long-term, studies on the manufacture, reprocessing and handling of MABB 
fuel sub-assemblies will validate (or not) the technical specifications. Some innovative 
improvements should be necessary to fulfill fuel cycle requirements and constraints; 
fractionable sub-assembly is one idea. 

For MABB fabrication, a dedicated facility is necessary in addition to the standard 
facility, for the MOX driver fuel that must not be affected by the MA stream. The cost of 
this new facility and the development of a new process will have to be compared to other 
solutions (mainly homogeneous recycling). The qualification step will have to 
demonstrate the manufacturing process on an industrial scale from raw material through 
to sub-assembly. 

Concerning the back-end cycle, residual power and neutron emission are of primary 
concern to prove technological feasibility (handling, transport, intermediate storage, etc.). 

Conclusion on homogeneous fuel 

The homogeneous mode is a healthy route, consolidated by recent complementary 
programmes to SUPERFACT in JOYO and ATR. This transmutation mode gathers a shared 
interest at an international level, because of its sufficient maturity it is easy to define and 
share future steps needed until MABF final qualification.  

Mainly, it lacks a demonstration on the scale of a fuel pin bundle (in capsules) or on 
an assembly. It should be noted that the international GACID Project (Global Actinide 
Cycle International Demonstration), within the GIF, is aimed at achieving this 
demonstration. 

Conclusion on MABB 

The minor actinide-bearing blanket is at an early stage of design and preliminary 
tests. This heterogeneous fuel is expected to be efficient but is a complex system, unlike 
driver fuel behaviour (He production, operating temperature) with a fuel cycle to be 
adapted to its very special characteristics (very high decay heat and neutron source).  

Some analytical irradiations are now being prepared to give basic data for the MABB 
pin design. An important experimental programme is then required to improve MABB 
design in the field of composition, fuel element dimensional, fabrication, properties and 
behavioural laws. 

Then all the steps of development and optimisation will be necessary in order to 
assess the design of a MABB sub-assembly and its management in the core and in the 
fuel cycle plants, taking around 20 years for final qualification. 
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The development of metallic fuels for actinide transmutation∗ 

J. Rory Kennedy 
Idaho National Laboratory, US 

Abstract 

Idaho National Laboratory (and its predecessor Argonne National Laboratory-West) has a 
long tradition in studying the properties and behaviour of metallic fuels for performance in 
fast reactor applications. Over the past 10 years, efforts have been specifically directed 
towards closing the fuel cycle and studying the fabrication, properties, and reactor 
performance of (U, Pu, Np, Am)Zr alloy systems. Uranium free fuel compositions intended 
for accelerator-based transmutation technologies, uranium bearing fuel compositions 
intended for fast reactor-based transmutation technologies, and fuel compositions 
including fission product lanthanide element carryover from the molten salt 
electrochemical separations process (“pyro-processing”) have been studied to date. 
Fabrication technologies have been developed and issues such as americium volatility 
addressed for success. The pre-irradiation characterisation of the alloys has been 
investigated including phase diagram and thermophysical property measurements, 
microstructure, room temperature as-cast phase and thermal cycled phase formation, 
variable high-temperature XRD phase identification, transition temperatures including 
melting points, enthalpies of transition and heat capacity by DTA and DSC, thermal 
expansion by dilatometry or TMA, thermal diffusivity, and thermal conductivity. Post-
irradiation examination of low-and high-burn-up fuel samples is proceeding with results 
limited to date to non-destructive examination (NDE) and preliminary optical microscopy 
(metallography). Of particular interest is the recent application of advanced measurement 
techniques to the fuels, in both pre- and post-irradiation studies, and the use of these 
results in conjunction with fuel modelling and simulation efforts. Studies to date include 
employment of a focused ion beam (FIB) on irradiated fuels to create lamella for EBSD 
analysis to experimentally reveal grain orientation in the irradiated fuel, which can then be 
input to the computational effort to investigate the effect on fission gas migration. These 
types of studies will be overviewed as well as possibly other advanced instrumentation 
studies on transmutation fuels from atom probe tomography, 50 μm spatial resolution 
thermal diffusivity, micro-focus X-ray diffraction, and electron probe microanalysis. 

                                                            
∗ The full paper being unavailable at the time of publication, only the abstract is included. 
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A new process for dense U1-XAmxO2±δ fuel fabrication 
by conventional sintering 

Florent Lebreton, Denis Horlait, Thibaud Delahaye1 
CEA Maroule, DEN/DTEC/SDTC/LEMA, Bagnols-sur-Cèze, France 

Abstract 

A promising route to recycle americium is transmutation in fast neutron reactors via 
U1-xAmxO2±δ fuels. Other mixed-oxide fuels, such as MOX, i.e. U-Pu mixed oxides, are 
industrially fabricated by reactive sintering from single dioxide precursors. However, 
because of the differences in properties between uranium and americium oxides, and due 
to the competition between solid-solution formation and densification, inherent to a 
reactive sintering, such a process leads to limited densities in the case of U1-xAmxO2±δ fuels 
(<93% of the theoretical density). This paper presents a new process for the fabrication of 
dense U1-xAmxO2±δ fuels. The latter, called UMACS (Uranium-Minor Actinide Conventional 
Sintering), based on the dissociation of the two above-mentioned phenomena and, 
consequently, on the use of a conventional sintering, allows for increased densification. 
This process is presented here step by step and compared to reactive sintering. The 
application of the UMACS process to the fabrication of several fuels (with x comprised 
between 0.075 and 0.5, some of which will be irradiated) is also given. 

                                                            
1 Corresponding author: Thibaud Delahaye. 
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Introduction 

In the framework of Generation-IV, and, more particularly, of the development of fast 
neutron reactors, the use of U-MA (minor actinides) mixed oxides as fuels for 
transmutation is a promising route for recycling these highly radiotoxic elements. Two 
modes are notably envisaged, namely, homogeneous and heterogeneous [1]. For the 
homogeneous mode, all the MA are introduced in low amounts (< 5 at.% of the actinides) 
in MA-MOX fuels destined for assemblies that could be placed anywhere in the core [2]. 
For heterogeneous transmutation, dedicated assemblies located at the core periphery 
would be used, including fuels composed of depleted uranium and a larger amount of MA 
(up to 20 at.% of the actinides) [1].  

Recently, research has been mainly focused on heterogeneous recycling of only one 
MA, Am, because of its high radiotoxicity and relative abundance among MA [3]. Two 
types of fuels are being studied for Am transmutation, the difference between them being 
their density. Some fuels are required to be porous, with at least 10 vol.% of open porosity, 
while the others have to be denser than 93% TD (of the theoretical density) and present 
as low open porosity as possible [4][5]. 

In this context, several fabrication processes for the dense U1-xAmxO2±δ fuels have 
been proposed and studied. They were first based on reactive sintering, which consists of 
mixing two (or more) different oxides before a thermal treatment. During the latter, both 
solid-solution formation and densification occur at the same time. A similar process, 
MIMAS, is notably used industrially for the fabrication of MOX fuels [6] [7]. But in the case 
of U-Am mixed oxides, such a process only leads to limited densities that barely reach 
92% TD (of the theoretical density) for x= 0.15 [4]. Moreover, this density implies a certain 
amount of open porosity (at least a few%), which should be avoided in dense fuels. The 
large discrepancies in thermodynamic properties between U and Am oxides make this 
process even more complex. They notably exhibit different oxygen potentials (Figure 1), 
which means that AmO2 is most likely hypo-stoichiometric and easily reduced to Am2O3, 
whereas UO2 is easily oxidised to hyper-stoichiometric UO2+δ. Thus, the conditions used 
during reactive sintering, in terms of temperature and atmosphere, must be carefully 
chosen. It has been notably demonstrated that a neutral atmosphere is not suitable for 
such a sintering [8]. 

Figure 1: Oxygen potentials of uranium [9] and americium [10] oxides 

 
 

This limitation is due to the premise of reactive sintering, that is, that solid solution 
formation and densification have to occur during a single thermal treatment. Therefore, 
these two phenomena compete with each other, which limits the densification, since as 
long as the solid solution is not formed, the densification cannot be complete. The 
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discrepancy in diffusion coefficients between U and Am [11-14] also generates, via the 
Kirkendall effect [15] [16], an additional porosity that will not be removed during reactive 
sintering. To overcome these limitations, a new process, called UMACS (Uranium-Minor 
Actinide Conventional Sintering) was recently developed [5] and is presented hereafter. 

Presentation of the UMACS process 

The main purpose of the UMACS process is the fabrication of highly dense (≥93% TD) 
and monophasic U-based MA-bearing fuels by dissociating the solid-solution formation 
and the densification in order to avoid any competition between these two phenomena. 
As seen in the flowchart in Figure 2, it is composed of two main steps, each dedicated to 
one of the phenomena and separated by an intermediate grinding step. The next three 
sections are dedicated to the description of these steps for the standard version of this 
process, i.e. for U1-xAmxO2±δ fuel fabrication. The possible application of this process to 
other U-MA mixed-oxide systems will not be discussed here. 

Figure 2: Flowchart of the UMACS process (at laboratory scale) for U1-xAmxO2±δ fuels 

 

Solid-solution synthesis 

Solid-solution synthesis involves the following stages: powder mixing and pelletising, 
then solid-state reaction at high temperatures under a controlled atmosphere. 

Single-oxide powders are used as precursors. They are first milled to homogenise the 
powder mixture. In the case of low Am/(U+Am) ratios, it notably ensures a balanced 
AmO2-δ particle distribution in the mixture. If one of the powders presents a large particle 
size, and thus a low reactivity, this step can also be used to grind the powder and achieve 
a suitable granulometry for the subsequent steps. This powder mixture is then pelletised. 
The main role of this step is to increase interaction surfaces between the precursors in 
order to facilitate their interdiffusion. Thus, the duration and/or the temperature of the 
solid-solution synthesis might be lowered in comparison with a powder blend. Moreover, 
pelletising allows for easier sample handling in hot cells. 

The last stage corresponds to the actual solid-solution synthesis via a thermal 
treatment under specific conditions. These conditions (temperature, duration and 
atmosphere) must be chosen to fully-form (when possible) the U-Am mixed-oxide solid 
solution. Based on results concerning reactive sintering [17] [18], it appears that a high 
temperature (around 2 000 K) and a reducing atmosphere [e.g. Ar-H2 (4%)] result in a solid 
solution (which is not the case for lower temperature and a neutral atmosphere [8]). 
However, considering Am’s thermodynamic properties and its high sublimation risk 
under these conditions [19], process conditions should be optimised in terms of a less 
reducing atmosphere, a temperature as low as possible and a duration as short as 
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possible. Results obtained by in-situ XRD (X-ray diffraction) at high temperatures showed 
that under a He-H2 (5%) atmosphere, the solid solution starts forming at 1 750 K for a 
UO2/AmO2 (15%) mixture powder sample [20], suggesting that a similar temperature could 
be applied. It should be noted that grain growth and densification by sintering should be 
avoided during this thermal treatment, as the lower the pellet density and the grain size, 
the easier it will grind it to powder (see next section). The addition of low amounts 
(several hundred ppm) of O2 or H2O in an Ar-H2 (4%) atmosphere, which is commonly used 
for UO2/AmO2 reactive sintering, helps prevent Am sublimation without being 
detrimental to the solid-solution formation (due to the low amounts of O added, the 
atmosphere remains reducing). At the end of the thermal treatment, XRD analysis is 
generally used (on a powdered sample) to confirm that a monophasic sample was 
obtained. 

Grinding step 

After solid-solution synthesis, monophasic pellets are supposed to be obtained. 
Before being used to fabricate fuels, these pellets have to be ground to a powder. The 
resulting powder should be amenable, in terms of morphology and granulometry, to an 
easy and reproducible pelletising. To do so, the grinding conditions (duration and 
intensity, depending of the type of grinder used) have to be optimised. These conditions 
have to take into account two main factors: properties of the precursor powders and 
thermal treatment conditions. After grinding, the powder can be characterised by SEM 
(scanning electron microscopy), granulometry and the BET method for specific area 
calculation. The presence of large or very fine (submicronic) particles after grinding can 
thus be avoided: the former are detrimental to pelletising and sintering, and leads to 
macroscopic defects in the resulting pellets, while the latter are an important source of 
contamination and irradiation. 

Sintering 

Pellets are pressed for sintering from the powder obtained after the grinding step. As 
a first approach, the conditions commonly used for UO2/AmO2 reactive sintering can be 
used, i.e. 4-h plateau at 2 023 K with heating and cooling rates of 3 K.min-1. A first 
optimisation was performed via a dilatometric study in the dynamic mode, i.e. at a 
constant heating rate up to 2 173 K without a plateau, under an Ar-H2 (4%) atmosphere. 
The composition used was the current reference composition for transmutation: 
U0.85Am0.15O2±δ. The purpose here is to determine the temperatures of key phenomena in 
U1-xAmxO2±δ sintering, such as the onset of shrinkage and the maximum shrinkage rate. 
The obtained dilatometric curve is given in Figure 3. 

The shrinkage was found to start around 1 200 K, whereas the maximum shrinkage 
rate is reached between 2 000 and 2 100 K, which corresponds to the 4-h plateau 
temperature generally used for UO2/AmO2 reactive sintering. The above-mentioned 
thermal cycle was thus retained for the first fuel fabrication. A more complete 
dilatometric study is being performed on these compounds in order to optimise this cycle, 
or even the fuel microstructure, i.e. to control grain sizes and grain boundary density as 
much as possible. 
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Figure 3: Dilatometric curve and first derivative of a U0.85Am0.15O2±δ pellet sintering 

 
 

The choice of the atmosphere during this thermal treatment is less problematic than 
for the solid- solution synthesis. At this stage, Am is supposed to be fully integrated in 
the solid solution, which greatly reduces the risk of sublimation. A wider range of 
atmospheres, and thus of O/M ratios, is therefore available. This statement can only be 
assumed for compounds known as monophasic, i.e. for Am/(U+Am) ratios ≤20 at.% [17]. 
Considering relatively high Am contents, the stability of these materials remains 
unknown because of the lack of experimental data. 

Pellets obtained using the UMACS process  

Six mixtures were prepared, each corresponding to a composition (x=0.075, 0.15, 0.20, 
0.30, 0.40, 0.50). The first three (with the lowest Am contents) were notably used as 
production batches for two main projects: DIAMINO (a CEA experimental irradiation), and 
CP-ESFR (an ITU/CEA joint project for U1-xAmxO2±δ MABB fuel property measurements). 
The three others (with the highest Am content) were specifically prepared to study high 
Am-concentration effects on MABB-fuel fabrication and U-Am-O system properties. 

Experimental conditions 

Starting UO2+δ and AmO2-δ powders are both composed of spherical agglomerates of 
submicronic particles. A difference, nevertheless, has to be noted: AmO2-δ particles are 
larger than those of UO2+δ. Considering this size difference, a first milling step of the 
powder is performed, both to achieve a homogeneous distribution of AmO2-δ particles in 
the powder mixture and to decrease their size. Another difference between these 
powders is their purity: UO2+δ powder only contains a negligible level of impurities, 
whereas AmO2-δ powder presents several impurities in larger amounts (mainly Ce, Na, Nd 
and Fe, but also Np generated by Am α-decay), which explains why the mass loss during 
the first thermal treatment increases with Am content. 

Powder milling and pellet grinding were carried out using an oscillating ball-miller at 
15 Hz, for 30 minutes and several hours, respectively. Pelletising is performed in three-
part dies, which ensures a reproducible green density as well as very low waste 
production. The pressure used was 450 MPa. Thermal treatment and sintering were 
accomplished in the all-tungsten chamber of a high-temperature furnace. The 
atmosphere is controlled by mixing two gas mixtures, Ar-H2 (4%) and Ar-O2 (190 ppm) in 
different ratios (the total flow rate remains constant). Solid-solution synthesis is 
performed during an 8-h plateau at 2 023 K under an atmosphere composed of 50% of 
each gas mixture, whereas the sintering was carried out during a 4-h plateau, under a 
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pure Ar-H2 (4%) atmosphere. In this specific case, the solid-solution synthesis plateau 
temperature was chosen to be equal to that of the sintering plateau. As the conditions 
required for synthesising the three high-Am-content solid solutions remained unknown 
(if monophasic compounds can actually be obtained), a high temperature and a long 
plateau were used. 

Characterisation of obtained fuels 

Pellet geometrical densities were first calculated from weight, height and diameter 
measurements. The results obtained with the sintering are presented as a function of Am 
content and compared to those obtained with a reactive sintering (under the same 
conditions) in Figure 4. Obtained densities range from 96.8(5)% TD to 89(1)% TD, 
respectively, for the lowest and highest Am contents. For the three lowest Am-content 
samples, hydrometric measurements in ethanol were made which confirmed these high 
densities. Their open porosity ratios were found to be under the detection limit,  
i.e. <1 vol.%. The density is also found to decrease with Am content, as in the case of 
reactive sintering. In comparison with samples obtained using reactive sintering, 
densities obtained using the UMACS process are increased by around 5% TD for the 15 
and 20 at.% Am samples, and it seems that their densities decrease slower with 
increasing Am content. Moreover, the density of the UMACS-50 at.% sample is higher 
than that of the reactive-sintering-20 at.% one.  

The density decrease with Am content observed in the case of the reactive sintering 
can notably be explained by the competition between solid-solution formation and 
densification and by the additional porosity generated by the Kirkendall effect [15][16]. In 
the case of samples prepared using UMACS, these effects do not occur during the 
sintering and thus cannot have decreased the density. Other factors have to be taken into 
account. It was shown that in a U1-xAmxO2±δ solid solution (with x up to 0.2), Am is 
trivalent while uranium has a (+IV/+V) mixed valence [17]. The iono-covalent nature of 
bonds in the structure is thus enhanced with the addition of Am, which decreases the 
cation mobility and therefore slows the sintering [21]. As the fabrication conditions were 
chosen based on experiments conducted with an Am content of 0.15, they might not be 
suitable for the sintering of higher-Am-content samples. Different conditions, more 
precisely a higher sintering temperature or a longer plateau, may have allowed higher 
densities to be reached, which will be studied by dilatometric studies. 

Figure 4: Sintered densities of U1-xAmxO2 fabricated using the UMACS process and a reactive 
sintering as a function of Am/(U+Am) ratio 
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Advantages of the UMACS process 

The large density increase of U1-xAmxO2±δ materials obtained via the UMACS process 
represents its main advantage over reactive sintering. For Am/(U+Am) ratios ≤30 at.%, 
densities are higher than 93% TD, which ensures a very low amount of open porosity (a 
few vol.% at maximum). This means that for compositions considered for potential MABB 
fuels, i.e. Am/(U+Am) ratios of up to 20 at.%, truly dense MABB fuels can be produced. As 
said previously, this density increase is mainly due to the dissociation of the solid-
solution formation and densification, which allows the latter to fully occur. The grinding 
step also participates in this result. During a solid-state reaction between the two 
dioxides, their difference in diffusion coefficients leads to the generation of an additional 
porosity because of the Kirkendall effect. In the case of reactive sintering, these pores 
remain present at the end of the sintering, lowering the final density. In the UMACS 
process, this porosity is actually created during the solid-solution formation and then 
removed during the grinding step. As the powder obtained is then supposed to be 
monophasic (if a monophasic phase actually exists), no such effects occur during the 
sintering, which increases the final density. The grinding step also has a technical 
advantage: all production waste and pellets that do not comply with specifications can be 
reground in order to be recycled in the solid-solution powder. 

Another advantage of this dissociation of solid-solution formation and densification 
is the use of a specific atmosphere for each phenomenon. Thus, that of the first thermal 
treatment can be chosen to prevent Am sublimation as much as possible, i.e. not too 
reducing. For the sintering atmosphere, a wider range is then available. This can be used 
to influence the O/M (oxygen to metal) ratio of the final compound, which is a key 
parameter for numerous thermal and thermodynamic properties of the materials. 
Nevertheless, it is not currently possible to precisely determine the O/M ratio as a 
function of the atmosphere, as no methods have ever been reported for its precise 
determination in the case of U1-xAmxO2±δ materials. The only method reported is indirect 
and consists of determining cation charge distributions, i.e. valence states of each cation, 
by XAS (X-ray absorption spectroscopy) and calculating the O/M ratio required to reach 
electroneutrality [22]. Considering the high uncertainty (typically 2 at.%) on valence states 
measured by XAS, this method only provides a rough approximation of O/M ratios. Thus, 
the O/M ratio cannot be precisely determined, even though different values can be 
achieved. This particularity was used for DIAMINO sample fabrication, where dense, 
fabricated using UMACS, and porous, fabricated using another process which requires an 
Ar-H2(4%) atmosphere, samples were prepared under the same conditions, which is more 
suitable for an efficient comparison of their behaviour [5]. In the case of the ESFR 
programme, two different atmospheres were used to prepare U0.8Am0.2O2±δ samples 
coming from the same solid-solution powder batch in order to study the O/M ratio’s 
influence on their properties. 

Conclusion 

The UMACS process, developed to overcome the limitations of classical reactive 
sintering, offers a way to produce dense U1-xAmxO2 MABB fuels from single-dioxide 
precursors. Its premise is dissociation of solid-solution formation and densification via 
two thermal treatments. During the first one, the solid solution is formed into pellets at 
high temperatures under a controlled atmosphere that prevents americium sublimation. 
After a grinding step, new pellets are fabricated from the powdered solid solution by 
conventional sintering during which the atmosphere can be used not only to promote the 
sintering, but also to change the O/M ratio of the compound. 

Several pellets were prepared using this process, with x-values ranging from 0.075 to 
0.5. The conditions of these two thermal treatments were first chosen based on HT-XRD 
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and dilatometry experiments on samples with Am/(U+Am) ratios of 0.15. Obtained 
densities are higher than for reactive sintering, and decrease with the Am content. This 
evolution was partially attributed to the non-optimised sintering conditions, but also to 
the specificity of charge distribution in U-Am mixed oxides. 

Future studies to understand the solid-solution formation and its sintering will be 
carried out, especially for higher Am concentrations. Results for these compounds should 
allow achievements of high densities. Eventually, pellets obtained with UMACS will be 
compared to those fabricated from mixed-oxide powders synthesised by co-conversion 
that will be fabricated in the near future. 
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Methods of advanced waste conditioning by microwave internal 
gelation: Set-up development and modelling 
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NES, Paul Scherrer Institut, Villigen, Switzerland 

Abstract 

Based on closed packed microspheres produced by gelation, Sphere-pac is a promising 
concept for the transmutation of minor actinides in fast reactors [1]. In the case of internal 
gelation, the chemical reaction is triggered by a temperature increase within aqueous 
droplets. Since microwaves provide a fast and volumetric heating, a set-up is developed in 
PSI where the microspheres undergo gelation as they cross the electromagnetic field 
generated inside a cavity [2]. 

