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Foreword 

Advanced nuclear fuel cycles to improve the safety, sustainability and economics of 
nuclear energy are being investigated worldwide. Partitioning and transmutation (P&T) is 
one of the candidate technologies to help reduce the heat, radiotoxicity and volume of 
radioactive waste. Recent developments indicate the need for embedding P&T strategies 
into advanced fuel cycles considering both waste management and economic issues. In this 
context, the Nuclear Energy Agency (NEA) has organised a series of biennial information 
exchange meetings since 1990 to provide experts with a forum to present and discuss state-
of-the-art developments in the field of P&T. The previous meetings were held in Mito 
(Japan) in 1990, at Argonne National Laboratory (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, in 
Prague (Czech Republic) in 2012, in Seoul (Korea) in 2014, and in San Diego (United 
States) in 2016. They were co-sponsored by the European Commission (EC) and the 
International Atomic Energy Agency (IAEA). The 15th Information Exchange Meeting was 
held in Manchester (United Kingdom) on 30 September-3 October 2018, hosted by the 
National Nuclear Laboratory (NNL). The meeting comprised a plenary session on national 
and international programmes followed by technical sessions and a poster session covering 
various aspects of P&T and advanced fuel cycles. The information exchange meetings on 
P&T form a part of the NEA programme of work in the field of advanced nuclear fuel 
cycles. These proceedings include extended abstracts and papers presented at the 15th 
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. 
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SEM   Scanning electronic microscopy 

SF  Spent fuel 

SFR   Sodium-cooled fast reactors 

SIMS   Secondary ion mass spectroscopy 

SM  Small modular 

SNU  Seoul National University 

SPS   Spark plasma sintering 

SMoRE  Accelerator simulation and modelling of radiation effects 

SNF   Spent nuclear fuel 

SSFR   Sustainable sodium-cooled fast reactor 

SWU   Separative work unit 

TBP   Tri-butyl phosphate 

TDC  Test demonstration centre 
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TDdDGA N,N,N',N'-tetradodecyl-diglycolamide 

TENDL  TALYS-based evaluated nuclear data library 

TG   Thermogravimetry 

THM   Thermos-hydro-mechnical 

THORP  Thermal Oxide Reprocessing Plant (United Kingdom) 

TIMS  Thermal ionisation mass spectrometry 

TLM   Thermal lens microscope 

TMR   Time to maximum rate 

TODGA N,N,N’,N’-tetraoctyl-diglycolamide 

TOF   Time-of-flight 

TPE   Transplutonium elements 

TRL   Technology readiness level 

TRLFS   Time-resolved laser-induced florescence spectoscopy 

TRU   Transuranic 

TWG   Technical working group 

TWR   Travelling wave reactor 

ULFR   Ultra-long life fast reactor 

ULOF   Unprotected Loss Of Flow accident 

ULOHS  Unprotected loss of heat sink 

UNEP   United Nations Environment Programme 

UNF   Used nuclear fuel 

US DOE  US Department of Energy 

UTOP  Unprotected Transient Over Power accident 

UV/vis   Ultraviolet/visible 

VHTR  Very High Temperature Reactor 

VOG   Vessel off-gas 

VVF   Void volume fractions 

WHO  World Health Organisation 

WIPP  Waste Isolation Pilot Plant (United States) 

WIRAF  Waste from Innovative Types of Reactors and Fuel 

WM  Waste management 

WPFC  Working Party of Scientific Issues of the Fuel Cycle (NEA) 

XRD   X-ray diffraction
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Executive summary 

The Nuclear Energy Agency (NEA) Information Exchange Meeting on Actinide and 
Fission Product Partitioning and Transmutation (IEMPT) has been organised since 1990 
and acts as a forum for experts to present and discuss the state-of-the-art development in 
the field of partitioning and transmutation (P&T). Fourteen meetings have been organised 
so far and were held in Belgium, the Czech Republic, France, Japan, Korea, Spain, and the 
United States. This 15th meeting was hosted by the National Nuclear Laboratory in 
Manchester (United Kingdom) and was organised in co-operation with the International 
Atomic Energy Agency (IAEA). According to the current international context, P&T is 
associated with the implementation of advanced systems and it therefore made sense to 
extend the meeting to advanced fuel cycles, too.  

The meeting covered strategic and scientific developments in the field of P&T and 
advanced fuel cycles such as: national nuclear fuel cycle strategies and scenarios analysis; 
the role of advanced nuclear fuel cycles and their potential evolution in the future nuclear 
energy mix; the impact of P&T and advanced nuclear fuel cycles on geological disposal; 
radioactive waste management; transmutation fuels and targets; advances in pyro and 
aqueous separation processes; technology requirements specific to P&T and advanced fuel 
cycles (materials, spallation targets, coolants); transmutation physics; transmutation 
systems; multi-physics and multi-scale modelling and simulation; cost estimation of 
deploying P&T and advanced fuel cycles; and innovative utilisations of actinides and 
fission products. 

A total of 107 presentations (43 oral and 64 posters) were discussed among the 120 
participants from 15 countries and 3 international organisations. The meeting consisted of 
one plenary session where national and international programmes were presented followed 
by six technical sessions on:  

• fuel cycle strategies and scenarios; 

• transmutation systems;  

• modelling and data; 

• advanced fuels for transmutation and multirecycling; 

• advanced nuclear fuel recycling; 

• waste management for future nuclear fuel cycles. 

Welcome address 

The welcome address was given by A. Sherry (United Kingdom) and J. Dyrda (NEA). 
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Session 1: National and international programmes  

J. Dyrda (NEA) summarised the ongoing activities of the NEA related to P&T and 
advanced fuel cycles. Most of this work is carried out within the Nuclear Science 
programme of work and the Working Party of Scientific Issues of the Fuel Cycle (WPFC). 
Past and current activities were outlined. Ongoing activities involve benchmark studies on 
the performance of minor actinides (MA) bearing fuel, an activity on fuel properties for 
fast reactors, the development of a database of extractants for separation processes, and a 
scenario study on transuranic (TRU) management.  

C. Hill (IAEA) gave an overview of the IAEA activities on P&T and advanced fuel cycles. 
The framework of the IAEA activities is carried out by several nuclear energy sections and 
technical working groups (TWG) and is implemented through co-ordinated research 
projects (CRP), the organisation of international conferences and workshops, the 
publication of technical documents and reports, and the management of specific databases. 
The activities related to fast reactors were mentioned. Several ongoing activities related to 
advanced fuel cycles include CRPs on advanced fuels (Accelerator Simulation and 
Modelling of Radiation Effects (SMoRE)), accident-tolerant fuels (Analysis of Options and 
Experimental Examination of Fuels for Water Cooled Reactors with Increased Accident 
Tolerance (ACTOF)), advanced fuel cycles, and accelerator-driven system (ADS).  

F. Rayment (United Kingdom) gave an overview of programmes on P&T and advanced 
fuel cycles in the United Kingdom. Nuclear energy is recognised as a key player to deliver 
low-carbon energy. The new BEIS (Department of Business, Energy and Industrial 
Strategy) nuclear R&D programme includes scenario analysis and fuel cycle modelling, 
Generation IV and small modular reactors, future fuels, and advanced recycling. 

H.A. Abderrahim (Belgium) presented the recent progress in the Belgian MYRRHA ADS 
programme. In September 2018, the Belgian government allocated funding for the building 
of a large research infrastructure, MYRRHA (Multi-purpose hYbrid Research Reactor for 
High-tech Applications). MYRRHA is a demonstrator reactor whose objective is to 
demonstrate the ADS concept at pre-industrial scale. Significant progress has been 
achieved in the pre-licensing framework with the Belgian Safety Authorities. The roadmap 
for the implementation of MYRRHA was highlighted. 

E. Touron (France) presented the fuel cycle policy and the recent advances on P&T R&D 
in France. France is currently operating 58 reactors and two are in construction, an EPR 
(European pressurised reactor) and an MTR (material testing reactor). France operates a 
“once recycling fuel cycle”. The importance of maintaining the capability for a closed fuel 
cycle is recognised. The main objective of today’s research is to preserve the efficiency of 
existing capacities and increase the nuclear energy sustainability. The Commissariat à 
l’énergie atomique et aux énergies renouvelables (CEA) is pursuing research on fast 
reactors and closed fuel cycles to help with the management of nuclear materials and 
wastes. The various scenarios studied show that recycling helps to increase sustainability. 

A. Khaperskaya (Russia) presented the approaches and main directions of R&D on P&T 
in Russia. Thirty-seven nuclear power units are operating in Russia including both fast and 
thermal neutrons reactors. The overall strategy is to operate a closed fuel cycle. The 
presentation described the necessary infrastructure to operate such a fuel cycle. R&D on 
separation processes and MA transmutation is ongoing for the different types of fast 
reactors (BREST-300, BN-800, for example). In addition, some R&D is being carried out 
for studies on molten salt reactors (MSR). 
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K. Tsujimoto (Japan) reviewed the research activities on P&T in Japan. A new energy 
strategic plan (the 5th) was approved by the government in July 2018, focusing on the 
“3E+S” principles (Energy Security, Environment, Economic efficiency and Safety). 
Following the Fukushima Daiichi accident, all 54 reactors were shut down pending a safety 
review by the Nuclear Regulatory Authority (NRA). The NRA approved the basic design 
of 15 units, but only 9 units are operating. R&D activities on P&T technology is based on 
two concepts: fast reactor (FR) and ADS. Two fuel cycle options are considered for P&T: 
homogeneous recycle in fast breeder reactor (FBR) and transmutation in ADS. The Japan 
Atomic Energy Agency (JAEA) has started a small-scale demonstration project of MA 
recycle, called “SmART”. It consists of MA partitioning, fuel fabrication, irradiation and 
post-irradiation examinations (PIE) using existing facilities. Approximately two grammes 
of MA have been successfully recovered from the raffinate produced by reprocessing the 
fuel from Joyo. 

D. Freis (European Union) presented the different activities on P&T carried out in the 
European Union, which are mainly linked to Euratom. Most projects support the 
development of ASTRID, ALFRED, MYRRHA and ALLEGRO reactors in close relation 
with the Generation IV International Forum (GIF). The Joint Research Centre (JRC) 
maintains and develop state-of-the-art instrumentation for preparation and characterisation 
of nuclear material properties, covering JRC and “customersˮ needs. Projects related to 
reactor safety, materials, fuel safety, safeguards and physical protection are being carried 
out.  

K-C. Son (Korea) described the technological approach to spent nuclear fuel management 
in Korea. The new energy transition plan was issued in December 2017 and announced a 
reduction of nuclear energy in the total Korean energy fleet. The basic plan for high level 
waste (HLW) management, announced in 2015, is under review and the revised strategic 
plan for nuclear energy will be legislated at the end of next year. The Sodium-cooled Fast 
Reactor (SFR) coupled with pyroprocessing is considered as one of the technological 
options for long-term spent fuel management. R&D has been undertaken on this topic since 
1997 and will be supported for the next three years. 

T. Todd (United States) gave an overview of the US R&D activities. Active R&D 
programmes are ongoing in reactor technology, fuel fabrication and partitioning. Although, 
P&T is still part of the long-term vision for advanced nuclear systems in the United States, 
the priorities have shifted elsewhere and limited work is being done in this area. A major 
challenge in the United States will be to maintain expertise for P&T until potential 
deployment (after mid-century). 

Session 2: Fuel cycle strategies and transition scenarios 

G. Van Den Eynde (Belgium) gave an overview of Belgium’s nuclear scene, including 
reactor operations and the nuclear waste management strategy. In Belgium, P&T is directly 
linked to MYRRHA, whose aim is to demonstrate the feasibility of ADS technology and 
transmutation. MYRRHA could serve as a prototype for the European Facility for 
Industrial-Scale Transmutation (EFIT). Studies have shown that P&T can be beneficial for 
the Belgian final disposal option by reducing the burden on geological disposal. 

T. Taiwo (United States) presented the results of some recent scenario studies. The United 
States is currently operating a once-through fuel cycle. In 2011, the evaluation and 
screening study (E&S) compared different fuel cycle options and their performance for 
equilibrium states of fuel cycles. The four most promising options had similar 



22 |   
 

  
  

characteristics (continuous recycle of actinides (U/Pu or U/TRU); fast neutron-spectrum 
critical reactors; high internal conversion (of fertile to fissile); no uranium enrichment at 
equilibrium state). The presentation outlined transition scenario studies from current light 
water reactors (LWR) to one of the most promising fuel cycle options and the results were 
discussed.  

A. Villacorta-Skarbeli (Spain) presented the results of scenario calculations using an 
upgraded version of TR_EVOl with an optimisation algorithm. Two types of optimisation 
were studied: Bayesian optimisation and evolutionary population.The theory behind the 
optimisation algorithm was presented, as well as some preliminary results for a transition 
scenario where an initial LWR fleet is replaced with another mix of burner reactors that are 
able to consume as much TRU as possible. 

B. Dixon (United States) gave a summary of the 2017 advanced fuel cycle cost basis report 
(CBR). The report covers process and cost estimating methods used to develop the report 
and cross-cutting information for analyses. Cost information is organised into 43 major 
modules covering the whole fuel cycle, from mining to waste disposal. The CBR is a 
primary reference for many advanced fuel cycle economic analyses, both in the 
United States and internationally. 

Session 3: Transmutation systems and infrastructures  

R. Fujita (Japan) presented an overview of the current results of the ImPACT (Impulsing 
paradigm change though disruptive technology) programme. The goal of this programme 
is to investigate the nuclear reaction paths for long-lived fission products (LLFP) using 
nuclear transmutation. The programme includes different projects on: (1) the development 
of separation and recovery techniques; (2) the measurement of nuclear reaction data;  
(3) improvements in the accuracy of simulations of the transmutation reaction of long-lived 
nuclide; (4) the accelerator transmutation system and related developments for elemental 
technologies; and (5) disposal and recycling in ImPACT. The status and progress of the 
different projects were summarised. 

S. Michimasa (Japan) presented the results of the production of a low energy radioactive 
isotopes (RI) beam in the optimised energy-degrading optics (OEDO) beamline to study 
LLFPs transmutation. The experimental setup was described and preliminary results 
presented. 

T.K. Kim (United States) presented the study carried out in the United States on the 
sustainability of a once-through nuclear energy system using sustainable sodium-cooled 
fast reactor (SSFR). The concept and pre-design were summarised. The fuel cycle 
performance was evaluated at equilibrium state and compared with those of the current 
fleet and a promising fuel cycle which includes continuous recycling of actinides in fast 
reactors. 

A. Khaperskaya (on behalf of V. Ignatiev, Russia) described the use of MSRs to close the 
fuel cycle. The presentation outlined the status of development of MSRs and detailed the 
MOSART concept. 

Session 4: Modelling and data 

H. Wang (Japan) presented the results of a spallation reaction study for fission products in 
nuclear waste. This work is motivated by the desire to reduce the amount of nuclear waste, 
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in particular the radioactivity of LLFP-using accelerator systems. Experimental data for 
LLFP is lacking. The experimental setup was described and the results summarised. 

D. Kang (Korea) described the method used to develop a model for optimisation of 
electrorefining for pyroprocessing. 3D hydrodynamic and 2D multi-species models were 
combined and benchmark experiments were carried out. Good agreement was found 
between the model and the experiments. 

R. Hughes (United Kingdom) described the development of a mechanistic model of 
irradiated fuel exposed to pond water. The model should provide information on activity 
release profiles, operating conditions, mitigation strategies. 

G. Beausoleil (United States) presented the results of a revised capsule design for testing 
advanced reactor fuels. The approach is to reduce fuel pin diameter and increase fuel power 
density. Results showed that diameter reduction can accelerate fuel performance testing. 
One-dimensional (1D) and two-dimensional (2D) models are good tools to analyse the 
variations in fuel design.  

B. Merk (United Kingdom) described the iMAGINE model (Integrated Modelling & 
Simulation of a Highly Innovative Integral Nuclear System Operating Directly on SNF) 
and outlined the challenges. 

Session 5: Advanced fuels for transmutation and multirecycling 

A. Gallais-During (France) presented the preliminary results of thermo-mechanical design 
of a minor actinide bearing blanket (MABB) pin and the thermal-hydraulic features of a 
MABB assembly. The behaviour of the pin was calculated with the GERMINAL fuel 
performance code, which has been upgraded according to the specificity of MABB fuel, 
and to take into account the swelling due to gas retention. The calculation results showed 
that thermal and mechanical margins are high.  

C. Sabathier (France) summarised the PIE results of the MARIOS irradiation on 
(U0.85Am0.15)O2-x. The first post-irradiation examination was performed on fuel discs 
taken from two MARIOS pins with a different micrastructure. The MARIOS irradiation 
performed at 1 000°C proved that Am transmutation was possible and the majority of the 
discs with the higher open porosity was found intact.  

Y. Yamada (Japan) explained the conceptual design of a fuel production line applying the 
simplified MA-bearing mixed oxide (MOX) fuel fabrication process for fast reactors and 
accelerator-driven systems. An engineering-scale plant was designed with shielded hot 
cells and manipulators.The new plant, which will be remotely operated, will be able to 
fabricate high MA-bearing fuel (80 kg of MOX /year) and ensure the maintenance and 
repairing work of equipment. 

D. Shepherd (United Kingdom) summarised the R&D activity on advanced plutonium and 
minor actinides bearing fuels, carried out within the UK national programme and through 
participation in various EU projects, including FP7 GoFastR, ASGARD, MatISSE, 
ESNII+, NUGENIA+ SPARK and H2020 INSPYRE. Model capability was established 
with some codes developed at the NNL: ORION and BADGER to understand the fuel cycle 
impact and TRAFIC for fuel design and performance. R&D on fuel is mostly dedicated to 
MOX and carbide fuels for fast reactors. 

J. Harp (United States) presented the results of PIEs of two irradiation tests (AFC-1 and 
FUTRURAX-FTA) performed on fuels of identical composition. Neutron radiography, 
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fission gas release, fission product distribution behaviour from gamma spectrometry, 
optical microscopy and other exams have been completed for both FUTURIX-FTA and 
AFC-1 samples. Metallic fuel pin behaviour appears to be similar for both samples and is 
comparable to the tests performed in EBR-II. Comparisons between the FUTURIX and 
AFC data sets showed that thermally driven phenomena present in fuel can be studied in 
the Advanced Test Reactor. 

Session 6: Advanced Nuclear Fuel Recycling  

M. Straka (Czech Republic) described the progress in R&D on pyrochemical partitioning 
technology in the Czech Republic. The R&D mainly focuses on the development of the 
fluoride technologies for MSR, LWR and FBR. In particular, the fluoride volatility method 
(FVM) has shown good potential for reprocessing fuels for advanced reactors such as 
oxide, metallic and carbide fuels. The FVM is tested on the FERDA line. 

J. Elliott (United Kingdom) gave an overview of the development of some microelectrode 
devices that are resilient to harsh environments such as molten salts. Various 
electrochemical measurements were performed using these devices in molten lithium 
chloride potassium chloride eutectic (LKE). 

G. Lumetta (United States) showed that online spectral monitoring with real-time 
chemometric analysis can been used to control a co-decontamination flowsheet to achieve 
a specific U/Pu ratio in the product.  

S. Bourg (France) gave an overview of the progress of the EU project GENIORS, which 
addresses research and innovation in fuel cycle chemistry and physics for the optimisation 
of fuel design. GENIORS focuses on reprocessing and manufacturing MOX fuel containing 
minor actinides, which would be the reference fuel for the ASTRID and ALFREDO 
demonstrators.  

T. Matsumura (Japan) summarised the progress of development of the SELECT (Solvent 
Extraction from Liquid-waste using Extractants of CHON-type for Transmutation) process 
dedicated to reprocessing and minor actinide transmutation. So far, 10 mg scale hot tests 
have been carried out and reprocessing tests have also been successfully performed. Some 
flow sheet experiments have been conducted with an effective separation on Am and Cm. 

R. Taylor (United Kingdom) described the results from the first phase of a new UK 
national-level programme in nuclear fuel recycling and waste management. The initial 
focus of the “recycle programmeˮ is to develop an advanced aqueous process for LWR fuel 
recycling, considered as the first step needed to close the fuel cycle. The presentation 
highlighted the  progress made in separation chemistry, flowsheet development and 
technology and engineering. 

M. Miguirditchian (France) presented on the status of the development of a U&Pu 
recycling process. A new solvent extraction process in one single cycle has been developed 
replacing tri-butyl phosphate (TBP) with a mixture of monoamides. In terms of Am 
separation, the ExAm process was adaped to treat high active concentrates. 