This work presents the current set-up of the particle production unit. The components have 
been selected and mounted in such a way that the production can be remotely operated. An 
automation programme is being developed in order to optimise the critical parameters 
during operation. This will allow a safe and easy control of the equipment when the cavity 
is placed in a glovebox with radioactive materials. 

The described unit has been used to heat water and cerium solution droplets, the latter 
being considered as a surrogate for active materials. The obtained results are reported and 
discussed here. To support the experimental data, a modelling of the electromagnetic field 
generated in the cavity has been developed. The perturbation of the field caused by the 
presence of a droplet and the amount of absorbed energy can be simulated. These 
experimental and theoretical studies enable the optimisation of the microwave cavity 
design and the determination of the needed power for the production of fuel microspheres. 
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Introduction 

Sphere-pac fuel is a particle fuel which derives from a wet reprocessing route. The 
nitrate solutions containing the dissolved and separated spent fuel serve as an educt of 
the internal gelation process, which will be described in greater detail later. The gelation 
serves as a solidification process to produce small spheres (in the size range from 50 μm 
to 1 mm), which, after thermal treatment, are filled into the cladding, replacing the 
classical pellet fuel. The motivation in developing an alternative route to the classical 
pellet process lies in the simplicity and cleanness of the process, making it favourable in 
a remote operation mode, as it becomes necessary due to the high activity of the 
dissolved spent fuel. This process enables the fabrication of fuel enriched with minor 
actinides which can be burnt in a fast reactor, thus decreasing the radiotoxicity of spent 
fuel [1]. An alternative approach is the Vibropack concept coming from dry reprocessing. 
Both of these concepts are described in detail in [2], also including experimental results of 
irradiation programmes. 

The internal gelation process and the Sphere-pac concept were extensively studied at 
PSI producing nitride, carbide and oxide fuels [3]. The internal gelation is triggered by a 
temperature shift, which was in the past realised by immersion into a hot silicon bath, 
involving a sophisticated cleaning process of gelled spheres. In two new programmes, the 
PINE [4] and MeAWaT [5] projects funded by the “Competence Center Energy and 
Mobility” (ccem.ch), an alternative approach is studied, where the temperature shift is 
realised by exposure to a microwave (MW) field [6]. This paper describes the 
implementation as well as some theoretical considerations of the so-called microwave 
internal gelation process. 

Presentation of the gelation unit 

Because the production unit is in its developmental phase, cerium was chosen as a 
surrogate for the actinide components of the envisaged fuel [7]. The broth used in the 
process is a mixture of a metal solution made with cerium nitrate Ce(NH4)2(NO3)6 purum, 
Sigma-Aldrich) dissolved in water and another solution (later called hexa solution) made 
with hexamethylenetetramine [also called HMTA, (CH2)6N4] and urea (NH2CONH2) also 
dissolved in water. Both solutions have to be cooled down to 0°C, so that upon mixture 
the urea will complex with the cerium ions [8] and prevent a premature gelation. Upon 
heating, a series of chemical reactions occur in the broth (Figure 1); the urea will 
decomplex the metal ion as the HMTA undergoes a protonation (Equation 1) and 
decompose while consuming H+ ions (Equation 2), thus increasing the pH in the solution 
and triggering the precipitation of the metal [9]. This last step corresponds to gelation. A 
further increase of the pH is also driven by the comsumption of one of HMTA’s thermal 
decomposition products, formaldehyde (CH2O) by urea [10]. 

Equation 1:   ( )( ) ( )[ ]++ ⎯ →⎯+ HNCHHNCH aq 462462
 

Equation 2:   ( )[ ] OCHNHOHHHNCH T
242462 6463 +⎯→⎯++ +↑++  

In contrast with the usual internal gelation process where the drop of broth is heated 
by contact with hot oil [12], a set-up at PSI has been developed where the drop 
temperature is increased by microwave heating in the X band (8 to 12 GHz). This rids the 
production unit of a cleaning step for the fuel spheres (contaminated with oil) and a 
recycling step for the oil. 

Although internal gelation is not new in the nuclear industry (the KEMA process goes 
back to 1970 [13]), PSI innovates by developing a unit for microwave assisted internal 
gelation. According to their function in the production process, the components can be 
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regrouped in 3 points: the broth preparation, the liquid drop generation and the 
microwave equipment. 

Figure 1: Schematic evolution of the chemical reactions occurring upon heating of the broth  
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Graph adapted from Collins [11]. 

Broth preparation 

As explained in the previous section, the gelation occurs when the broth reaches a 
given pH. The sensitivity with which the broth will gel thus depends on the initial pH of 
the broth and the potential for a temperature induced pH shift (i.e. the amount of HMTA). 
The initial pH of the broth is determined by the amount of base (NaOH in the current 
work) mixed with the metal nitrate solution. The magnitude of the temperature induced 
pH shift is obtained by controlling the concentration ratio between the HMTA and the 
metal nitrate. Because of its premature gelation preventing role (that is, before heating), 
the urea concentration is critical when mixing the solutions. Characterisation of the 
internal gelation advancement and final state has been described in other works [9] [14] 
[15]. Since a maximum amount of metal is washed in the broth and because the gelled 
spheres should be as dry as possible after gelation, the lowest possible amount of water is 
used. Therefore, the solutions are saturated with the salts, 54.83 g of Ce (IV) nitrate is 
currently used for the preparation of 195 ml of broth. The urea/HMTA, hexa 
solution/metal solution and base/metal concentration ratios are 1.0, 3.0 and 0.2, 
respectively. The recommended values are in the same order of magnitude as those of 
Collin’s study [9], although in the case of the microwave heating less time is given to the 
gelation. 

Drop generation 

The broth is filled into a cooled tank with a stirring device. Thanks to pressurised air, 
the broth is pushed towards a nozzle with a given diameter, which is chosen according to 
the targeted final drop diameter. The sessile drop forming at the nozzle falls by 
gravitation. Optical sensors are placed on the top of the cavity and deliver a signal when 
a drop is detected. In order to avoid premature gelation, the temperature of the broth 
from the tank to the nozzle has to be controlled. Therefore, double wall tank and feeding 
pipe are used, which are connected to a cooling unit. The temperature of the coolant is 
set to 5°C. Although this work focuses on the generation of large droplets, smaller 
spheres can be produced in order to obtain a high fuel density in the Sphere Pac concept 
[16] with only slight changes, such as a higher air pressure and the use of a vibrator. 
Details of small droplet production will be communicated in a separate work. In all cases, 
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due to their small sizes (2 mm maximum) and the high surface tension, the drops have a 
spherical shape. 

Microwave equipment 

Once a drop has left the nozzle, it falls through a resonant microwave cavity aligned 
vertically. Inside the cavity, the drop absorbs energy from the interaction with the electric 
field generated inside it. The E-field is obtained with an X-band frequency generator 
working at 11.074 GHz coupled with an amplifier which works up to 250 W. When the 
drops exit the cavity they are already transformed into gel spheres and collected in a bath 
(see Figure 2). 

A circulator is used to protect the amplifier from any signal coming back from the 
cavity, and a termination is installed to dissipate the reflected signal. A directional 
coupler is connected from the cavity to an oscilloscope through a Schottky diode. 
Therefore, the absorbed power during the drop fall in the cavity can be measured. During 
the residence time of the drop in the cavity (typically 120 ms), the amount of absorbed 
energy must be sufficient to heat the drop up to 60°C, the minimal working temperature 
for internal gelation to occur before the drop reaches the bath. Meanwhile, the MW power 
can also not be too high in order to avoid an overheating of the drop, leading to its 
explosion by inner vapour pressure. In order to protect the cavity from any 
contamination by the drops, a quartz tube is placed inside. The target temperature of the 
drops for the best results is set at 80°C. The heat generation rate Qgen (W m-3) applied to 
the drops is given by the following equation: 

Equation 3:     RMSgen EfQ ''2 00 εεπ=  

where ε0 and ε” and ERMS are the vacuum permittivity, loss factor and root mean 
square of the electric field, respectively, and f0 (Hz) is the resonant frequency obtained 
with the dimensions of the design cavity for a given microwave mode. A high resonant 
frequency is used for a better heating efficiency. Because the walls of the cavity absorb a 
part of the MW energy, its temperature increases, inducing a slight change in geometry 
and consequently a shift in the resonant properties. In order to prevent this effect, a 
coolant also flows in the cavity walls. 

Figure 2: Schematic view and photo of the set-up near the microwave resonant cavity 
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Microwave heating 

Microwave heating is convenient for sphere pac fuel production because it is fast and 
volumetric. This technique is, however, sensitive and its efficiency drastically decreases 
when operating parameters are not optimised. Although satisfying heating conditions 
can be experimentally determined, the understanding of the electromagnetic field with 
the water molecules is crucial. In this section both simulated and experimental heating 
results are presented. 

Modelling the resonant cavity 

In order to understand how the power is dissipated inside the drop, a model of the 
cavity has been implemented with CST Microwave Studio [17]. The distribution of the 
field is first simulated in an empty cavity, and then a drop of water is inserted. First, the 
cavity heating in the TE1015 mode was modelled (Figure 3) and the magnitude of the E- 
field distribution was generated along the cavity at 11.074 GHz calculated. The signal is 
coupled through an iris from an X-band waveguide. The model includes a quartz tube as 
in the experimental set-up. The typical field distribution of the transverse mode is 
observed. 

Figure 3: CST- MWS simulation of the magnitude of the E-field distribution in a TE1015 
microwave rectangular cavity at 11.074 GHz 

 

 

In another simulation, a water drop is placed inside the cavity at a fixed position (at a 
maximum of the E-field). When plotted with a cut along the x axis through the half x-
dimension of the rectangular cavity (Figure 4), it is possible to observe how the drop 
disturbs the E-field while absorbing the microwave energy, thus increases its 
temperature. A virtual sphere and planes are drawn surrounding and splitting the drop 
for a better appreciation of its interaction with the field. 

Figure 4: CST- MWS simulation of the magnitude of the E-field distribution,  
local perturbation of the electric field 
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Obtained results 

In order to complement the simulation, a drop temperature measurement was carried 
out on heated water drops, as shown in Figure 5. The uncertainty is a result of the 
measurement method: the drop is collected 20 cm below the cavity in a cup made of 
insulating material, at the bottom of which a thermocouple is placed. The drops were 
generated at room temperatures for this experiment. The drops are hotter with higher 
MW power. A decrease in the heating efficiency can be seen: this is mainly due to the 
lack of cavity cooling for this experiment which affects its geometry. It is still, however, 
possible to reach gelation temperature with about 200 Watt. 

Figure 5: Measured temperature of a 2 mm diameter water drop  
after its fall through the heating cavity 
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From the signal recovered through the oscilloscope it is possible to read the absorbed 
power during the residence time of one drop inside the cavity. Figure 6 shows the 
absorbed power by a drop and the walls of the cavity during the gelation process of 
cerium solution drops, for an input power of 150 W, working with the TE1015 mode at a 
resonant frequency of 11.046 GHz. Although the power absorbed by the drop can not be 
differentiated from that of the walls of the cavity, it appears that the drop undergoes 
alternative heating. 

Figure 6: Absorbed power during the gelation process for Pin=150 W 
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When microspheres from a cerium solution are fabricated, they are collected in a 
metal basket placed in a beaker. The beaker is filled with water in order to reduce the 
impact of the soft spheres. Figure 7 shows a picture of gelled spheres, before they are 
dried, aged in ammonia or thermally treated. The average size of a drop is 2 mm 
diameter. 
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Figure 7: Photograph of the gelled spheres (collected after gelation) 

 

Developments foreseen for actinide handling 

Although the current tests are carried out with an inactive surrogate, the equipment 
is chosen and installed in a way as close as possible to the final production unit where 
actinides will be handled. To prevent contamination of the environment, all the 
instruments directly in contact with the broth have to be placed in a sealed environment; 
therefore, the transfer of the production unit into a glovebox is being studied and this 
section gives an overview of the challenges to overcome when working with radioactive 
elements. 

Transfer to a glovebox 

Since the part being transferred into the glovebox is going to be contaminated and is 
subject to later active disposal, it will be minimised. Also, maintenance is much longer 
and more difficult when the device is inside the glovebox.  

The cooling unit will remain outside the glovebox and a primary circuit connected by 
a heat exchanger will be run by a pump and installed in the glovebox. Concerning the 
microwave equipment, only the cavity and one waveguide will be placed in the glovebox. 
All the other components remain well accessible and inactive outside of the box. A 
sapphire window or coaxial connectors will be placed on a wall that will let the 
microwave enter the glovebox. The effect of this transmission window must be minimal 
as far as the safety and heating efficiency are concerned. The nozzle on the top of the 
cavity and the bath at its bottom ensure that no metallic component can enter the cavity 
holes and thus prevent the risk of sparks and shortcuts. Regarding the contamination 
inside the glovebox, the transient state when the first drops of broth are generated is 
delicate since drops occasionally fall with a horizontal speed component. Retrievable 
inserts have to be developed to protect the rest of the equipment. 

When an experiment is finished, some gelled solution sticks to the walls of the broth 
pipe. To clean it, the nozzle must be closed and the pipe filled with a liquid, where an 
ultrasonic finger will be sunk. Because the liquid is then purged, ethanol is selected for its 
high volatility; it can then be disposed on a plate and left for evaporation. The dry 
subtracts can be later collected from the plate. 

Remote operation 

To enhance the safety of the operator, the operations should be remotely performed. 
To do so, all the mechanic, electronic and electric components are chosen so that they 
can be centrally controlled from a computer. A computer interface tool (i.e. Labview) is 
foreseen to turn on/off the unit and tune each parameter separately. In a more distant 
future, an optimisation routine can be used to follow up the reflected signal from the 
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cavity and find the best heating parameters. This can only be achieved with a very high 
speed communication device since a frequency sweep has to be performed. 

Decay of the minor actinides 

Because of the high activity of the MA (minor actinides) compared to cerium (or 
uranium), two critical aspects have to be taken into account when producing 
microspheres with internal gelation. The first aspect is the decay heat, which could be a 
cause for premature gelation. Table 1 reports the decay heat and the concentration of the 
respective minor actinides in a SFR fuel (example of TRU fuel composition taken from [18], 
which does not include 242Cm with a decay heat of 122 W/g) and a calculated estimation 
of the decay heat contribution per actinide in the broth. Even when mixed with the 
hexa/urea solution, the decay heat is not neglectable. The calculated 2.56 Watt per liter is 
in the same range as the few tens of Watt per kg of heavy metal calculated by Kawaguchi 
[19]. To avoid this, a suitable cooling unit must be used and the section of the tank and 
feeding pipe should be minimised. The other aspect is radiolysis, which forms hydrogen 
(water radiolysis) and can even decompose gelation reactants (i.e. urea and HMTA). A 
solution is considered where the mixture of the two solutions is performed right before 
the generation of the drop. 

Table 1: Half life and decay heat of 238U and of MA in SFR fuel 

Isotope Half-life 
(years) 

Decay heat 
(W/g) 

Concentration in broth 
(g/l) 

Decay heat in broth due to 
isotope 

(W/l) 

237Np 2.1x106 2.0x10-5 1.66 3.32x10-5 

238Pu 8.8x102 5.6x10-1 1.88 1.07 

239Pu 2.4x104 2x10-3 1.27x101 2.54x10-2 

240Pu 6.5x103 7.0x10-3 6.59 4.62x10-2 

241Pu 1.4x101 3.0x10-3 7.06x10-1 2.12x10-3 

242Pu 3.87x105 1.0x10-4 1.65 1.65x10-4 

241Am 4.3x103 1.1x10-1 3.16 3.63x10-1 

242mAm 1.52x102 4x10-3 3.65x10-1 1.46x10-3 

243Am 7.4x103 7x10-3 3.65x10-1 2.55x10-3 

244Cm 1.8x102 2.8 3.71x10-1 1.05 

245Cm 8.5x103 6x10-3 1.24x10-1 7.41x10-4 

Total   1.20x102 2.56 
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Conclusions 

The development status of the Sphere Pac fuel production has been presented at PSI. 
Based on the results obtained with cerium solution, microwave internal gelation is a 
promising route for the fabrication of MA doped fuels and 2 mm diameter cerium-based 
spheres could be produced. The interaction of the electric field in the cavity with the drop 
has been modelled and provides optimisation of the further cavity designs. Some 
developments remain to be performed before the production with active (and namely MA) 
solution can be achieved, however, the microwave heating unit is already sufficient. 
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NRC-Kurchatov Institute, Russian Federation 

Abstract 

A study is in progress to examine the feasibility of the MOlten Salt Actinide Recycler & 
Transmuter (MOSART) system fuelled with different compositions of transuranic elements 
trifluorides (TRUF3) from spent PWR fuel. In order to achieve new goals, new design 
options with homogeneous core and fuel salt with high enough solubility for TRUF3  are 
being examined. The flexibility of the single fluid MOSART concept fuel cycle with U-Th 
support is underlined, in particular, the possibility of its operation in self-sustainable mode 
using different loadings and make-up. This paper summarises the major developments 
concerning (1) the ability to produce and maintain a high level of purity in fuel salt, (2) 
effective control of the redox potential of the molten salt medium in order to minimise 
corrosion, (3) selected materials testing as applied to conditions of reference design. 
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Introduction 

The main attractive characteristics of the MOlten Salt Actinide Recycler & Transmuter 
(MOSART) concept [1] deal with the use of (1) simple configuration of the homogeneous core 
(no solid moderator or construction materials under high flux irradiation), (2) proliferation 
resistant multiple recycling of actinides (separation coefficients between TRU and lanthanide 
groups are high, but within the TRU group are very low), (3) the proven container materials 
(nickel-based alloys) and system components (pump, heat exchanger etc.) operating in the 
fuel circuit at temperatures below 750oC, (4) inherent safety features of the system, (5) 
increased periods of fission products remove. 

Within the recent ISTC # 1606 task the main focus was placed on the experimental 
and theoretical evaluation of the single stream MOSART system operating in critical 
mode without Th-U support [1]. At the starting loading and make-up for MOSART, the 
following compositions of transuranic elements (TRU) from used PWR fuel were 
investigated: (1) UOX spent fuel after one year of cooling with ratio MA/TRU ≈ 0.1, (2) MOX 
spent fuel after 1 year of cooling with MA/TRU ≈ 0.2. The optimum spectrum for MOSART 
is intermediate/fast spectrum of homogeneous core without graphite moderator. 

A promising configuration for 2 400 MWt MOSART is the homogeneous cylindrical 
core (3.6 m high and 3.4 m in diameter) with 0.2 m graphite reflector filled with 100% of 
molten 15LiF-58NaF-27BeF2 or 73LiF-27BeF2 salt mixture [1]. As can be seen from Figure 1, 
it is feasible to design critical homogeneous core fuelled only by TRU trifluorides from 
UOX or MOX LWR used fuel while the equilibrium concentration for trifluorides of 
actinides (1.1 mole% for Li,Na,Be/F and 0.4 mole% for Li,Be/F cores, respectively, with the 
rare earth removal cycle 300 epdf) is truly below the solubility limit (~2 mole%) at 
minimal fuel salt temperature in primary circuit 600-620oC. The effective flux of such 
system is near 1x1015 n cm-2 s-1. 

Figure 1: Transition to equilibrium of single fluid 2 400 MWt 
MOSART with Li,Na,Be/F and Li,Be/F cores 

 

The flexibility of the single fluid MOSART concept fuel cycle is underlined within the 
current ISTC#3749 task, in particular, the possibility of its operation in self-sustainable 
mode using different loadings and make-up [1]. Single fluid 2 400 MWt MOSART core 
containing as initial loading 2 mole% of ThF4 and 1.2 mole% of TRUF3, with the LnF3 
removal cycle 300 epdf after 12 years of slow increasing of Th content in the solvent can 
operate without any TRUF3 make-up based only on Th support as a self-sustainable 
system (Figure 2). The maximum concentration of TRU during this transition does not 
exceed 1.7 mole%. At equilibrium the molar fraction of fertile material in the fuel salt is near 
6% and it is enough to support the system with CR=1 within 50 years reactor lifetime [2]. The 
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two-fluid LiF-BeF2 MOSART core (2.8 m high and 2.8 m in diameter) with fuel salt specific 
power 140 W/cm3, can operate in breeder mode with ThF4 concentration in fuel salt  
≥9 mole%. In this case for 72,5LiF–16BeF2–9ThF4–2,5UF4 fuel salt starting loading of fuel 
circuit will require about 5 tonnes of 233U [2]. 

Figure 2: Transition to equilibrium of single fluid 2 400 MWt MOSART  
with Li,Be,Th/F core (CR=1) 

 

Experimental  

A foreground task is to select reasonably the structural materials for the Th-U 
MOSART fuel circuit. The overall development needs have been described previously [3]. 
The major achievements should be: (1) ability to produce and maintain a high level of 
purity in fuel salt, (2) effective control of the redox potential of the molten salt medium in 
order to minimise corrosion, (3) selected materials testing as applied to conditions of 
reference design. 

Salt purification 

To prepare the fuel salts, metal fluorides are needed with a minimum content of 
water and impurity oxides and/or oxyfluorides [3] [4]. They can lead to hard-to-control 
changes in the chemical composition, the physicochemical properties of the test melt, 
and the active surface of the electrodes and the samples, with an ultimate adverse effect 
on experimental results. 

A ‘‘dry’’ technique for production and purification of metal fluorides, their mixtures, 
and fusion cakes without gaseous HF has been used in our material studies for 
conversion of UO2 and ThO2 to anhydrous tetrafluorides and for the removal of impurity 
oxide compounds from major solvent constituents. Heating of these mixtures is 
accompanied by successive reactions of synthesis and decomposition. The total chemical 
reaction can be described by the following equation: 

MeO2 + 4NH4HF2 → MeF4 + 4NH4F↑+2H2O↑ 

These processes are carried out in air at temperatures up to 400-4500C and do not 
require expensive equipment and special measures of safety. Zone melting and filtration 
of the melts through a nickel filter were used for additional purification of the salt before 
voltammetry. The content of impurities (wt.%) determined by ICP–AES analysis in a 
typical frozen sample of the LiF–ThF4 melt after filtration was as follows: Fe ≈ 0.03,  
Mo ≤0.001, Ni <0.001, Cr ≤0.001. The fluoride salt reducing agent LiF–ThF4–(UF3+UF4) is 
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selected and used for fast and efficient removal of electropositive ions from LiF–ThF4–UF4 
melts and to control their redox potential. 