C. Maher (United Kingdom) pointed out recent developments in the head-ends process. A 
baseline head-end flowsheet was developed including dissolution, enhanced dissolution 
and clarification. Studies include MOX dissolution and Pu-rich residue recovery. 

S.Mezyk (United States) described the results of studies to develop a quantitative model 
for ligand complexation of lanthanides and actinides under process conditions. 
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Session 7: Waste management for future nuclear cycles 

H. Ju (Korea) presented a risk assessment of human intrusion into a geological repository. 
Human intrusion is an issue to be considered for the implementation of a geological 
repository. A model was developed to evaluate the risk of intrusion and to determine the 
probability of inadvertent human intrusion (IHI) and the cost of long-term safeguards on a 
geological disposal repository (GDR). 

R. Jubin (United States) described the progress in off-gas treatment for used nuclear fuel 
reprocessing made by the Off-gas Sigma Team, comprised of several US national 
laboratories and universities. The objective of this effort is to ensure that any potential new 
used nuclear fuel reprocessing facilities comply with regulatory standards for gaseous 
discharges. Recent achievements and ongoing activities were summarised. 

K. Dungan (United Kingdom) presented the results of a study on the effect of partial and 
full fuel cycle closure on ongoing wastes, considering the effects on long-term 
disposability. Four scenarios were studied from an open to a closed fuel cycle using the 
ORION code. The results showed the potential long-term impact on geological disposal of 
closing the fuel cycle. 

A. Salazar (United States) presented the results of a study to evaluate a critical deposition 
in bedrock by coupling a neutronics analysis and thermo-hydro-mechanical simulation 
(THM) of heat and mass transport. Calculations were performed with a THM code. 

Poster session  

Sixty-four posters were presented covering all areas of P&T: ADS, fuels, waste 
management and reprocessing.



26 |   
 

  
  

Session 1: International and national programmes 

Chair: T. Todd  
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NEA-related activities on P&T and advanced fuel cycles 

S. Cornet1, N. Chauvin2, T. Ivanova1 

1Nuclear Energy Agency; 2CEA, France 

Advanced nuclear fuel cycles to improve the safety, sustainability and economics of nuclear 
energy are under development internationally. Partitioning and transmutation (P&T) is 
one of the candidate technologies to transform part of the long-lived, highly radioactive 
material in spent fuel rods into shorter-lived fission products. This technology has been the 
subject of ongoing research and development worldwide for many years and recent 
developments indicate the need for embedding P&T strategies into advanced fuel cycles 
considering both waste management and economic issues. 

The Nuclear Energy Agency, through the work carried out within its different committee 
and related expert groups, supports its member countries to develop and implement 
advanced fuel cycles and related technologies. In particular, the Nuclear Science 
Committee (NSC) and the Working Party on Scientific Issues of the Fuel Cycle (WPFC) 
have initiated several studies to help deal with issues related to the fuel cycle, including 
P&T. Current activities cover the whole fuel cycle from front to back end and include 
scenario studies, minor actinides bearing fuels and separation chemistry. 

Introduction 

The current trend in the use of nuclear energy is the search for increased safety and 
sustainability in the nuclear fuel cycle through the efficient utilisation of resources and 
management of wastes. One promising avenue is the use of advanced fuel cycles, including 
P&T. Many countries are currently exploring these processes to develop the next 
generation of fuel cycles.  

The Nuclear Science Committee (NSC) of the Nuclear Energy Agency (NEA), encourages 
the development of various projects through international collaborations, to help gain 
further insights in the scientific knowledge needed to enhance the performance and safety 
of current nuclear systems and to contribute in building a solid scientific and technical basis 
for the development of the next generation of nuclear systems. Within the Nuclear Science 
programme of work, the Working Party on Scientific Issues of the Fuel Cycle (WPFC) 
comprises five different expert groups (Figure 1) covering all aspects of the nuclear fuel 
cycle from front to back end. They deal with issues arising from various existing and 
advanced nuclear fuel cycles, including fuel cycle scenarios, innovative fuels and materials, 
separation chemistry and waste disposal. The WPFC also liaises closely with other relevant 
NSC Working Parties and NEA Standing Technical Committees, and other international 
organisations to ensure that the respective work programmes are complementary and to 
support and undertake common work where appropriate.  

The main outcome of the work performed by NEA experts is the publication of state-of-
the-art reports, benchmark studies and workshop proceedings. In the last decade, numerous 
reports related to P&T have been published in the frame of the work carried out within the 
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WPFC, mentioning the benefits and challenges associated with the technology associated 
to the implementation of advanced fuel cycles [1]-[5]. 

Figure 1: Structure of the WPFC

 

Source: NEA, 2018. 

Fuel cycle scenarios 

The consequences of various fleet evolution options on material inventories and flux in fuel 
cycle and waste can be analysed by means of transition scenario studies. To perform these 
studies, some scenario codes have been developed to simulate various scenarios.  

Since 2010, the NEA Expert Group on Advanced Fuel Cycle Scenarios (EGAFCS) has 
carried out a series of benchmark studies to compare the results calculated with the different 
codes developed in participating organisations [6][7]. A report summarising the results of 
a study to identify the sources of uncertainty and use sensitivity studies to assess the 
impacts on system level results on the effects of uncertainties of input parameters on the 
outcomes of fuel cycle scenarios was published in 2017 [8]. In particular, it indicates which 
uncertainty parameters have large impacts and necessitate sensitivity assessments.  

Members of the group are currently carrying out a study of the management of transuranics 
to: (1) evaluate how much materials can be burnt using different “burners fleets”; (2) assess 
the possibility to go back to equilibrium state after reduction of transuranic (TRU) stocks 
and; (3) compare codes and models. The work is performed in two phases:  

• Phase 1 where different scenarios were investigated. 

• Phase 2 to evaluate the ability of selected systems to burn TRU in the intermediate 
term and to stabilise inventories in the long-term. 

Fuels 

Reprocessing irradiated fuels will help deal with the challenges associated with spent fuel 
management through the implementation of new innovative technologies in various nuclear 
fuel cycles schemes, like minor actinides transmutations.  

The NEA Expert Group on Innovative Fuels (EGIF) concentrates its work on minor 
actinides (MA) bearing fuels. A state-of-the-art report on innovative fuels was published 
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in 2014 [5], to review the current development of different types of fuels (oxide, metal, 
nitride, spherepac, etc.). Since then, members of the expert group have been working on a 
benchmark study on innovative fuels (code to code and code to experiment comparison). 
Seven irradiations under normal operating conditions on fast reactors metal and oxide fuels 
have been calculated using six different fuel performance codes. Calculations were 
compared and benchmarked against experimental data. The second phase of the benchmark 
exercise is just starting and will include code calculations on transient conditions. In 
parallel, an activity of fuel properties for fast reactors was initiated in October 2017 with 
the objectives to give recommendations for each property and identify missing data. 

Advanced separation processes 

The different technologies associated with the back end of the fuel cycle for advanced 
nuclear systems involve the separation of minor actinides (MA: Np, Am, Cm) and their 
transmutation into short-lived nuclides. R&D programmes have been launched worldwide 
in order to address this challenges and many processes for partitioning MA and fission 
products (FP) have been developed. New separation techniques such as advanced head-end 
processes, co-processing solvent extractions and pyroprocessing are also being investigated 
in different NEA member countries.  

The Expert Group on Fuel Recycling (EGFRC) focuses on separation processes relevant to 
recycling technologies for spent nuclear fuel including waste treatment, recycling and reuse 
of spent fuel components but excluding long term (dry/wet) spent fuel storage technologies. 
The expert group performs technical assessments of separation processes in applications 
related to current and future nuclear fuel cycles and recommends collaborative international 
efforts to further processes development and deployment.  

Members of the expert group have produced a report [9] in which they delivered a 
comprehensive but not exhaustive, state of the art of current R&D status in the field of 
separation chemistry of used fuel and treatment of minor actinides in member countries 
(France, Japan, Korea, Russia, United Kingdom, United States as well as the European 
Union). The advantages and disadvantages of each process are outlined without taking into 
account past and current national strategies. The first chapter reviews the status and 
progress of separation technologies. This includes head-end processes, hydrometallurgy 
and pyroprocessing for different types of fuels. Then, criteria are suggested to assess the 
impact of various processes on fuel cycle scenarios for fuel recycling. Key issues of 
safeguards and non-proliferation are also considered. The methods used by member 
countries for their strategic choice are mentioned. An evaluation of the technical maturity 
of each process through a technology readiness level (TRL) approach is presented. Finally, 
national perspectives on future R&D are outlined. Following the publication of this report, 
members of the expert group have chosen to continue the work of separation process 
through the development of an international database of extractants.  

Workshops 

Two workshops dedicated to advanced fuel cycles are organised on a regular basis and act 
as forum for experts to present and discuss state-of-the-art developments in the related 
field: 

• The Information Exchange Meeting on Actinide and Fission Products Partitioning 
and Transmutation (IEMPT) is held every two years and covers scientific, as well 
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as strategic/policy developments in the field of P&T and advanced nuclear fuel 
cycles.  

• The workshop on Technology and Components of Accelerator-Driven Systems 
(TCADS) is organised every three years and include the following topics: R&D 
status on accelerator-driven systems (ADS) including accelerators, neutron sources 
and subcritical systems for current facilities and future experimental and power 
systems; technology, engineering and research aspects of the above components; 
system optimisation for reducing capital and operational costs; and the role of ADS 
in advanced fuel cycles. 

Conclusions 

A detailed description of Nuclear Energy Agency Nuclear Science Committee 
collaborative research activities related to P&T and advanced nuclear cycle was presented. 
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Ongoing activities on partitioning and transmutation at the IAEA 

Amparo González Espartero, Frances Marshall, Stefano Monti, Jon Rowan Phillips, 
Mikhail Veshchunov, Clément Hill 

International Atomic Energy Agency, Austria 

The International Atomic Energy Agency (IAEA) actively supports its member states to 
improve their capabilities to develop and deploy advanced reactors and innovative related 
fuel cycle technologies with the aim to reduce the burden of high level waste and to enhance 
the sustainability of nuclear power.  

To perform its scientific and technical activities, the IAEA defines and implements 
multiannual programmes considering the recommendations/requests expressed by its 
member states through different means such as the yearly adopted resolutions, its 
Technical Working Groups (TWGs) and its Standing Advisory Groups (SAGs). 

One of the major objectives of the IAEA activities is to foster and enhance the exchange of 
scientific and technical information among its member states. This goal is achieved through 
organising meetings and conferences, co-ordinating research activities, maintaining 
databases and publishing technical reports. 

The IAEA has organised three conferences on Fast Reactors and Related Fuel Cycles, 
gathering the two scientific communities of fast reactors and fuel cycles to ensure the long-
term sustainability of nuclear power: in 2009 in Kyoto (Japan), in 2013 in Paris (France), 
and in 2017 in Yekaterinburg (Russia). Two Technical Meetings on “Advanced Fuel Cycles 
to Improve the Sustainability of Nuclear Power through the Minimization of High Level 
Waste” were organised in June 2016 and October 2017, with the active participation of 
experts from major nuclear power operating countries. 

The collection of relevant information during these scientific events allows the IAEA to 
publish technical reports, such as the TECDOC on “Status and Trends in Pyroprocessing 
of Spent Fuels” (under finalisation) that will include recent technical developments and 
the main issues for the industrial application of pyroprocessing technologies, or the NE 
Series on “Existing and Advanced Nuclear Fuel Cycle Technical Options for Waste Burden 
Minimization” (in progress) that will provide policy and decision makers with information 
about how different fuel cycle strategies can minimise the burden of generated waste to 
help them make informed decisions. 

Collaborative Projects, co-ordinated among some member states by the International 
Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO), undertake complex 
studies of regional and multinational co-operation to enhance the sustainable development 
of nuclear energy systems including open and closed cycles. Specialised modelling tools 
and a technical sustainability metric have been developed to assist member states in 
pursuing studies in these areas and to enhance their national long-term planning and 
decision-making. Principal among these are the “INPRO Methodology” for sustainability 
assessment and MESSAGE-NES which allows whole sophisticated system analyses of 
nuclear reactors and fuel cycles with international trade relations.  

Other IAEA Co-ordinated Research Projects (CRPs), such as the CRP on “Use of Low 
Enriched Uranium in Accelerator Driven Systems”, enable some member states to 
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investigate the potential use of LEU-driven systems to perform transmutation of minor 
actinides. In this context, the IAEA-TECDOC-1821 on “Use of Low Enriched Uranium 
Fuel in Accelerator Driven Subcritical Systems” was published in August 2017. Other 
CRPs on “Accelerator Simulation and Modelling of Radiation Effects”: SMoRE-2 (2016-
2020), on “Analysis of Options and Experimental Examination of Fuels with Increased 
Accident Tolerance”: ACTOF (2015-2018)” and, in the future, on “Fuel and Structural 
Materials for Fast Reactors” explore the potential to design and operate advanced fuels 
and structural materials that are more resistant to very strong irradiation damage doses, 
which is one of the most important considerations in selecting materials for fast reactor 
cores. 

Finally, the IAEA develops and maintains databases. The Integrated Nuclear Fuel Cycle 
Information System (iNFCIS) consists of: the Nuclear Fuel Cycle Information System 
(NFCIS) that collects information on civilian nuclear fuel cycle facilities worldwide; the 
distribution of uranium deposits (UDEPO) and those of thorium (ThDEPO), a catalogue 
of post-irradiation examination facilities (PIE); a database on minor actinides properties 
(MADB) and a nuclear fuel cycle simulation system tool (NFCSS) to estimate material 
throughputs in the fuel cycle. An upgrade of the “Advanced Reactors Information System 
(ARIS)” database has been recently released, which provides member states with 
comprehensive and balanced information about all advanced reactor designs and 
concepts, including transmutation systems. 

Introduction 

The International Atomic Energy Agency (IAEA) actively supports its member states in 
improving their capabilities to develop and deploy advanced reactors and innovative fuel 
cycle technologies with the aim to reduce the burden of high level waste and to enhance 
the sustainability of nuclear power.  

To perform its scientific and technical activities, the IAEA defines and implements 
multiannual programmes considering the recommendations/requests expressed by its 
member states through different means such as the yearly adopted resolutions, its Technical 
Working Groups (TWGs) and its Standing Advisory Groups (SAGs). The resolution 9 
adopted during the 62nd General Conference (GC(62)/RES/9), in September, 

…calls upon the Secretariat and Member States in a position to do so to investigate 
new reactor and fuel cycle technologies with improved utilization of natural 
resources and enhanced proliferation resistance, including those needed for the 
recycling of spent fuel and its use in advanced reactors under appropriate controls 
and for the long-term disposition of remaining waste materials, taking into account, 
inter alia, economic, safety and security factors] as well as [invites all interested 
Member States to join, under the aegis of the Agency, in the activities of INPRO in 
considering issues of innovative nuclear energy systems.  

The TWGs are groups of experts from member states that mainly support the IAEA in the 
definition and implementation of its programmatic activities. The TWG on Nuclear Fuel 
Cycle Options and Spent Fuel Management (TWG-NFCO) focuses its work on nuclear fuel 
cycle options with an emphasis on spent fuel management (storage, reprocessing and 
recycling), innovative fuel cycles and nuclear materials management. The TWG on Fuel 
Performance and Technology (TWG-FPT) focuses its work on the status and trends in 
nuclear power reactor fuel performance and technology. It covers nuclear core materials 
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R&D, fuel design, manufacturing and utilisation, coolant chemistry, fuel performance 
analysis and quality assurance issues. The TWG on Fast Reactors (TWG-FR) assists the 
IAEA in formulating an international vision applicable to fast spectrum transmutation 
systems, both critical and subcritical, for energy production and transmutation of long-lived 
radioactive nuclides. 

One of the main objectives of the Agency is to foster and enhance the exchange of scientific 
and technical information among its member states. The mechanisms that the Agency uses 
to achieve this goal are mainly the organisation of international conferences and 
workshops, the publication of technical documents and reports, the co-ordination of 
research activities through Co-ordinated Research Projects (CRPs) and the management of 
specific databases. 

Following examples of ongoing activities will illustrate how the IAEA supports its member 
states in partitioning and transmutation (P&T) areas. 

Main ongoing activities on partitioning and transmutation at the IAEA 

Activities on advanced reactors 
After the two successful IAEA Conferences held in 2009, in Kyoto (Japan) [1], and in 2013, 
in Paris (France) [2], the IAEA organised in 2017 the third international conference on Fast 
Reactors and Related Fuel Cycles, FR17, in Yekaterinburg (Russia), with the overarching 
theme: “Next Generation Nuclear Systems for Sustainable Development”. One of the main 
reasons for the selection of these premises was that the sodium-cooled fast reactor BN-800 
had been connected to the grid in December 2015 at the Beloyarsk Nuclear Power Plant, 
where the BN-600 reactor has been in operation since 1980.  

The purpose of the FR17 conference was to provide a forum of information exchange on 
national and international programmes, and more generally on new developments and 
experience in the field of fast reactors (FR) and related fuel cycle technologies. By 
providing a scientific platform for experienced scientists, engineers, government officials, 
safety officers, fast reactor managers, etc., to share their outlooks, the FR17 conference 
also enabled the young generation of scientists and engineers to benefit from the exchange 
of knowledge from older generations. This helped choosing the correct path of research to 
address upcoming challenges in the development of FRs and related fuel cycles. 

The FR17 conference received a similar response to the previous editions from the 
communities of fast reactors and fuel cycle: it was attended by approximately 550 
participants from 27 countries and 6 international organisations. Based on the discussions 
held through various technical sessions, plenary sessions, workshops, etc., the conference 
concluded that the FR technology remains a proven option and a sustainable source of 
energy for many generations to come. The international co-operation on FR technology 
and on related fuel cycles is crucial. The sodium-cooled FR technology remains the most 
mature technology and the focus is now on enhancing safety and improving economic 
efficiency. The FR community also agreed that it is of common interest and benefit to 
continue this series of conferences every four years under the aegis of the IAEA. 
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Activities on advanced fuels 

Co-ordinated research projects on fuel and structural materials for fast reactors 
Globally, there is a great deal of experience in operating fuel in off-normal conditions: 
theoretical studies and experiments have been performed and there have been excursions 
from normal operating conditions in a few power reactors. During such excursions, the 
difference between incidents of limited or no consequence and severe accidents, such as 
the one at Fukushima Daiichi, are the conditions observed in the reactor and the 
performance of the fuel under these conditions. The CRP T12030 “Analysis of Options and 
Experimental Examination of Fuels for Water-Cooled Reactors with Increased Accident 
Tolerance” (ACTOF), involving 14 partners from 11 member states over the period 2015-
2018, has explored the potential to design and operate advanced fuel types that are intended 
to be more tolerant of severe accident conditions while retaining the capability of current 
fuel designs for safe operation under normal operation and anticipated transient conditions. 
One outcome of this CRP is the possibility to apply the methodology developed to model 
experimental data onto the behaviour of candidate materials for accident-tolerant fuel 
designs for FRs. 

There is an increasing international consensus that the long-term strategy of nuclear power 
development will be grounded on FRs with a closed nuclear fuel cycle. These technologies 
meet sustainable development criteria (resources and waste management): high potential 
for Pu management (such as the flexibility of FRs for utilising various fuel cycles); and 
capability to consume transuranics in fuel effectively (thus reducing the actinide inventory 
in high-level waste with benefits for disposal and non-proliferation). 

Currently a fundamentally new reactor design is needed with features which increase the 
operating safety of units, simplify the problems associated with radioactive waste and 
nuclear material proliferation, increase the competitiveness of nuclear power plants and 
gain the confidence of the public and investors. 

A number of countries are carrying out intense research programmes and are developing 
innovative FR designs, for instance the Generation IV programme. An understanding and 
assessment of the different fuel design options and related safety characteristics, based on 
the present knowledge as well as on new scientific and technological research efforts, are 
of paramount importance. In this context, international co-operation plays a key role in 
accelerating and catalysing technologies. The roadmap chosen for a new CRP on “Fuel 
Materials for Fast Reactors” is to establish an international irradiation database for FR fuels 
and cladding materials. Fuel performance codes, currently used by member states, shall be 
enhanced via some selected benchmarking exercises. Properties of fuel materials in high-
radiation environments and fundamental understanding of materials’ behaviour under 
radiation by advanced modelling/simulation are needed to improve reliability, safety and 
plant longevity of the sodium FR technology.  