The extensive horizontal line at the beginning of the cathodic curve (see Figure 3) 
demonstrates that salt melts prepared can be used for subsequent electrokinetic 
investigations. They have the necessary “voltammetric purity” as a state of melt with 
negligible concentration of electrochemically active admixtures, which can be reduced to 
potentials close to those of U (IV) ions recharge and preceding metallic uranium 
deposition. 

Figure 3: CV of 77LiF -23ThF4  melt (mole%) with the addition of reducing agent 
T=7500C, v=0.9 Vs-1; Pt as the quasi-reference electrode (RE) and W as working electrode (WE) 

 

 

 

 

 

 

Electroreduction of U(IV) to U(III) in LiF-ThF4 

The voltammetric method, developed at ORNL for the determination of the 
[U(IV)]/[U(III)] ratio in the MSR fuel salt [4], is based on the determination of the difference 
between the redox potential of the melt EEQ, and the voltammetric equivalent E1/2 of the 
standard redox potential E0 of the U(IV)/U(III) couple at [U(IV)]>> [U(III)]. A necessary 
condition for the use of this method is the reversibility of the cathode reduction process 
of U (IV) ions to U(III). To determine the applicability of this method and to evaluate the 
redox potential in the molten 77LiF–23ThF4 (mole%) salt mixture fuelled by UF4 and UF3, 
the kinetics of electroreduction of U(IV) on platinum, molybdenum, and tungsten 
electrodes were studied by the linear sweep and cyclic voltammetry at temperatures up 
to 8000C. 

It was found the two peak currents, which correspond to the following reactions:  
(1) U4++e- →U3+ and (2) U3++3e- →U0. Typical cyclic voltammograms (CV) measured in the 
potential range at which reducing of U (IV) to U (III) and back takes place are shown in 
Figure 4. Our study [5] indicates that 3 main criteria for the reversibility of the first 
process are satisfied. However, Figure 5 shows that in the temperature range of  
600-750oC dependences Ec

p vs. lnv have the slope which increases with decreasing melt 
temperature. Based on the results of kinetic studies it can be concluded that the process 
of U4+ recharging does not meet one of the main criteria of the voltammetric reversibility, 
and, therefore, it should be characterised as a quasi-reversible one-electron process 
governed by a diffusion-controlled charge transfer. 

Figure 6 shows the change in [U (III)]/[U(IV)] as a result of successive addition of the 
salt reductant into the melt under investigation. This ratio, which was calculated from 
the voltammetric measurements at each point, increases in proportion to the mass of the 
added reducing agent containing UF3. It demonstrates the efficiency of this technique and 
its high sensitivity to changes in the redox potential of the melt. 
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Figure 4: CV of 77LiF-23ThF4 melt fuelled by 2.05UF4 and 0.21 UF3 (mole%); 
T= 6000C, v = 0.1Vs-1, Mo as RE; W as WE 

 

 

 

 

 

 

 

 

 

 

A considerable shift of the curve (2) in this figure with respect to the theoretical curve  
(1) can be caused by the oxidation of dissolved UF3 by the uncontrolled impurities, which 
were present in the initial melt, in the gas space of the experimental cell or were introduced 
during the titration. These reactions occur within 2.5-3 hrs after each addition of reductant 
when the redox potential of the melt moves to a new equilibrium value. However, the quasi-
reversibility of U (IV) electroreduction under conditions of voltammetry can also introduce 
some errors to the obtained values of equilibrium [U(III)]/[U(IV)]. Since the Nernst Equation 
can be used for processing voltammograms only reversible electroreduction U(IV), quasi-
reversibility will lead to errors in the voltammetric determination of the equilibrium 
[U(III)]/[U(IV)] ratio for the melt studied. Analysis of the results of voltammetric 
determinations must be performed, taking into account the high-reactivity UF3 solutions and 
their possible oxidation of uncontrolled impurities. 

Figure 5: Peak current potential vs. logarithm of potential scan rate in the melt with different 
additions of UF4 and UF3 at various temperatures 

 

 

 

 

 

 

Mo as RE and WE; (1) 2.05 mole% UF4, 0.210 mole% UF3, T=6000C; (2) 0.6 mole% UF4, 0.05 mole% UF3, T=5960C; 
(3) 0.6 mole% UF4, 0.21 mole% UF3, T=750 0C. 
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Figure 6: U (III)/U (IV) ratio vs. UF3 weight added sequentially into the fuel salt  

 

 

 

 

 

 

 

Note: (1) processing of the cathode voltammograms (T = 7500C; v = 0.1 V s-1; Mo as RE, and W as WE); (2) changes 
in the concentrations of the melt components during titration disregarding side reactions. 

Tellurium corrosion 

One of the major tasks when developing alloys for any MOSART concept is to avoid 
tellurium intergranular corrosion (IGC) under strain. In particular, tellurium, which is a 
fission product in fuel salt, can embrittle the surface grain boundaries of container 
materials. The effect of the fuel salt redox potential on the intergranular cracking (IGC) of 
Ni-based alloys was studied at the ORNL [4] under Hastelloy-N alloy specimens testing 
after 260 hrs exposure at 7000C with the 71.7LiF-16BeF2-12ThF4-0.3UF4 (mole%) fuel 
containing additives of chromium telluride. It has been demonstrated that alloy tellurium 
cracking, characterised by “K” − a number of cracks per cm multiplied by their average 
depth in micrometers, depends on fuel salt redox potential, characterised by the ratio of 
oxidised to reduced forms of uranium [U(IV)]/[U(III)], has a threshold behaviour. It was 
found that for molten salt fluorides mixtures fuelled by uranium IGC of nickel-based 
alloys could be avoided by maintaining the system at [U(IV)]/[U(III)] ratios below 60. 

The current study with molten 75LiF-5BeF2-20ThF4 salt mixture (mole%) fuelled by  
2 mole% of UF4 and containing additives of Cr3Te4, includes five 250 hrs tests with 
exposure of Ni-based alloys specimens at temperatures from 720 till to 7400C and under 
mechanical loading from 0 to 50 MPa. Figure 7 shows the layout of the corrosion facility. 

Figure 7: Corrosion facility layout 

 

Note: heaters (1), sampler and level gage of the fuel salt (2), test section with fuel salt (3), tank lid (4), assembling with 
Ni-based alloy specimens under stress (5), metallic beryllium reducer (6), device for voltammetric evaluation of redox 
potential (7), container with granulated Cr3Te4(8). 
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The facility allows testing the alloy specimens in the nonisothermal dynamic 
conditions with the fuel salt when a temperature of the melt surface is lower than a 
temperature of near-bottom part (≈ 400C). The measurement of the temperature in-depth 
profile is provided by the thermocouples. The granulated Cr3Te4 serves as a tellurium 
source in the fuel salt. It is located in a specific container ensuring the mixing of melt and 
the delivery of tellurium to the specimen’s surface. The melt sampling for analysis was 
carried out by specific samplers. The chemical analysis of melt samples before the 
corrosion test showed the content of the major impurities (in%mass) as follows: Ni-0.005, 
Fe-0.024, Cu<0.001, Cr-0.001, oxygen<0.05. The Ni-based alloys selected for testing had the 
following compositions (in%mass): HN80M-VI (Mo-12, Cr-7.6, Nb-1.5), HN80MTY (Mo-13, 
Cr-6.8, Al-1.1, Ti-0.9), HN80MTW (Mo-9.4, Cr-7.0, Ti-1.7, W-5.5) and EM-721 (Cr-5.7, Ti-0.17, 
W-25.2). In our tests the [U(IV)]/[U(III)] ratios in the fuel salt were as follows: 0.7, 4, 20, 100 
and 500 (see Table 1). Tests 1 and 4 were performed after the addition of some beryllium 
metal to the system, which, as it dissolves, reduces partly U (IV) to U (III) and decreases 
the [U(IV)]/[U(III)] ratio. Tests 2-4 were performed after NiF2 or UF4 addition to the system, 
which led to an increase in the [U(IV)]/[U(III)] ratio in the fuel salt. 

After tests 1 and 5 formation of intermetallic films was observed on the surface of all 
materials specimens. After test 1 all alloy specimens have two layers of interaction of 
structural alloy with a fuel salt: external, of ~20-30 μm thickness and internal surface 
layer of ~5-8 μm thickness. The external layer consists substantially of nickel and 
uranium at a relation approximately from 45 to 50% mass and is respectively similar in 
content to U12 Ni78 intermetallide (ε – phase). An alloying process of uranium with nickel 
occurs, leading to an increase in the uranium concentration on the specimen’s surface; at 
the same time a loss of nickel occurs in the surface layer. The possibility of such 
reactions is confirmed by the results of electrochemical CV measuring performed on both 
molybdenum and nickel working electrodes under the first test. The internal surface 
layer of alloy where uranium concentration drops to zero, is depleted by nickel and 
enriched by chromium and other elements, contained in alloys as dopants. No films or 
deposits were found on the specimen’s surface after tests 2-4 with the fuel salt 
characterised by [U(IV)]/[U(III)] ratio 4, 20, 500. 

Table 1: Te corrosion test conditions 

Test ThF4+UF4, mole % U(IV) / U(III) T,oC 

1 20+0.7 0.7 735 

2 21+2.1 4 735 

3 21+2.1 20 735 

4 20+2.0 500 735 

5 20+2.0 100 750 

 

No surface fissuring was found of Ni-based alloys under investigation in the MOSART 
fuel salt in the three first tests with [U(IV)]/[U(III)] = 0.7, 4 and 20. As can be seen from  
Figures 8 and 9, after materials exposure in the fuel salt with the [U(IV)]/[U(III)] ratio 
equalling 100 no Te IGC was revealed on the surface of HN80M-VI, HN80MTY and  
EM - 721 specimens without and under stress. In this case surface fissuring was found 
only for HN80MTW specimens both without and under stress, the depth of cracks 
reached 34-38 μm (K = 480 - 540 pcxμm/cm). Tellurium IGC was found for all tested alloys 
after 250 hrs exposure in fuel salt with very high [U (IV)]/[U(III)] ratio equalling 500. In this 
case for HN80M-VI, HN80MW and EM - 721 specimens a dramatic IGC intensity was 
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observed with K = 7 000-9 000 pcxμm/cm and a depth of cracks up to 400 μm. The best 
resistance to IGC at [U(IV)]/[U(III)] = 500 was found for HN80MTY specimens with a depth 
of cracks up to 80 μm and K = 1 850 pcxμm/cm (see Figure 9a). For the main part of tested 
alloys the intensity of tellurium IGC was lower in un-stressed state than in stress 
condition. After all tests, except one with [U (IV)]/[U(III)] =500, the strength characteristics 
of alloys and their structure showed an insignificant change. These changes were 
apparently stipulated by alloy structure, temperature/time factor and mechanical loads 
in a greater extent, than the impact of a fuel salt containing tellurium additives. All alloys 
investigated have good ductility at high-strength characteristics. The HN80MTY alloy 
shows the most stable behaviour under all tests. The mechanical property of this alloy, as 
compared with other alloys, shows a minimal change. It should be noted that in the test 
with [U (IV)]/[U(III)] =500, Te IGC has a significant effect on strength characteristics of all 
alloys under investigation except HN80MTY. 

Figure 8: Surface layer of Ni–based alloy specimens after 250 hrs exposure under strain 25 MPa at 
7400C in fuel salt with [U(IV)]/[U(III)] ratios 100 (left) and 500 (right) 

 
HN80М- VI 

 
 

HN80МТY 
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ЕМ-721 

 
enlargement ×50 

  

The study of the surface fissuring of Ni-based alloys in the fuel salt is at too early a 
stage to estimate the total outcomes. Much more should be learned about the reactions 
involved, their dependence on fission product concentration, their kinetics, and the 
ultimate extent of the attack. The behaviour of Te should be explored in a flowing system 
having a significant temperature gradient (about 100oC). Further study on the effects of an 
increased oxidation potential of the fuel ([U (IV)]/[U(III)] ratio >100) on the compatibility 
limits of the fuel would be valuble since some of the fuel processing steps may leave the 
fuel salt quite oxidised. 
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Figure 9: HN80MTY alloy after 250 hrs exposure under strain 25 MPa at 7400C in fuel salt with 
[U(IV)]/[U(III)] ratios 500 (a,b) and 100 (c,d): a,c – alloy structure and scanning map for elements 

(EDS EDAX, Helios NanoLab 600); b,d – elements distribution in scanning area 
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  C 10.09 09.92 47.53 02.07 
 Ni 44.87 46.54 15.02 75.09 
 Al 00.49 01.21 00.64 00.95 
 Si 07.99 01.14 00.26 - 
 Mo 25.38 14.84 17.22 10.03 
  U 00.84 00.74 00.73 - 
 Te 01.58 02.79 01.48 - 
 Ti 01.11 01.87 0.91 01.19 
 Cr 07.66 20.94 16.22 07.58 
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  C 36.68 26.02 - - 
 Ni 19.35 25.03 69.41 66.39 
 Al 01.68 02.54 01.67 00.99 
 Si 01.35 02.60 - - 
 Mo 14.61 16.57 11.25 08.53 
  U 00.89 00.93 - - 
 Te 04.10 03.30 - - 
 Ti 00.25 00.56 - 08.04 
 Cr 21.11 22.45 17.66 17.05 
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Conclusions 

This study focused on the MOSART system with Th support fuelled with TRU 
elements from used LWR fuel with a design objective to provide the fissile concentration 
and geometry of the fuel salt to obtain heat release of about 2 400 MWt. The current 
study with molten LiF-BeF2 salt mixture containing about 20% mole of ThF4, 2 mole% of 
UF4 and additives of Cr3Te4, included five cycles with 250 hrs exposure time each of Ni-
based alloys specimens at 725-7500C under mechanical loading from 0 to 25 MPa, when 
the [U(IV)]/[U(III)] ratio in the fuel salt varied from 0.7 to 500. The cracking tendencies for 
the most attractive alloys available over a wide range of the salt redox potential and 
specimens mechanical loading simulating materials and operating conditions of 
Li,Be,Th,U/F MOSART are evaluated. The best resistance to IGC was found for the 
HN80MTY specimens. 
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Abstract 

The Expert Group on Integral Experiments for Minor Actinide Management (EG on IEMAM) 
was established in 2009 under the Nuclear Science Committee of the OECD/NEA. Its 
objectives are to review integral experiments for validating MA nuclear data, to 
recommend additional integral experiments and to propose an international framework to 
facilitate integral experiments for MA management.  

The EG on IEMAM consisted of 19 members from 10 countries and the OECD. The 
meetings were held 7 times between September 2009 and September 2012. The members 
discussed the following subjects: (1) requirement of nuclear data for MA management,  
(2) reviewing existing integral data and identifying specification of missing experimental 
work to be required, (3) identifying the bottlenecks and considering possible solutions to 
them and (4) proposal of action programme for international co-operation. This paper 
summarises the discussion results of the EG on IEMAM. 
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Introduction 

In pursuing a sustainable utilisation of nuclear fission energy, it is inevitable to 
establish a reliable fuel cycle and safely manage radioactive wastes. One of the key ways 
to realise this is the appropriate management of minor actinides (MA), such as 
neptunium, americium and curium in the spent fuel. In particular, the necessity to 
manage MA becomes more obvious when plutonium is used as MOX fuel on a large scale 
in power reactors, both light water and fast reactors, since more accumulation of 
americium and curium will be produced in the spent fuel. One effective way to manage 
MA is to transmute them in nuclear systems; fast reactors and accelerator-driven 
subcritical systems. The transmutation of MA, however, is not easy. From the viewpoint 
of reactor neutronics, the loading of MA generally affects the reactor characteristics, such 
as coolant void reactivity, the Doppler coefficient, and the burn-up effect. 

The detailed design of transmutation systems with reliable accuracy and the precise 
prediction of the composition of the spent fuel are difficult because the accuracy of MA 
nuclear data is not sufficient yet. The reason for this is that there is a lack of 
experimental data for MA. It should be noted that nuclear data of the major actinides, 
such as 235U, 238U and 239Pu, have been improved for more than 50 years, based on a huge 
number of differential and integral experiments, using accelerators, critical facilities and 
experimental reactors. 

The results of the integral experiments have been used to validate the nuclear data. 
Recently, the covariance data in the nuclear data libraries have been introduced to 
estimate the uncertainty in the design study of the nuclear system. The integral 
experimental data together with the sensitivity analysis have become more effective in 
improving the design accuracy. The integral experiments on MA, however, are much 
more difficult than those on the major actinides because of the following 
problems/challenges: the restrictions at the facilities, the difficulty of sample preparation, 
the necessity to improve measurement techniques to reduce the influence of background 
radiation, and so on. 

In order to manage this situation, the Nuclear Science Committee of the OECD/NEA is 
requested to undertake a critical review of integral experiments for validating MA nuclear 
data with appropriate quality assurance for MA transmutation in the nuclear systems. 
For this purpose, the Nuclear Science Committee established the Expert Group on 
Integral Experiments for Minor Actinide Management (EG on IEMAM) in 2009. 

The EG on IEMAM consisted of 19 members from 10 countries and the OECD. The 
meetings were held 7 times between September 2009 and September 2012. The objectives 
of the EG on IEMAM are to review integral experiments for validating MA nuclear data, to 
recommend additional integral experiments and to propose an international framework 
to facilitate integral experiments for MA management. The members discussed the 
following subjects: (1) requirement of nuclear data for MA management (including 
evaluation of target accuracy, comparison of uncertainty analysis results among nuclear 
data libraries and identification of important nuclear data), (2) reviewing existing integral 
data and identifying specification of missing experimental work to be required,  
(3) identifying the bottlenecks, such as availability of MA sample and experimental 
facilities, and considering possible solutions to them and (4) proposal of action 
programme for international co-operation. 

This paper summarises the discussion results of the EG on IEMAM. 
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Requirement of nuclear data for MA management 

The state-of-the-art nuclear data required for MA management were surveyed and 
the relevant activities to MA managements in international organisations have been 
reviewed. As a result, the EG on IEMAM have made a request list of nuclear reactions and 
their energy range. 

Status of MA nuclear data 

New evaluations of MA nuclear data have progressed taking into account new 
measurements to improve applicability to advanced reactors. For the new evaluated 
nuclear data libraries, such as JENDL-4.0 [1] released in 2010 and ENDF/B-VII.1 [2] released 
in 2011, the number of nuclides with covariance data have increased significantly since 
the requirements of the covariance data were increased to estimate uncertainties 
especially for fast reactors. To illustrate the differences between the evaluated data and 
the covariances, as an example, the uncertainties of fission and of capture cross-sections 
of 237Np, 241Am and 243Am for fast neutrons are described below. 

For the fission cross-sections, the experimental data are rather abundant compared 
to the other reactions. As a whole, the evaluated cross-sections agree with each other 
within the uncertainty over most of the energy region. When the data above the fission 
threshold energies around 1 MeV for 237Np, 241Am and 243Am are compared between the 
new evaluated nuclear data libraries, the values of covariance data of JENDL-4.0 are a few 
percent which is consistent with the differences of the fission cross-sections between the 
libraries. In the vicinity of the threshold energies where the fission cross-section varies 
significantly, the evaluated uncertainty and cross-section deviations tend to increase up 
to tens of percents.  

For the capture cross-sections, the experimental data are restricted to 237Np, 241Am 
and 243Am for fast neutron energies. In the case of 241Am, the differences between the 
evaluated data are around 10% below 300 keV for most of the recent nuclear data libraries 
of JENDL-4.0, ENDF/B-VII.1, JEFF-3.1.1 [3] and ROSFOND-2010 [4]. Above it, the deviations 
become larger because the cross-sections decrease and the experimental data show 
larger uncertainties. In addition, theoretical model prediction accuracy becomes lower for 
higher energies due to uncertainties from modelling competitive reactions. The situation 
of 237Np and 243Am is similar to that of 241Am. However, other MA capture cross-sections, 
for which no experimental data exist, have much larger uncertainties. 

Review of relevant activities in OECD/NEA/NSC and IAEA 

(a) Working Party on Evaluation Co-operation (WPEC) [5] 

The activities of two subgroups in WPEC were relevant to ours: Subgroup 26 which 
was established to discuss nuclear data needs for advanced reactor systems in 2005 and 
Subgroup 33, which was established to study the methods and issues of the combined 
use of integral experiments and covariance data in 2007. 

 Subgroup 26 (Uncertainty and Target Accuracy Assessment for Innovative 
Systems Using Recent Covariance Data Evaluations) 

A comprehensive sensitivity and uncertainty study was performed to evaluate the 
impact of neutron cross-section uncertainty on the most significant integral parameters 
related to the core and fuel cycle of a wide range of innovative systems, even beyond the 
Generation-IV range of systems. Results were obtained for the advanced breeder test 
reactor (ABTR), the sodium-cooled fast reactor (SFR), the European fast reactor (EFR), the 
gas-cooled fast reactor (GFR), the lead-cooled fast reactor (LFR), the accelerator-driven 
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minor actinide burner (ADMAB), the very-high-temperature reactor (VHTR) and a 
pressurised-water reactor with extended burn-up (PWR). These systems corresponded to 
current studies in the Generation-IV initiative, the Global Nuclear Energy Partnership 
(GNEP), the Advanced Fuel Cycle Initiative (AFCI), in advanced fuel cycle and partitioning 
and transmutation studies in Japan and Europe. 

The analysis was mostly focused on integral parameter (like keff, reactivity coefficients, 
power distributions, etc.) uncertainty due to neutron cross-section uncertainties. 

A compilation of preliminary “Design Target Accuracies” was also put together and a 
target accuracy assessment was performed in order to provide an indicative quantitative 
evaluation of nuclear data improvement requirements by isotope, nuclear reaction and 
energy range, that would meet the design target accuracies. First priorities were 
formulated on the basis of common needs for fast reactors and, separately, thermal 
systems. 

Subgroup 26 defined many target accuracies for different reactions, isotopes, and 
energy ranges to meet design requirement uncertainty for many integral neutronic 
parameters. 

 Subgroup 33 (Methods and Issues of The Combined Use of Integral Experiments 
and Covariance Data) 

The objective of the subgroup was to recommend a set of best and consistent 
practices in order to improve evaluated nuclear data files. 

The working method includes the following points: 

• reviewing current methods and practices, considering innovative approaches and 
pre-selecting candidate methods for testing; 

• evaluating the pre-selected methods, comparing the robustness of the methods, 
e.g. for extrapolation, etc. and assessing the relative merits of different 
approaches; 

• recommendation of a general methodology for data assimilation and for assessing 
the needs for additional experiments. 

A practice exercise was defined to test different issues in the adjustment 
methodology. This consisted in selecting a limited number of well-defined available 
experiments and a list of isotopes whose cross-sections are to be adjusted based on the 
observed discrepancies between calculation and experimental results. However, no 
experiment or minor actinide isotope was included. 

(b) Working Party on Scientific Issues of the Fuel Cycle (WPFC) 

The Expert Group on Fuel Cycle Transition Scenario Studies was established in 2003 [6] 
to review the R&D needs and relevant technology which would enable an efficient 
transition from current to future advanced reactor fuel cycles. The objectives of the 
expert group are: (1) to assemble and to organise institutional, technical and economic 
information critical to the understanding of the issues involved in the transition from 
current fuel cycles to long-term sustainable fuel cycles or a phase-out of the nuclear 
enterprise; (2) to provide a framework for assessing specific national needs related to that 
transition. 

The expert group issued a report entitled “Nuclear Fuel Cycle Transition Scenario 
Studies” dealing with a world scenario study in which both uranium resources and waste 
production issues were addressed. In particular, first, a review of the energy demands 
was discussed in detail and an original approach was proposed. Then a review of 
available uranium resources was presented. A scenario with only PWRs in an open cycle 
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scheme and another one with PWRs shut-down and FRs start-up led only by plutonium 
availability and reactors lifetime was investigated, and also in this case natural uranium 
consumption versus time was for the once-through option and FRs introduction was 
assessed. The analysis showed also that the adoption of fast critical reactors could reduce 
the amount of minor actinides in the fuel cycle up to a factor of 6 until the end of the 
next century. Obviously, special FR breeder libraries were developed for this task, in order 
to simulate properly fast growing regions. The impact of cross-sections uncertainties on 
MA mass flows and stocks was not assessed, but it was recognised that this topic should 
be of interest for successive WPFCs. 

(c) Working Party on Scientific Issues of Reactor Systems (WPRS) 

The Working Party on Scientific Issues of Reactor Systems has produced a state-of-
the-art report on the Burning of Minor Actinides in Thermal Reactors. The report is 
currently undergoing final review by the Expert Group on Reactor Physics and Advanced 
Nuclear Systems (EGRPANS) and will be published in 2013. 

Overall, the conclusion is that the burning of minor actinides in thermal reactors is 
technically feasible, certainly with respect to the impact on reactor neutronics 
parameters and might offer the potential to significantly reduce the quantities of some 
long-lived isotopes in spent fuel. However, various aspects of fuel management, 
particularly fabrication and handling are likely to present significant challenges, notably 
in the field of radiological protection. Also it should be recognised that the desired 
reduction of radiotoxicity in the resulting wastes is inherently more limited in thermal 
reactors than in fast reactor systems. 

Another activity in WPRS is the International Reactor Physics Benchmark 
Experiments (IRPhE) Project. The aim of the IRPhE is to provide the nuclear community 
with qualified benchmark data sets by collecting reactor physics experimental data from 
nuclear facilities, worldwide.  This project is useful in reviewing the integral experiments. 

(d) IAEA MANREAD 

The IAEA Co-ordinated Research Project (CRP) on Minor Actinide Nuclear Reaction 
Data (MANREAD) was started in 2007. The general aim is to deliver a well-documented set 
of experimental data that form a reference database for evaluators of minor actinide. The 
MA considered are: 234U, 236U, 237Np, 238Pu, 240Pu, 241Pu, 242Pu, 241Am, 242mAm, 243Am, and 243Cm, 
244Cm, 245Cm, 246Cm, 247Cm and 248Cm. The objectives of the CRP are: 

• assessment of the available experimental data on the MA for the total, capture, 
fission, inelastic scattering and (n,2n) cross-sections; 

• a documented compilation of neutron cross-section data and their uncertainties 
for measurements; 

• assessment of evaluated nuclear data for the MA from the major libraries, 
including information on data uncertainties and covariances; 

• assessment of achievable accuracies with contemporary measurement facilities 
and methodologies for the MA; 

• exploration of the potential of new experimental techniques and facilities for 
neutron cross-section measurements. 

Identification of important nuclear data for MA managements 

(a) Consideration in reactor design 

Subgroup 26 in WPEC showed the requirements lists which covered the energy range 
of interest and the range of uncertainty reduction with respect to the BOLNA covariance 
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data. However, the different requirements lists might be obtained using the other 
covariance data since the uncertainty analysis results depend on the covariance data. In 
order to obtain the more general requirements lists, therefore, the EG on IEMAM carried 
out the benchmark uncertainty analyses with three different combinations of nuclear 
data and covariance data, ENDF/B-VII with COMMARA-2.0 [7], JENDL-4.0 and JEF-2.2 [8]. 
The analyses with ERALIB1 [9], which was an adjusted library generated from JEF-2.2, 
were also performed to know the effect of the cross-section adjustment in the 
uncertainty prediction. The benchmark uncertainty analysis was carried out for two 
typical TRU burner systems described in Subgroup 26: the SFR which is a Na-cooled, 
metal-fuelled fast reactor loaded with TRU fuel of a composition as discharged by 
standard PWRs (i.e. Pu/MA ratio ~10) and the ADMAB which is a Pb-cooled nitride-fuelled 
fast spectrum ADS; the fuel composition has a Pu/MA ratio close to one. The former is the 
typical composition of a TRU burner reactor when all TRUs are considered a potential 
waste and the latter is a typical MA burner in a so-called double strata fuel cycle strategy 
where most of the Pu is considered a resource and recycled in LWRs (or FRs) and MA are 
loaded in the burner ADS together with some Pu. The benchmark analysis was focused 
on the uncertainty of keff values due to the neutron cross-section uncertainties. 

Table 1 shows the calculated keff values and their uncertainties in unit of pcm. Based 
on these results, it can be concluded that both ENDF/B-VII and JEND-4.0 give similar keff 

values, and about 2-3% larger ones than JEF-2.2. When the uncertainties are compared 
between SFR and ADMAB, the calculated results for ADMAB are larger than those for SFR. 
It is deduced from the difference of MA contents between both transmutation systems. It 
is also found that there is no large difference in the uncertainties between COMMARA-2.0 
and JENDL-4.0 and that JEF-2.2 provides larger uncertainties than the others. The 
uncertainties in Table 1 are much higher than the design requirement (300 pcm). To meet 
this target requirement, the uncertainties for main contributor should be reduced. One of 
the solutions is indicated in the comparison of the results between JEF-2.2 and ERALIB1. 
ERALIB1 shows a drastic reduction in the uncertainties especially for SFR. As an example 
of the results of the detailed uncertainty analyses, Figure 1 shows the breakdown by 
isotopes and reactions for keff of SFR. In ERALIB1, the uncertainties for Pu isotopes are 
effectively reduced by the cross-section adjustment using adequate integral experiments, 
as shown in Figure 1. Consequently, the uncertainties of the keff values are reduced. Based 
on this result, it can be concluded that the cross-section adjustment is effective for the 
reduction of the calculation uncertainty when enough integral experiments are available. 
This means that integral experiments devoted to improving the knowledge of nuclear 
data relevant to transmutation scenarios will be extremely useful in achieving this goal. 

Table 1: Calculated keff values and uncertainties in pcm of SFR and ADMAB 

Library 
SFR ADMAB 

keff Uncertainty [pcm] keff Uncertainty [pcm] 

ENDF/B-VII + 

COMMARA-2.0 
1.04745 10141) 0.97468 16681) 

JENDL-4.0 1.04585 786 0.97973 1403 

JEF-2.2 1.02278 1630 0.94516 1986 

ERALIB1 1.03389 659 0.95239 1616 

1) The results by COMMARA-2.0 are the subtotal of the first ten major isotope contributors. 
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Table 2 shows the important nuclides and reactions to reduce the uncertainty 
for both MA transmutation system, SFR and ADMAB. 

Table 2: Summary lists for MA nuclides required 

 Major actinides (U and Pu) Minor actinides (Np, Am, and Cm) 

 238U 238Pu 239Pu 240Pu 242Pu 237Np 241Am 242mAm 243Am 244Cm 245Cm 

σcap  X X X X X X  X X  

σfis  X X X  X X X X X X 

ν  X  X   X  X X X 

σinel X     X X  X   

 

Figure 1: Uncertainty analysis results for keff of SFR (actinide isotopes) 
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(c) JEF-2.2     (d) ERALIB-1 

(b) Consideration in fuel cycle 

As shown in the previous chapter, the Expert Group on Fuel Cycle Transition Scenario 
Studies in the WPFC assessed the relative importance of the different heavy nuclides (in 
particular plutonium isotopes and minor actinides MA) in closed fuel cycles where critical 
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fast reactors with various conversion ratios are implemented. In this assessment, they 
chose a regional-type scenario, in which two groups of nations were considered: 

• Group A: phasing-out group of nations, with legacy spent fuel inventory 
represented in COSI6 simulations as a decaying stock [10]; 

• Group B: on-going nuclear policy group of nations, operating in particular a UOX-
PWR fleet; target fuel burn-up of 50 GWd/tHM and an irradiated fuel cooling time 
of 5 years are adopted; 

• A regional group of facilities, shared by the two groups of nations, which has the 
final goal to transmute until the end of the present century all TRU from Group A 
and to stabilise the MA or TRU production (according to the specific objective) of 
Group B. 

Figure 2 presents the most relevant dates and events of the scenario simulation. 

In order to explore a wide range of fuel cycle options, three types of transmuters, all 
fast critical reactors but with three different conversion ratios (CR), have been considered 
and two different minor actinides to plutonium ratios (MA/Pu) have been investigated as 
shown below: 

Option 1: break-even FR CR=1 MA/Pu=0.1 

Option 2: burner FR CR=0.8 MA/Pu=0.1 

MA/Pu=1 

Option 3: burner FR CR=0.5 MA/Pu=0.1 

MA/Pu=1 

 

There are two types of stocks, which are transmuted (i.e. from Group A and Group B), 
with different compositions which strongly evolve versus time. Therefore, the simulation 
composition in the fabrication plant has been extracted around the half of the present 
century (when Group A TRU stock is transmuted) and around the half of the next century 
(when Group B MA inventory is transmuted and stabilised). 

Figure 2: Relevant dates in the scenario (blue arrows refer to fuel compositions evaluation dates) 

 

 

 

 

 

 

 

 

The decay heat, ingestion radiotoxicity, spontaneous fission rate and gamma dose 
rate have been obtained from the decay calculations of nuclide mixtures resulting from 
the scenario calculations. Table 3 shows the summary results of them; in particular, 
241Am and 244Cm are relevant for decay heat and ingestion radiotoxicity aspects, 244Cm for 
spontaneous fission, and 241Am, 242mAm, 242Am (coming from 242mAm decay), and 243Cm for 
gamma dose rate in fabrication plant. 
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Table 3: Summary of the most relevant nuclides effects on fuel cycle 

Nuclides Heat load Ingestion radiotoxicity Spontaneous 
fission rate Gamma dose rate 

241Am X X  X 

242Am    X 

242mAm    X 

243Cm    X 

244Cm X  X  

 

Moreover, an analysis of the same tables allows the conclusion that the core design 
which presents in general the higher specific values is the “CR=0.5-MA/Pu=1” 
configuration, in agreement with conclusions drawn in [11]. 

As expected, the same nuclides are relevant in the case of an ADS with a similar fuel 
loading (e.g. in terms of MA/TRU ratio). 

To provide a preliminary indication of important reactions which cause the build-up 
of nuclides quoted above, in particular 241Am (produced by 241Pu) by neutron capture 
produces 242mAm, which decays into 242Cm, which by successive neutron captures, allows 
the formation (and accumulation, since it is hard to transmute) of 244Cm. Another route is 
the neutron capture of 242Am which produces 243Am, which by capture becomes 244Am 
which decays into 244Cm. As fission reaction could play a role in the nuclides removal too. 

It can be concluded that relevant reactions which influence the formation of critical 
nuclides in fuel cycles are capture and fission of 241Am, 242Am, 243Am, 244Am, 242Cm, 243Cm 
and 244Cm. A further sensitivity and uncertainty analysis would be necessary in order to 
provide quantified uncertainty contributions by isotope and reaction type. 

Reviewing existing integral data 

The members of the EG on IEMAM brought and reviewed information about the existing 
integral experiments related to the MA management. After reviewing these expriments, they 
were classified into 4 groups: (1) basic experiments using critical facility, (2) sample 
irradiation experiments using reactor, (3) mock-up experiments and (4) accelerator-reactor 
experiments. This section describes the summary of the reviewed results and the 
specification of the missing integral data in each group. 

Basic experiments using critical facility 

A comparison with the basic experimental data obtained at critical facilities and the 
calculation results has been effective in verifying the neutron cross-section. The 
information about the experiments performed at 14 critical facilities of 7 countries 
includes (a) reaction rate ratio measurements, (b) small sample reactivity worth 
measurements and (c) criticality measurements. As an example, Table 4 shows the 
summary of the existing reaction rates measured in fast systems. 
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Table 4: Summary of existing reaction rates measured in fast system 

 

VENUS MASURCA FCA BFS 

GODIVA 

JEZEBEL 

FLATTOP 

ZEBRA 

Mass 0.4-12 mg Some 10 mg 40-120 mg 30-400 mg Various 0.001-2 mg 

Purity 60-99% High 78-100% 87-99% High >99% 

Th-232  F     

U-234 F      

U-235  F   F  

U-238  F    F 

Np-237 F F F F, C F  

Pu-238  F F F   

Pu-239 F F F F F  

Pu-240 F F F F  F 

Pu-241  F  F  F 

Pu-242 F F F F  F 

Am-241 F F F F C F, C 

Am-243  F F F  F, C 

Cm-244   F F  F 

F: Fission, C: Capture. 

(a) Reaction rate ratio measurements 

The reaction rates or reaction rate ratios are one of the most basic experimental items. 
There are many measurement data in both fast and thermal neutron spectra obtained 
using fission chambers and/or activation foils. For the deposit of the chamber and the foil, 
a few hundred mg or less of MA samples with high purity are needed. 

The data would be very useful in the adjustment of the multi-group neutron cross-
section library. In the adjustment method, many independent experimental data are 
needed to withdraw the systematic experimental errors. However, there has been no 
experimental data of fission reaction for 245Cm, one of the key nuclides to largely 
contribute to the uncertainty, as shown in Sections 2 and 3. For the capture reaction, 
moreover, there are a few experimental results of it, especially in the fast neutron field. 
Sample preparation is difficult since a few hundred mg or less of sample with high purity 
will be needed for the capture reaction rate measurements. 
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(b) Small sample reactivity worth measurements 

There are experimental data obtained at 7 different critical facilities in 4 countries. In 
particular, the small sample reactivity worth measurements for MA were carried out in 
the systematic change of neutron spectrum in the MINERVE, FCA and TCA facilities. 

In order to improve the accuracy of the neutron cross-sections for MA, other 
experimental data will be needed in both fast and thermal neutron spectra fields. 

The sample reactivity worth consists of the fission term [+], the capture term [-] and 
the scattering term [+/-]. In a certain case, the reactivity worth may show near zero since 
the positive and the negative contributions may become almost the same values. The C/E 
value for it, consequently, may be a larger value than unity and may become ineffective 
against the validation of neutron cross-sections. In the sensitivity analysis, the sensitivity 
coefficient of the sample reactivity worth consists of two terms: the sensitivity coefficient 
of the numerator term and that of the denominator term in the perturbation theory. The 
total sensitivity coefficient is, therefore, affected by not only the sample materials but 
also the core materials. Prior to the experiment, a careful consideration will be needed to 
eliminate or reduce this core material effect. 

(c) Criticality measurements 

There are a few experimental data about the criticality for the core with the mixture 
of major and minor actinides, carried out in the Comet and Planet Facilities of US. 

Sample irradiation experiments 

The sample irradiation experiments performed in 9 reactors of 6 countries were listed. 

The irradiation experiments are very powerful to evaluate cross-section data and to 
validate transmutation rates for MA. To improve the cross-section data and to predict 
well the transmutation rate, the samples are necessary to be irradiated in a variety of 
neutron spectra. The analysis of the experiment needs detailed irradiation conditions, e.g. 
the reactor power history, the neutron spectrum at the irradiation point, the cooling time, 
etc. Some of the experiments lacked data since they were carried out in the 1980s. 

The sample irradiation experiments need a long period of time to prepare the sample, 
irradiation of it and chemically analyse it (post-irradiation experiment). The data, 
including not only existing ones but also ones in future, should be preserved with good 
qualities and be available for further analytical study. 

Mock-up experiments 

There is only one set of partial mock-up experiments for the MA loaded core that was 
carried out at BFS Facility of IPPE, Russian Federation. About 10 kg of 237Np-dioxide pellets 
were loaded in the central core region and the core characteristics (e.g. criticality, 
reactivity coefficients, etc.) were measured. 

A calculation study [12] showed that the mock-up experiments with loading massive 
MA fuels were very effective in reducing the uncertainty of the core characteristics in the 
design study even if they were the partial mock-up experiments. For other MA, such as 
Am, the possibility of the critical experiment with massive MA should be considered. The 
EG on IEMAM foresees that many mock-up experiments will be necessary to design the 
transmutation system as many mock-up experiments with loading massive major 
actinide (U, Pu and Th) fuels have been carried out in the development of past nuclear 
reactors. 
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Accelerator-reactor experiments 

The ADS is a subcritical reactor driven by the external neutron source generated by 
the accelerator beam to maintain the chain reaction. Several experimental studies have 
been carried out, including the MUSE experiments at the MASRUCA Facility and the 
GUINEVERE experiments at the VENUS Facility in Europe. As the external neutron source, 
14 MeV neutrons generated by D-T reactions are used in these experiments. The 
purposes of these experiments are to investigate the validation of the subcriticality 
monitoring for an ADS and the applicability of a conventional calculation system for the 
fast reactor. In Japan, ADS experiments have been conducted in well-thermalised critical 
assembly (KUCA A-core) in order to evaluate the basic characteristics of ADS by 14 MeV 
neutrons generated by D-T reactions or spallation neutron generated by FFAG proton 
accelerator. 

Combined experiments with a fast neutron subcritical core and the spallation 
neutron source should be considered. 

Identifying bottlenecks and finding solutions  

In Sections 2 and 3, important nuclides of MA for design of transmutation systems 
and for fuel cycles, such as 237Np, 241Am, 242mAm, 243Am, 242Cm, 243Cm, 244Cm and 245Cm were 
listed. In order to improve the cross-section data for them and to design the MA 
transmutation system with reliable accuracy, many additional integral data are still 
necessary. In order to realise the additional experiments, the members of the EG on 
IEMAM discussed availabilities of MA samples and experimental facilities to identify 
bottlenecks and to find solutions. 

Availability of sample 

In order to make the additional experiments, adequate amounts of MA samples with 
high purity should be prepared. As shown in the previous section, a few hundred mg or 
less of the sample are needed for both reaction rate ratio measurements and irradiation 
experiments, tens of grams of the sample are needed for the small sample reactivity 
worth measurements and several tens of kg of the samples are needed for the mock-up 
experiments and the criticality measurements. For the reaction rate ratio measurements, 
the irradiation experiments and the small sample reactivity worth measurements, it can 
be expected that RIAR in the Russian Federation is able to supply tens of grams or less of 
the sample (i.e. 237Np, 241Am, 243Am, 244Cm, 245Cm, 247Cm, 248Cm, 238Pu, 240Pu, 242Pu). On the 
other hand, for the mock-up experiments and the criticality measurements, it is difficult 
to procure massive amounts of MA. Prior to starting these experiments, first, the 
selection of MA and the estimation of their amounts from the integral experiments 
viewpoint should be considered. The problems and solutions should also be considered 
in handling them during not only experiments but also storage and transportation from 
the fabrication site to the experimental site. 

Availability of experimental facility 

The members surveyed the status of the experimental facilities. For the critical 
facilities which can be used for the basic experiments, only three facilities for fast system, 
BFS (Russian Federation), FCA (Japan) and MASURCA (France), are available around the 
world. For the irradiation experiments, three reactors, BOR-60 (Russian Federation), JOYO 
(Japan) for fast system and ATR (US) for thermal system, are available. JHR (France) will 
start operation in 2014 and MONJU (Japan) will be used for the irradiation experiments in 
the near future. For the ADS experiments, the thermal neutron water-moderated facility 
VENUS (Belgium) was modified into a fast neutron facility VENUS-F with solid lead core 
components in the period of 2007-2010. The deuteron accelerator, so-called GENEPI, was 
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also installed to start for the developing lead-based fast systems and R&D activities in 
support of accelerator-driven systems. The experimental programme, GUINEVERE, 
started in 2010. At another thermal neutron critical facility KUCA (Japan), the 
construction of FFAG proton accelerator started to generate spallation neutron sources. 
The first neutron beam from the FFAG system was injected into a thermal subcritical 
system in 2009. 

Additional integral experiments 

In view of the above, the EG on IEMAM proposes the following integral experiments:   

• Reaction rate measurements in fast system: 

– capture rate for 237Np, 241Am, 243Am, 244Cm and 245Cm; 

– fission rate for 245Cm; 

• Small sample reactivity worth measurements: 

– necessary to accumulate data for MA in fast system; 

– pre-analysis (e.g. estimation of reactivity worth and sensitivity analysis) is 
important; 

• Irradiation experiments: 

– another irradiation experiments in fast system for complementary; 

– analysis of existing data by international co-operation; 

• Mock-up experiments: 

– other experiments will be needed in future; 

– start of design studies to prepare the experiments (estimation of MA fuels 
contents, amount, etc. and effectiveness of large inventory (~kg) experiments 
for parametric study to simulate design cores). 