The development of structural materials for advanced reactor concepts and life extension 
of existing reactors will require a new paradigm for irradiation testing of candidate 
materials. The operating regime for structural materials of FR concepts extends to higher 
temperatures, doses and to more aggressive environments than in current power reactors. 
The design life will also be at least 60 years.  

The lack of test reactors, the cost to conduct irradiations on promising new materials, and 
the length of time needed to conduct irradiation campaigns are incongruent with the 
timescale for new reactors implementation. Therefore, more expedient means must be 
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found to develop new materials. The most promising means is the use of ion beam 
irradiation to stimulate the property-controlling microstructures created in reactors. To 
validate the capability of ion irradiation to simulate reactor irradiation, a set of best 
practices for conducting ion irradiations for use in the design of new materials for existing 
and future reactors have been developed in the framework of the series of two CRPs on 
Accelerator Simulation and Modelling of Radiation Effects: SMoRE-1 (2008-2012) and 
SMoRE-2 (2016-2020). 

Activities on advanced fuel cycles 

Technical publications 
The collection of relevant information allows the IAEA to publish and update technical 
reports. In this regard two Technical Meetings were organised on “Advanced Fuel Cycles 
for Waste Burden Minimization” in June 2016 and October 2017 with the main objective 
to review and update the developments in advanced fuel cycles leading to the minimisation 
of waste burden, with active participation of representatives from China, France, Hungary, 
India, Japan, Korea, Russia and the United States. Papers were submitted in the following 
areas: national approaches and present status of FR fuel cycles; state of the art of advanced 
separation technologies; feasibility of transmutation of Transuranic radionuclides, minor 
actinides (MA) and long-lived fission products (LLFP); recovery of platinum group metals 
and useful fission products; and strategies and technologies aimed at waste burden 
minimisation. As a result of these two technical meetings a publication is under preparation 
aiming at reviewing and updating the technological developments in current and advanced 
fuel cycles to provide policy and decision makers with information about how different 
fuel cycle strategies can minimise the burden of generated nuclear waste. 

International Project on Innovative Nuclear Reactors and Fuel Cycles 
The International Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO) 
methodology is the IAEA tool for sustainability assessment of nuclear energy systems 
(NES). It covers all areas relevant to sustainable development as was defined in the United 
Nations World Commission on Environment and Development Report entitled “Our 
Common Future” (often known as the Brundtland Report) [3]. These areas include 
economics, infrastructure, waste management, proliferation resistance, environmental 
impact from stressors and depletion of resources, and safety of reactors and fuel cycle 
facilities [4]. In every area a set of basic principles, user requirements and criteria have 
been formulated to define the objectives for sustainable development and the actions which 
have been identified as to be taken to achieve these objectives and technical metrics for the 
assessment.  

Member states applying the INPRO methodology to a specific planned national NES may 
identify gaps in their programmes and define compensatory follow-up measures to close 
these gaps before they can create any potential problems. 

The INPRO Task “Global Scenarios” develops, on the basis of scientific and technical 
analysis, nuclear energy scenarios that lead to a global vision of sustainable nuclear energy 
in the 21st century. The analysis framework was originally developed under the “GAINS” 
collaborative project [5]. Within this task the collaborative projects “Synergistic nuclear 
energy regional group interactions evaluated for sustainability” (SYNERGIES) and 
“Roadmaps for a Transition to Globally Sustainable Nuclear Energy Systems” 
(ROADMAPS) address the scenarios for enhancing global NES sustainability, specifically, 
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through co-operation in nuclear fuel cycle among technology holder countries and 
technology user countries, including newcomer countries [6]. 

The INPRO collaborative project SYNERGIES performed multinational NES scenario 
analyses to examine how the whole NES can achieve more than its parts. If one partner in 
a synergistic collaboration is achieving enhanced sustainability, then the other partner(s) 
may achieve similar enhancement without the requisite of large national investments in 
technology R&D and related infrastructure development. Within SYNERGIES, 28 case 
studies were conducted by member states to identify and evaluate mutually beneficial 
patterns of co-operation in the nuclear fuel cycle and the driving forces and impediments 
involved in such cooperations. 

The INPRO collaborative project ROADMAPS, started in November 2014, has the 
objective of developing a structured approach for achieving globally sustainable nuclear 
energy, providing models for international co-operation and a template for documenting 
actions, scope of work and time frames for specific collaborative efforts by particular 
stakeholders. 

The INPRO Task “Innovations” designs and conducts collaborative projects on topics 
crucial to future nuclear energy sustainability and technological innovations. The utilisation 
of innovative fuels and fuel cycles can contribute directly to the development of sustainable 
NES, for technical and economic reasons as well as in terms of enhancing public 
acceptance. At present three collaborative projects in this field are carried out: Nuclear Fuel 
and Fuel Cycle Analysis for Future NES (FANES); Waste from Innovative Types of 
Reactors and Fuel Cycles (WIRAF) and Study on Cooperative Approaches to the Back End 
of the Nuclear Fuel Cycle. FANES is conducting feasibility analyses of selected advanced 
and innovative fuels and fuel cycles for different reactor systems in order to identify 
potential future NES using selected fuel and fuel cycles with the aim to enhance 
sustainability of NES. WIRAF identifies any potential or known show-stopper issues for 
implementing advanced and innovative reactors and their fuel cycles that result from new 
or existing waste types. The Study on Cooperative Approaches to the Back End of the 
Nuclear Fuel Cycle will examine how international co-operation in the back end of the 
nuclear fuel cycle could be successfully built into national strategies and programmes, with 
the aim to enhance sustainability of NES. This includes all aspects of the back end of the 
nuclear fuel cycle. 

Co-ordinated research project on technology development of accelerator-driven 
systems 
Long-term nuclear fuel cycle can be enhanced by involving accelerator-driven systems 
(ADS), which have been developed in different countries for more than 40 years and offer 
new prospects and advantages for the transmutation of high level radioactive waste. 

As many of the ADS systems built in the past use highly enriched uranium (HEU) for the 
subcritical assemblies, there has been a global effort to eliminate HEU from research 
facilities, and the IAEA has assisted several member states in converting the subcritical 
systems to low enriched uranium (LEU). One concern on the part of facility owners and 
operators is the potential change in the performance characteristics if a system is converted 
to LEU. In order to help alleviate this concern, the IAEA has worked with member states 
in analysing the ADS systems to facilitate understanding of the LEU system capabilities, 
and to develop new applications and missions for LEU ADS facilities. In order to more 
broadly disseminate the information of the experiences of working with LEU systems, the 
IAEA initiated a co-ordinated research project to focus on LEU accelerator systems. The 
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results of this project were published in August 2017 in IAEA-TECDOC-1821, “Use of 
Low Enriched Uranium Fuel in Accelerator Driven Subcritical Systems (ADS).” As a 
follow-on to this project, the IAEA initiated a new CRP in December 2015, CRP T33002, 
on “Accelerator Driven System (ADS) Applications and use of Low-Enriched Uranium in 
ADSs”, involving an international research collaboration between 17 member states, 
devoted to gaining a better understanding of the physics of ADS with special emphasis on 
the investigation of various technical options for carrying out ADS research using LEU 
fuel. 

The specific objectives of CRP T33002 are to focus on the development of innovative 
applications for ADS facilities as well as on further development and validation of ADS 
technologies. Additionally, the expected work involves testing and validation of 
measurement and analytical techniques associated with the development of ADS 
technology and the use of LEU fuel. 

Among the applications to be explored will be the use of ADS facilities to transmute nuclear 
waste, specifically, LLFPs and MAs, and the development of robust techniques for on-line 
monitoring of ADS facilities. Attention will also be given to investigating the potential for 
use of ADS facilities as neutron sources for basic research, applied research and for the 
production of needed radioisotopes for medical and industrial applications. 

In addition to gaining an understanding of both the static and dynamic properties of ADS 
systems, close collaborations between various research groups involved in previous 
research programmes have resulted in understanding and resolving a number of 
discrepancies initially observed for some of the results obtained during the course of the 
investigations. This has led to improved comprehension of the differences between various 
experimental methods used, between different employed nuclear data libraries, between the 
various nuclear system analysis codes used, and between the procedures employed in 
applying these resources in the context of ADS applications. Much of this analytical work 
will continue in this new CRP, and participating member states have expressed their 
intentions to continue exploring new applications and developing related analyses. 
Experiments are planned collaboratively at several facilities, such as the Kyoto University 
Critical Assembly and at Ukraine’s Kharkov Institute of Physics and Technology. Japan 
also plans to build a new Transmutation Experimental Facility (TEF) that will enable scale-
up experiments to be performed. 

There have been two meetings organised for CRP T33002– in July 2016 and in September 
2017 – with participants from 22 research institutions from 17 member states. The outcome 
of the first meeting was a matrix work plan, indicating which member state will contribute 
to the analytical and experimental work being performed at the ADS facilities. 
Additionally, each member state agreed to contribute to the work on one of the four main 
applications: Spent Fuel Transmutation; Thorium Fuel Cycle; Medical Isotope Production; 
and Material Irradiation. In the second meeting, results of preliminary analyses were 
presented, but none of the analyses have been completed. The results of the CRP will be 
especially useful for member states with new ADS facilities, and for those still using ADS 
with HEU fuel, helping them convert their facilities to LEU to reduce nuclear proliferation 
risks. An IAEA publication will be prepared at the conclusion of the project, planned in 
2019. 

IAEA databases related to partitioning and transmutation activities 
The IAEA also develops and maintains databases such as the “Integrated Nuclear Fuel 
Cycle Information System (iNFCIS)” [7]: a comprehensive resource for technical and 
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statistical information about nuclear fuel cycle activities worldwide. The system includes 
among others:  

• The Nuclear Fuel Cycle Information System (NFCIS) that covers civilian nuclear 
fuel cycle facilities around the world. It contains information on operational and 
non-operational, planned and closed facilities. All stages of nuclear fuel cycle 
activities are covered, starting from uranium ore production to spent fuel storage 
facilities. 

• The Post Irradiation Examination Facilities Database (PIE) which is derived from 
a catalogue of PIE facilities worldwide. It includes a complete survey of the main 
characteristics of hot cells and their PIE capabilities. 

• The Minor Actinide Property Database (MADB) which is a bibliographic database 
of physico-chemical properties of selected minor actinide compounds and alloys. 
The materials and properties are selected based on their importance in the advanced 
nuclear fuel cycle options. 

The Advanced Reactor Information System (ARIS) [8] is an online database designed and 
maintained since 2009. ARIS is a user-friendly, easy-to-navigate database that offers 
technical design descriptions for advanced reactors that are under design, in construction 
or in operation. It includes reactors of all sizes and types, from evolutionary nuclear power 
plant designs for near-term deployment to the latest innovative reactor concepts that are 
under development. ARIS enables users to easily get an overview of the current reactor 
technologies being developed and deployed by giving people access to the designers’ 
design descriptions. The latest upgrade of the ARIS database was released in the middle of 
2016, which provides IAEA member states with comprehensive and balanced information 
about all advanced reactor designs and concepts, including transmutation systems. 
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Overview of programmes on P&T and advanced fuel cycle in the 
United Kingdom 

F. Rayment 
National Nuclear Laboratory, United Kingdom 

The UK government has committed to a significant reduction of greenhouse gas emissions 
by 2050. In fact, the UK Climate Change Act sets an 80% decarbonisation target for the 
United Kingdom by 2050 and we are currently at 42% against the 1990 baseline level. 
Energy use, including transportation, accounted for more than 80% of UK greenhouse gas 
emissions in 2015 and as such it is a primary area to target for emission reductions. Nuclear 
is seen as a vital part of the energy mix, along with renewables and CCS (carbon capture 
and storage) technology, providing reliable, low-carbon power now and into the future 
while driving for enhanced economics. With additional requirements from transport, 
further electrification of the grid will require more energy in the form of electricity. The 
UK government is committed to nuclear power and, as part of this commitment, the 
Department for Business Energy and Industrial Strategy (BEIS) is investing £180 million 
through the Energy Innovation Programme, which incorporated nuclear R&D in areas such 
as future fuels, advanced manufacturing, reactor design and recycle. Advanced recycle 
technology for future closed fuel cycle options is a key pillar of this R&D programme.  

Although, at the industrial level, the United Kingdom is moving from a partially closed 
fuel cycle to a once-through approach, there is recognition that R&D will be required to 
understand fuel cycle options for future nuclear energy scenarios. As such, the United 
Kingdom continues to engage in recycling R&D with a focus on advanced systems. As part 
of this commitment the United Kingdom has recently committed to re-joining the 
Generation IV International Forum. Keeping closed fuel cycle options open for future 
energy systems is important for a number of reasons including enhanced waste 
management for an expanded nuclear programme, conserving uranium resources, enabling 
fuelling of fast reactors and maintaining key skills. The aim of any such R&D programme 
on recycling is to reduce costs, minimise wastes, and enhance proliferation resistance while 
enabling process simplification through innovation. 

The United Kingdom, through the National Nuclear Laboratory (NNL) and its academic 
partners, continues to work in this space providing expertise, experimental capabilities and 
programme knowledge to further develop enhanced recycle systems while maintaining a 
sound skill base. Working with international partners through the EU framework and other 
international programmes is key to achieving successful developments in recycle 
technology for the next generation.  
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Recent progress in the Belgian MYRRHA ADS programme 

H. Aït Abderrahim*, D. De Bruyn 
SCK•CEN, Belgium 

Once started as a small irradiation facility, which was already based on the accelerator-
driven system (ADS) concept and had a dedicated objective to produce radioisotopes for 
medical purposes, the MYRRHA programme is meant to demonstrate the ADS concept at 
pre-industrial scale, to demonstrate transmutation and − as the reactor is a fast neutron 
source – to also serve as a flexible multipurpose irradiation facility.  

The MYRRHA design has progressed through various framework programmes of the 
European Commission in the context of Partitioning and Transmutation (P&T), among 
others the EUROTRANS project (2005-2010) and the CDT project (2009-2012).  

The Belgian government granted in 2010 a dedicated five-year budget to support the 
MYRRHA programme; this support was renewed for 2015-2017. In the meantime, the 
MYRRHA team has developed a detailed implementation strategy, with a phased approach 
to reduce the technical risk, to spread the investment cost and to allow a first R&D facility 
to be available by 2024.  

In this new approach, the MYRRHA facility will start with the 100 MeV accelerator (phase 
1) and will be followed by the 100-600 MeV accelerator section (phase 2) and the reactor 
(phase 3). Phase 1 is aimed for construction and commissioning by 2024 and will represent 
a stage-gate for the decision to implement the two following phases. This scenario allows 
spreading of investment costs, but also minimising the risks (accelerator reliability and 
reactor innovative design options). This scenario has been confirmed with the Belgian 
government representatives in charge of the MYRRHA programme.  

In this paper, we present the present status of the MYRRHA programme, its structure, its 
priorities and milestones and finally the perspectives for implementation as endorsed by 
the Belgian authorities from 2015 on through a first R&D facility in 2024 to the full 
MYRRHA operation in 2034. For the most recent developments regarding P&T in 
MYRRHA on the one hand and the accelerator components qualification on the other hand, 
we refer to two companion papers submitted in parallel during this meeting. 

Keywords: Accelerator-driven system, lead-bismuth, engineering.  

                                                      
*Corresponding author 
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Conceptual approaches and the main directions of R&D on 
partitioning and transmutation of minor actinides and 

long-lived fission products in Russia 

A. Khaperskaya 
Rosatom, Russia 

The report reviews the main Russian approaches and directions of R&D in the field of 
partitioning and transmutation of minor actinides (MA). 

As a basic approach to spent nuclear fuel (SNF) management in Russia, the concept of its 
reprocessing with the nuclear materials recycling in a two-component nuclear power 
energy system (with thermal and fast neutron reactors) has been adopted. It is believed that 
multiple recycles of Pu and MA and long-lived fission products transmutation will 
substantially reduce the radiotoxicity of the generated radioactive waste. 

The main tasks of R&D in the high-level waste (HLW) partitioning are the MA and heat-
generating nuclides separation. Russia has industrial experience in HLW partitioning. 
Since 1996, the Mayak (RT-1) plant has operated a pilot plant for HLW partitioning. 
During the operation more than 1 200 m3 of HLW was processed with Cs-Sr recovering. 

Several technologies for extraction and separation of rare earth elements (REE) and tri-
butyl phosphate are being tested. 

Transmutation of MA and long-lived fission products in fast neutron reactors with sodium 
(type BN) and lead (type BREST) coolants is considered as part of the closed nuclear fuel 
cycle and is linked to the major actinides recycling. The homogeneous transmutation 
approach is proposed to include MA in the main fuel and recycle Np and Am (with Cm 
decay storage) and subsequent recycling. A heterogeneous approach for MA transmutation 
in fast reactors is also being developed, with using a high MA content special fuel with 
uranium or inert matrix. 

Russia is also developing the molten salt reactor concept for MA transmutation, including 
Cm, from thermal reactors SNF. 
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Recent P&T relevant developments in the European Union 

J-P. Glatz 
European Commission, DG Joint Research Centre (JRC), Germany 

Major developments in the European Union in the context of partitioning and transmutation 
(P&T) continue to be linked to the Euratom participation in Genernation IV International 
Forum (GIF). Euratom is the only one of the 14 members supporting R&D in all 6 systems 
selected within GIF. Major efforts are, in this context, dedicated to sustainable waste 
management based on P&T. 

On 10 November 2016, Commissioner Tibor Navracsics, representing JRC, which is the 
implementing agent of Euratom in GIF, signed the renewal of the Framework Agreement 
for 10 more years. Many signatures on the extension of system − and project arrangements 
have followed.  

At the JRC, a large project called SANSIF (Safety of Advanced Nuclear Systems and 
Innovative Fuel cycles) includes all Generation IV activities, also the ones devoted to the 
closed fuel cycle safety. Strong support is given to the reference systems identified in 
European Sustainable Nuclear Industrial Initiative (ESNII) such as ASTRID in France, 
MYRRHA in Belgium, ALFRED in Romania or ALLEGRO in the Visegrad countries. 

The European Commission (EC) indirect action programme co-ordinated by the 
Directorate-General for Research and Innovation (DG RTD) is co-financing a number of 
projects supporting Generation IV systems, namely: 

• ESFR-SMART – European Sodium Fast Reactor Safety Measures Assessment and 
Research Tools; 

• GENIORS – GENeration IV Integrated Oxide fuels Recycling Strategies; 

• GEMINI Plus – Research and Development in support of the GEMINI Initiative 
(HTR and Cogeneration); 

• INSPYRE – Investigations Supporting MOX Fuel Licensing in ESNII Prototype 
Reactors (fast Reactors);  

• GEMMA – GEneration IV Materials Maturity. 

The next Euratom Framework Programme (FP9), following the presently running 
Horizon2020, is under preparation with the support of the Scientific Technical Committee 
and supposed to continue to give support to the development of advanced reactor systems.
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Technological approach to spent nuclear fuel management in Korea 

K.C. Song 
Korea Atomic Energy Research Institute, Korea 

The Korean government has declared a long-term energy transition policy from 
conventional energy and nuclear power to renewable energy. Even though nuclear power 
has played an essential role in the energy security for the country’s economic growth during 
last several decades, it will not go further than 2082 in Korea. 

The 24 nuclear power plants currently operating in Korea are annually producing more than 
700 tHM of spent nuclear fuel. Until the shutdown of the last nuclear power unit, the 
accumulated amount of spent nuclear fuel is estimated to be approximately 40 000 tHM. 
However, the Basic Plan of the High-Level Radioactive Waste (HLW) Management, set 
up by the Government in 2016, is committed to a review process to reconsider the issue 
and listen to public opinions. The revised Basic Plan is expected to be released next year. 
The main approach to HLW management in Korea is the direct disposition to the deep 
geological rock formation, which requires a large footprint and very long-term concerns on 
the radiotoxicity of long-lived radionuclides. As a technological alternative to a direct 
disposal of spent nuclear fuel, the pyroprocessing and sodium-cooled fast reactor (SFR) 
technologies have been developed in earnest at Korea Atomic Energy Research Institute 
(KAERI) since 2007. This alternative aims at recycling radiotoxic transuranic elements, 
separated from spent nuclear fuel, and burning them out. Major elements, regarding heat 
loads in the design of final disposition, are recovered during the treatment of spent nuclear 
fuel, stored separately, and consequently disposed of.  