Recommendation of action programme for international co-operation  

In addition to the proposal of the integral experiments for MA, the EG on IEMAM 
recommends the following actions to be performed under the international co-operation: 

• Comparison of measurement techniques/data and analysis results: 

– purpose: to obtain high reliability for the integral data and analysis results;  

– international comparison of the reaction rate measurements at the common 
facility; 

– international comparison of chemical analysis results with the same irradiated 
samples in PIE; 

– comparison of calculation results of benchmark experiments (including the 
selection of the benchmark experiments); 

• Co-operation between differential nuclear data measurements complementary to 
integral experiments: 

– recommend to WPEC; 

– share new cross-section measurements and evaluations in nuclides, reactions 
and/or neutron energy ranges; 
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• Co-operation with design study for specification of MA cores for integral 
experiments at zero power facility in support of current selected target designs for 
MA management. 

In order to realise these proposals, the EG on IEMAM recommends establishing a new 
group to discuss common MA integral experimental programme in detail. 
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Abstract 

The paper examines the use of thorium-bearing fuel in a thermal spectrum system with 
reprocessing. Due to inherently reduced generation of higher actinides, thorium has the 
well-known potential to reduce the long-term radiotoxicity of nuclear waste. Most of such 
analyses assume a relatively high recovery fraction (e.g. 99% or 99.9%), similar to that 
expected in UREX-type processes. However, THOREX or other separation processes 
considered for thorium-bearing fuel may in fact have a significantly lower recovery fraction. 
This paper examines the impact of the reduced recovery and different partitioning schemes 
(with respect to Np and Pu) on the radiotoxicity of actinide inventory in high-level waste 
generated by thorium-bearing fuel after multiple reprocessing. 
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Introduction 

Depletion of nuclear fuel in fission reactors produces transuranic waste products 
which have long half-lives. Minor actinides (MA) comprise all of the transuranic elements 
except for plutonium. These MA would burden the repository with long-term heat and 
radiotoxicity, possibly up to one million years or more. The uncertainty is extremely high 
and it may not be possible to account for every event that could occur over such a long 
time period. Radiotoxicity should be reduced as much as possible to minimise the impact 
of those uncertainties in case of an unexpected release of stored materials. 

Thorium-based fuels have some superior properties compared to uranium fuels for 
reducing long-term waste radiotoxicity. In order for thorium to produce MA nine or ten 
neutron absorptions are required compared to only three or four for 238U. In a once-
through cycle thorium fuel produces about five orders of magnitude less MA than 
uranium fuel. The long-term radiotoxicity of thorium fuel is dominated by the daughters 
of 233U while uranium fuel’s long-term radiotoxicity is dominated by decay products of 
neptunium, plutonium, americium, and curium. Thus, switching to a thorium fuel cycle 
may lower the costs of the back end of the fuel cycle. However, to get the benefit of a 
thorium fuel cycle the fuel must be recycled. There is good potential for recycling of 
thorium fuel because of its ability to breed 233U in thermal reactors [2]. 

This paper compares the radiotoxicity of multi-recycle thorium fuel cycle to both 
uranium and thorium once-through fuel cycle. In the multi-recycle scenario, neptunium 
and plutonium are separated at each reprocessing into a dedicated temporary storage for 
future use, aiming to disrupt generation of higher MA. The effect of the associated 
separation efficiency on long-term radiotoxicity is analysed. The thorium fuel is topped 
up with thorium and pure 233U each cycle and it is assumed that there is an external 
sufficient supply of both. The fuel is homogeneous in that there is no separate seed and 
blanket configuration for the fuel.   

Due to inherently reduced generation of higher actinides, thorium has the well-
known potential to reduce the long-term radiotoxicity of nuclear waste. Most of such 
analyses assume a relatively high recovery fraction (e.g. 99% or 99.9%), similar to that 
expected in PUREX/UREX-type processes. However, THOREX and other separation 
processes considered for thorium-bearing fuel may in fact have a significantly lower 
recovery fraction for Np + Pu, or such a lower recovery may be significantly cheaper. This 
paper examines scenarios where Np and Pu are partitioned with separation efficiencies 
of 70%, 95%, and 100% in order to analyse the impact on radiotoxicity of the high-level 
waste (HLW). The stored Np and Pu are not treated as HLW in this study, since it is 
targeted for future use in fast reactors.  

Thorium fuel multi-recycle calculations using SCALE6.0 

Solving for cycle length and depletion in SCALE6.0 

Depletion calculations are performed using the triton depletion sequence in SCALE6.0. 
SCALE6.0 is a package of nuclear physics and reactor physics simulation codes with 
several control sequence codes that perform criticality safety, shielding, sensitivity, and 
depletion calculations with both Monte Carlo and deterministic methods. Both the once-
through and multi-recycle calculations use the triton sequence with the 2D transport 
code NEWT. Figure 1 shows the order the codes are called by TRITON to perform a 2D 
deterministic depletion calculation. 

Included, but not shown above are the Crawdad and Worker modules. Crawdad reads 
the input and generates problem specific data sets for the BONAMI and NEWT codes. 
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Worker reads the cross-section data libraries in preparation for CENTRM and PMC which 
calculate problem dependent cross-sections. Worker is then called again to take the 
problem dependent cross-sections and prepare them for NEWT, which is a 2D discrete-
ordinates transport code. COUPLE then takes flux weighted cross-sections from NEWT 
and prepares them for ORIGEN-S, which is the depletion code. This sequence is repeated 
for each time step for the length of the fuel cycle [4]. 

To allow consistent comparison among the considered cases, as well as the previous 
results, all of the depletion calculations are modelled as a three batch fuel cycle (Todosow 
2010). Each cycle lasts for eighteen 30-day months with 486 full power days (FPD) and a 
54-day down time to account for refuelling and maintenance. In total, each batch is 
depleted for 1 458 FPD. The corresponding capacity factor is 90%.  Instead of a full 3D core 
analysis, depletion calculations are performed on the quarter fuel assembly level. The 
correct fissile isotope concentrations for each fuel type must be solved for to give the 
required cycle length in order to compare different fuels. This is achieved using the linear 
reactivity approximation and solving for where the second batch’s K-inf is equal to a pre-
determined Ko. In this study, Ko= 1.03 is selected to account for the assumed 3% 
representative core leakage. The depletion calculation is then performed for a quarter 
fuel assembly with reflective boundary conditions. In order to solve for the amount of 
fissile material that gives the required cycle length two initial fissile isotope 
concentration guesses are made. The cycle lengths of the initial guesses are calculated in 
SCALE6.0. A linear interpolation is used to solve for the correct fissile concentration. The 
fissile concentration is represented by x and K-inf is represented by f(x). The two initial 
concentration guesses are represented by xa and xb. Equation 1 shows how the linear 
interpolation is done. 

If the new fissile concentration still does not give the correct cycle length, then 
another linear interpolation is done using x1 and xb to find x2. This is repeated until to K-
inf at 972 FPD converges to Ko, typically requiring about two to four iterations to converge 
within 100 pcm. Once the correct fissile concentration is calculated, the density and 
specific power must be recalculated. The weight fraction of each isotope is converted to 
atom fractions. The atom fraction is used to weight the partial densities, which are 
summed to get the new mixture’s density. 

Figure 1: Triton 2D deterministic depletion sequence (SCALE 2009) 

 

            (1) 
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Multi-recycle methodology 

In the thorium fuel multi-recycle scenario, thorium fuel is depleted in three simulated 
batches and then reprocessed. It is assumed that there is a sufficient (unlimited) supply 
of 233U and thorium for make-up. The fission products are removed with 100% efficiency 
and there is a 1% loss taken on all of the actinides. Plutonium and neptunium are 
removed with specified separation efficiency to be placed in interim storage and the rest 
of the fuel is recycled back into a reactor. Figure 2 shows a material flow diagram 
outlining the process. 

Figure 2: Material flow for the multi-recycle scenario with Np and Pu separation 

 

The thorium fuel multi-recycle scenario analysis is automated by a set of scripts. The 
quarter fuel assembly is modelled in SCALE6.0 using Triton 2D depletion sequence. The 
scripts take the isotopics output from SCALE6.0 and calculate what goes to storage, high-
level waste, and what goes to fabrication. The amount of make-up is calculated while 
iteratively solving for the correct fuel volume. The script then creates two new depletion 
input files with initial guesses of fissile material to solve for the correct cycle length. 
Equation 1 is used to find the concentration of fissile material that gives the correct cycle 
length. The fuel density is iteratively calculated until it gives the correct fuel volume and 
fissile material concentration. A new input file is then created to model the depletion of 
the current cycle. This process is repeated until the isotopic concentrations have a very 
small change from cycle to cycle. Figure 3 is a flow diagram describing this process. 252Cf 
is an isotope that gives a good metric for when a fuel cycle is close to equilibrium since it 
goes to equilibrium very slowly. The cycle length is solved to give a K-inf of Ko at the end 
of the second batch with an error no more than 100 pcm. 

Correct mass flows from one cycle to the next require solving for the density that 
gives the required fuel volume before making a new depletion input. The concentration 
of the fissile isotope is already given when solving for the correct density. First, a small 
amount of thorium make-up is added. Then 233U is added to give the correct ratio of fissile 
material. The partial densities are summed up. If the volume of the fuel is still less than 
the available fuel volume in the reactor, then the process starts over and more thorium is 
added. This loop continues until the fuel fills the correct fuel volume and is found with 
the correct concentrations. 
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Figure 3: Multi-recycle flow diagram  

 

Isotopics and radiotoxicity of thorium fuel cycle scenarios 

Isotopics and radiotoxicity of once-through cycles 

The depletion calculations were modelled as a quarter assembly of a typical PWR with 
17x17 lattice. It was assumed that the total thermal power in the reactor was 3 000 MW. 
Triton, a sequence in the SCALE6.0 package is used to model depletion. PMC/Centrum is used 
to prepare self-shielded cross-sections. NEWT is used to deterministically solve the 2D 
transport equation. The cross-section library used is the 238 group based on ENDF/B-VII. 
All depletion calculations use the parameter Addnux=3. Addnux specifies how many 
isotopes are tracked in the depletion calculation. In SCALE6.0 Addnux=3 is the option 
with the most isotopes available. Addnux=3 adds 166 additional isotopes in trace 
quantities. Table 1 lists the assumptions about the geometry and operating power of the 
reactor model. Figure 4 shows the model geometry in NEWT for the quarter fuel assembly. 

Figure 4: 17x17 quarter fuel assembly 

 

Red is fuel pin, green is cladding, blue is moderator, and yellow is helium gap (between fuel pin and cladding). 
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Table 1: Core geometry and temperatures for a typical 17x17 PWR 

Core geometry and temperatures 

Lattice 17 x 17 

Reactor power 3 000 MW 

Fuel pellet radius 0.4096 cm 

Helium gap OR 0.4178 cm 

Fuel clad IR 0.4178 cm 

Fuel clad OR 0.4750 cm 

Guide tube IR 0.5613 cm 

Guide tube OR 0.6121 cm 

Fuel pitch 1.2598 cm 

Assembly pitch 21.5036 cm 

Number of fuel rods 264 

Number of guide tubes 25 

Fuel temperature 900 K 

Gap temperature 700 K 

Cladding temperature 620 K 

Moderator temperature 557 K 

 

The parameters for the NEWT calculation include a B1 critical buckling search. The 
calculation uses S6 level symmetric quadrature. The inner and outer eigenvalues are set 
to converge at 1 pcm for the once-through cases and 3 pcm for the multi-recycle 
calculations. The P1 approximation is used in all materials to solve for the flux. The P1 
approximation is reasonably accurate in a thermal spectrum in areas away from material 
interfaces and strong absorbers. The error associated with using the P1 approximation is a 
few pcm, sufficient for a radiotoxicity study. Each fuel cell has 49 meshes for the once-
through calculations. 

In previous studies, we initially examined 8 once-through cases with uranium- and 
thorium-based fuel, followed by a multi-recycle study in which all actinides (less loses) 
were assumed recycled back into fuel. In this study, selective removal and storage of Np 
and Pu have been investigated rather than their return into a thermal system, aiming to 
disrupt the build-up of higher MA. Two once-through calculations are included for 
comparison with the multi-recycle scenario. In the first calculation, fresh fuel is standard 
uranium oxide fuel enriched to 4.32%, whereas in the second case it is oxide fuel with 
thorium mixed with 3.955% pure 233U. Both cases are depleted in three batches. The 
discharged concentration of plutonium and minor actinides are compared and used for 
radiotoxicity calculations. Table 2 displays concentrations of discharged plutonium and 
minor actinides in g/tHM. The once-through isotopic concentration results show that the 
UOX fuel has nearly four orders of magnitude higher concentrations of total plutonium 
and close to two orders of magnitude higher concentration of total minor actinides than 
thorium fuel. UOX fuel has up to six orders of magnitude larger concentrations of the 
heavier minor actinide isotopes of curium. UOX fuel’s long-term radiotoxicity is 
dominated by plutonium, minor actinides, and their decay products. Since thorium has 
many orders of magnitude less plutonium and minor actinides, its long-term radiotoxicity is 
dominated by decay products of 233U, protactinium, and thorium. Overall, thorium fuel only 
has roughly an order magnitude lower radiotoxicity for the first 10 000 years since decay 



Plutonium 

 

Minor actinides 

Discharged fuel 

 

Discharged fuel 

Isotope UOX Th-U233 

 

Isotope UOX Th-U233 

Pu236 2.91E-03 3.43E-05 

 

Np237 6.99E+02 1.54E+01 

Pu237 7.91E-04 6.72E-06 

 

Np238 2.12E+00 5.52E-02 

Pu238 3.14E+02 3.77E+00 

 

Np239 9.23E+01 5.02E-04 

Pu239 6.20E+03 5.20E-01 

 

Am241 6.77E+01 1.10E-03 

Pu240 2.94E+03 1.14E-01 

 

Am242 1.63E-01 3.87E-06 

Pu241 1.80E+03 7.84E-02 

 

Am242m 1.56E+00 2.10E-05 

Pu242 8.74E+02 2.03E-02 

 

Am243 2.36E+02 2.88E-03 

Pu243 2.46E-01 6.95E-06 

 

Cm241 1.86E-06 1.68E-11 

Pu244 3.53E-02 4.56E-07 

 

Cm242 2.54E+01 3.27E-04 

Total 1.21E+04 4.50E+00 

 

Cm243 7.31E-01 4.86E-06 

    

Cm244 1.01E+02 5.63E-04 

    

Cm245 7.72E+00 2.45E-05 

    

Cm246 9.60E-01 2.25E-06 

    

Cm247 1.45E-02 2.01E-08 

    

Cm248 1.17E-03 1.12E-09 

    

Total 1.23E+03 1.54E+01 
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Thorium fuel shows an initial drop in radiotoxicity for the first several hundred years 
until decay products of 233U and 231Pa dominate to a maximum around 10 000 years. 
Radiotoxicity of uranium is mostly dominated by isotopes of plutonium and americium 
until after 100 000, when 242Pu and decay products of 241Am take over. Interestingly, if the 
metric is which fuel’s radiotoxicity drops below natural uranium’s, then they are about 
the same. 

Isotopics and radiotoxicity of multi-recycle scenarios 

The multi-recycle scenario considered recycles thorium fuel with assumed separation 
and storage of neptunium and plutonium for future use with separation efficiencies of 
100%, 95%, and 70%. In this scenario, 0.1% losses are taken for all of the actinides each 
time the fuel is recycled and are assumed to go to a permanent HLW storage. Since the 
rest of the fuel is assumed to be recycled back indefinitely only the radiotoxicity of the 
losses in the HLW storage is considered when evaluating the multi-recycle scenario.  
Figure 6 shows the total concentration of neptunium, americium, and curium for each of 
the separation efficiencies after the 5-year cool-down before the fuel is reprocessed. 
Table 3 displays the total concentrations of neptunium, americium, and curium after 1, 2, 
10 and 50 residence times, at different separation efficiencies after the 5-year cool-down. 

It can be seen from the data that separation efficiency has little effect on the 
equilibrium concentration of neptunium. Neptunium is much lower in the transmutation 
chain and therefore is generated much quicker than heavier minor actinides. Changing 
separation efficiency has more of an effect on heavier actinides since they reach 
equilibrium slower.   

Radiotoxicity is calculated for stored HLW from losses during reprocessing after 1, 2, 
10 and 50 residence times. Figure 7 shows the inhaled and ingested radiotoxicity for the 
case with a 100% separation efficiency. Figure 8 shows the inhaled radiotoxicity of each 
separation efficiency case. Figure 9 shows ingested radiotoxicity. 

Results show that radiotoxicity increases the more times the fuel is recycled. Waste 
after 50 residence times requires approximately 200 more years to decay to a lower 
radiotoxicity than the burn-up equivalent of natural uranium. The number of recycles 
increases the build-up of 231Pa, which increases radiotoxicity through its decay products. 
There is only a small effect from changing the separation efficiency by up to 30%. A 
separation efficiency of 70% only results in an inhaled radiotoxicity increase of 12% after 
1 000 years. However, not separating neptunium and plutonium results in nearly a two-
fold increase in inhaled radiotoxicity compared to the case with 70% separation efficiency. 
Separating neptunium and plutonium each cycle reduces the time it takes for 
radiotoxicity of losses from residence cycle 50 to drop below the radiotoxicity of burn-up 
equivalent natural uranium by approximately 150 years. 
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Table 3: Total concentrations of neptunium, americium, and curium after 1, 2, 10 and 50 
residence times in the core, at the different separation efficiencies 

after the 5-year cool-down 

Scenario Np+Pu Separated with 100% SF 

Element Total Np Total Am Total Cm 

Cycle1 1.612E+01 2.134E-02 5.280E-04 

Cycle2 8.918E+01 4.023E-01 2.779E-02 

Cycle10 5.713E+02 4.075E+00 1.845E+00 

Cycle50 6.925E+02 5.060E+00 3.433E+00 

Scenario Np+Pu Separated with 95% SF 

Element Total Np Total Am Total Cm 

Cycle1 1.61E+01 2.13E-02 5.28E-04 

Cycle2 8.94E+01 4.13E-01 3.05E-02 

Cycle10 5.77E+02 4.74E+00 2.59E+00 

Cycle50 7.00E+02 5.92E+00 4.87E+00 

Scenario Np+Pu Separated with 70% SF 

Element Total Np Total Am Total Cm 

Cycle1 1.61E+01 2.13E-02 5.28E-04 

Cycle2 9.04E+01 4.79E-01 4.73E-02 

Cycle10 6.20E+02 1.04E+01 9.61E+00 

Cycle50 7.55E+02 1.34E+01 1.92E+01 

 

Conclusion 

Typically spent nuclear fuel reprocessing is taken in the context of increasing the 
utilisation of the fuel. Reprocessing is also beneficial because it significantly reduces the 
load on the ultimate repository. By recycling thorium fuel the long-term radiotoxicity 
load on the repository per residence cycle is reduced by two to three orders of magnitude 
except for the very last residence cycle if the make-up fuel source is finite. Fuel recycling 
reduces the time it takes for the waste to decay to the equivalent natural uranium ore 
level from several hundred thousand years to several hundred years. Separation of 
neptunium and plutonium for each residence cycle gives an additional benefit by halving 
the contribution to radiotoxicity load. Depending on the difficulty required to separate 
neptunium and plutonium from other actinides, it could be worth the cost since it 
reduces the time it takes for the waste to decay to an acceptable level. The gain from a 
95% separation efficiency vs. a 70% separation efficiency is small and may not be worth 
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the cost. Most of the benefits are gained just by separating most of the neptunium and 
plutonium. 
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Abstract 

After the Fukushima accident, the management of spent fuel received a great deal of 
attention and then, reduction of radioactive wastes became increasingly important. 
Partitioning and transmutation technology using fast reactors or accelerator-driven 
systems (ADS) was noted as part of the re-evaluation of the national fuel cycle policy, 
discussed by the Atomic Energy Commission of Japan. To realise the transmutation of 
minor actinides and long-lived fission products, basic studies for various research fields 
are needed and therefore, equipment to obtain the experimental data using spallation 
target and minor actinides is required. In the framework of the J-PARC Project, the Japan 
Atomic Energy Agency (JAEA) promoted the construction of the experimental facility for 
transmutation systems and the design of the Transmutation Experimental Facility (TEF). 
The facility consists of two buildings, the Transmutation Physics Experimental Facility 
(TEF-P) to perform critical experiments using minor actinide bearing fuels and the ADS 
Target Test Facility (TEF-T) for irradiation of various structural material candidates in 
flowing lead-bismuth environment. According to the latest time schedule, TEF-T will be 
constructed rather faster than the licensing of TEF-P to facilitate the construction. TEF-T 
will be operated within 5 years and TEF-P needs another 5 years to finish the construction, 
after budget approbation by the government. Based on this time schedule and facility 
layout, concepts of the facility, namely TEF-T should be revised to accept proton beam up 
to 400 MeV-133 kW. Sealed-annular tube type spallation target filled with lead-bismuth 
eutectic alloy is considered for both low-power proton irradiation target and full stop 
length target for proton/neutron simultaneous irradiation. Both targets were designed to 
simulate the operating condition of actual lead-bismuth-cooled ADS transmutor (800 
MWt). The temperature range of lead-bismuth can be set around 300–500 degree 
centigrade and systematic data accumulation is planned for various structural materials 
and irradiation damage rate indicated by DPA (displacement per atom) at various 
operation temperatures under the structural stressed environment. Even though the 
irradiation sample is limited to a very small size, the annual irradiation rates can be set to 
several tens of DPA. TEF-P is designed to reflect the structure of existing critical assembly 
FCA located in JAEA/Tokai site to take over a lot of experimental data and experience at 
FCA. The required amount of minor actinides to perform the significant critical/subcritical 
experiments is specified and is reflected in the design of the critical assembly itself. Remote 
devices and related facility layout are also designed for the safe handling of the minor 
actinide bearing fuels.  
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Figure 2: Transmutation experimental facility 

 

 

 

 

 

 

 

R&D for several important technologies required to build the facilities is also 
performed, such as laser charge exchange technique to extract very low power beam for 
reactor physics experiments, remote handling method to load MA bearing fuel into the 
critical assembly, spallation product removal method especially for the polonium, and so 
on. The objectives and construction schedule of the facilities, the latest design concept, 
and key technologies to construct TEF are described here. 

Outline of transmutation experimental facility 

Outline of TEF-T 

In the current JAEA study, the ADS-cooled by Pb-Bi is a primary candidate. Pb-Bi also 
acts as a spallation target of ADS. To solve the technical difficulties for Pb-Bi application, 
the construction of TEF-T is planned to complete the datasets which are required for Pb-
Bi target/cooled ADS design. The experiments to obtain the material irradiation data for 
beam window are the most important missions of TEF-T.  

Figure 3: Sealed annular type spallation target 
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TEF-T mainly consists of a Pb-Bi spallation target, a secondary cooling circuit, and hot 
cells to handle the spent spallation target vessel and irradiation test pieces. Pb-Bi is filled 
a sealed double annular cylindrical tube made of type 316 stainless steel or 9 Cr steel. An 
effective size of the target unit is about 15 cm diameter and 3 to 4 meter long, as shown 
in Figure 3. The target head is designed to be changed according to the objective of the 
experiments. One of the target heads is designed to irradiate several types of samples in 
the flowing Pb-Bi environment. A primary Pb-Bi loop is designed to allow Pb-Bi flow at a 
velocity of up to 2 meters per second and 500ºC of the maximum temperature of the Pb-Bi. 
Pb-Bi is circulated by an electromagnetic pump (EM pump) which is independent from 
the target tube. When the problem occurs around the EM pump, the target unit can be 
replaced by withdrawing the electromagnetic flow meter and EM pump. 

The design study of the target head is performed in order to realise the TEF-T target 
system. To set up the parameters, future ADS concepts are taken into account. In the 
reference case of the target, which is supposed to be used for various material irradiations, a 
proton beam current density of 20 μA/cm2 was adopted. The current density of 20 μA/cm2 
equals to the maximum beam current density of JAEA-proposed 800 MWth ADS. Through the 
analyses of neutronics, thermal-hydraulics, and structural strength, the target can be 
applicable under reference operation condition at a maximum coolant temperature up to 
450ºC. However, by introducing a 400 MeV-250 kW proton beam, with 20 μA/cm2 of beam 
current density, about 7 to 8 DPA/year of irradiation can be obtained in the irradiation 
sample which is set in the flowing Pb-Bi environment. Because this value is about 20% of 
DPA considered in the beam window of JAEA-ADS, studies focusing on the injected 
proton beam up to 40 μA/cm2, and reduction of beam window temperature by changing 
Pb-Bi flow are underway. 

Outline of TEF-P 

Several neutronic experiments for ADS have been performed in both Europe [5] [6] 
and Japan. In Japan, subcritical experiments were performed at the Fast Critical Assembly 
(FCA) in JAEA/Tokai with a 252Cf neutron source and a DT neutron source. Subcritical 
experiments with thermal subcritical core driven by 150 MeV protons were performed at 
the Kyoto University Research Reactor Institute. A lot of experimental studies have also 
been performed to the neutronics of the spallation neutron source with various target 
materials such as lead, tungsten, mercury and uranium. These experiments for spallation 
target are also useful to validate the neutronic characteristics of ADS. 

There have been, however, no subcritical experiments combined with a spallation 
source installed inside the subcritical fast neutron core. The purpose of the TEF-P is 
divided roughly into three subjects: 

• reactor physics aspects of the subcritical core driven by a spallation source; 

• demonstration of the controllability of the subcritical core including a power 
control by the proton beam power adjustment; 

• investigation of the transmutation performance of the subcritical core using a 
certain amount of MA and LLFP. The next section describes the details of these 
experimental items. 

As we already have experience and experimental data at the existing facility FCA, 
TEF-P is designed to refer to FCA, the horizontal table-split type critical assembly with a 
rectangular lattice matrix. In this concept, the plate-type fuel for FCA with various 
simulation materials such as lead and sodium for coolant, tungsten for solid target, ZrH 
for moderator, B4C for absorber, and AlN for simulating nitride fuel, can be commonly 
used at TEF-P. Therefore, the correlation of previous experiments can be kept with TEF-P 
experiments. The proton beam will be introduced horizontally at the center of the fixed 
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half assembly and various types of spallation targets can be installed at various axial 
positions of the radial centre of the subcritical core. 

In the experiment with proton beam, effective multiplication factor (keff) of the 
assembly will be kept at less than 0.98. One proton with an energy of 400 MeV produces 
tens of neutrons by the spallation reaction with a heavy metal target such as lead. The  
10 W proton beam corresponds to the source strength of 1012 neutrons/sec, which has 
enough strength to measure the neutronic characteristics at the deep subcritical state 
such as keff = 0.90. The unexpected introduction of the 10 W proton beam into the core 
can be terminated safely with the reactor scram and beam interruption mechanism 
located at the TEF-P facility and other J-PARC facilities including the accelerator, which 
continues to operate individually. 

From the viewpoint of the neutronic analyses for subcritical systems, subcriticality, 
power distribution, effective neutron source strength, and neutron energy spectrum will 
be measured by changing keff and spallation neutron source position, parametrically. The 
target material can be altered with various candidate materials such as Pb, Pb-Bi, W, and 
U. The reactivity worth is also measured for the case of coolant void and coolant 
infiltration into the beam duct. It is desirable to make the core critical in order to ensure 
the quality of experimental data of the subcriticality and the reactivity worth. For the 
demonstration of the hybrid system, feedback control of the fission power is examined 
by adjusting the beam intensity. Operating procedures at the start-up/shut-down, beam 
trip and re-start will be also examined. 

As for the transmutation characteristics of MA and LLFP, fission chambers and 
activation foils are used to measure the transmutation rates. The cross-section data of 
MA and LLFP in the high-energy region (up to several hundreds MeV) can be measured by 
the Time of Flight (TOF) technique with the proton beam of about 1 ns pulse width. 
Several types of MA and LLFP samples are also prepared to measure their reactivity worth, 
which is important for the integral validation of cross-section data. 

The installation of a partial mock-up region of MA nitride fuel with air cooling is 
considered to measure the physics parameters of the transmutation system. The central 
rectangular region (28 cm x 28 cm x 60 cmL) will be replaced with a special sub-assembly 
which can install the pin-type MA fuel around the spallation target, as shown in Figure 4. 

Figure 4: TEF-P assembly with partial loading of pin-type fuel 
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Activities for TEF construction 

According to the current construction schedule, TEF will be built in two phases. TEF-T 
will be built within 5 years at the first phase and then, TEF-P will be constructed at a later 
phase. The licensing procedures to construct critical reactor facility TEF-P will be 
processed simultaneously with the construction of TEF-T. In order to design the facility, 
various R&D activities are underway. 

Low power proton beam extraction 

For the subcritical experiments using TEF-P, an incident proton beam should be 
strictly limited to the order of 10 W. It is also important to keep and represent the 
experimental condition of injected proton beam. To extract very low power proton beam 
constantly from the high-power J-PARC accelerator, the laser charge exchange technique 
has been developed. A very small part of H- beam from J-PARC LINAC changes into 
neutral hydrogen beam using laser beam and these neutral particles are easily separated 
from H- beam using a bending magnet. A technique to avoid the pre-neutralised beam 
generated from the collision of H- beam and the remaining gas in the accelerator tube is 
also examined to improve the quality of low power proton beam. 

Several demonstrative tests of the laser charge exchange technique have been 
performed [7]. The Nd:YAG laser (20 nsec of pulse width, 500 mJ of beam energy and 25 Hz of 
repetition rate) has been used. In the experiment, the photo stripped electron signal 
corresponding to the reduction of the total beam current signal at downstream was 
observed. The results of transverse profile measurements were also consistent with the 
wire scanner signals of upper-and downstream. The H- beam components intercepted by 
0.8 mm height laser beam have been estimated by transverse profile measurement, and 
agree with the photo detached fraction (Faraday cup and current detector’s signal). The 
calculation results also show the complete (>99%) neutralisation ratio with 130 mJ 
Nd:YAG laser for 3 MeV H- beam. Thus, the complete (>95%) photo neutralisation fraction 
for a 130 mJ (repetition frequency of 5Hz) 1.064 nm Nd:YAG laser pulse on a 15 mA, 3 MeV 
H- beam could be confirmed practically. 

From the user viewpoint, much faster repetition frequency should be developed up to 
2 kHz to improve the statistical accuracy and much longer pulse width up to 500 μsec to 
form the quasi-equilibrium state of the subcritical core to simulate continuous beam 
operation of future ADS. The preparation of different types of laser source using laser 
diode and experiments using J-PARC is underway. 

Figure 5: Trial coolant simulation block 
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Minor actinide fuel handling method 

Handling methods to use MA-bearing fuel in TEF-P have been investigated. A trial 
manufacture of the coolant simulation block and conceptual study of the remote fuel 
loading method of the pin-type MA fuel, devices for transportation and storage of the 
MA-bearing fuel have been performed. By using specified MA fuel loading zone 
configuration, the effectiveness of the integral experiments using MA fuel has been 
evaluated. 

As a first step to prepare MA-bearing fuel, the low 237Np and/or 241Am contained (up to 
5%) MOX fuel has been found to be reasonable from the viewpoint of current experience. 
This type of fuel is also important to perform the study on MA-burning fast breeder 
reactors. To simulate neutron energy spectrum of ADS/FR with MA-bearing fuel, about 
0.03 m3 of driver zone (25 cm X 25 cm X 60 cmL) is required. The effectiveness of integral 
experiments using MA-bearing fuel in driver zone was quantified [8]. 

To load a pin-type fuel into FCA-type critical assembly, coolant simulation block, 
which has high-coolant filling factor and appropriate air gap to cool MA pin fuel, is 
required. Trial manufacture of coolant simulation block to simulate lead coolant was 
performed. Figure 5 shows the trial coolant simulator block. About 97% of the coolant 
filling factor in simulation block was realised and the filling factor can be increased by 
improvement of the manufacturing accuracy around fuel pin guide tube. 

Even the 5% addition of MA, remote handling device to handle the MA-bearing fuel is 
required to protect the experimenters from radiation exposure. Fuel loading equipment 
which should have the ideal experimental condition, namely a smaller handing head, 
MA-bearing fuel cartridge to suppress the critical accident and radiation from fuel, MA-
fuel storage system was designed and partially tested. A mechanical method with small 
rubber was tested using the lead coolant simulation block mentioned above and 
satisfactory performance to handle the pin-type fuel was demonstrated. 

Polonium removal method 

When the lead-bismuth eutectic alloy was irradiated by high-energy proton, 
polonium isotopes were accumulated in the alloy. Because of the decay mode (mostly an 
alpha-decay) and chemical properties of polonium, a removal method of polonium is 
required for the exhaust circuit of TEF-T. An equilibrium vapourisation test of polonium 
from liquid Pb-Bi was performed and equilibrium vapourisation characteristics were 
measured by transpiration method with activated Pb-Bi which was irradiated at the 
JAEA/JMTR research reactor [9]. It is shown that at low temperatures around 450ºC, which 
is considered as a standard operational condition of TEF-T, most accumulated polonium 
in Pb-Bi eutectic alloy exists as a chemical compound with Pb or Bi which is much harder 
to evaporate than elemental polonium. 

Figure 6: Polonium removal experimental device 
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Another experiment to recover evaporated polonium in exhaust circuit was 
performed [10]. Pb-Bi alloy samples were irradiated at the JAEA/JRR-4 research reactor 
and were heated in vacuum vessel up to 690ºC, as shown in Figure 6. Two types of 
stainless mesh filter with different finenesses were prepared for the experiment and 350 
to 450 of decontamination factors were obtained using multi-layered stainless mesh filter. 

Establishment of user community 

In 2006, the project team called for preliminary letters of intent (LOI) for experiments 
tested at the TEF and received 38 proposals. Experiment proposals for ADS and MA-
loaded FBR, nuclear data measurements, high-energy physics, LBE spallation target 
technologies and research using protons and neutrons at the beam dump were obtained. 
These proposals showed that TEF could serve as a basic experimental platform for the 
nuclear science, engineering and applications.  

To encourage the activities regarding the construction of TEF, a research committee 
on experimental facility for reactor physics concerning the management of actinides was 
created in 2008 by the Atomic Energy Society of Japan. More than 30 reactor physics 
experts from universities, research institutes and heavy industrial companies contributed 
to the work of the committee, and committee meetings were held at least seven times. 
The issues for integral experiments, accuracy of the data and measurements, design 
criteria of fast reactors, application of existing critical assemblies, etc. were discussed and 
a summary report was issued in October 2010. The recommendation of the committee is 
that the experimental facility which can handle a certain amount of minor actinides and 
plutonium should be established to achieve the R&D for future actinide management. 

Conclusion 

To perform the design study on the transmutation system of long-lived nuclides, the 
construction of TEF, which consists of two buildings, TEF-T and TEF-P, has been proposed 
under the J-PARC Project. According to the current construction schedule, TEF-T will be 
built in the first phase and TEF-P will be constructed at a later phase. The licensing 
procedures for TEF-P construction will be established simultaneously with the 
construction of TEF-T. 

TEF-T is a facility for preparing the database for engineering design of ADS using  
400 MeV-250 kW proton beam and the Pb-Bi spallation target. The purposes of TEF-T are R&D 
for the structural strength of the beam window which is irradiated by both high-energy 
proton and neutron, the compatibility of the structural material with flowing liquid Pb-Bi 
and the operation of the high-power spallation target. Several types of target head can be 
installed according to the experimental requirements. It was shown that the reference 
case of injected proton beam condition (400 MeV-250 kW and 20 μA/cm2 of beam current 
density) was applicable to the TEF-T target. In order to improve irradiation performance 
further studies are underway.  

TEF-P is a critical assembly which can accept the 400 MeV-10 W proton beam for the 
spallation neutron source. The purposes of TEF-P are the experimental validation of the 
data and method to predict neutronics of the fast subcritical system with spallation 
neutron source, the demonstration of the controllability of a subcritical system driven by 
an accelerator, and the basic research of reactor physics for transmutation of MA and 
LLFP. The distinguished points of TEF-P in comparison with existing experimental 
facilities can be summarised as follows: (1) both the high-energy proton beam and the 
nuclear fuel are available, (2) the maximum neutron source intensity of about 1012 n/s is 
strong enough to perform precise measurements even in the deep subcritical state (e.g. 
keff = 0.90), and, is low enough to easily access to the assembly after the irradiation,  
(3) a wide range of pulse width (1 ns- 0.5 ms) is available by the laser charge exchange 
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technique, (4) MA and LLFP can be used as a shape of foil, sample and fuel by installing an 
appropriate shielding and remote handling devices. 

Along with the design study of the TEF, R&D was performed for the components 
required for TEF, such as laser charge exchange technique to extract very low power 
proton beam, test manufacturing of MA fuel handling devices, and polonium removal 
method. The experimental result of the laser charge exchange technique showed beam 
extraction in the magnetic field. Mock-up of coolant simulator block and remote handling 
mechanism for pin-type fuel loading were performed. Effective method to remove 
polonium with standard stainless mesh filter was established through the hot 
experiments. Significant improvement of the accuracy of ADS analysis of ADS is 
anticipated following critical experiments with MA fuel at TEF-P. 

The preliminary letters of intent were issued to support the project. Many researchers 
proposed the experimental programme using TEF. A research committee on 
experimental facility for reactor physics concerning actinide management was created by 
the Atomic Energy Society of Japan and issued a recommendation reflecting the 
suggestions of the Japanese reactor physics researcher’s community after a two-year 
debat. These recommendations will be taken into account for the facility design of TEF. 

References 

[1] T. Sasa et al. (2004), “Research and Development on Accelerator-driven Transmutation 
System at JAERI”, Nuclear Engineering and Design 230, 209-222. 

[2] The Joint Project Team of JAERI and KEK (2000), “The Joint Project for High-Intensity 
Proton Accelerators” (in Japanese), JAERI-Tech 2000-003. 

[3] H. Oigawa et al. (2001), “Conceptual Design of Transmutation Experimental Facility”, Proc. 
Global2001, Paris, France. 

[4] T. Sasa et al. (2005), “Conceptual Study of Transmutation Experimental Facility (2) Study 
on ADS Target Test Facility”, (in Japanese), JAERI-Tech 2005-021. 

[5] R. Soule et al. (2004), “Neutronic Studies in Support to ADS: The Muse Experiments in the 
MASURCA Facility”, Nuclear Science and Engineering, 148, 124-152. 

[6] W. Uyttenhove et al. (2011), “The Neutronic Design of a Critical Lead Reflected Zero-
power Reference Core for On-line Subcriticality Measurements in Accelerator Driven 
Systems”, Annuals of Nuclear Energy, Vol.38, No.7, 1519-1526. 

[7] T. Tomisawa et al. (2005), “Investigation of Photo Neutralization Efficiency of High 
Intensity H- Beam with Nd:YAG Laser in J-PARC”, Proc. of 7th European Workshop on Beam 
Diagnostics and Instrumentation for Particle Accelerators (DIPAC 2005), 275-277. 

[8] T. Sugawara et al. (2007), ”SND2006-V.10-1, Design of MA-loaded Core Experiments using 
J-PARC”, Proc. of 2006 Symposium on Nuclear Data,  25-26 January 2007, [CD-ROM]. 

[9] S. Ohno et al. (2006), “Equilibrium Evaporation Behavior of Polonium and its Homologue 
Tellurium in Liquid Lead-Bismuth Eutectic”, Journal of Nuclear Science and Technology, 
43:11, 1359-1369. 

[10] T. Obara et al. (2011), “Polonium Decontamination Performance of Stainless Steel Mesh 
Filter for Lead Alloy-cooled Reactors”, Progress in Nuclear Energy, 53, 1056-1060. 



NEA/NSC/DOC (2013)3 
 

300 TWELFTH INFORMATION EXCHANGE MEETING ON PARTITIONING AND TRANSMUTATION, © OECD 2013 

Session VIII 
Economics of Partitioning and Transmutation 

Chairs: I.S. Hwang, I. Kaplan 



   NEA/NSC/DOC (2013)3 

TWELFTH INFORMATION EXCHANGE MEETING ON PARTITIONING AND TRANSMUTATION, © OECD 2013 301 

Status of the EC-FP7 Project ARCAS: 
Comparing the economics of accelerator-driven systems 

and fast reactors as minor actinide burners 

Gert Van den Eynde1, Vincenzo Romanello2, Francisco Martin-Fuertes3, 
Colin Zimmerman4, Bob G. Lewin4, Aliki van Heek5 

1SCK•CEN, Belgium, 2KIT, Germany, 
3CIEMAT, Spain,4NNL, United Kingdom, 5NRG, The Netherlands 

Abstract 

The ARCAS Project aims to compare, on a technological and economical basis, accelerator-
driven systems and fast reactors as minor actinide burners. It is split into five work 
packages: the reference scenario definition, the fast reactor system definition, the 
accelerator-driven system definition, the fuel reprocessing and fabrication facilities 
definition and the economical comparison. This paper summarises the status of the project 
and its five work packages. 
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WP 1: Reference scenario definition 

The reference scenario considered in the frame of the ARCAS Project refers to 
PATEROS Project where a regional scenario, at a European level, was analysed in detail. 
Scenario 1 was taken into consideration, in which spent UOX and MOX fuel discharged 
from LWR is reprocessed (mono-recycled) in order to separate TRU from fission products 
(which, together with reprocessing losses, are sent to a geological repository). 
Reprocessed Pu and MA are recycled in the regional transmuter facility, which in this 
case is the ADS-EFIT (Accelerator-Driven System – European Facility for Industrial 
Transmutation) [2] and blended with TRU separated from spent fuel of subcritical 
transmuter fuel cycle (when available) in subsequent cycle passes (Figure 1). The final 
goals of the scenario are: 

• to fully reprocess the spent fuel legacy of some European countries (Group A), 
which are supposed to be in a stagnant or phasing-out scenario: Belgium, the Czech 
Republic, Germany, Spain, Sweden and Switzerland, in order to eliminate all the TRU 
stocks, before the end of the present century; 

• to store Pu (for a possible future use for the deployment of fast reactors, which 
were not simulated in this case) and to stabilise the MA inventory in European 
countries (Group B) pursuing nuclear energy generation; France was considered in 
this case. 

Figure 1: PATEROS simplified scenario flow scheme 
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According to scenario assumptions ADS-EFIT will be deployed in a regional centre 
starting from 2045 (this hypothesis should appear rather unrealistic) up to 2090 – then a 
constant energy production level – i.e. number of transmuters - is assumed, regional fuel 
cycle facilities such as reprocessing and fuel fabrication plants for innovative fast reactor 
fuel, and a spent fuel (SF) interim storage are considered. In particular, a reprocessing 
capacity of 850 tonnes/year was assumed for Group A reprocessing plant, while 
1 700 tonnes/year were necessary in order to stabilise the inventory of Group B. 

Calculations were performed with COSI6-ver. 6.0.1, a code developed by CEA 
(Cadarache) [3]. In particular, simulations addressed the MA streams (and their isotopic 
composition) evaluation from Group A (i.e. coming from a spent fuel storage after some 
decay time) and Group B (i.e. coming from a continuous feed from a PWR fleet with a 
50 000 MWd/t burn-up, fuelled by 90% UOX and 10% MOX, a 5-year cooling time and a total 
yearly energy production of 430 TWhe). The outcome of the simulations is shown in Table 1; 
MA composition and a range of minimum and maximum annual values are indicated. It 
should be noted that the hyposthesis that all European nations except France will phase-
out during the present century may appear too optimistic from the MA waste stream 
amount viewpoint. If we consider that the nuclear power installed in France today is 
63.130 MWe, while the total for Europe is 169.932 MWe [7], a factor of ca. 2.7 should be 
considered (as it appears that a phase-out of nuclear energy in the near future in OECD 
countries is unlikely, due also to environmental concerns about global warming, as stated 
by IPCC or IIASA scenarios [5] [6]. 

Table 1: Proposed reference MA composition 

 

 

 

 

 

 

 

 

Min. MA annual stream1: 2.3 tonnes/year. 
Max. MA annual stream2: 6.5 tonnes/year. 

                                                            
1 PATEROS scenario. 
2 PATEROS extended to all European countries with present energy production. 

Nuclide Content (%) 

Am241 39.55 

Am242m 0.22 

Am243 22.34 

Np237 32.91 

Cm243 0.059 

Cm244 3.97 

Cm245 0.95 
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It is important to stress, however, that the composition indicated above is just 
indicative: in order to adopt an efficient transmutation strategy in fact it is mandatory 
that fast systems (both critical and subcritical) run a closed cycle, by reprocessing their 
own fuel and recycling it in their fuel fabrication plants as first choice. This strategy will 
present some relevant consequences, which should in principle heavily affect fuel cycle 
costs: 

• recycling of transmuters fuel, and then blending it with fresh fissile material in 
order to balance the fissioned mass, will obviously modify fuel isotopic vector at 
every new reactor load: this fact will probably require modification of fuel shares 
(e.g. inert matrix/heavy metal, amount of uranium, etc.), which, in their turn, 
should affect safety coefficients, performance, burning capacity, etc. 