This project will lead to the minimisation of the waste burden in the Korean peninsula, if 
the technical feasibility, economic viability and non-proliferation acceptability are 
demonstrated. At present, there are many challenges and hurdles on KAERI’s way to move 
forward to confirming the effectiveness of spent nuclear fuel recycling. Under these 
circumstances, the international collaborations will make a tangible and reciprocal 
contribution to the better way to effective and proliferation-resistant management of spent 
nuclear fuel.  
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Overview of US programmes on partitioning,  
transmutation and advanced fuel cycles 

T. A. Todd 
Idaho National Laboratory, United States 

The United States continues to support research activities in the areas of partitioning and 
transmutation, as well as the development of advanced fuel cycles. Of particular interest 
are fuel cycles and reactors that could potentially reduce the cost and waste burden of 
nuclear energy in the future. These technologies include advanced reactors, both fast and 
thermal spectrum; partitioning of uranium, plutonium and minor actinides; transmutation 
fuels development; advanced waste forms; and enhanced safeguard methods. This talk will 
provide a high-level overview of the research being performed in the US programmes and 
a look at possible future directions.
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Impact of transmutation on the geological disposal for the Belgian scenario 

G. Van den Eynde*, L. Fiorito, E. Weetjens, C. Bruggeman, 
J. Schröder, N. Messaoudi, P. Baeten, H. Aït Abderrahim 

SCK•CEN, Belgium 

This paper aims to describe the possible impact of partitioning and transmutation (P&T) on 
the Belgian fuel cycle. This study was one of the deliverables asked for by the Belgian 
government to form a decision on the future of the MYRRHA project. MYRRHA aims to 
be a corner stone in the European Commission’s (EC) four-pillar approach (light water 
reactor (LWR) fuel reprocessing, accelerator-driven system (ADS) fuel fabrication, 
industrial transmutation facility and transmutation fuel reprocessing) to demonstrate the 
feasibility of P&T. Hence, the Belgian government wanted to be informed on the possible 
impact of P&T on the Belgian fuel cycle. This paper is a summary of the outcome of this 
report. It first sketches the Belgian scene for what concerns spent nuclear fuel inventory, 
reprocessing and the final disposal options under investigation by the Belgium National 
Agency for Radioative Waste and Enriched Fissile Material (ONDRAF/NIRAS). Next, it 
briefly recapitulates the technical aspects of P&T: what do these processes entail and what 
technology is needed. In the third section, a scenario study for the Belgian case is reported 
showing the estimated impact on the material inventory. The European vision on the R&D 
needed for this technology is discussed, indicating the technology readiness levels (TRLs) 
of the different processes needed in the P&T approach. The potential impact of such an 
advanced fuel cycle on the geological disposal for the Belgian scenario is discussed based 
on the studies performed in the European Red-Impact project and similar Japanese studies. 
Using the available Belgian data and the current options envisaged by ONDRAF/NIRAS 
for geological disposal, we estimated the possible reduction in required gallery length and 
repository surface. We show that P&T (although still a lot of R&D is needed) can have a 
beneficial impact on the required footprint for geological disposal. It is hence not an 
either/or story but both technologies are complementary and both need to be developed 
further, preferably in close collaboration with one another. The study as such remains a 
work-in-progress since the different assumptions made should be studied in much more 
detail as more technical information on the reference geological disposal options in 
Belgium become available.  

                                                      
*Corresponding author 
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Lessons learnt from recent nuclear fuel cycle scenario studies 

Temitope Taiwo1, Bo Feng1, Edward Hoffman1, Taek Kim1, Brent Dixon2 

1Argonne National Laboratory, United States; 2Idaho National Laboratory, United States 

The results of recent transition scenario studies performed within the Systems Analysis and 
Integration activities of the US Department of Energy (DOE) Office of Nuclear Energy 
have been examined to identify lessons learnt. In this paper, we focus on a scenario in 
which the current US light water reactor (LWR) fuel cycle is assumed to transition to an 
advanced sodium-cooled fast reactor (SFR) fuel cycle wherein transuranic-containing fuel 
is continuously recycled. In the first part of the paper, we discuss the infrastructure and 
material requirements and considerations that impact the transition. In the second part of 
the paper, we provide results for an example transition scenario in which fast reactors are 
deployed initially using low-enriched uranium fuel, to show the scale of infrastructure 
requirements for a nuclear energy system that has a capacity of 100 GWe.  

Introduction 

The Nuclear Fuel Cycle Evaluation and Screening (E&S) study, which was completed in 
October 2014 [1], has formed the basis of follow-on studies that have been conducted by 
the Systems Analysis and Integration campaign of the US Department of Energy (DOE), 
Office of Nuclear Energy in recent years. The focus in this paper is on nuclear fuel cycle 
scenario studies that have been performed on the transition from the current fleet of light 
water reactors (LWR) being operated in the United States to one of the most promising 
advanced fuel cycle options, as identified by the E&S study. This advanced fuel cycle 
option involves the continuous recycle of transuranic (TRU) fuel in fast-spectrum reactors 
with the help of facilities for separating (processing) the fast reactor used fuel and facilities 
for fabrication of the TRU-containing fuel. This targeted fuel cycle is the basis of the 
transition studies discussed in this paper. 

While the recycle of nuclear fuel would have benefits as identified by the E&S study, 
particularly in the steady-state implementation of such a fuel cycle, changing from the 
current once-through fuel cycle to such a fuel cycle would introduce practical issues that 
need to be addressed in such a transition. Transition scenario studies were therefore 
conducted for the most promising fuel cycle options to develop an understanding of the 
requirements for a successful transition, especially identifying any issues or constraints that 
would inhibit or prevent such a transition. The studies explored a range of transition 
scenarios, with the goal of developing an understanding of transition issues, times, costs, 
and constraints in order to: enable development of effective transition strategies, identify 
robust transition pathways that consider economic conditions, energy demand, etc. and 
identify the decisions that need to be made, the time frame for such decisions, and the 
effects of delaying decisions. This ultimately requires consideration of a broad range of 
possible implementing technologies and future conditions to inform decision makers. 

In this paper, we discuss the major infrastructure and material requirements and 
considerations that impact the transition from the current to the advanced fuel cycle system. 
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The paper also provides results for an example transition scenario to show the scale of 
requirements for a nuclear energy system that has a capacity of 100 GWe.  

Infrastructure and material requirements 

A nuclear fuel cycle can be divided into two main components: the system infrastructure 
and materials flowing through the system. This section focuses on these two components 
of the fuel cycle in the context of transitioning to an advanced fuel cycle using sodium-
cooled fast reactors (SFRs). Once both components have changed over from those of the 
current to the future advanced fuel cycle, the transition can be considered complete. 
However, there may still be significant evolution in certain performance measures arising 
from slow asymptotic evolution of some nuclides towards steady-state. 

Infrastructure requirements 
As of 2017, there were 99 units in the United States with a total capacity of ~100 GWe. 
Based on the existing operating licences and extensions for each unit in 2015, most of 
which are 40 years while others are 60 years, it is projected that all existing reactors would 
retire by 2050. However, the recent closings and announcement of closings of reactors in 
de-regulated markets since 2015 may result in an even faster decline in the existing fleet 
capacity. If all units were granted one licence renewal and therefore retired after 60 years 
of operation, then the retirement of the existing fleet would not begin until around 2030 
and extend shortly beyond 2050. Life extension that keeps existing LWRs operational until 
after the fast reactor technology is available will lead to better transition performance, 
particularly in a scenario in which the nuclear generation capacity is assumed constant. 
This is because the earlier that the LWRs retire, the more likely they will be replaced by 
other LWRs that will operate for another 40-80 years resulting in LWRs remaining a large 
fraction of the fleet. If current LWRs extend their current operating licences to a later date, 
then they will more likely be replaced by a reactor from the advanced fuel cycle, such as a 
fast reactor.  

What is clear is that a significant amount of reactor infrastructure must be replaced starting 
as early as the next decade if nuclear is to provide similar amounts of electricity as it does 
today in the United States. At best, a sustained period of high deployment rates between 2 
and 5 GWe per year for decades beginning at around 2030 is required just to maintain the 
current generation rate. To sustain this electricity generation rate through 2100, roughly 
100 reactors or 100 GWe of capacity will need to be replaced before the end of the century, 
which corresponds to hundreds of billions of today’s dollars in capital costs. 

The fuel cycle facilities required for the current LWR fuel cycle include those for mining 
and milling of uranium, uranium conversion, uranium enrichment, fuel fabrication, and 
waste disposal. In comparison, at the equilibrium state of the advanced fast reactor fuel 
cycle considered in this work, no enrichment facility would be required. It is however noted 
that during the transition phase, all facilities required to support the LWR fuel cycle will 
still be in place, including those for uranium enrichment. The advanced fast reactor fuel 
cycle equilibrium state would additionally require facilities for fuel processing to recover 
the actinides recycled in the fuel cycle system.  

Material requirements for transition 
Transitioning to the advanced fast reactor fuel cycle equilibrium state requires replacement 
of the current infrastructure and generation of an inventory of TRU (mostly fissile Pu) to 
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fuel the fast reactors. An assumption made in the study is that any existing LWR spent 
nuclear fuel (SNF) prior to 2015 is destined for a geologic repository. Three approaches 
were considered in this study to produce the fissile material required to initially deploy the 
fast reactors: (1) continuing to fuel existing and new LWRs with low enriched uranium 
(LEU, ~5% 235U) and utilising the TRU recovered from the used nuclear fuel (UNF) to 
deploy the fast reactors; (2) starting fast reactors with only high-assay LEU (HALEU, up 
to 19.9% 235U) as the fissile material and then continuing their operation on recycled 
materials (consisting of both recovered uranium (RU) and TRU); and (3) using HALEU to 
support any shortfall in the TRU recovered from LWR UNF (as in approach 1), for the 
initial deployment of fast reactors (if it results in better economics and earlier fast reactor 
deployment). 

The study indicated that if the TRU in recycle LWR UNF is sufficient to deploy the sodium-
cooled fast reactors (SFR), then the first approach will require the least amount of natural 
uranium (NU) and total enrichment separative work unit (SWU) for the transition scenario. 
The evaluation also indicated that if the TRU in recycle LWR UNF is insufficient, then 
approach 3 will require less uranium and fewer total SWUs than approach 1, as deploying 
more LWRs to produce any additional LWR UNF (i.e. TRU) will increase the total demand 
for NU and SWU. Even though the SFR HALEU fuel has a much higher enrichment than 
that of LWR LEU fuel, the fast spectrum is significantly more efficient at producing the 
TRU inventory required for transition, i.e. it generates more TRU per mass of 235U loaded 
as fuel.  

The second approach (starting fast reactors with HALEU) is capable of supporting 
transition as soon as the requisite technologies are matured and available for deployment, 
with infrastructure transition completed as early as 2050. It is also capable of supporting 
significant nuclear energy growth in the near term. The first approach which involves 
LWRs could be material-constrained and would require continuing mining and enrichment 
for an extended period before transition could be completed after 2100. Any growth in 
nuclear generation prior to the availability of the SFRs would extend the transition period, 
as replacement of existing LWRs with new LWRs would extend transition until they are 
replaced at the end of their lifetime, 60 to 80 years after deployed.  

Another benefit of the second approach is that it decouples the deployment of the fast 
reactor technology from the immediate development of LWR UNF separations technology 
and the existing questions related to the management of SNF. This makes the deployment 
of a full-recycle fuel cycle based on fast reactors as achievable (from timing and technology 
development perspectives) as deploying other new systems, including once-through 
systems based on molten salt reactors or high temperature gas cooled reactors, because only 
the reactors need be developed. The recycle technologies will follow and do not constraint 
the initiation of transition and are not required until after the SFRs are deployed in 
significant numbers and have accumulated significant commercial operational experience.  

Under constant energy generation conditions (90 GWe-y per year), in order to transition to 
the advanced fuel cycle considered in this study, approximately 100 GWe (90% capacity 
factor) of fast reactor capacity must be deployed. If this fast reactor fleet is deployed as 
rapidly as existing LWRs retire, then all enrichment requirements could be eliminated 
around the time the last LWR is retired and replaced by a fast reactor. Relying on only 
U/TRU recovered from LWR UNF discharged after 2015 will not be sufficient to supply 
this rapid rate of fast reactor deployment; the transition will take decades longer and require 
more than twice as much front-end resources (total NU mined and total SWU for 
enrichment) compared with using only SFR with HALEU. Using HALEU to start this fast 
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reactor deployment is achievable if the enrichment infrastructure is available to enrich LEU 
up to 19.9% 235U at an enrichment rate (>25 million kg SWU per year) that is twice the 
current rate needed to fuel the existing fleet of LWRs. Using HALEU-fuelled fast reactors 
with high TRU production rates requires very high blanket fabrication and separation 
capacities, so using these fast reactors during transition will require construction of such 
capacities that may not be needed for the end-state in which TRU production rates just need 
to be break-even. Using HALEU-fuelled fast reactors with lower TRU production rates 
(closer to break-even breeding ratios) during transition will require less blanket fabrication 
and separation capacities, but will require more mining and enrichment capacities and total 
resources. Using both recycled LWR UNF and HALEU (approach 3) will reduce the front-
end requirements, but will significantly increase the complexity of the system by requiring 
more technologies operating over a broader range of material compositions and properties. 

Once transition is complete, there will be no need to mine any more uranium for the 
foreseeable future to support nuclear energy generation in the United States. A significant 
amount of depleted uranium (DU) currently exists and will be created in the future through 
the enrichment process (during transition); this amount can be used to replace the natural 
uranium (NU) makeup required in the full-recycle fuel cycles for up to thousands of years, 
thereby eliminating any mining and extraction requirements. 

Transition to advanced fuel cycle with sodium-cooled fast reactors 

In this section, the time-dependent simulation results obtained for an example transition 
scenario using an advanced sodium-cooled fast reactor fuel cycle in the end state 
(equilibrium state) are discussed. For this specific example, transition to the advanced fuel 
cycle system is assumed to start at around 2030 when the retiring existing LWRs are 
replaced by Transition SFRs that are started up on enriched uranium (i.e. HALEU). The 
Transition SFRs are the same as the SFRs in the final end-state fuel cycle, except that it 
includes more blankets in the same core envelope to obtain the higher breeding ratio needed 
during transition (when the fast reactor fleet needs to grow from 0 to 100 GWe). Once the 
100 GWe of SFRs are built, no more growth is needed, so the blankets are gradually 
removed to avoid producing surplus TRU in the system. 

Given the assumptions for this transition scenario case, the entire existing LWR fleet is 
replaced by SFRs by 2050. As the SFR fuel (both drivers and blankets) is continuously 
recycled, the TRU-produced under the fast spectrum gradually replaces the 235U as the main 
fuel resource (fissile material). Therefore, it is expected that uranium enrichment 
requirements will be eliminated before 2050 for LWRs and shortly after for SFRs, thereby 
establishing the advanced fast reactor fuel cycle as the end-state system. 

Advanced fuel cycle end-state description 
Figure 1 shows the mass flow schematic of the end-state system under steady-state 
(equilibrium) conditions. In this system, an SFR core consists of driver and radial blanket 
fuels to achieve a break-even TRU conversion ratio (i.e. slightly higher than 1.0 to account 
for losses in the fuel separation and fabrication) in the equilibrium cycle. The driver fuel 
consists of U-TRU-Zr ternary metallic fuel that is irradiated to a burn-up of ~85 GWd/t, 
and the blankets consist of U-Zr binary metallic fuel that is irradiated to a burn-up of  
~35 GWd/t. The core-averaged fuel burn-up is 75 GWd/t. The discharged fuel is stored and 
reprocessed for recycle. Co-extracted U/TRU is used in metallic fuel fabrication while 
recovered uranium is used in blanket metallic fuel fabrication. A small amount of natural 
uranium (NU) is the only external feed to make up for the initial heavy metal destroyed by 
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fission. In the simulated scenarios, NU is not used because the system never runs out of 
RU or DU. The fission products (FPs) are stored and then sent to a disposal site.  

Figure 1: Mass flow schematic for advanced fuel cycle end-state system

 

 

Transition results 
Figure 2 shows the annual electricity generation profile for the transition scenario. The 
existing LWRs are all replaced by SFRs from 2030-2050 at a linear rate of 5 GWe per year 
(based on the LWR fleet retirement assumption). Figure 3 shows the capacity of reactors 
retired each year. These peaks repeat every 60 years due to modelling the same technical 
lifetime of all reactors.  

Figure 2: Annual electricity generated 
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Figure 3: Reactor capacities retired per year 

 

Figure 4 shows the cumulative uranium required after 2015 for this transition scenario, 
which reaches a maximum of over 800 000 tonnes in 2054. After that year, enrichment is 
no longer needed, as shown in Figure 5, since the entire SFR fleet is self-sustaining. In 
addition, makeup NU is not needed after 2054 since there is more than enough DU that can 
be used as the makeup feed (in the time period analysed), as shown in Figure 6. The peak 
DU inventory is just below 800 000 tonnes and will stay at roughly this level well beyond 
the simulation time frame since the consumption rate for makeup U is very low (~1 t per 
GWe-yr). 

The cumulative enrichment requirement is over 700 million kgSWU, as shown in  
Figure 7, with a peak annual enrichment requirement of slightly more than 30 million 
kgSWU in 2044. This is more than twice as much as the 12.5 million kgSWU annual 
requirement for the existing fleet to produce the 90 GWe-y. Additionally, the enrichment 
for the SFRs is near 20 wt% compared to the current enrichment of below 5 wt% for LWRs. 

Figure 4: Cumulative uranium mined for transition scenario case  
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Figure 5: Annual SWU requirement for transition scenario case  

 

 

Figure 6: Depleted uranium in storage for transition scenario case  
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Figure 7: Cumulative SWU requirement for transition scenario case  

 

Figure 8 shows the annual fuel loading rate, which is divided into 3 fuel types for the SFR: 
LEU Drivers, RU/TRU Drivers, and Blankets. All Transition SFRs (first built in 2030) are 
first loaded with ~20 wt% enriched LEU drivers and DU blankets. After the LEU driver 
and blankets are discharged and cooled for 5 years, the U/TRU from both the LEU drivers 
and blankets are co-extracted and used in the fabrication of RU/TRU driver fuel, which is 
then re-loaded into the core. Note that the RU in this once-recycled driver fuel is still 
roughly 10 wt% 235U as a result of the residual 235U, and each recycle was modelled to take 
roughly 12 years (5y irradiation, 5y cooling, 2y separations and fabrication). One of the 
strategies of this transition scenario case was to fully utilise all of the enriched LEU that is 
loaded in the first Transition SFR cores, and it takes roughly 4-5 recycles of this RU/TRU 
fuel in the Transition SFR before the RU reaches 235U levels found in NU (~0.7 wt%). 

Figure 8: Annual fuel loading rates for transition scenario case  

 

As mentioned, the Transition SFR core design has more blankets than the equilibrium SFR 
to increase breeding to decrease NU and enrichment requirements during transition. In this 
scenario, this transition SFR is used for the entire SFR fleet for 60 years (2030-2090) before 
switching the core layout to the equilibrium SFR. The differences between these two SFR 
cores are apparent in Figure 8 as the fuel is switched over for the entire SFR fleet between 
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2090 and 2100. The sharp drop in blanket loading rates reflects the removal of radial 
blanket assemblies from the Transition SFR core during each refuelling. The other effect 
of reduced blankets is that the energy generated by the blankets drops, and to compensate 
for this drop, the energy generated by the drivers must increase. With the same fluence 
limit resulting in nearly the same average discharge burn-up, this results in the step up in 
RU/TRU driver (dark red) mass flows that occurs after 2100, when the entire fleet consists 
of SFRs. 

Figure 9 shows the hypothetical maximum annual reprocessing rate of the discharged and 
cooled UNFs. This assumes that all UNFs are reprocessed. The peaks between roughly 
2095 and 2115 are due to entire SFR cores being discharged and reprocessed after they 
have spent 5 years in cooling storage. These correspond to the retirement of 100 GWe of 
SFR capacity between 2090 and 2110, as previously shown in Figure 3. Similarly, a slight 
peak shows up again between 2155 and 2175. The shutdown and start-up of reactors will 
always result in some inefficiency associated with partially irradiated fuel. The shipment 
or transfer of the partially irradiated fuel without recycle for continued irradiation in 
another core would reduce the amount of fuel that needs fabrication and reprocessing and 
reduce the size of those peaks associated with replacement capacity. Theoretically, they 
could be eliminated if all partially irradiated fuel was transferred to another core. In 
practice, a mix of transferring partially irradiated fuel for continued irradiation and recycle 
of partially irradiated fuel seems likely for practical and economic considerations. 