• recycling fuel in a closed cycle fashion will probably cause an accumulation of 
heavy elements, thus increasing fuel gamma and neutronic emission, such as 
decay heat power: as new technologies, making use probably of remote handling 
and improved shielding issues are required, these parameters should be taken into 
consideration accurately in costs evaluation. 

Finally, it should be taken into consideration in transmuter evaluation that if nations 
with a phasing-out policy are considered, as is the case of the PATEROS scenario, 
plutonium management should be considered, especially if adopted transmuters are not 
specifically designed for this goal. Simulations show that if maximum MA stream cited 
above is adopted (i.e. present European nuclear fleet) a plutonium annual stream of ca.  
24 tonnes/year results, which means an accumulation of more than 2 100 tonnes of fissile 
material by the end of the present century. It should also be noted that small nations that 
decide to continue to produce nuclear energy without planning to use produced 
plutonium in fast reactors (such as France) will have to adopt a proper strategy for its 
final disposal (regional transmuter design should take this issue properly into account). 

WP 2: Definition of the fast reactor system 

In the framework of the EU CP-ESFR Project [8], a basic SFR concept was proposed as a 
“Working Horse” (WH) design, which was further optimised in an effort to improve the 
original reactivity coefficients. A short description of the optimised reactor concept is 
provided in this section, which will be used for analytical estimations in ARCAS. The 
cross-section of the core is depicted in Figure 2. 

The 3 600 MWth core is composed of 225 sub-assemblies (S/A) in the inner core and 
228 S/A in the outer core, 453 S/A in the whole reactor.  

The core S/A are MOX type, where the composition is as follows (in weight percentage 
of the total heavy metal): 

• inner core, 8 S/A active rows: 85.12% depleted uranium, 14.76% Pu, and 0.13% Am 
(as a result of Pu decay during fabricated fuel storage); 

• outer core, 4 S/A active rows: 82.72% depleted uranium, 17.15% Pu, and 0.12% Am. 
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Figure 2: Cross-section view of CP-ESFR core 

 
 

The core optimisation is called CONF2 case and the features are: 

• a lower axial blanket made of depleted uranium dioxide; 

• an upper sodium plenum to enhance neutron leakage in the region in the case of 
plenum voiding; 

• an upper neutron absorber layer, above the sodium plenum. 

Before the optimisation process, the basic “Working Horse” design consisted only in 
the active length, 1 m high, with no lower axial blanket, sodium plenum and upper 
absorbing layer. The WH design was intended to be a break-even core. 

It is found that MA homogeneous loadings in the reference reactor lead to moderate 
transmutation values, up to 6.9 kg/TWhth for 4%w loading, and noticeably deteriorate 
reactivity coefficients (Doppler constant and core void worth). However, the deterioration 
depends very much on the exact core configuration. Hence, dedicated core design 
strategies for lowering the MA impact have an important effect for the Doppler constant, 
whose deterioration may decrease from 40 to 15%. The reduced void worth deterioration 
is found to be similar before and after application the optimisation guidelines (some 25% 
in both cases). On the other hand, the extended void worth significantly decreases 
compared to the reduced void worth, which means that optimisation guidelines are 
promising and should be further pursued, even targeting negative core void worth. In the 
meantime, a combination of lower MA loading, 2.5%, and optimisation guidelines seem to 
be a promising concept, as deterioration will be lower. 

Heterogeneous blanket configurations lead in general to the low deterioration of 
safety parameters or even to little improvement when core optimisation guidelines are 
considered. However, concerning transmutation values, virtually no net transmutation is 
found, or just a small net value, after optimisation guidelines. 

An interesting case between homogeneous and heterogeneous has also been 
presented with MA loading in the outer core (together with Pu) leading to medium 
transmutation values (3.6 kg/TWhth) and no deterioration of reactivity coefficients. 

Moreover, the impact of MA loading on reactivity coefficients expands over a range of 
results, which illustrates the necessity for rigorous safety analysis in order to advance the 
issue of core feasibility from the licensing viewpoint. This is indeed an open field for 
research, as no fully dynamic safety analysis is yet available. 

Concerning the first European scenario analysis, it should be noted that medium 
transmutation values (as of 2.8 kg/TWhth) in all reactors could lead to elimination of the 
neptunium and americium stock, out of the reactor site, within a century, and that the 
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result is compatible with Pu breeding in all reactors. The curium mass stock, however, is 
not eliminated but slightly decreased. Such an objective would imply the fabrication of a 
very large number of MA bearing fuel assemblies at low contents, 2.5%w/o. Also, the Pu 
amount involved in fuel fabrication would be very large. 

WP3: Definition of the accelerator-driven system 

The aim of the work package was to select and characterise the reference accelerator-
driven system to be used in the ARCAS Project. As there is only one design for an 
industrial transmutation facility available in Europe, the choice of the reference system 
was rather easy: the EFIT, European Facility for Industrial Transmutation, as designed 
within the 6th European Framework Programme IP-EUROTRANS [8]. 

The accelerator foreseen in the EFIT design is an 800 MeV proton accelerator 
delivering 20 mA current. This beam impinges on a windowless spallation target, where 
the induced spallation reactions produced the required source neutrons. The 19 central 
positions of the hexagonal core lattice house the spallation target, which is surrounded 
by fuel assemblies. The number of fuel assemblies is such that the core, by design, will 
not become critical (even in accidental conditions). 

The reactor core is cooled by pure lead (as opposed to lead-bismuth eutectic as 
foreseen in the experimental facility XT-ADS). This allows a high inlet and outlet 
temperature (400°C and 480°C, respectively) and as a consequence a rather high 
thermodynamic efficiency of 40%. 

For the fuel one opts for uranium-free fuel since it avoids extra build-up of plutonium 
(by capture in 238U). Because there is a relationship between the energy produced and the 
material destroyed by fission (one-fission produces about 200 MeV of energy), the final 
balance is always a loss of 42 kg/TWhth [9]. The design goal of EFIT was to have a loss of 
minor actinides as close to 42 kg/TWhth as possible and a loss of plutonium close to  
0 kg/TWhth [10] [11]. The second goal for the design of the core was to have a reactivity 
swing as close to zero as possible, reducing power fluctuations during the cycle without 
the need to compensate for this using the proton accelerator. 

Two types of advanced fuels have been analysed in the EUROTRANS Project: the 
CERCER option and the CERMET option. The former uses an MgO matrix, the latter an Mo 
matrix. For the CERMET, two sub-options have been analysed: a matrix with natural Mo 
and a matrix enriched in the ligther isotopes of Mo, avoiding excessive neutron capture. 

The ADS EFIT core used for this study is based on the one defined in the deliverables 
D3.2 and D3.3 from the AFTRA (Advanced Fuels for TRAnsmutation systems) domain 
(DM3) within the EURATOM FP6 integrated Project (IP) EUROTRANS [12] [13]. For this 
comparative study, EFIT-400 (AFTRA) core with one zone configuration, a thermal power 
of 400 MW with the two selected fuels for EFIT core: CERCER with MgO matrix and 
CERMET with Mo matrix enriched in 92Mo were used. 

As shown in Figure 3, the core contains 6 rings of fuel assemblies (FAs), surrounded 
by 2 rings of reflector ones and a cylindrical core barrel with 30 mm as thickness. The 
spallation target and the surrounding region (containing mainly lead) occupy the space 
created by the withdrawal of 19 fuel assemblies from the central region proposed in the 
EFIT reference design [14]. 
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Figure 3: Single-zone reference core model of the EFIT-400: Radial layout 

 

Table 2 shows the ARCAS minor actinides vector, the one that was proposed within 
Work Package 1, compared to the one defined within the EFIT-400 (AFTRA) Project. For 
the latter, the isotopic vectors of Np, Am and Cm are those that would arise from spent 
MOX fuel discharged at 45 MWd/kgHM and reprocessed after a cooling time of 30 years. 

Table 2: Comparison of MA content in EFIT and ARCAS MA vectors 

Isotope /content (%) ARCAS MA Vector EFIT MA Vector 

Np237 

Np239 

Np 

32.902 

1.95E-05 

32.902 

3.815 

0.000 

3.815 

Am241 

Am242m 

Am243 

Am 

39.559 

0.223 

22.340 

62.122 

75.413 

0.254 

16.167 

91.834 

Cm242 

Cm243 

Cm244 

Cm245 

Cm246 

Cm247 

Cm 

0.000572 

0.059427 

3.9669 

0.9496 

0.000 

0.000 

4.977 

0.000 

0.067 

3.035 

1.157 

0.090 

0.002 

4.351 
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The results of MA transmutation rate are calculated using the ALEPH code (SCK•CEN 
home-made code) [15]. The ALEPH code is designed to combine a Monte Carlo code 
(MCNP or MCNPX) for spectral calculations with a modified version of ORIGEN-2.2 code 
[16] for evolution calculation. The nuclear data used are based on the JEFF-3.1 library [17]. 
As shown in Tables 3 and 4, in terms of total MA transmutation rate, for both ARCAS and 
EFIT vectors, the transmutation performances are the same: reaching values of  
39 kg/TWh and 36 kg/TWh for EFIT-400 CERCER fuel and EFIT-400 CERMET fuel, 
respectively. Tables 5 and 6 present the results of the safety parameter calculations for 
EFIT-400 core with the ARCAS MA vector at the beginning and the end of cycle. 

Table 3: MA Transmutation rates (Kg/TWh) for EFIT-400 with CERCER fuel 

 MA ARCAS vector MA EFIT vector 

Np -17.379 -1.331 

Am -29.589 -44.734 

Cm 8.206 7.349 

Total MA -38.76 -38.71 

 

Table 4: MA Transmutation rates (kg/TWh) for EFIT-400 with CERMET fuel 

 MA ARCAS vector MA EFIT vector 

Np -15.583 -1.215 

Am -27.096 -43.692 

Cm 7.010 6.771 

Total MA -35.67 -35.5 

 

Table 5: Safety parameters for EFIT core with CERCER fuel 

Safety parameters BOC EOC 

Ks 0.9578±0.016 0.93756±0.02 

Keff 0.97548±0.00007 0.96093±0.00007 

Beff 153 160 

KD 0 +19 

Partial void worth (pcm) 724 563 

Total void worth (pcm) -5750 -9349 
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Table 6: Safety parameters for EFIT core with CERMET fuel 

Safety parameters BOC EOC 

Ks 0.97335±0.016 0.90777±0.00076 

Keff 0.98504±0.00007 0.94217±0.00007 

Beff 177 190 

KD -77 -117 

Partial void worth (pcm) 684 559 

Total void worth (pcm) -7094 -10011 

WP4: Definition of the fuel reprocessing and fuel fabrication facilities 

The objective of ARCAS WP4 is to define a fuel fabrication plant and a reprocessing 
plant for fast reactors (FR) and ADS fuels in order to compare costs. Clearly, these plants 
may be different for each neutron system, but that difference will only depend on the 
fuel types and their irradiation conditions. 

The output from WP4 comprises baseline information which identifies process 
differences upon which an economic assessment of heterogeneous fuel fabrication plant 
and spent nuclear fuel reprocessing plant for FR and ADS can be made in WP5. 

Inert matrices of Mo or MgO (Yttria Stabilised Zirconia) and pure MgO have been 
selected as model fuels for the ADS and FR systems, respectively. The case for 
reprocessing of ADS fuel using pyrochemical technology and the fabrication of ADS fuel 
using Sol Gel is made and appropriate high-level case studies are completed. Similarly, 
the case for reprocessing FR fuel using aqueous technology and the use of powder 
metallurgy as the preferred fuel fabrication route for UO2 blanket and U/Pu oxide core fuel 
is made. Sol Gel is the preferred route for minor actinide (MA) fuel fabrication. 

Reprocessing options are expected to fall into two “camps”. These are: 

• materials well suited to existing fuel fabrication processes and compatible with 
nitric acid/organic phase, PUREX or GANEX type, separation processes; 

• other materials where non-aqueous process routes (i.e. pyro-chemical) are most 
likely to be deployed. 

The following assumptions were made: 

• Fast reactor fuel: 

– heterogeneous actinide and MA fuel pins are U/Pu and inert matrix (MgO)/MA; 

– based on an oxide system; 

– high Pu content in FR core; 

– MgO is soluble and easily diverted within an aqueous reprocessing option, 
therefore only aqueous reprocessing options are required for this scenario; 

– oxidation and dissolution of high Pu content fuel and MA is possible; 

– Aqueous reprocessing solvents are sufficiently stable to very high burn-up fuel, 
however, in extreme cases, the effect of radioactive content in aqueous 
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reprocessing can dramatically reduce the effect of solvent extraction. This is 
especially true in the first stages of these processes where the organic solvent is 
in contact with fission product activity in the aqueous solution. 

– an organic phase clean-up and recovery step will be included in any 
reprocessing scheme to maintain process efficiency; 

– aqueous processes will be assessed in conjunction with an appropriate scenario 
(e.g. sufficient cool-down time). 

• Accelerator-driven system fuel: 

– fuels are based on an actinide oxide dispersed in an inert matrix; 

– heterogeneous actinide and MA fuel pins – Mo or MgO/PuO2 and Mo or 
MgO/MAO2; 

– provided Mo is recovered and recycled at an early stage of reprocessing, then 
aqueous processes should be considered viable, if not; 

– pyro-processing due to the potential issues of CaesiumPhosphoMolybdate (CPM) 
and insoluble product formation in aqueous processes is proposed; 

– pyro-processing is used for spent fuel when fabrication techniques have 
required a ZrO2 or Yttria Stabilised Zirconia (YSZ) in the MgO matrix; 

– where aqueous reprocessing is selected, the assumptions shown under FRs 
above also apply here; 

– all fuels will be subject to very high burn-up. 

Carbide and nitride systems have been discounted from this work due to their very 
low technological readiness levels in comparison with oxide and metal fuels. 

Both aqueous and non-aqueous process steps have been investigated and various 
conclusions drawn. Two baseline processes for fuel fabrication have been considered 
Powder Metallurgy and Sol Gel. MOX fuel production is, of course, based on powder 
metallurgy and is well established at industrial scale. However, the production of 
separate MA oxide fuels is not. 

Preparation and production of heterogeneous oxide fuels for the double strata 
advanced fuel cycle using either FR or ADS is extremely challenging due to high alpha, 
high decay heat, high neutron emission and high gamma activity. Therefore, any fuel 
processing facility will necessarily need to have very high integrity containment to 
prevent the spread of highly mobile alpha activity, including heavy shielding for the 
penetrating radiation and almost certainly require the deployment of remote engineering 
technology for some plant operations/plant maintenance purposes. No preferred 
technology for fuel fabrication was identified due to the low technology readiness levels, 
however, with dedicated production lines for each fuel type, the technology of choice can 
be selected when suitable technological maturity is obtained. Costs were expected to be 
closely related to the number of unit operations rather than technology selection. 

It should be noted that the ARCAS study has been bound to include Cm 
heterogeneous targets, and therefore fuel fabrication plants are required to include heavy 
neutron shielding. Should the decision be taken to sentence Cm to a dedicated decay 
store, then shielding requirements become less demanding for fuel fabrication. This 
scenario, however, is outside the scope of ARCAS. 

For reprocessing plants, an analysis of the different unit operations for both aqueous 
and pyrochemical options was completed. A basic gap analysis highlighted the technical 
immaturity of both technology options and, as expected, they were found to have very 
low TRLs of 2-3. 
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All fuel fabrication processes, with the exception of U and MOX fuel are technically 
immature and assigned low technology readiness levels of 2-3. Costs were expected to be 
related to the number of unit operations, shielding requirements and remote technology 
deployment rather than the technology selection, per se. 

WP5: Economic comparison 

The last work package of the ARCAS Project is to gather all information from the 
other work packages in order to able to present a comparison between the two options of 
fast reactors or accelerator-driven systems. An economic analysis and a business case 
description are being prepared for the EFR and EFIT nuclear plant designs with 
transmutation capabilities. 

Two methods are used to determine the cost structures for the two options. One is to 
calculate the cost per kilowatt hour electric and per metric tonne actinide waste 
destroyed for each design separately. The GIF tool G4-ECONS is being used for this. The 
other method is to calculate these costs for certain defined scenarios of reactor parks. 
Three scenarios are being considered: only fast reactors with heterogeneous targets, 
double strata with fast reactor burners, and double strata with ADS transmuters. (The 
double-strata nuclear fuel cycle consists of the commercial reactor fuel cycle (the 1st 
stratum cycle) and nuclear transmutation fuel cycle (the 2nd stratum cycle) based on FR or 
ADS that transmute the minor actinides generated in the 1st stratum.) 

With the number of units needed per GWe of LWR installed and the investment cost 
of a transmutation unit, the investment cost per GWe is determined. For selected nuclear 
evolution scenarios, the total investment cost needed for transmutation can be 
determined. Also, the total generating costs are compared, giving an answer to the 
question of how much the MA transmutation would add to the cost of kWh. These costs 
would include both the investment, operational and fuel cycle costs. The fuel cycle costs 
consist of all the parts of the closed cycle, including reprocessing and fuel/target 
fabrication. 

Both FR and ADS have transmutation capabilities. As expected from their fuel 
loadings and spectra, the project work packages 2 and 3 have demonstrated that ADS 
have very superior capability for transmutation compared to FR. Also the required 
transportation of nuclear spent fuel and dedicated burner fuel can be limited because of 
the high concentration of minor actinides in ADS fuel. The challenging question is 
whether these advantages could compensate for the extra difficulties and then costs of 
building these facilities. Table 7 shows the cost advantages and disadvantages for the 
three reactor systems considered. Given the extra complexity of their design (need for a 
reliable powerful accelerator), ADS most probably have a higher LCOE (€/MWhe) than FR, 
which, in turn, have a higher LCOE than LWR. If transmutation is not needed, if Pu is not 
managed separately, then utilities using LWR have no incentive to pay the extra costs of 
MA transmutation and LWR are by far the best and probably only choice. If, however, 
utilities would be legally obliged to manage their heavy nuclides and in particular the 
remaining MA after Pu removal, then a market could emerge for transmutation. 
Calculating the electricity costs for a nuclear park consisting of LWR and transmutation 
facilities, the higher costs of electricity produced by ADS may then be balanced by its 
limited share in the energy mix and the bigger share of lower cost kWh produced by LWR. 
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Table 7: Comparison of LWR, FR, ADS costs advantages and disadvantages 

 LWR/BWR Fast reactor ADS 

Construction cost + - -- 

Operation and maintenance cost + - -- 

Fuel costs  +- - 

MA transmutation capacity -- + +
+ 

Summary 

The ARCAS Project aims to address a crucial issue in the partitioning and 
transmutation debate: which options are technologically feasible and at what price. As a 
CSA Project, it does not aim to perform R&D in the field, but rather to gather available 
information and combine it in a global study. At the moment, the inventory and feed 
stock of minor actinides have been established, the reference fast reactor system and 
accelerator-driven system have been defined. The fuel reprocessing and fuel fabrication 
facilities are being assessed and their choice finalised. The main work yet to be 
performed is the combination of all in an economic comparison in the final work package. 
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Nuclear energy system cost modelling 

Francesco Ganda, Brent Dixon 
Idaho National Laboratory, US 

Abstract 

The US Department of Energy’s Fuel Cycle Technologies (FCT) Program is preparing to 
perform an evaluation of the full range of possible nuclear energy systems (NES) in 2013. 
These include all practical combinations of fuels and transmuters (reactors and subcritical 
systems) in single and multi-tier combinations of burners and breeders with no, partial, 
and full recycle. As part of this evaluation, levelized electricity unit cost (LEUC) ranges for 
each representative system will be calculated. To facilitate the cost analyses, the 2009 
Advanced Fuel Cycle Cost Basis Report is being amended to provide up-to-date cost data 
for each step in the fuel cycle, and a new analysis tool, NE-COST, has been developed. This 
paper explains the innovative “Island” approach used by NE-COST to streamline and 
simplify the economic analysis effort and provides examples of LEUC costs generated. 

The Island approach treats each transmuter (or target burner) and the associated fuel cycle 
facilities as a separate analysis module, allowing reuse of modules that appear frequently 
in the NES options list. For example, a number of options to be screened will include a 
once-through uranium oxide (UOX) fuelled light water reactor (LWR). The UOX LWR may 
be standalone, or may be the first stage in a multi-stage system. Using the Island 
approach, the UOX LWR only needs to be modelled once and the module can then be 
reused on subsequent fuel cycles. 

NE-COST models the unit operations and life cycle costs associated with each step of the 
fuel cycle on each island. This includes three front-end options for supplying feedstock to 
fuel fabrication (mining/enrichment, reprocessing of used fuel from another island, and/or 
reprocessing of this island’s used fuel), along with the transmuter and back-end 
storage/disposal. Results of each island are combined based on the fractional energy 
generated by each island in an equilibrium system. 

The cost analysis uses the probability distributions of key parameters and employs Monte 
Carlo sampling to arrive at an island’s cost probability density function (PDF). When 
comparing two NES to determine delta cost, strongly correlated parameters can be 
cancelled out so that only the differences in the systems contribute to the relative cost PDFs. 
For example, one comparative analysis presented in the paper is a single stage LWR-UOX 
system versus a two-stage LWR-UOX to LWR-MOX system. In this case, the first stage of 
both systems is the same (but with different fractional energy generation), while the 
second stage of the UOX to MOX system uses the same type transmuter but the fuel type 
and feedstock sources are different. In this case, the cost difference between systems is 
driven by only the fuel cycle differences of the MOX stage. 
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Introduction 

The US Department of Energy’s Fuel Cycle Technologies (FCT) Program is preparing to 
perform an evaluation of the full range of possible Nuclear Energy Systems (NES) in 2013. 
These include all practical combinations of fuels and transmuters (reactors and sub-
critical systems) in single and multi-tier combinations of burners and breeders with no, 
partial, and full recycle. This evaluation requires the computation of metrics for a 
number of high-level criteria, one of which is “financial risk and economics”. In the 
context of considering NES options, financial risk can be defined as the perceived risk of 
investments in nuclear facilities, including both capital requirements and financing costs, 
while economics addresses the appropriate specific revenue necessary to recover the 
costs of deploying and operating each NES, including all facilities necessary to perform 
the fuel cycle functions. The recommended metric for the quantification of the high-level 
criterion “financial risk and economics” is the Levelized Cost of Electricity at Equilibrium.  