Figure 9: Annual reprocessing rate for transition scenario case  

 

In scenarios involving transition to continuous recycle fuel cycles, the main physical 
constraint is the amount of fuel resource (TRU) available in the system to deploy and fuel 
the advanced reactors. One way of quantifying this material constraint is to show a measure 
called the “Fuel Resource Margin”, which is defined in this study as the amount of surplus 
TRU that is available in either cooled UNF or within the co-extracted U/TRU at the 
reprocessing plant. Figure 10 shows this fuel resource margin for the transition scenario 
case. Note that the source of the TRU is distinguished between driver and blanket since 
their TRU vectors are different. This enables the fuel composition of advanced reactors to 
have the correct amount of fissile TRU by not allowing these two TRU types to be 
interchangeable. 

The second wave of SFR construction (between 2090 and 2110) is where any potential fuel 
shortages would occur since entire cores of U/TRU fuel need to be fabricated. However, 
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the minimum margin during this period is roughly 200 t of TRU (all from SFR Driver) 
which occurs at around 2103, so there is plenty of margin for this transition to take place 
as modelled. Even if the SFR Driver TRU margin reaches zero, there is still plenty of SFR 
Blanket Pu, which has even higher TRU quality, to use in its place. More efficient fuel 
management in commercial reactors would be expected to keep actual excess TRU in the 
system to much smaller values. Therefore, the aggressive deployment of SFRs (started on 
LEU fuel) between 2030 and 2050 will not be material constrained. Lastly, since all U/TRU 
is recycled, only the FP and some processing losses are sent to disposal as high level waste 
(HLW), which reaches only ~16 000 tonnes in 2200, as shown in Figure 11. 

Figure 10: Fuel resource margin for transition scenario case  

 
 

Figure 11: High level waste in storage for transition scenario case 

 

Figure 12 shows the cumulative spent fuel inventory generated after 2015 from existing 
and new LWRs. Figure 13 shows the projected technology deployment needs at various 
times during and after the transition. The figure is a notional representation to show the 
general timing and evolution of the technologies. The fuel technology will evolve from 
LEU start-up to U/TRU. While there will be some evolution in the average TRU content 
(significantly lower than the end state because of significant residual 235U in the LEU UNF), 

0

200

400

600

800

1,000

1,200

20
10

20
20

20
30

20
40

20
50

20
60

20
70

20
80

20
90

21
00

21
10

21
20

21
30

21
40

21
50

21
60

21
70

21
80

21
90

22
00

22
10

Fu
el

 R
es

ou
rc

e 
M

ar
gi

n 
[t]

Year

TRU in SFR Driver TRU in SFR Blanket

0
2,000
4,000
6,000
8,000

10,000
12,000
14,000
16,000
18,000
20,000

20
10

20
20

20
30

20
40

20
50

20
60

20
70

20
80

20
90

21
00

21
10

21
20

21
30

21
40

21
50

21
60

21
70

21
80

21
90

22
00

22
10

H
LW

 (F
P 

an
d 

lo
ss

es
)  

[t]

Year

Total



58 |   
 

  
  

there will not be a seemingly large evolution in the fabrication of that fuel. The same is true 
for the separations technology. 

Conclusions 

A series of transition scenario studies have been completed within the Systems Analysis 
and Integration campaign of the US Department of Energy, Office of Nuclear Energy in 
recent years. This paper has focused on the results of analysis performed for transition from 
the current fleet of light water reactors being operated in the United States to an advanced 
fuel cycle system involving sodium-cooled fast reactors and the recycle of transuranic 
containing fuel. The paper discussed the infrastructure and material requirements and 
considerations to effect the transition from the current to the advanced fuel cycle system. 
It also provided results for an example transition scenario to show the scale of requirements 
for a nuclear energy system that has a capacity of 100 GWe.  

Figure 12: Spent fuel in storage for transition scenario case 
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Figure 13: Technology deployment for transition scenario case 
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Optimisation of advanced nuclear fuel cycles for decision-making strategies 

A. Villacorta-Skarbeli*, F. Álvarez-Velarde 
CIEMAT, Spain 

Implementing advanced nuclear fuel cycles involves a large number of variables, that are 
intricately linked. Scenario simulation codes can be powerful tools to better understanding 
the potential outcome. Given a precise description, these codes can outline mid- and long-
term results such as mass inventories, isotopic composition, radiotoxicity or even costs. 

However, when a final goal is pursued (like the reduction of the transuranic (TRU) mass 
inventories for the spent fuel minimisation and management) multiple technologies seem 
to be capable of reaching the desired state. Choosing between options would ideally be 
based on technical reasons, although sociopolitical considerations can be crucial. For this 
reason, the TR_EVOL code, developed by CIEMAT, has been upgraded with an 
optimisation algorithm that, given a non-fixed set of initial conditions but a precise 
objective, can outline the path to the best scenario possible matching the user criteria. 
Since the computational demand of the simulation tools is quite fast (of the order of several 
minutes) and multiple cases can be run in parallel, the Difference Evolution algorithm has 
been chosen. 

This paper presents the theory behind the optimisation algorithm as well as some 
preliminary results for a transition scenario where an initial light water reactor (LWR) 
fleet is replaced with another mix of burner reactors that are able to consume as much 
TRU as possible. 

Introduction 

The study of advanced nuclear fuel cycles is a common procedure for the improvement of 
the sustainability of nuclear energy, since it helps improving waste management, 
optimisation of natural resources, non-proliferation resistance and economic 
competitiveness. Nuclear fuel simulators have emerged as powerful tools that allow the 
study of the different scenarios: given a set of input parameters, they are able to simulate 
the different mass flows, measuring for example the isotopic content or the radiotoxicity at 
any point in time. 

However, when a precise objective is pursued, the inverse problem is presented. Now the 
scenario outcomes are known but there is no clue about how to achieve it. Although the 
traditional (and simplest) approach is hence to optimise the scenario by trial and error with 
no reliability in terms of the existence of a new set of parameters improving the obtained 
result, nowadays automatic techniques that require no user interaction are spreading [1]-
[3].  

In this work, the Differential Evolution algorithm [4] is presented, and its implementation 
in TR_EVOL code [5] shown. It is a population based evolutionary strategy that searches 

                                                      
*Corresponding author 
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for the minimum value of the objective function iteratively over the input parameter space. 
This methodology has been applied to a relevant fuel cycle scenario where several stages 
are present so that two different optimisation goals can be achieved: minimisation of the 
Pu and minor actinide (MA) inventory and posterior stabilisation of their amount. 

Scenario description 

The scenario chosen in this study in order to demonstrate the methodology is based on one 
defined by the NEA Expert Group on Advanced Fuel Cycle Scenarios (EGAFCS) in studies 
of transuranic (TRU) management (whose report will be published through next year). It 
starts with a light water reactor (LWR) fleet, which uses UOX and mixed oxide (MOX) 
fuels. After some time new technologies are available, namely accelerator-driven 
subcritical systems (ADS) and fast critical reactors (FR), so they are included in the 
scenario with the goals of minimising the transuranic inventories and reaching a sustainable 
state. Therefore, three different phases can be differentiated in the scenario: 

1. Operation of the LWR fleet, where the Pu from the UOX is monorecycled in MOX 
fuels. 

2. Burning phase. The ADS and FR technologies are now introduced in the scenario. 
The power of the LWR is adjusted in order to maintain a constant energy production 
along the whole simulation. The MA are burnt in the ADS while the Pu is 
multirecycled for their use in FR. During this stage the number of new reactors 
must be set as high as possible in order to reduce the TRU inventories to the lower 
possible value. 

3. Stabilisation. The burning fleet power is readjusted with the objective of reaching 
a sustainable state where the transuranic inventories remain constant along the 
years. 

The main facilities and their mass flows are depicted in Figure 1. For the sodium fast reactor 
the ESFR design was considered [6] (without blankets to avoid more Pu generation), while 
the ADS is based on the EFIT concept with the idea of being neither a Pu breeder nor a 
burner [7][8]. 
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Figure 1: Main facilities in the cycle 

 

The scenario has a constant energy production of 430 TWhe. During the first phase, it is 
shared with a ratio of 95/5 between UOX and MOX fuels, while in the other stages the 
relative fractions of each technology are unknown parameters to be determined. The pace 
of deployment for the new reactors is 20 years. The same period is taken for the renewal 
time of the fleet between the burner and the stabilisation phases. Each pressurised water 
reactor (PWR) unit has an output of 1 600 MWe, while for the ADS and the FR is 154 MWe 
and 1 440 MWe respectively. The UOX fuel has an enrichment of 4.95% and the MOX is 
fabricated with 8.5% of Pu. For the ADS, a mixture of 45% Pu – 55% MA is used, while 
the FR is loaded with 13.80% of Pu. The cooling time before reprocessing of the LWR 
fleet’s spent fuel is five years while for the FR and ADS spent fuels this time is reduced to 
three years, and finally, the reprocessing capacity of each fuel is 850 t/year with First In – 
First Out strategy. 

Differential Evolution algorithm 

Taking into account that no information about the objective function to optimise is known, 
the relative small time required to perform a single fuel cycle simulation (in the order of 
several minutes), and that multiple cases can run in parallel, the Differential Evolution (DE) 
algorithm developed by Storn and Price in 1995 [9][4] was chosen. It is a stochastic 
population based strategy where the new individuals are chosen using the distance and 
direction information from the current population members. The key steps are as follows. 

Initialisation 

In the first call, for each member of the population 𝒙𝒙𝒊𝒊
𝟎𝟎 (of size 𝑵𝑵) an input vector is chosen 

randomly in order to cover all the parameter space. 

Mutation 
For each individual, a mutant vector is generated from other members in the generation as 
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mi
G+1 = xr1

G + F(xr2
G − xr3

G ) (1) 

where 𝑮𝑮 denotes the current generation, 𝑮𝑮 + 𝟏𝟏 the new one, 𝒓𝒓𝒊𝒊 are three random indices 
(different between them and from the running index 𝒊𝒊) and 𝑭𝑭 is a positive scale factor which 
controls the amplification of the differential variation. As the individuals approach to the 
solution, these differences will be smaller and therefore, the mutation rate decreases. This 
means that in the future generations the individuals will get closer, and eventually, all of 
them will converge to the same solution. 

Crossover 
In the next step, parameter mixing is performed according the following criteria: 

ci,k
G+1 = �

mi,k
G+1  if (randk ≤ CR and  j = ranbi) 

xi,k
G       if (randk = CR and j = ranbi) 

 for k = 1, … , d (2) 

Here 𝑪𝑪𝑪𝑪 ∈ [𝟎𝟎, 𝟏𝟏] is the crossover constant, 𝒓𝒓𝒓𝒓𝒏𝒏𝒏𝒏𝒌𝒌 ∈ [𝟎𝟎, 𝟏𝟏] is the 𝒌𝒌-th evaluation of a 
uniform random number and 𝒓𝒓𝒓𝒓𝒏𝒏𝒃𝒃𝒊𝒊 ∈ [𝟏𝟏, 𝒏𝒏] is a random index that ensures that at least 
one mutated parameter is included in the new vector. 

Selection 

Finally, the new generation is evaluated and the best individuals among 𝒄𝒄𝒊𝒊
𝑮𝑮+𝟏𝟏 and 𝒙𝒙𝒊𝒊

𝑮𝑮 are 
selected for the next generation member 𝒙𝒙𝒊𝒊

𝑮𝑮+𝟏𝟏 . The process is then repeated until the 
convergence criterion is reached. 

Results 

The parameters selected for the optimisation were the energy fractions of each reactor 
during the burning and the stabilisation phase. With the constraint that the total energy 
remains constant, a set of six parameters are left as variables for the study. A size of 𝑵𝑵 =
𝟓𝟓𝟔𝟔 was chosen for the DE algorithm with an amplification and crossover constants of 𝑭𝑭 =
𝟏𝟏 and 𝑪𝑪𝑪𝑪 = 𝟎𝟎. 𝟓𝟓 respectively. As there is no previous experience in this kind of studies, 
there is no reason or argument to support these values in this fuel cycle analysis. However, 
the solution was reached in a feasible time so in a first tentative step they seem to have the 
right behaviour.  

The objective function to be minimised must be constructed in a way that it gathers all the 
results from the scenario. As there are two different goals, the minimisation and later the 
stabilisation of the TRU inventories, the function must reflect both assumptions. This can 
be expressed as 

𝑦𝑦 = Final TRU mass + Slope of the inventores × 𝑤𝑤1 + Broken Scenarios × 𝑤𝑤2 (3) 

where the third term was included in order to account for the broken scenarios, i.e. those 
for which the fuel fabrication requires more mass than available in the cycle. The 
multiplicative factors 𝒘𝒘𝒊𝒊 are added for penalising those input combinations that leads to 
non-stabilised inventories or broken scenarios.  

Figure 2 shows, in parallel co-ordinates, the result of the optimisation process. Each 
horizontal axis identifies the variable under optimisation, and the ranges (vertical axes) are 
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the bounds of the input parameter space domain (note that each variable has different 
limits). They are connected through straight lines, each one representing one input vector. 
As the algorithm evolves, more lines are drawn close to the best combination found and 
finally a pattern emerges. This is also reflected in the histograms drawn vertically on each 
line. They represent the distribution of the sampled parameters. Some general trends can 
be extracted from this picture. In particular, for matching the scenario criteria, we see that 
the MOX energy must be reduced between phases 2 and 3, the opposite applies to the FR 
systems, and for the ADS a small variation is allowed. 

Figure 2: Individuals of the DE algorithm 

 

The optimised scenario parameters are collected in Table 1, while in Figure 3 the separated 
streams are plotted for this scenario parameters set1. 

  

                                                      
1 While preparing this report, an error in the FR new cores mass to be fabricated at commissioning 
date was identified. This implies that the Pu demand during the first transition will increase so less 
power can be installed. Nevertheless, the discussion and conclusions will be the same with the 
peculiarity that the scenario simulated is not realistic. 
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Figure 3: Best scenario available 

 

Table 1: Optimum energy fractions 

Reactor UOX MOX ADS FR 
Phase 1 95.00 5.00   
Phase 2 71.09 15.49 5.52 7.90 
Phase 3 59.55 8.33 4.88 27.24 

 

During the first phase of the scenario, as the LWR energy remains constant, the available 
inventories grow continuously. In year 58, two years before the deployment of the burning 
phase starts, a sharp peak can be observed. This is produced by the reprocessing of the 
MOX spent fuel that begins on time so the recuperated materials can be reused as fuel in 
the new reactors. The peak narrowness is explained by the fact that the plant capacity is of 
850 t/year; in only three years all the historical MOX fuel is reprocessed. During the 
burning stage the increasing rate of the inventories is reduced, and finally in the third phase 
the stabilisation is achieved once all the UOX fuel is reprocessed (around year 190). 

Ideally, the inventories must reach their lower value just before the stabilisation phase 
starts. However, if there is not enough mass during the deployment, the minimum is 
displaced towards the end of the first transition stage. This is caused by the higher mass 
consumption that emerges when new reactors entered in the park. Given the technology, 
since each year there are more units, when the recuperated mass becomes available the 
fabrication needs have to increase. Moreover, the fabrication needs of the new cores add 
more demand in fabrication. This effect can be appreciated in the figure in the transitions 
between phases. During the first one, the Pu and MA inventories decrease since more MOX 
and FR are installed in the park while in the second transition, only the Pu inventory is 
reduced. Since the ADS fraction in the park decreases, the opposite effect happens leading 
to a growth in the MA inventories. 
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For the monorecycled Pu (extracted from the UOX and used in MOX reactors), the mass 
limitation does not exist so the inventory reaches his minimum at the end of the burning 
phase, as shown in the Figure. On the other hand, the multirecycled Pu as well as the MA 
streams show the above-mentioned problem, so the lowest value appears at the beginning 
of the phase. It should be considered that as the objective of the work is a minimisation 
scenario, the solution is located in an unstable point, meaning that small changes can lead 
to broken scenarios. 

Nevertheless, in real world problems the input parameters are not fixed but subject to an 
uncertainty. Instead of finding a precise result (the best combination of input parameters 
ever), it makes more sense to acquire some bounds by imposing a more relaxed condition 
over the scenario outcomes. Plotting all the cases whose objective function is below some 
threshold, the minimum/maximum limits of each parameter can be obtained. This is 
represented in Figure 4, while in Table 2 the results are collected.  

Figure 4: Individuals whose objective function is below some arbitrary threshold 

 

 

Table 2: Input parameter ranges based on the applied threshold 

Reactor MOX ADS FR 
Phase 2 8.07 – 15.59 0.00 – 5.56 0.00 – 25.46 
Phase 3 6.35 – 9.40 3.00 – 6.50 21.73 – 43.48 

 

It must be pointed out that, as a consequence of that, in this study the minimum is on the 
edge of the broken scenarios, if one parameter gets fixed an uncertainty appears over the 
others. For example, if we want to reduce the MOX fraction during the burning phase, as 
less MA will be produced, we cannot ensure the value of the ADS fraction beforehand since 
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probably the scenario is going to run out of enough mass at fabrication stage. On the 
contrary, based on the results from Table 2, it is likely that it will still lie between 0 and 
5.6% in order to produce a desirable outcome from the scenario.  

Note that for being those assertions true, the parameter space must be uniformly and dense 
covered so all possible combination between the inputs are explored. As the DE algorithm 
emphasises the search around the minimum, the closest the threshold to the optimum, the 
more confident the bounds can be.  

Conclusions 

When an expert group or policy makers decide to design an advanced nuclear fuel cycle 
scenario clearly targeted, the large number of involved variables complicates the proper 
choice of the input parameters. The traditional (and simplest) approach is then to optimise 
the values by hand trusting the user criterion when selecting the best among them. 

In this work, a population based optimisation algorithm that requires no user interaction 
has been applied to a multicriteria scenario where two different goals were pursued. It 
consists in a LWR fleet (UOX+MOX) which is partially replaced by ADS and FR systems 
in order to reduce and stabilise the TRU inventories. The six variables under optimisation 
were obtained (the different energy shares in the burning and the stabilisation phase), as 
well as relaxed bounds that allow for the study of their trend when one becomes fixed. 
Finally, it was identified that the main limitation in the minimisation capacity appears when 
deploying the burning fleet in terms of Pu shortage at fabrication.  
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2017 Advanced Fuel Cycle Cost Basis Report 
– description and application 

B. Dixon*1, F. Ganda2, E. Hoffman2, J. Hansen1, K. Williams1 
1Idaho National Laboratory, United States; 2Argonne National Laboratory, United States 

The Advanced Fuel Cycle Cost Basis Report (CBR) provides a comprehensive set of cost 
data and information for assessing the economics of nuclear power systems, including unit 
cost ranges for the reactors, fuel cycle components and waste disposal systems. The cost 
information is organised into ~30 modules covering everything from uranium mining to 
geologic disposal, including modules on eight different types of reactors. The main report 
describes the process and cost estimation methods used to develop the report, as well as 
information on escalation, discounting, treatment of uncertainty and considerations for 
modular construction. 

The CBR is a standard reference for nuclear fuel cycle cost data and numerous nuclear 
system cost analyses have cited versions of the CBR over the years. The report is a living 
document that has been in existence for 14 years and updated several times. The 2017 
edition of the CBR (INL/EXT-17-43826) is the first full public release of the report since 
2009 and is available for download at https://fuelcycleoptions.inl.gov/SitePages/ 
Home.aspx. The full report is around 1 000 pages long, and the web version includes 
several supporting documents. The CBR was developed by the Systems Analysis and 
Integration (SAI) Campaign of the US Department of Energy’s Nuclear Technology 
Research and Development (NTRD) Program. 

This paper presents the major developments and extensions of the report since its last public 
release, along with information on how to apply the report for different types of economic 
analyses. The most significant change is the addition of a number of new reactor cost 
modules, with the report now covering both thermal and fast reactors cooled with water, 
gas, liquid metal or salt, along with accelerator-driven systems and fission/fusion hybrids. 
A number of previous modules have been extensively reworked with significant new 
details, especially in the areas of fuel fabrication and reprocessing. Front-end fuel cycle 
costs for yellow cake, conversion and enrichment have been updated with market price 
projections for different future time frames to adjust for the current market downturn. All 
costs are presented in current US dollars, but information is also included to adjust for 
different rates of inflation in different countries. 

The paper also discusses different types of economic analyses and considerations in the 
application of CBR data for these different cases. These include near-, mid- and long-term 
cost analyses, adjustments for regional or country-specific application, and adjustments 
needed to incorporate infrastructure transition and different types of learning.  

                                                      
*Corresponding author 
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https://fuelcycleoptions.inl.gov/SitePages/Home.aspx
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Safeguards and security approaches for advanced fuel cycles 

M.C. Miller1, J.D. Sanders1, B.B. Cipiti2, B.P. Key3, M.C. Browne3 

1Idaho National Laboratory, United States; 2Sandia National Laboratories, United States; 
3Los Alamos National Laboratory, United States 

Advanced fuel cycles present both challenges and opportunities for nuclear safeguards. The 
US Office of Nuclear Energy, Nuclear Technology Research and Development (NTRD) 
programme is developing technologies for the future nuclear energy enterprise. These 
advanced technologies often present challenges for traditional safeguards based on 
currently deployed technology. Addressing these challenges during the development cycle 
is an opportunity to improve safeguards, utilising a Safeguards by Design approach. Within 
NTRD, the Materials Protection, Accounting and Control Technologies (MPACT) 
campaign is pursuing advanced safeguards and security technologies to support the 
peaceful use of advanced fuel cycle technologies. This paper will present an overview of 
technology development, including advanced concepts and approaches, in US national 
laboratories undertaken by the MPACT campaign to address advanced fuel cycle 
safeguards and security with particular attention to utilisation of process monitoring data 
and advanced integrations methods.
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Reduction and resource recycling of high-level radioactive wastes through 
nuclear transmutation: Overview and current results of the ImPACT 

Programme 

R. Fujita*, M. Kawshima, T. Ikehara, M. Ozawa 
Japan Science and Technology Agency, Japan 

The Cabinet office of the Government of Japan hired 16 Programme Managers (PMs) to 
encourage challenging R&D in the programme known as Impulsing Paradigm Change 
through disruptive Technologies (ImPACT) from 2014 through 2018. The “Reduction and 
Resource Recycling High-level Radioactive Waste through Nuclear Transmutation” 
programme [1] was selected as one of the ImPACT programmes to tackle the issues of 
high-level radioactive waste (HLW) disposal.  

HLW contains different kinds of long-lived fission products (LLFP) and minor actinides 
(MA). A partitioning and transmutation (P&T) technique using reactor for burning MAs, 
technetium (Tc) and iodine (I), named the “Omega Project” [2], has been developed since 
the 1980s as a Japanese initiative including a double-strata concept mainly dedicated to 
MA-burning. Another comprehensive concept, the Self-consistent Nuclear Energy System 
(SCNES) for a desirable nuclear fuel cycle concept with MAs and LLFP transmutation has 
been studied aiming at socio- and global environmental harmonisation assuming 
application of isotope separation process of LLFPs [3]. 

The aim of the ImPACT programme is to propose a new transmutation path for LLFPs such 
as Se-79, Zr-93, Pd-107 and Cs-135 without the isotope separation process as alternative 
options to the repository, aiming at an ultimate reduction of radiotoxicity in HLW. The 
other objective of this programme is to propose a reuse path for resource materials such as 
short lived nuclides or stable ones transmuted from LLFPs. 

This paper summarises the “Reduction and Resource Recycling High-level Radioactive 
Wastes through Nuclear Transmutation” programme for the ultimate paradigm solutions 
and current topical results in this programme. The items covered are: 

• Selective laser ionisation of odd-mass number isotopes for the partitioning of long-
lived fission products. 

• Recovery process of Se, Zr, Pd and Se from high-level liquid radioactive wastes 
using electrolytic deposition, zeolite adsorption and solvent extraction.  

• Nuclear Reaction Data of long-lived fission products.  

• ImPACT/LLFP-2018: A New Nuclear Data Library for a Challenge on 
Transmutation of Long-lived Fission Product.  

• Accelerator transmutation system and related developments for element 
technologies.  

• Disposal for radioactive waste produced from separation and transmutation of long-
lived fission products.  

                                                      
*Corresponding author 
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• Estimation of the clearance levels for Zirconium-93 and Palladium-107 in the 
materials recovered and recycled from high-level radioactive wastes. 

Details of the above items will be displayed in a series of Posters at this conference. 

This work was funded by ImPACT Programme of Council for Science, Technology and 
Innovation (Cabinet Office, Government of Japan). 
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Construction of low-energy RI beam line at RIBF and nuclear 
reaction data on low-energy LLFPs for transmutation 

S.Michimasa*1, N.Imai1, M.Dozono1, J.W.Hwang1, S.Ota1, K.Yamada2, 
Y.Yanagisawa2, K.Kusaka2, M.Ohtake2, K.Yoshida2, T.Sumikama2, H.Otsu2, 
N.Chiga2, S.Takeuchi3, S.Kawase4, Y.Watanabe4, K.Nakano4, H.Sakurai2,5, 

S.Shimoura1 for RIBF-ImPACT collaboration 
1Center for Nuclear Study, the University of Tokyo, Japan;  

2RIKEN Nishina Center for Accelerator Based Science, Japan; 
3Department of Physics, Tokyo Institute of Technology, Japan; 

4Department of Advanced Energy Engineering Science, Kyushu University, Japan; 
5Department of Physics, the University of Tokyo, Japan 

In March 2017, a new low-energy radioactive-ion (RI) beamline, called OEDO beamline, 
was constructed at the RI Beam Factory in Japan, in order to perform nuclear experiments 
with highly-intense low-energy RI beams. The low-energy RI is produced at OEDO by a 
procedure where the RI is effectively produced from a stable heavy ion, such as 238U, at 
high energy and sequentially slowed down to low energy. The OEDO innovated a new ion-
optical scheme to achieve simultaneously beam focusing and effective energy-degrading 
by combining an adjustable wedge-shaped energy degrader and a radio-frequency deflector 
system. Therefore the OEDO is suitable to measurements of the secondary nuclear 
reactions induced low-energy RIs.  

We have constructed the OEDO downstream from the world-leading high-energy in-flight 
RI separator, BigRIPS, at RIBF. As a result, we can attain various reaction measurements 
with highly-intense low-energy RI beams and we can catch favourable chances to acquire 
new and important nuclear data on long-lived fission products (LLFP) for studying the 
nuclear transmutation process. 

In the first year of the OEDO operation, we have commissioned the OEDO beam line, and 
nuclear experiments for reaction cross-sections on low-energy LLFPs. In the 
commissioning, we have successfully demonstrated the new ion-optical design for slow-
down beams by the productions of 79Se beam at 33 MeV/u and 107Pd beam at 45 MeV/u 
from a 345-MeV/u 238U beam. Based on the experience, we have sequentially performed 
two experiments: (1) Measurement of transmutation cross-sections of 107Pd and 90Zr ions 
and the proton/deuteron at around 30 and 25 MeV/u; and (2) Evaluation of neutron-capture 
cross-sections of 79Se by using surrogate reactions of 79Se(d,p) and 77Se(d,p) at 20 MeV/u. 

In this talk, we will present the essences of the OEDO beamline and the digest of the 
experimental studies and newly achieved data. 

This work was funded by ImPACT Programme of Council for Science, Technology and 
Innovation (Cabinet Office, Government of Japan).  
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Once-through sustainable sodium-cooled fast reactor 

T. K. Kim, T. A. Taiwo 
Argonne National Laboratory, United States 

A once-through fuel cycle utilising the Sustainable Sodium-cooled Fast Reactor (SSFR) 
was assessed as part of the Nuclear Fuel Cycle Evaluation and Screening (E&S) study. The 
SSFR aims for high uranium utilisation based on a sustainable mode of operation. The key 
core design parameters and the fuel management scheme of the SSFR were determined 
such that the burn-up of natural uranium is sufficiently high to create net plutonium, but 
low enough to ensure that the reactivity penalty of the accumulated fission products does 
not overwhelm the positive reactivity of the created plutonium. The SSFR with a 3 000 
MWth power rating uses a 34-batch fuel management scheme with U-10Zr metallic fuel. 
The SSFR requires enriched uranium initially to ignite the reactor, but subsequent cycles 
can maintain criticality by replacing 12 burnt fuel assemblies with natural uranium fuel 
assemblies every 1.5 years. The average uranium enrichment for the initial core is 6.2%. 
Overall, core design parameters and characteristics are comparable to those of 
conventional sodium-cooled fast reactors (SFRs), but the irradiation damage of fuel 
element is a challenge because the discharge burn-up and fast flux fluence far exceed the 
metallic fuel irradiation range obtained for the previous SFRs. The evaluated reactivity 
coefficients are favourable to ensure inherent safety features during unprotected transient 
scenarios. Fuel cycle performance metrics such as the natural uranium mass required, 
depleted uranium and high-level waste produced, and uranium utilisation were calculated. 
The resulting metric data show that the fuel cycle performance is improved by a factor of 
~50 compared to the once-through fuel cycle with the current LWR fleet. For example, the 
uranium utilising of the SSFR is 29%, while it is approximately 0.6% for the LWR fleet. 

Introduction 

The Nuclear Fuel Cycle Evaluation and Screening (E&S) study [1] that was completed in 
2014 evaluated the performance of various fuel cycles. A once-through fuel cycle utilising 
the Sustainable Sodium-cooled Fast Reactor (SSFR) was assessed as part of the E&S study. 
The SSFR was developed aiming for a high uranium utilisation based on a sustainable mode 
of operation. Such a system may require enriched uranium (or other fissile) fuel for an 
initial period to ignite the reactor, but can maintain criticality by creating net plutonium. In 
this study, the uranium utilisation is measured by the ratio of total mass burnt by fission to 
the natural uranium mass used for making the fuel at equilibrium state. Thus, once the once-
through nuclear energy system is sustainable with natural uranium feed, the uranium 
utilisation is equivalent to the average discharge burn-up.  

In recent years, breed-and-burn core concepts or alternatives like the travelling wave 
concepts have been proposed to achieve sustainability in a once-through fuel cycle. 
Examples of breed-and-burn systems include the CANDLE [2], the travelling wave reactor 
(TWR) of TerraPower [3], the ultra-long life fast reactor (ULFR) by Argonne National 
Laboratory (ANL) [4], and the Fast Mixed Spectrum Reactor (FMSR) by Brookhaven 
National Laborarory (BNL) [5]. The breed-and-burn mode of operation can be achieved 
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with a single-batch fuel management scheme (for instance, CANDLE), but the single-batch 
reactor concepts require a tall fuel to ensure the propagation of the breed-and-burn 
depletion from fissile zone to fertile zone. Thus, in order to achieve a sustainable mode of 
operation using conventional fuels, the SSFR core concept adopted a multi-batch fuel 
management scheme.  

A scoping study was conducted to search for the favourable burn-up range and number of 
batches in a typical sodium-cooled fast (SFR) environment such that the burn-up of natural 
uranium fuel is sufficiently high for creating net plutonium, but low enough to avoid the 
reactivity penalty from accumulated fission products. The core design parameters such as 
number of batches, cycle length, and core size of the SSFR were determined using the 
results obtained from the scoping study, and other design parameters such as pin size, core 
height, initial uranium enrichment, etc. were iteratively searched so that the SSFR has 
favourable core performance characteristics and inherent safety features. Finally, the fuel 
cycle performance metrics of the once-through fuel cycle with SSFRs were evaluated and 
compared with those of the current once-through fuel cycle with light water reactors 
(LWR).  

Scoping study on sustainability with natural uranium  

The uranium utilisation of the current once-through fuel cycle is very low because natural 
uranium is mainly converted into depleted uranium during the enrichment process, rather 
than burnt for energy generation by fission. For instant, to support the low-enriched 
uranium (LEU) fuels of a commercial Pressurised Water Reactor (PWR), approximately 
90% of the natural uranium is converted into depleted uranium that is not loaded into the 
reactor, and as a result, the uranium utilisation of the PWRs is less than 1%. Thus, the key 
to increasing the uranium utilisation of a once-through fuel cycle is to burn the natural 
uranium (rather than enriched uranium) directly in a reactor core based on a sustainable 
mode of operation. 

The sustainable mode of operation could be achieved by irradiating natural uranium with 
neutrons until sufficient plutonium is created. In order to evaluate the burn-up range to 
achieve the sustainable mode of operation, natural uranium was irradiated in a typical SFR 
neutron spectrum, and the resulting time evolutions of the infinite multiplication factors 
with or without fission products, and the isotopic fractions of U-238 and Pu-239 in the 
initial uranium, are plotted in Figure 1.  
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Figure 1: Depletion behaviour of natural uranium in typical SFR spectrum 

 
For the case in which fission products are continuously removed (k-infinity without FP in 
Figure 1), the multiplication factor increases and saturates after a burn-up of 35%. After 
this burn-up, the ratios of the isotopic mass to the total heavy metal mass are also fairly 
stable with time. The results indicate that the sustainable mode of operation is achievable 
by removing the fission products continuously and there is no upper bound for the discharge 
burn-up. Since the processing of the used fuel is not considered in a once-through fuel 
cycle, this sustainable mode of operation was not considered in this study.  

For the case that the fission products are not removed (k-infinity in Figure 1), the 
multiplication factor increases initially, peaks at the burn-up range of 8-12%, and decreases 
as fission products are accumulated. This depletion behaviour indicates that there is a 
favourable burn-up range to achieve a sustainable fuel cycle with natural uranium such that 
the burn-up is reasonably high to create sufficient plutonium, but adequately low so that 
the reactivity penalty of the accumulated fission products does not overwhelm the positive 
reactivity of the created plutonium.  

In order to achieve a sustainable mode of operation based on a multi-batch fuel 
management scheme, the number of batches and cycle length (i.e. reloading interval) 
should be selected such that the average burn-up of all fuels in a core is within the 
favourable burn-up range of 8 – 12%. Figure 2 shows the infinite multiplication factors of 
natural uranium depleted in a typical SFR. The infinite multiplication factors were plotted 
in terms of the number of batches and cycle lengths. The result shows that a multi-batch 
scheme with relatively short cycle length is favourable to achieve a sustainable mode of 
operation: i.e. multiplication factor is greater than unity with many batches (more than 20 
batches) and a cycle length of 1 or 2 years, while multiplication factor is less than unity 
with small number of batches (less than 5 batches) regardless of cycle length. 
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Figure 2: Multiplication factor of natural uranium in terms of number of  
batches and cycle length  

 

SSFR core design parameters 

Based on the scoping study, the number of batches and cycle length of the SSFR were 
determined such that the core can maintain criticality in the equilibrium cycle. The resulting 
fuel management scheme of the SSFR is a 34-batch scheme with cycle length of 1.5 years. 
The power rating and number of driver fuels of the SSFR were selected in order to 
accommodate the 34-batch scheme. Figure 3 shows the 3000-MWth SSFR core radial 
layout, which consists of 408 fuel assemblies, 78 radial reflector assemblies, 84 radial 
shield assemblies, 30 primary control assemblies and 19 secondary control assemblies. The 
core has 60-degree symmetry. Twelve fuel assemblies (=408/34) are replaced with the fresh 
fuel assemblies every 1.5 years. The fuel-shuffling pattern for the 34-batch scheme was 
searched to give high Pu creation, and the numbers in the hexagonal fuel assemblies in 
Figure 3 denote the fuel movement path from low number to high number. Initially, the 
fresh fuels are loaded into the core periphery, moved into the core central regions, and 
finally discharged from the core middle regions. 

The driver fuel assembly contains 127 fuel pins arranged in a triangular pitch array. The 
fuel pin design parameters were selected in order to have a high fuel volume fraction for 
maximising the Pu creation. The resulting fuel pin diameter and cladding thickness are  
1.55 cm and 0.5 mm, respectively, and the fuel volume fraction is approximately 45% at 
fabrication. The fuel pin is helically wrapped with wire to maintain the pin spacing so that 
the coolant can flow freely through the pin bundle. The fuel pins are made of sealed 
cladding containing a lower shield of 90 cm, a lower axial blanket of 40 cm, an active core 
of 120 cm, an upper axial blanket of 40 cm, and a fission gas-venting device of 76 cm. 
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The control assemblies consist of an absorber bundle contained in a duct. The absorber 
bundle is a closely packed array of 91 tubes containing compacted boron carbide (B4C) 
pellets. Natural boron was used for all control assemblies. The reflector assembly contains 
91 solid steel-based pins arranged in a triangular pitch array. The total volume fraction of 
the structural material in the reflector assembly is 85.3%. The radial shielding assemblies 
consists of 19 pins containing the advanced shielding material, a mixture of ZrH2 and B4C, 
which can minimise the irradiation damage to the internal structures. 

The SSFR fuel form is U-Zr binary metallic fuel with smeared density of 75%. The initial 
SSFR core requires enriched uranium, but the subsequent cycles can maintain criticality by 
replacing the burnt fuels with fresh natural uranium fuels. The initial core is divided into 
four regions in order to flatten the power distribution: inner core, middle core, outer core 
and natural uranium region at the periphery. The axial blankets are natural uranium, while 
the active fuels in the inner, middle, and outer cores initially contain uranium with 
enrichments of 9, 11, 14%, respectively. The average enrichment of the initial core is 6.2%.  

Figure 3: Radial layout of SSFR core and shuffling order (60-degree symmetry)  

 

Core performance characteristics 

The ANL fast reactor code suite [6]-[9] was used for the core performance analysis. Fuel 
cycle analysis was performed with the DIF3D/REBUS-3 code system using region-
dependent 21-group neutron cross-sections in a three-dimensional hexagonal-z geometry 
model. Material thermal expansion at operating condition is modelled by adjusting the 
hexagonal pitch, axial meshes, and the fuel and structure volume fractions appropriately.  

For the U-Zr metallic fuel, the irradiation induced swelling proceeds rapidly with burn-up. 
The metallic fuel slug grows fully within 1-2% burn-up. Beyond this burn-up the metallic 
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fuel slug contacts the cladding and grows axially to ~8%. In the core performance analysis 
with the REBUS-3 code, the irradiation induced swelling of the metallic fuel was modelled 
by a uniform axial growth of 8% and the fuel slug was assumed to be in contact with the 
cladding. As a result, the bond sodium was assumed moved above the fuel slug. In this 
study, the thermal expansions of the fuel, cladding and structural materials were also 
considered by assuming the coolant inlet and bulk outlet temperatures of 345°C and 510°C, 
respectively. It is noted that the radiation damage limit of cladding and structural materials 
was relaxed in this study because high burn-up is required to achieve a sustainable mode 
of operation.  

The time evolution of the core multiplication factors at the beginning of cycle (BOC) and 
end of cycle (EOC) are plotted for 100 cycles in Figure 4. The difference between the BOC 
and EOC values indicate the reactivity change over each cycle. The trends of the core 
multiplication factors indicate that the SSFR core concept approaches an equilibrium state 
after 60 cycles. At the equilibrium state, the peak excess reactivity is less than ~4.0% ∆k 
and the reactivity swing per each cycle is ~3.1% ∆k. However, the core multiplication 
factor increases to ~9.0% ∆k during the transition cycles. To reduce this peak reactivity 
during the transition cycles and approach the equilibrium state quickly, additional design 
fixes are required. 

Figure 4: Core multiplication factors at BOC and EOC of SSFR 

 

The core performance parameters of the SSFR at the equilibrium state are provided in  
Table 1. The average burn-up of all fuels in the core is 95 GWd/t and 103 GWd/t at BOEC 
and EOEC, respectively, which are within the favourable burn-up range for sustainable 
mode of operation that were observed in the scoping study. The discharge burn-up and the 
peak fast flux fluence of the discharge fuel are 277 GWd/t and 21.7×1023 n/cm2, 
respectively, which far exceed the current irradiation experience for U-Zr metallic fuel with 
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HT-9 cladding [10] in the previous SFR programmes in the United States. The SSFR core 
requires 5.22 tonnes of natural uranium per cycle and discharges 3.70 tonnes of heavy 
metal. Thus, approximately 29% of heavy metal is destroyed by fission, and this is the 
uranium utilisation at the equilibrium state. However, it is emphasised that the practical 
uranium utilisation of the SSFR core concept could be smaller than the value because 
enriched uranium is needed to ignite the initial core. 