This paper explains the innovative “Island” approach developed specifically to 
facilitate the computation of the LCAE for complex, multi-reactor fuel cycles in an 
efficient, systematic and robust manner. The newly developed nuclear economic code 
“NE-COST”, designed specifically to calculate the LCAE of complex fuel cycles within the 
“island approach” computational framework, is introduced. 

As an example, the LCAE is calculated for the “PWR-LEU to PWR-MOX for limited 
recycling” NES using NE-COST and the island approach computational framework, 
including uncertainties and correlations in the input costs. It is also shown how, by 
accounting for the correlations between certain input cost components, it is sometimes 
possible to obtain a more informative comparison of the calculated cost of electricity to 
that of a reference fuel cycle option. 

The levelized cost of electricity at equilibrium (LCAE) 

The recommended metric to use in the Nuclear Fuel Cycle Evaluation and Screening 
on the economic performance of nuclear fuel cycles is the busbar cost (i.e. excluding the 
costs of transmission and distribution) of the electricity generated by a given fuel cycle at 
equilibrium: the levelized cost of electricity at equilibrium (LCAE). This metric is an 
equilibrium version of the widely used levelized cost of electricity (LCOE). The LCOE is a 
standard metric for comparing the economic performance of baseload electricity 
generating systems [1]. Mass balance equilibrium implies that all the mass streams in a 
given fuel cycle do not change with time, or from one cycle to the next, and that each fuel 
cycle facility is preceded and followed by a sequence of identical facilities, with identical 
cash flow profiles in constant dollars. The equilibrium condition is an important 
assumption that allows the evaluation of the performance of fuel cycles independently of 
the transients required to reach equilibrium situations. 

The revenue generated by the sale of the product (e.g. electricity) needs to cover both 
the fixed and variable expenses incurred during normal operations, such as, for example 
fuel purchases and O&M for a nuclear reactor, to repay the capital employed during the 
construction and decommissioning phases, including both overnight and financing 
charges and to compensate the owners of that capital (both debt and equity investors) for 
the risk taken with the project. The constant electricity price that, in real dollars, covers 
all these charges is the LCAE. In more formal terms, the LCAE is the net present value of a 
continuous stream of revenue charged against the sale of electricity, equalised to the 
sum of the net present value of all the expenditures incurred by the plant owner 
throughout the physical life of the plant for a system in equilibrium, according to 
Equation (1): 
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    (1) 

Where: 

Clev = the levelized cost of electricity at equilibrium (LCAE). 

E(t) = represents the time profile of the electricity generated over the life of the plant. 

K(t) = the dollar value of the expenditures sustained at time t. 

The discounting is expressed here as continuously compounded, rather than the 
perhaps more familiar annual compounding, to represent the fact that the revenue from 
selling electricity is collected continuously. Since, by definition, Clev is a constant, an 
explicit solution for Clev can be found under the assumption that E(t) is also constant, “E”, 
under the “baseload” assumption. 

0       (2) 

In this expression, it is noted that the resulting LCAE is simply the integral of the net 
present value of the expenditures sustained by the plant operator, multiplied by a term 
called “capital recovery factor”, which is a function of the discount rate (r) and of the 
financial life of the plant (Tplant). 

Computational framework for the quantification of the LCAE metric in the case of 
multiple reactors and more complex fuel cycles 

The practical calculation of the cost of electricity for any fuel cycle is, in principle, a 
straightforward application of Equation (1). This involves the identification of the amount 
and timing of all the expenses sustained during the entire life of the system, and the 
calculation of the amount of electricity and/or heat available for sale from the system 
during that time. The computation gets quite complex, however, as the complexity of the 
fuel cycle increases. Complex fuel cycles can involve a large number of material 
processing facilities and more than one reactor type. Each reactor will generally have a 
different reloading schedule and operational life, and the proper computation of the 
LCAE for the entire fuel cycle requires the inclusion of the amount and timing of all the 
expenditures for every facility and reactor in the fuel cycle. Additionally, the facilities 
that supply materials and services to the reactors are generally interconnected in a 
manner unique to each particular fuel cycle. For these reasons, it is difficult to devise a 
code flexible enough to compute the LCAE for each unique fuel cycle without changes in 
the code itself, and in practice a new code (or a new spreadsheet) would be required for 
each different fuel cycle (this approach was taken during the GNEP programme, see [4]), 
making the computation of the cost of electricity for a large number of fuel cycle options 
impractical in a reasonable time frame with limited resources. Additionally, changes in 
the code itself increase the chances of mistakes. 

To alleviate these issues, a novel approach has been developed, which has been 
called the “island approach” because of its logical structure and computational 
framework. In the island approach, a generic complex fuel cycle is subdivided into 
subsets of fuel cycle facilities, called islands, each containing one and only one reactor or 
blanket type and an arbitrary number of fuel cycle facilities. 

As an example, the calculation of the LCAE for the “PWR-LEU to PWR-MOX for limited 
recycling” NES, a schematic of which is shown in Figure 1, can be simplified by splitting 
the fuel cycle into the two subsections (islands), as shown in Figure 2. 

• Island 1 includes the natural uranium extraction, conversion, enrichment, 
fabrication and irradiation in the UOX PWR; 
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• it minimises new model developments; 

• it simplifies debugging. 

The methodological framework of the island approach produces a close 
approximation of the theoretically exact LCAE for complex fuel cycle systems. In this 
section, the appropriate methodology to incorporate the time-offsets of reactor start-ups 
in different islands is identified. The equations are developed for a two-island case as an 
example, but can easily be extended to situations involving more than two islands. 

The results obtained in this process will also provide a basis for understanding the 
conditions under which the solution provided by the island methodology is exact. 

In the island approach the LCAE of each island is estimated independently. The cost 
of electricity Clev1 for island 1 is calculated with Equation (3): 

     (3) 

For simplicity of notation, the integral of the expenditures K(t) over the life of the 
plant is indicated as the “net present value of expenditures 1”, or NPV1, as in Equation (4): 

1       (4) 

Using the notation of Equation (4), Equation (3) becomes: 

1        (5) 

Similarly, the cost of electricity Clev2 for island 2 is determined with Equation (6), 
similar to Equation (5), with the same simplified notation for the present value of the 
expenditures. 

       (6) 

Expressing E2 as a multiple of E1 as in Equation (7), the overall weighted average of the 
cost of electricity for the system composed of the two islands is shown in Equation (8), 
where the weights are the fractional electricity produced by each reactor type on each 
island. 

E2=αE1          (7) 

    (8) 

When substituting Equations (5) and (6) for Clev1 and Clev2, respectively, in Equation (8), 
Equation (9) is obtained: 

       (9) 

However, if one of the two reactors features a start-up time off-set T0 (as shown in 
Figure 3), evaluating the levelized cost for the combined system Ccombined yields Equation 10 
(in discrete annual compounding). 
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source(s). All applications to date have used the Cost Basis Report [3] as a primary 
source, but it is not a requirement. 

• NE-COST LCAE calculator: It generates the cost of electricity for a given system or 
sub-system for each sampled input, essentially solving Equation (1) for each island. 

• Multi-island system combiner/data plotter: In a multi-island calculation, this sub-
model generates the LCAE for the overall system, starting from the LCAE of each 
island. Additionally, it calculates the statistical properties of each LCAE 
distribution, both of the entire system and of each of the islands. 

• Comparison tool: This sub-model compares the LCAE probability distribution of 
any given system to that of any chosen reference system, while accounting for the 
correlation information between uncertain input cost variables, when available.   

The NE-COST LCAE calculator sub-model is designed to calculate the LCAE of nuclear 
fuel cycle “islands”, each composed of one and only one nuclear reactor, and a number of 
fuel cycle facilities, that do not produce electricity, associated with that reactor or blanket. 
The levelized cost per unit of product of each of the non-reactor facilities is calculated 
separately, by solving Equation (1) for the “levelized cost at equilibrium per unit of 
product”. NE-COST accepts as input the “levelized cost at equilibrium per unit of product” 
(e.g. $/kgHM) and an associated uncertainty functional form and range for each fuel cycle 
cost. These typically include the cost of mining and milling uranium, the cost of 
enrichment, fuel fabrication, storage and separation, of final disposal of spent nuclear 
fuel and/or of high-level wastes and of low-level wastes. A notable exception to the “per 
unit of product” convention, are separation facilities, for which it is customary to give 
unit cost per unit of material fed to the separation plant, rather than per unit of 
separated material. NE-COST is structured to treat unit costs for separation facilities as 
“per unit of input material to be separated”, as is conventional practice in the field, in 
order to avoid confusion. 

NE-COST allows the calculation of the cost of electricity of arbitrarily complex nuclear 
fuel cycle systems by just changing the input without the need to alter the model’s 
programming. For this purpose, the general structure of the code has been developed, as 
shown in Figure 4. It is observed that several front-end paths and back-end paths have 
been programmed in the model. A set of switches in the input allows the user to choose 
the desired fuel cycle path, and/or combination of paths. For example, it is possible to 
model a PWR operating with a mixed UOX/MOX core, or a fast reactor receiving TRUs 
both (1) from reprocessed fuel irradiated in a previous island and (2) from its own 
reprocessed fuel. 

The front-end possible paths in each island are based on the source of the main fissile 
material: 

• Mined natural uranium: The extracted uranium needs to be converted, enriched, 
and fabricated before the reactor irradiation. The depleted uranium that is not 
used as makeup fuel in another island, is de-converted before disposal. 

• Reprocessed fuel received from the previous island: The user has the choice of 
which fissile drives the amount of separation services required, between 
plutonium, transuranics, minor actinides and recovered uranium. The amount of 
separation services (in $/kgHM of feed material) is determined by the ratio of main 
fissile material fraction required in the output fuel and the main fissile material 
fraction present in the feed fuel. All the output streams of the separation plants 
can be stored, disposed of, or re-used. It should be noted that the fact that the code 
performs equilibrium calculations does not prevent the possibility of temporary 
storage. The code allows the re-enrichment of recovered uranium, with a different 
SWU cost as compared to that of natural uranium. 
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• Reprocessed/re-fabricated fuel from the reactor on the island: This is a material 
feed-back loop within the island. 

The back-end possible paths in each island are: 

• wet storage + do nothing (i.e. simply pass the discharged fuel to the next island); 

• wet storage + dry storage + 1 mills/kWh ($0.001/kWh); 

• wet storage + dry storage + geologic disposal; 

• Reprocessed/re-fabricated fuel from the reactor on the island: This is a material 
feed-back loop within the island. A feedback loop within an island is, by definition, 
both a front-end and a back-end path. 

For each of the above paths, it is possible to eliminate the cost of any step by simply 
“zeroing” its cost in the NE-COST input. All the masses and the unit costs are normalised 
to 1 kg of initial heavy metal (kgiHM) and subsequently scaled up by the batch 
requirement including processing losses, and discounted using lead/lag times for 
purchase/disposal at each refueling interval. 

Figure 4: Schematic representation of the NE-COST structure 

 

Example of LCAE calculation for the “PWR-LEU to PWR-MOX for limited recycling” 
nuclear energy system with direct geologic disposal 

As an example, the LCAE is calculated for the “PWR-LEU to PWR-MOX for limited 
recycling” NES using NE-COST and the island approach computational framework, 
including uncertainties and correlations in the input costs. A schematic of this NES is 
shown in Figure 1. The computation of the LCAE for this system is simplified by splitting 
the fuel cycle into the two sub-sections (islands), as shown in Figure 2. The calculated 
LCAE will subsequently be compared to the probability distribution functions for the 
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LCAE for the “Commercial PWR-UOX once-through” fuel cycle1, which is our basis for 
comparison. 

The input cost parameters, including uncertainties, are taken from the Cost Basis 
Report, and are summarised in Tables 5 and 6, respectively, for Islands 1 and 2, along 
with flags used by the NE-COST code and other NES parameters available through 
documents developed within the FCT programme. 

In Tables 5 and 6, a value of 3 for the “type of sampling” is occasionally used, to 
indicate that the random cost variable to be used for each Monte Carlo history should not 
be newly sampled, but rather taken from the corresponding set of sampled variables for 
the “Commercial PWR-UOX once-through” NES case. The random variable will therefore 
have a correlation of 1, and also identical value, to the corresponding set of sampled 
variables for the “Commercial PWR-UOX once-through” NES case, used as a basis for 
comparison for this example. The correlated sampling capability of NE-COST is currently 
limited (i.e. can only include correlations of 0 or 1). However, in the case discussed here, 
the basic functionality already implemented is sufficient to illustrate the key features of 
this approach. 

Table 1: Set of relevant input parameters for the “Island 1” part of the “PWR-LEU to 
PWR-MOX for limited recycling” NES with geologic disposal 

Low 
value 

Most probable 
value 

High 
value 

Type of 
samplinga Input variable 

3 000 3 000 3 000 0 Core thermal power (MWth) 
33.0% 33.0% 33.0% 0 Thermal efficiency 
88.23 88.23 88.23 0 Fuel heavy metal (HM)mass (MTiHM) 
50 50 50 0 Burn-up (GWD/MTiHM) 
90% 90% 90% 0 Capacity factor 
60 60 60 0 Plant financial and operational life (years) 
3 3 3 0 Number of batches 
0.042 0.042 0.042 0 235U Enrichment level 
5% 5% 5% 0 Discount rate 
2 300 3 500 5 000 3 Over-night capital cost 
3.5 4 5 3 Years for construction 
5% 5% 5% 0 Interest rate during construction 
0.6 0.67 0.75 0 Escalation cost with power 
30 75 260 3 Cost of uranium ($/kgU) 
85 110 135 3 Cost of SWU ($/kgSWU) 
200 250 300 3 Cost of fuel fabrication ($/kgU) 
0 0 0 0 Added cost for fuel fabricationb 
0 0 0 0 Kg of extra fabrication material per kg of HM 
5 10 15 3 Cost of conversion ($/kgU product as UF6) 
5 10 50 3 Cost of de-conversion ($/kgU product as UF6) 
0 0 0 0 Cost of off-site wet storage ($/kgHM) 
50 100 130 3 Cost of SNF conditioning before shipping ($/kgHM) 
1 1 1 0 Fraction of the core loaded with natural uranium 
0 0 0 0 Fraction of the core loaded with reprocessed materials 

1 1 1 0 Flag for back -end: 1: do nothing - 2: geol. repository - 3: dry storage+repository 
- 4: 1 mills/kWh - 5: Reprocessing within the island 

a Variable can be 0,1,2 or 3. 0: Deterministic value: do not sample (i.e. the sampler will ignore the low and high value and use the most 
probable value only) - 1: Triangular distribution - 2: Uniform distribution - 3: Use correlation of 1 to a sampled set of reference values.  
b Normally zero, can be used to add burnable poisons, Th, other extra materials that have independent fuel cost distribution. 
 

The following variables are treated as having a correlation of 1 to the values sampled 
for the reference set of samples generated for a UOX PWR case: 

                                                            
1  The calculation of the LCAE for the “Commercial PWR-UOX once-through” fuel cycle, which is 

computed with the same methodology and computer code, is not reported in this paper for 
reasons of space. 



   NEA/NSC/DOC (2013)3 

TWELFTH INFORMATION EXCHANGE MEETING ON PARTITIONING AND TRANSMUTATION, © OECD 2013 323 

• PWR plant overnight capital cost and years for construction: It is apparent that, 
since both islands feature essentially the same reactors (with possibly some 
control mechanism modifications to handle MOX fuel), the capital costs, O&M 
costs and construction times have to be the same between the two. 

• Specific costs of uranium, natural uranium conversion, depleted uranium 
deconversion and natural uranium enrichment: The cost of a unit of each of those 
services will not depend on the type of NES using them. 

• Cost of SNF conditioning before shipment: It is assumed that this cost has a 
correlation of 1 between island 1 and the corresponding set of sampled variables 
for the “Commercial PWR-UOX once-through” NES case under the assumption that 
it is the same process for SNF shipment to a geologic disposal and to a separation 
facility. It is also assumed that this cost features a correlation of 1 for the MOX-
PWR SNF versus the UOX-PWR SNF. The validity of this assumption is less obvious, 
since the requirements for the transportation of the two SNF types may be 
different. However, within the current limitation of NE-COST in this regard, it is 
considered a better assumption to assume a correlation of one than a correlation 
of zero, considering the similarities between the two fuel types. 

• Cost of SNF geologic disposal: As in the case of SNF conditioning before shipment, 
the cost of geologic disposal of spent MOX-PWR fuel may not have a correlation of 
1 to the cost of geologic disposal of spent UOX-PWR fuel. However, within the 
current limitation of NE-COST in this regard, it is considered a better assumption 
to assume a correlation of one than a correlation of zero, considering the 
similarities between the two fuel types. 

The probability distribution function of the cost of electricity for the entire system is 
shown in Figure 5, together with the probability distribution function of Islands 1 and 2: 
the average LCAE (45.6 mills/kWh and the standard deviation is 4.2 mills/kWh) is 
obtained by the weighted average of the cost of electricity of each of the islands, using as 
weights the fraction of energy generated by each under conditions of equilibrium: 90.2% 
for the “Commercial PWR-UOX once-through” and 9.8% by the “PWR-LEU to PWR-MOX 
for limited recycling” nuclear energy systems. 

Figure 6 shows a comparison of the probability distribution functions for the LCAE for 
the “Commercial PWR-UOX once-through” and for the “PWR-LEU to PWR-MOX for limited 
recycling” fuel cycles. It is observed that there is substantial overlapping of the two 
distributions, making it impossible to say with confidence which one produces electricity 
more cheaply. However, when the strong correlations between the previously mentioned 
input cost components are included in the analysis, it is possible to obtain the 
informative cumulative distribution function of the difference in LCAE between the two 
fuel cycles plotted in Figure 7. The average difference in LCAE is 2.6 mills/kWh and its 
standard deviation is 0.5 mills/kWh. Additionally, it is observed that there is 100% 
certainty that the LCAE of the “PWR-LEU to PWR-MOX for limited recycling” fuel cycles 
would be between 1 and 4 mills/kWh more expensive than that of the “Commercial PWR-
UOX once-through” fuel cycle. 
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Table 2: Set of relevant input parameters for the “Island 2” part of the “PWR-LEU to 
PWR-MOX for limited recycling” NES with geologic disposal 

Low 
value 

Most probable 
value 

High 
value 

type of 
samplinga Input variable 

3 000 3 000 3 000 0 Core thermal power (MWth) 
33.0% 33.0% 33.0% 0 Thermal efficiency 
88.23 88.23 88.23 0 Fuel heavy metal (HM) mass (MTiHM) 
50 50 50 0 Burn-up (GWD/MTiHM) 
90% 90% 90% 0 Capacity factor 
60 60 60 0 Plant financial and operational life (years) 
3 3 3 0 Number of batches 
5% 5% 5% 0 Discount rate 
2 300 3 500 5 000 3 Over-night capital cost 
3.5 4 5 3 Years for construction 
5% 5% 5% 0 Interest rate during construction 
0.6 0.67 0.75 0 Escalation cost with power 
0 0 0 0 Added cost for fuel fabricationb 
0 0 0 0 Kg of extra fabrication material per kg of HM 
100 0 500 0 Cost of off-site wet storage ($/kgHM) 
50 100 130 3 Cost of spent nuclear fuel  conditioning before shipping ($/kgHM) 
0 0 0 0 Fraction of the core loaded with natural uranium 
1.0 1.0 1.0 0 Fraction of the core loaded with reprocessed material from the previous island 

1 1 1 0 Primary fissile for reprocessed stream (coming from previous island): 1: Pu;  2: U 
(possibly re-enriched);  3: MA 

0.107 0.107 0.107 0 Pu fraction in new re-fabricated fuel 
0.01 0.01 0.01 0 Losses at the reprocessing plant that accepts fuel from previous island 
0.0117 0.0117 0.0117 0 Pu fraction in the previous island fuel 
0.0521 0.0521 0.0521 0 FP fraction in the previous island fuel 
0.00137 0.00137 0.00137 0 MA fraction in the previous island fuel 
1 108 1 370 1 619 1 Cost of reprocessing ($/kgHM) 
3 000 3 200 5 000 1 Cost of MOX fuel fabrication ($/kgHM) 
2 200 5 000 6 600 1 Cost of FP conditioning before storage ($/kgFP) 
1625 6 500 8 125 1 Cost of FP geologic disposal ($/kgFP) 

2 2 2 0 Flag for back -end: 1: do nothing - 2: geol. repository - 3: dry storage+repository 
- 4: 1 mills/kWh - 5: Reprocessing within the island 

400 650 1 000 3 Specific cost of geologic disposal ($/kgHM) 
a Variable can be 0,1,2 or 3. 0: Deterministic value: do not sample (i.e. the sampler will ignore the low and high value and use the most 
probable value only) – 1: Triangular distribution – 2: Uniform distribution – 3: Use correlation of 1 to a sampled set of reference values.  
b Normally zero, can be used to add burnable poisons, Th, other extra materials that have independent fuel cost distribution. 

Figure 5: Probability distribution function of the LCAE for the two island parts of the “PWR-LEU to 
PWR-MOX for limited recycling” NES with geologic disposal and for the combined system 
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Figure 6: Probability distribution function of the LCAE for the “PWR-LEU to PWR-MOX for 
limited recycling” NES as compared to the “Commercial PWR-UOX once-through” NES 

30 35 40 45 50 55 60
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

mills/kWh

P
ro

ba
bi

lit
y 

(%
)

 

 UOX --> disposal
UOX --> MOX --> disposal

 

Figure 7: Cumulative distribution function of the difference in the LCAE between the “PWR-
LEU to PWR-MOX for limited recycling” NES, as compared to the “Commercial PWR-UOX once-

through” NES, when the known cost correlations are accounted for during sampling 
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Conclusions 

This paper explains the innovative “Island” approach developed specifically to 
facilitate the computation of the levelized cost of electricity at equilibrium (LCAE) for 
complex, multi-reactor fuel cycles in an efficient, systematic, and robust manner. The 
functionality of the newly developed nuclear economic code “NE-COST”, designed 
specifically to calculate the LCAE of complex fuel cycles within the “island approach” 
computational framework, is discussed. 

As an example, the LCAE is calculated for the “PWR-LEU to PWR-MOX for limited 
recycling” NES using NE-COST and the island approach computational framework, 
including uncertainties and correlations in the input costs. It is also shown how, by 
accounting for the correlations (when available) between input cost components, it is 
sometimes possible to obtain more informative comparison of the calculated cost of 
electricity to that of a reference fuel cycle option. 
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