The kinetics parameters and reactivity feedback coefficients of the SSFR core at the 
equilibrium state were evaluated using the ANL code suite. At the equilibrium cycle, the 
created plutonium is the major fissile material and consequently the resulting delayed 
neutron fraction is approximately 360 pcm. The SSFR core has a positive sodium void 
worth (~8$), but thermal expansion coefficients provide sufficient negative reactivity 
feedbacks in most transient scenarios. In order to measure the inherent safety features of 
the SSFR core, the asymptotic core coolant outlet temperatures in unprotected accident 
scenarios (such as Loss of Heat Sink (ULOHS), Transient Over Power (UTOP), Loss of 
Flow (ULOF), etc.) were calculated using the quasi-static reactivity balance analysis [11]. 
The resulting asymptotic core coolant outlet temperatures were lower than the sodium 
boiling temperature, which indicates that the SSFR core concept has sufficiently favourable 
inherent safety features.  

Table 1: Core performance characteristics of SSFR 

Parameter Value 
Thermal power, MWt 3 000 
Cycle length, year 1.5 
Number of batches 34 
Initial heavy metal inventory, tonne 177.6 
Specific Power Density, MW/t 16.9 
Charge and discharge heavy metal mass per cycle, ton 5.22/3.70 
Average enrichment of initial core, % 6.2 
Average linear heat rate of active core, kW/m 29.0  
Average burn-up of all fuels (BOEC/EOEC), GWd/t 95.1 / 103.3 
Average burn-up increase per batch, GWd/t 8.2 
Average discharge burn-up, GWd/t 277  
Excess reactivity at equilibrium cycle, %∆k 3.1 
Peak fast flux fluence, 1023 neutrons/cm2 a) 21.7 
Overall breeding ratio 1.26 
Effective delayed neutron fraction (βeff) 0.0036 
Sodium void worth, $ BOEC/EOEC 8.1  
Sufficient conditions for favourable inherent safety features met 

Note: a) = Peak value at equilibrium state 

Fuel cycle performance metrics  
In the E&S study, various metrics were used for evaluating the fuel cycle performance, 
including the masses of natural uranium required, depleted uranium (DU) produced, spent 
nuclear fuel or high-level waste (SNF+HLW) produced, and uranium utilisation. In this 
study, these fuel cycle performance metrics were calculated for the SSFR fuel cycle and 
compared to those of two other fuel cycle options: once-through fuel cycle with enriched 
uranium fuel in thermal reactors (this is the current commercial nuclear fleet in the United 
States), and continuous recycle of uranium and transuranics (U/TRU) in fast reactors with 
natural uranium feed, which is one of the most promising fuel cycle options in the E&S 
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study. The resulting values are compared in Figure 5. In this figure, the O/T-LWR and O/T-
SSFR indicate the once-through fuel cycles with LWR and SSFR, respectively, and the 
C/R-SFR indicates the continuous recycle of U/TRU in a sodium-cooled fast reactor. It is 
noted that the mass metrics were normalised to unit of energy generation (i.e. t/GWe-yr). 
The once-through fuel cycle with LWR requires 22 t/GWe-yr of enriched uranium, which 
results in 167 t/GWe-yr of depleted uranium from the use of 189 t/GWe-yr of natural 
uranium. The discharged fuel from the LWR, which contains 5% fission products, is treated 
as high level waste and sent to a repository without reprocessing. The uranium utilisation 
of this fuel cycle is 0.6%. The fuel cycle performance was significantly improved in the 
once-through fuel cycle with the SSFR. The natural uranium required at the equilibrium 
state is reduced to 3.3 t/GWe-yr, the uranium utilisation is 29%, and depletion uranium is 
not produced at the equilibrium state. Thus, compared to the once-through fuel cycle with 
LWRs, the overall improvement of the once-through fuel cycle with the SSFR is 
approximately by a factor of 50. The fuel cycle performance metrics could be improved 
further by continuously recycling U/TRU: i.e. both natural uranium required and 
SNF+HLW discharged are reduced to 1.1 t/GWe-yr, respectively, and the uranium 
utilisation increases to ~90%.  

Figure 5: Comparison of fuel cycle performance metrics 

 

Conclusions 

The design characteristics and fuel cycle performance of a once-through fuel cycle utilising 
the 3000-MWth SSFR were presented in this paper. The SSFR was developed aiming for 
high uranium utilisation based on a sustainable mode of operation. The key design 
parameters and fuel management scheme of the SSFR core concept were determined such 
that the burn-up of natural uranium fuels is sufficiently high for net plutonium creation, but 
low enough to avoid the reactivity penalty from fission product accumulation. The resulting 
fuel management scheme of the SSFR is 34 batches with cycle length of 1.5 years, with 
12-burnt assemblies replaced with fresh natural uranium fuel assemblies every cycle.  
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Although the SSFR core is sustainable with natural uranium, it requires enriched uranium 
initially to ignite the reactor. The average uranium enrichment for the initial core is 6.2%. 
Calculation results indicate that the SSFR core has favourable inherent safety features at 
the equilibrium state. However, maintaining the fuel integrity in the SSFR is challenging 
because of high irradiation damage. 

Fuel cycle performance metrics, such the natural uranium required, depleted uranium and 
SNF+HLW produced, and uranium utilisation, were evaluated in this work. Compared to 
the once-through fuel cycle with LWRs, the fuel cycle performance metrics of the SSFR 
fuel cycle were significantly better (by as much as a factor of 50 in some cases).  
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Molten-salt reactor as a necessary element of the nuclear  
fuel cycle closure for all actinides 

V.Ignatiev*1,M. Kormilitsyn1, Y. Semchenkov1, 
Y. Fedorov1, O. Feynberg1, O. Kryukov2, A. Khaperskaya2 

1NRC “Kurchatov Institute”, Russia; 2Rosatom, Russia 

This paper mainly focuses on the MOlten Salt Actinide Recycler and Transforming 
(MOSART) system without U-Th support, fuelled with different compositions of 
transuranic elements trifluorides from spent light water reactor (LWR) fuel, including both 
UOX and mixed oxide (MOX). New design options, including a homogeneous core and 
different fuel salts with high enough solubility for transuranic elements trifluorides, are 
being examined at National Research Center “Kurchatov Institute” (NRCKI) due to new 
goals. The latest developments concerning single fluid MOSART design address advanced 
large power units, with the main design objectives being to close the nuclear fuel cycle for 
all actinides, including Np, Pu, Am and Cm. The optimum spectrum for a Li,Be/F based 
MOSART is a fast spectrum of a homogeneous core without graphite moderator. The 
effective flux of such a system is near 1x1015 n cm-2 s-1. The main attractive features of the 
MOSART system include the: (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 transuranic (TRU) and 
lanthanide groups are very high, but within the TRU group are very low); (3) the proven 
container materials (high nickel alloys) and system components (pump, heat exchanger, 
etc.) operating in the fuel circuit at temperatures below 1 023 K; (4) core inherent safety 
due to large negative temperature reactivity coefficient (-3.7 pcm/K); and (5) long periods 
for soluble fission products removal (one to three years). The fuel salt clean-up flowsheet 
for the Li,Be/F based MOSART system is based on reductive extraction into liquid 
bismuth. The paper has the main objective of presenting the transmutation advantages and 
fuel cycle flexibility of the Li,Be/F based MOSART system while accounting for technical 
constraints and experimental data received in this study. A detailed description is given of 
the experimental results on key physical and chemical properties of fuel salt and combined 
materials compatibility to satisfy MOSART design requirements. The main design choices 
and characteristics of the MOSART concept are explained and discussed, including plant 
flow sheets, safety, transient simulations, laboratory and in reactor experiments as well as 
a programme plan for the development of the 2.4 GWt MOSART design, including an 
experimental small power 5-10 MWt Demo MOSART unit.
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Spallation reaction study for fission products in nuclear waste: 
Cross-section measurements for 137Cs, 136Xe, 90Sr, and 107Pd 

on proton and deuteron at different reaction energies 

H. Wang*1, H. Otsu1, N. Chiga1, T. Sumikama1, H. Sakurai1,  
S. Kawase2, Y. Watanabe2, S. Takeuchi3 for ImPACT-RIBF collaboration  

1RIKEN Nishina Center, Japan;  
2Department of Advanced Energy Engineering Science, Kyushu University, Japan; 

3Department of Physics, Tokyo Institute of Technology, Japan 

Spallation reactions for long-lived fission products (LLFP) have been investigated for the 
purpose of nuclear waste transmutation. The spallation cross-sections on both proton and 
deuteron were obtained in inverse kinematics at the RIKEN Radioactive Isotope Beam 
Factory. The target and reaction energy dependences have been investigated 
systematically. The experimental data are compared with the Particle and Heavy Ion 
Transport code System (PHITS) calculation including both cascade and evaporation 
processes. Selected results on 137Cs, 136Xe, 90Sr and 107Pd will be discussed in the 
presentation. 

Introduction  

Management of the high-level radioactive waste in spent fuel is one of the major issues for 
the use of a nuclear power plant. In recent years, research and development into the 
reduction and recycling of radioactive waste using partitioning and transmutation 
technology has been performed [1]. The high-level waste (HLW) contains two main 
components, one is minor actinide (MA) and the other is long-lived fission products 
(LLFP). The establishment of effective transmutation for these two HLW components is 
criticial. While the MA transmutation has been widely discussed for the purpose of resource 
recycling in the concept of an accelerator-driven system, study on the transmutation for 
LLFPs is limited.  

However, the transmutation on the LLFPs nuclei 137Cs, 90Sr and 107Pd has not received 
much attention. Because of the relative short half life (30 years), 137Cs and 90Sr have large 
radioactivity which is is predominant in the first 100 years after the reprocessing of spent 
fuel. Moreover, these two LLFPs nuclei are known to be the major source of heat in HLW. 
Palladium is one of the promising metals in HLW but has a radioactive isotope 107Pd, which 
is a typical LLFP with a half life of 6.5 × 106 years. To recycle the palladium, it is essential 
to find an effective method for the transmutation of 107Pd. Despite such importance in the 
LLFP transmutation, the related nuclear reaction data are very scarce.  

Nuclear physics plays an essential role in addressing the treatment of LLFPs, because the 
reliable reaction data and models are necessary for LLFP reactions. Aiming at bringing a 
new invention to the nuclear transmutation on LLFPs, we have studied the proton- and 
deuteron-induced spallation reactions for LLFPs and their neighbours 137Cs, 136Xe, 90Sr, 
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and 107Pd using the radioactive isotope (RI) facilities at the RIKEN Nishina Center. In the 
present study, the inverse kinematics technique was adopted, namely the LLFP beams were 
used and proton/deuteron targets were used to induce the spallation reactions. The inverse 
kinematics technique enables systematic study of the target and energy dependence of 
reaction, identification of the products unambigiously for the measurement on the isotopic 
distribution cross-section, and the avoidance of the difficulties associated with using a 
highly radioactive target.  

Experiments  

The experiments were performed by using advanced RI facilities at the RIKEN Radioactive 
Isotope Beam Factory (RIBF), operated by the RIKEN Nishina Center and the Center of 
Nuclear Study, University of Tokyo. Secondary beams around LLFP nuclei were produced 
by in-flight fission of U at 345 MeV/nucleon in the BigRIPS fragment separator (Kubo, 
2012). Several BigRIPS settings were made to study 137Cs, 136Xe and 90Sr at 185 
MeV/nucleon, and 107Pd at 200 and 100 MeV/nucleon. The detailed information on the 
BigRIPS settings can be found in the references [2] and [3]. Ions in the secondary beams 
were identified event-by-event by using the TOF-Bρ-ΔE method as described in the 
reference [4].  

CH2, CD2 and carbon targets were used to induce the secondary reactions. The cross-
sections on proton (deuteron) were deduced from the results on CH2 (CD2) after the 
subtraction of the contributions from carbon and from the beamline materials.  

The reaction residues were analysed by the ZeroDegree spectrometer [5]. In order to cover 
a wide range of the reaction products, five Bρ settings (-9, -6, -3, 0 and +3% relative to the 
Bρ value of the secondary beam) were applied. Reaction residues were identified by using 
the TOF-Bρ-ΔE method in a similar manner as for BigRIPS. An example of particle 
identification for both the secondary beams and reaction products is displayed in Figure 1 
for 107Pd at 100 MeV/nucleon. The atomic number Z and mass-to-charge ratio A/Q were 
deduced from the TOF-ΔE and TOF-Bρ, respectively.  
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Figure 1: Particle identification plots for (a) the secondary beams in the BigRIPS separator 
and (b) the reaction products from the 107Pd beam in the ZeroDegree spectrometer 

Circles indicate (a) the 107Pd beam, and (b) 102Pd produced via the five-neutron removal reaction channel to 
guide the eyes.  

 

Results and discussion  

Proton- and deuteron-induced cross-section were successfull. Figure 2 displays an example 
of the isotopic distribution cross-sections for the products from 107Pd at 100MeV/nucleon. 
The cross-sections are displayed as a function of mass number for one element in each 
panel of Figure 2.  

The Ag isotopes are produced from the charge-pickup reaction from 107Pd as shown in 
Figure 2(a). It was found that σp is larger than σd in such reaction. Pd and Rh isotopes are 
close to the projectile in mass. Their cross-sections on both proton and deuteron keep 
almost constant over a wide range of mass numbers and slightly decrease towards the 
neutron-deficient side. Such behaviour could be understood as a consequence of 
“peripheral” reaction, in where the projectile deposits little energy and leads to the 
evaporation of only a few neutrons, resulting in a constant distribution for cross-section 
over a wide range [6]. It was found that the σp and σd values are similar for Pd and Rh. For 
other elements, such as Ru, Tc and Mo, it was found that the difference between σd and σp 
appears and becomes larger towards the neutron-deficient side as displayed in Figure 3(d)-
(f).  

Theoretical calculations using the framework of PHITS [7] are presented in Figure 2 for 
comparison. In the PHITS calculations, the intra-nuclear cascade and evaporation 
processes were described by using the INCL4.6 [8] and generalised evaporation model 
(GEM) [9], respectively. The PHITS calculations reproduce the experimental systematic 
trends well. The cross-sections at the neutron-deficient side are generally underestimated 
by PHITS for all the isotopic chains. PHITS slightly overestimates cross-sections on 
deuteron at the neutron-rich sides for some low-Z products, such as Ru, Tc and Mo for 
deuteron Figure 2(d)–(f).  
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Figure 2: Isotopic distribution cross-sections for the products from 107Pd on proton and 
deuteron at 100MeV/nucleon 

Each panel represents one element, ranging from (a) Ag to (f) Mo. The downward triangles represent the 
cross-sections on proton while the upward ones for deuteron. The PHITS calculations on proton and deuteron 

are shown by the solide and dot-dashed lines, respectively. 
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In this study, 3D and 2D models were developed to calculate, respectively: (1) the 
hydrodynamic effects of a rotating cylinder electrode; and (2) competitive reactions of 
representative species (U, Pu, Nd) of used nuclear fuel (UNF). The velocity and 
concentration distribution of U in the molten salt are investigated when the rotating 
cylinder electrode acts as a mass sink and the liquid cadmium anode acts as a mass source 
in the 3D model. The thickness of the diffusion dominant region is calculated with the 
results and it is provided to the 2D competitive reaction model. Based on the results of the 
3D model, the 2D model assumes a well mixed state in the bulk region and only considers 
diffusion of the representative species in the diffusion dominant domain. The cathode 
deposit was investigated in the 2D model. 

Introduction 

The electrorefining process is the actual process used to separate the recyclable U species 
from the products from the electroreduction process [1]. Thus the separation efficiency of 
the electrorefining process determines the efficiency of the whole pyroprocessing. This 
study aimed to develop a computational electrorefining model. Electrorefining process 
accompanies electrochemical reaction and mass transport. To reflect these multi-physics in 
the electrorefining reaction and optimise the computational load, 3D hydrodynamic model 
and 2D multi-species model were developed. The results were validated by the 
experimental data of lab-scale electrorefining process conducted by Argonne National 
Laboratory (ANL) in 1992 [2]. 

Method 

Cell configuration 
This model brought initial conditions and geometry from the lab-scale ANL experiment. 
The configuration of an electrorefining cell is shown in Figure 1. The molten salt region, 
in contact with the cathode and anode, as seen in Figure 1 (red line), was only considered 
in this model to focus on the reactions over the surface of the electrodes. 
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Figure 1: ANL lab-scale electrorefining cell 

 

Source: Tomczuk et al., 1992. 

Mathematical equations 
In this computational model, modified Butler-Volmer equations that disregard the reverse 
reaction for both the cathode and anode are used. Equation (1) and (2) represent the local 
current density at the cathode and anode, respectively. These equations involve the 
concentration-dependent variables of equilibrium potential and limiting current. Especially 
equation (2) contains concentration term to reflect the effect of mass to the exchange 
current density across the liquid cadmium anode. 

𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖 = −𝑖𝑖𝑒𝑒𝑒𝑒,𝑖𝑖 
𝑒𝑒𝑒𝑒𝑒𝑒�−𝛼𝛼𝑖𝑖𝑛𝑛𝑖𝑖𝐹𝐹𝜂𝜂𝑖𝑖

𝑅𝑅𝑅𝑅 �

1+
𝑖𝑖𝑒𝑒𝑒𝑒,𝑖𝑖
𝑖𝑖𝐿𝐿,𝑖𝑖

𝑒𝑒𝑒𝑒𝑒𝑒 (−𝛼𝛼𝑖𝑖𝑛𝑛𝑖𝑖𝐹𝐹𝜂𝜂𝑖𝑖
𝑅𝑅𝑅𝑅 )

 (1) 

𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖 = 𝑖𝑖𝑒𝑒𝑒𝑒,𝑖𝑖�𝐶𝐶𝑏𝑏,𝑖𝑖
𝑙𝑙𝑐𝑐 

𝑒𝑒𝑒𝑒𝑒𝑒�𝛼𝛼𝑖𝑖𝑛𝑛𝑖𝑖𝐹𝐹𝜂𝜂𝑖𝑖
𝑅𝑅𝑅𝑅 �

1+
𝑖𝑖𝑒𝑒𝑒𝑒,𝑖𝑖
𝑖𝑖𝐿𝐿,𝑖𝑖

𝑒𝑒𝑒𝑒𝑒𝑒 (𝛼𝛼𝑖𝑖𝑛𝑛𝑖𝑖𝐹𝐹𝜂𝜂𝑖𝑖
𝑅𝑅𝑅𝑅 )

 (2) 

Here, iL,i is the limiting current density of species i (A cm-2), Cb,i
cd  is the bulk concentration 

of species i in the liquid cadmium anode (mol m-3), and αi is the transfer coefficient of 
species i (dimensionless). The limiting current density is defined by Equation (3). When 
the mass of reactant is not sufficient to satisfy the applied current, the reaction behaviours 
are started to be controlled by the mass. 

𝑖𝑖𝐿𝐿,𝑖𝑖 =
𝑛𝑛𝑖𝑖𝐹𝐹𝐷𝐷𝑖𝑖𝐶𝐶𝑏𝑏,𝑖𝑖

𝛿𝛿
 (3) 
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Here, δ is the thickness of diffusion dominant region (cm) and Cb,i is the bulk concentration 
of species i (mol cm-3).  

The overpotential is defined as equation (4). It signifies the potential gap between an 
electrode and equilibrium potential for each species. 

𝜂𝜂𝑖𝑖 = 𝐸𝐸 − 𝐸𝐸𝑒𝑒𝑒𝑒,𝑖𝑖 (4) 

Here, E is the electrode potential and Eeq,i is the equilibrium potential for species i at the 
electrode surfaces. The equilibrium potential is calculated by the Nernst equation which 
considers temperature, concentration and activity coefficient of the species in the molten 
salt and cadmium anode. Equation (5) represents the equilibrium potential at the cathode. 
Because the reduced species at the interface of the cathode and electrolyte is solid-state, 
the reduction concentration and activity coefficient are simply treated as 1. Equation (6) 
represents the equilibrium potential at the anode. 

𝐸𝐸𝑒𝑒𝑒𝑒,𝑖𝑖 = 𝐸𝐸𝑖𝑖
° +

𝑅𝑅𝑅𝑅
𝑛𝑛𝑖𝑖𝐹𝐹

𝑙𝑙𝑛𝑛�𝛾𝛾𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠,𝑖𝑖�𝐶𝐶𝑏𝑏,𝑖𝑖
𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠�� (5) 

𝐸𝐸𝑒𝑒𝑒𝑒,𝑖𝑖 = 𝐸𝐸𝑖𝑖
° +

𝑅𝑅𝑅𝑅
𝑛𝑛𝑖𝑖𝐹𝐹

𝑙𝑙𝑛𝑛 (
𝛾𝛾𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠,𝑖𝑖�𝐶𝐶𝑏𝑏,𝑖𝑖

𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠�
𝛾𝛾𝑙𝑙𝑐𝑐,𝑖𝑖�𝐶𝐶𝑏𝑏,𝑖𝑖

𝑙𝑙𝑐𝑐�
) (6) 

Here, Ei
° is the standard potential (V) of species i, γsalt,i is the activity coefficient of species 

i in the molten salt, Cb,i
salt is the bulk concentration of species i in the molten salt (mol m-3), 

and γcd,i is the activity coefficient of species i in the liquid cadmium.  

Numerical approach 
The 3D model combined the electrochemical reaction of the U species with the 
hydrodynamic calculation necessitated by a rotating cylinder electrode with sources and 
sinks at the electrodes. The 3D steady-state model first solved the U concentration 
throughout the whole cell considering the deposition and dissolution reactions at the 
electrode surfaces and mass transport by diffusion and convection. By investigating the U 
concentration distribution using the 3D model, we provide a logically valid substitution for 
convection, using a constant diffusion layer thickness as the real value of the diffusion layer 
thickness in the 2D transient model.  

Although the diffusion layer thicknesses of U, Pu, Nd molten salt and liquid cadmium are 
different, most of the reactant at the cathode is U. Therefore, we used the diffusion layer 
thickness at the cathode calculated from the hydrodynamic properties of U obtained by 3D 
model. In addition, because we validated the assumed constant diffusion layer thickness, 
we used a constant diffusion layer thickness at the anode (0.002 cm) from previous 
literature [3]. Therefore, convection caused by hydrodynamic conditions was disregarded 
in the 2D model; we assumed a well-mixed state for the bulk region and considered only 
the mass concentration gradient in the diffusion-dominant domain. The 2D model focused 
on the competitive reactions among three species: U, Pu and Nd. 

The diffusion layer thickness was calculated as illustrated in Figure 2. First, the closest 
surface, which is 2.5×10-6 m  from the cathode, was established and the average 
concentration of U at that surface was calculated. Next, the average concentration of U at 
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the cathode was calculated, followed by the slope of the average concentration of U at the 
cathode and that at the closest surface to the cathode. Finally, we determined the point at 
which the slope of the U concentration intersected the bulk concentration, and this point 
was used as the diffusion layer thickness. 

Figure 2: Schematic diagram of the diffusion layer thickness calculation 

δ is the diffusion layer thickness. 

 

Results and discussions 

3D hydrodynamic model 
The velocity distribution of U in the molten salt was investigated with the 3D model  
(Figure 3. (a)). The highest velocity was formed in the vicinity of the rotating cathode. On 
the other hand, the lowest velocity was formed right below the cathode bottom and the 
region far from the cathode. Because of the active mass transport by the convection, very 
thin diffusion dominant layer was formed near the cathode.  

Figure 3. (b) shows the contours of U ion concentrations in the molten salt in relation to 
the yz-cross-section of the cell. Although the concentration of U ions remained almost 
constant in the bulk region, the concentration changed significantly near the surfaces of 
both electrodes and in the region between the bottom of the cathode to the anode surface. 

The calculated thickness of the diffusion dominant layer was 0.0045 cm and it was applied 
to the 2D model. However, we expect the actual thickness should be thinner because we 
only consider the convection effect of the cathode.  
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Figure 3: (a) Velocity (m/s) of U in molten salt at the yz-cross-section of 3D hydrodynamic. 
(b) Contours of U concentration in molten salt at the yz-cross-section 

(a)

 

(b)

 

2D multi-species model 
The amount of metal deposition on the cathode was investigated with 2D multi-species 
model (Figure 4). The early deposition reaction was dominated by the U. However, the 
time after 50 hours, the Pu started to participate in the reduction reaction and the reduction 
rate of U started to decrease. Although the Nd also exist in the molten salt, Nd was not 
involved in the metal deposition on the cathode until the end of the process. It is because 
Nd is chemically very stable in chloride form [4]. 

Figure 4: Amount of metal deposition on the cathode 
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Conclusion 

In this paper, the hydrodynamic effect of the rotating cylinder electrode was investigated 
with 3D model and the calculated thickness of diffusion dominant region was applied to 
the 2D multi-species model. The simulated result of metal deposition on the cathode was 
well matched to the reference experimental data of ANL. 
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Mechanistic modelling of irradiated fuel exposed to pond water 

D. Hambley, R. J Hughes 

National Nuclear Laboratory, United Kingdom 

Irradiated fuel from Advanced Gas-cooled Reactors (AGR), Magnox and development 
reactors in the United Kingdom is being consolidated into pond storage pending a decision 
on final disposal, with the duration of storage being potentially greater than 80 years. In 
developing robust contingency measures for long-term storage it is important to 
understand the behaviour of spent fuel under a range of conditions and in particular under 
loss of containment scenarios, since the contingency currently in place, reprocessing, will 
not be available after this year. To support Sellafield Limited in this regard, the National 
Nuclear Laboratory (NNL) has constructed a mechanistically based model of spent fuel 
behaviour under loss of containment conditions, which incorporates realistic models of 
hydraulic behaviour of storage containers, fuel storage cans and fuel pins, migration of 
released radioactive species and activity release from exposed fuel. The fuel corrosion 
model is being developed using internationally recognised mixed potential models 
developed for repository studies, as these models represent the most developed 
understanding of fuel corrosion mechanisms and inhibiting effects of hydrogen. The 
modelling of liquid phase chemistry is being extended to model higher pH compositions as 
part of the EU Modern Spent Fuel Dissolution in Failed Container Conditions project 
(DisCo). This paper presents a description of the modelling approaches used, initial 
predictions for some relevant fuels, and an overview of forthcoming developments 

Introduction 

In the United Kingdom, the Nuclear Decommissioning Authority (NDA) is responsible for 
management of spent fuel from nuclear power development reactors and from generation 
1 (Magnox) and 2 (Advanced Gas-cooled, or AGR) reactors. For other power reactors, the 
responsibility for spent fuel management rests with the utilities. This presentation relates 
to the management of the non-metallic fuels for which NDA is responsible. 

The United Kingdom has reprocessed the majority of the irradiated fuel generated from 
nuclear power research and nuclear power generation in the United Kingdom and has 
provided a range of reprocessing services for overseas fuel for more than 30 years. 
Nevertheless, following a strategic review by the NDA in 2010, a decision was made to 
cease reprocessing operations in the United Kingdom in 2018 for oxide fuel [1] and for 
metallic fuel when the remaining Magnox fuel has been reprocessed [2]. At the end of 
current reprocessing operations approximately 60 000 te of fuel will have been reprocessed.  

The NDA strategy for management of the non-metallic fuels is to consolidate the remaining 
irradiated fuels at Sellafield and to minimise the cost of storage by maximising the value 
that can be obtained from existing assets. Consequently, it is planned to place these fuels 
in long-term pond storage, subject to the fuel being compatible with the storage system. 
The inventory of fuel to be sited is dominated by the fuel that will be generated by AGRs 
during their remaining operational life. Other fuels consist of a range of light water reactor 
(LWR) fuels, that will be stored as assemblies or in assembly-sized carriers for fuel with 
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damaged handling features and single pins, some fast reactor fuel and a range of fuels, 
including cut fuel from post-irradiation examination (PIE), that will be placed into sealed 
cans to isolate the fuel from the pond water. Thus the pond will contain a wide range of 
fuel types in a variety of conditions. 

It is highly desirable to have a good understanding of how spent fuels will behave during 
storage, in order to support handling, transport and disposal operations. Such understanding 
must address not only the expected operating conditions but also abnormal changes in 
storage conditions, in order to develop measures to identify important changes in storage 
conditions; develop contingency measures to prevent unacceptable releases of radioactivity 
during subsequent activities; and understand the potential impact of such failures on 
subsequent retrieval, drying, transport and disposal activities. 

In order to provide reliable estimates of likely behaviour, as opposed to conservative limits 
on behaviour typically used to establish safety cases, it is important to have knowledge of 
[3]: 

• the solubility, leaching, corrosion and redox reactions associated with the fuel pins 
under conditions relevant to storage (including pond water and both dry and moist 
inert gas and air); 

• the impact of changes in pond chemistry, radiolysis and temperature on the 
oxidation, corrosion and leaching reactions; 

• the impact of temperature and pond chemistry on the solubility of the fuel and its 
corrosion products; 

• the time dependence of conditions inside storage containers; 

• the electrochemical behaviour of the fuel matrix and fuel cladding, including any 
effects of fuel-cladding coupling; 

• any significant interactions with support structure and container materials, 
e.g. galvanic couples (especially important for fuel with reactive metal cladding). 

Given the complex relationships between these factors and the fact that the fuel continues 
to evolve during storage it is advantageous to develop mechanistic models of the evolution 
of the storage system and fuel in order to enable the significance of potential deviations in 
operating conditions to be understood and to understand the timing and extent of any 
releases that might occur into the bulk pond water. 

This paper describes the first stages of the development of a mechanistic model of fuel 
corrosion and activity release for failed fuel applicable to long-term storage. As is best 
practice in modelling studies, a staged approach has been utilised, in which a simplified 
model has been developed. This paper presents the results of the simplified model and 
discusses future work to develop further mechanistic modelling. 

Storage of AGR fuel 

AGR fuel pins are approximately 1 m long, clad in stainless-steel, containing annular 
uranium dioxide fuel pellets. The fuel pins have an insulator pellet at each end to protect 
the fuel pin closure welds. The fuel is arranged in elements, containing 36 fuel pins and 
3 steel support grids/braces to maintain geometry during irradiation, which are held within 
a graphite sleeve that surround the fuel. Eight element are held together to form an 8 m 
long fuel stringer, one of which is loaded into each fuel channel. Thus, AGR fuel from 
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different elements experience combinations of coolant temperature and neutron flux, unlike 
the longer LWR fuels which each experience the full axial temperature and flux profile. 

AGR cladding material that experiences temperatures between approximately 350°C and 
520°C [4] for an extended period of time becomes sensitised to corrosion as a result of 
chromium depletion at grain boundaries. As a result, some parts of the fuel cladding in a 
small proportion of AGR fuel pins becomes sensitised to corrosion during irradiation. To 
protect the fuel, the pond water in AGR storage ponds is dosed with a corrosion inhibitor, 
sodium hydroxide, and the pond temperature is controlled to ensure that the inhibitor 
remains effective. 

There is strong evidence that the current pond storage regime is effective at inhibiting 
corrosion of the sensitised fuel pins [5]. The long-term storage regime includes ongoing 
monitoring of pond conditions and a commitment to periodic examination to demonstrate 
that corrosion remains inhibited during long-term storage. Nevertheless it is prudent to 
understand the likely effects of fuel pin failure during storage as these can affect the 
magnitude and speed of activity releases into the ponds and the characteristics of 
subsequent drying and disposal operations. 

After the fuel is discharged from reactor, the fuel stringers are dismantled into individual 
fuel elements. The fuel is placed into storage skips that are used for initial storage at the 
reactor and transport to Sellafield. At Sellafield the skips of fuel are placed into containers 
for storage. The containers are designed to increase the fuel storage density within the 
ponds and allow exchange of water between the pond and the container. After a further 
period of storage, the elements are dismantled and the fuel pins from three elements are 
placed into cans of a similar size to the original elements, with the redundant steel and 
graphite being consigned as intermediate-level waste (ILW). The vast majority of AGR is, 
and will be, stored in this form. The cans used for storage of instant AGR fuel are not sealed 
and there is good contact between the water around the fuel pins and the surrounding water. 
These are referred to as open or slotted cans. 

AGR reactors have detectors to locate the position of fuel that failed during operations. The 
individual elements from a stringer containing failed fuel are placed into sealed bottles for 
transfer to NNL’s PIE facility, where the failed elements and individual failed fuel pins can 
be identified and separated from the unfailed fuel pins, which are returned to the normal 
fuel storage regime. AGR fuel bottles are reusable and have seals in the bottles lids and 
around the valves used to test the internal atmosphere before the bottles are opened to 
recover the fuel. These seals are located towards the bottom of the bottle. 

Failed fuel pins and cut fuel remnants from PIE are placed in thick-walled stainless steel 
cans and welded closed. Historically a range of different can designs have been used for 
storage of failed fuel and PIE remnants, all of which have a final closure towards the top 
of the cans. 

Modelling approach  

The primary purpose of the model is to provide predictions of the release of activity from 
fuel in the event that fuel containment fails during long-term storage. The model is intended 
to provide insights into the likely pattern of activity release that might arise from different 
groups of stored AGR fuels (i.e. in open cans, in bottles and in welded cans) and whether 
these releases may be significantly affected by changes in pond conditions. The model 
therefore does not consider corrosion of the fuel cladding, but instead focuses on corrosion 
of the fuel matrix once exposed to the pond water. 
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In order to produce a mechanistic model of fuel corrosion during long-term storage it is 
important to be able to model the conditions within the storage system and the migration 
of species into and out of the fuel system. Therefore the model consists of two principal 
elements: 

• a hydraulic model that describes the flow of water, gases and dissolved species 
within the pond storage system as well as species phase change; 

• a fuel corrosion model, which describes the release of radioactive species from the 
fuel into the adjacent pond water. 

Hydraulic model 
The hydraulic model considers the flows between four volumes, which are contained within 
each other in a fashion similar to a Russian doll: 

• the fuel pond; 

• fuel containers; 

• “cans”; 

• fuel pins. 

Figure 1: Activity release pathway from fuel to storage containers and pond 

 

Source: NNL/Sellafield Ltd, 2018 

The cans (or sometimes AGR bottles) and pins can contain both gas and liquid phases, 
while the pond and containers are modelled as single phase, liquid systems. In this study 
the flows between these volumes are modelled via two mechanisms: 

• averaged flows due to atmospheric pressure fluctuations; 

• other pressure driven flows. 
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The former is caused by cyclical daily fluctuations in atmospheric pressure. This increases 
the air pressure above the pond, driving the flow of liquid towards the pin and can. The can 
and pin gases compress as a result until they reach sufficient pressure. Flow then reverses 
when the air pressure above the pond decreases driving flow from the pins and cans towards 
the pond. These effects are not captured via explicit modelling as constantly inverting flows 
prescribe significant computational effort, which rendered the modelling time excessive. 
Instead, reciprocal flows between each layer were calculated based on their own inherent 
reciprocal flows with the layer above them and the additive effects of the reciprocal flows 
of the vessels within them. For container pond reciprocal flows, the inherent reciprocal 
flowrates were based on plant experience and for all lower layers of containment equations 
were developed based on the compression of their gas space. These are set out in equations 
(1)-(3). 

�̇�𝑉𝐶𝐶𝑙𝑙−𝑃𝑃𝑙𝑙 = �̇�𝑉𝐶𝐶𝑙𝑙−𝑃𝑃𝑙𝑙,𝑙𝑙𝑜𝑜𝑙𝑙𝑜𝑜
� +  (𝑛𝑛𝐶𝐶𝑠𝑠,𝑓𝑓 . �̇�𝑉𝐶𝐶𝑠𝑠−𝐶𝐶𝑙𝑙)  (1) 

�̇�𝑉𝐶𝐶𝑠𝑠−𝐶𝐶𝑙𝑙 = 𝐴𝐴𝐹𝐹𝑅𝑅. �𝑉𝑉𝑔𝑔,𝐶𝐶𝑠𝑠� +  𝑛𝑛𝑃𝑃𝑖𝑖,𝑓𝑓 . �̇�𝑉𝑃𝑃𝑖𝑖−𝐶𝐶𝑠𝑠 (2) 

�̇�𝑉𝑃𝑃𝑖𝑖−𝐶𝐶𝑠𝑠 = 𝐴𝐴𝐹𝐹𝑅𝑅. 𝑉𝑉𝑔𝑔,𝑃𝑃𝑖𝑖 (3) 

The other types of flows captured are explicitly modelled pressure driven flows due to both 
long- and short-term effects. These can be caused by the long-term absorption of the gas 
space in the cans and pins, which reduces the gas space pressure and therefore draws in 
liquid from the containers and pond. Similarly, the model can be set up so that a can or pin 
starts off intact and then fails at some time into the run, allowing gas to escape from them 
and/or liquid to be drawn into them. All of these flows are modelled by assuming that rapid 
flow occurs to minimise pressure differentials in the system – i.e. hydrostatics and gas 
pressures are used to determine pressures at all locations and flows between locations are 
determined by rapidly minimising any differentials. 

Each of the volumes is assumed to be well-mixed. For the case of cans open to the 
container, the can and container volumes are also assumed to be well-mixed with each 
other, as is the liquid volume of a cut pin and the liquid volume of the can it is in. 
Additionally modelled in a simplified manner are diffusion between vessels and phase 
change within the can and pin models. 

Parameter values relating to the hydraulic model (such as failure locations, defect 
geometries and the degree of atmospheric pressure fluctuation) were selected using the best 
available data derived from historical data, operating experience and recent assessment 
work. 

Fuel activity release model 
In the first iteration of the model, activity release from the fuel has been considered in a 
largely empirical fashion. The focus was on developing an understanding of activity release 
over a period of a decade following a loss of containment accident and the mechanisms 
which are involved in this. The modelled releases only occur once the fuel pin has failed 
(i.e. a defect has developed in the pin containment) and water has made contact with the 
fuel surface. These releases of activity from AGR fuel have four main potential 
components, each with different release patterns:  

• the initial release from the surface of the irradiated fuel matrix, termed the Instant 
Release Fraction (IRF) in disposal studies; 
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• the initial release of relocated volatile fission products, which collect at the coldest 
end of the AGR fuel pins; 

• the release from pre-oxidised fuel, associated particularly with remnants from PIE; 

• the release or dissolution of gaseous fission products. 

Simple correlations (equations (4)-(6)) were developed for activity release for the first three 
mechanisms, based on recent leach test experiments for AGR fuel carried out on behalf of 
radioactive waste management (RWM) [6]. For the IRF, this representation was based on 
release rates being proportional to the activity present at the fuel surface and the rate of 
release declining by three orders of magnitude over a two year period. For the volatile 
fission products release is extremely rapid and is assumed to occur fully with a four hour 
window, once the fuel surface is wetted. An expression for activity release rate from fuel 
with an oxidised surface was developed based on experimental data and time in contact 
with water. 

𝑅𝑅𝐼𝐼𝐼𝐼𝐼𝐼,𝑖𝑖 =
𝐿𝐿𝑛𝑛(1000)

730
𝑀𝑀𝐼𝐼,𝑖𝑖 (4) 

𝑅𝑅𝑉𝑉𝑙𝑙𝑙𝑙,𝑖𝑖 =
𝑀𝑀𝑉𝑉𝑙𝑙𝑙𝑙,𝑖𝑖

𝑖𝑖𝑜𝑜𝑖𝑖𝑠𝑠.

0.167
 (5) 

𝑅𝑅𝑂𝑂𝑒𝑒,𝑖𝑖 = (−11.9 ln(𝑡𝑡) + 98.056)𝑆𝑆𝐴𝐴𝑤𝑤𝑒𝑒𝑠𝑠, (6) 

For gaseous fission products there are two routes for their ultimate release: gaseous flow 
due to the pin having a greater pressure than the can at the pin failure location, or dissolution 
into the liquid phase and migration via bulk and diffusive flows. These are modelled via 
the hydraulic and phase change models. 

A number of fuel inventory datasets were prepared using the FISPIN code to represent 
typical and higher burn-up fuels that were representative of those that would be present in 
each type of storage can. The partitioning of this inventory between the different release 
mechanisms (i.e. what fraction of the inventory is available as gaseous fission products or 
instant release species, etc.) was based on previous experience reported in the literature 
[7][8] and historic internal studies [9]. For oxidised fuel the oxidised inventory was 
estimated using reasonable assumptions in the absence of firm data on the extent of 
oxidation at low temperatures [10]. 

Initial predictions of early activity release  
The model predictions were developed for a number of cases pertinent to spent fuel storage 
on the Sellafield site. These included: 

• cut fuel from PIE contained within breathable cans (with a small orifice in its lid to 
avoid the build-up of Hydrogen gas); 

• in-reactor failed fuel in AGR bottles; 

• initially unfailed fuel which subsequently fails in pond due to corrosion, held within 
an open/slotted can. 

The release profiles were broadly as expected – with the exception that the cut fuel case 
had more complex release profiles than expected. It is also clear that the rate of release 
from fuel in open cans was much quicker than would be expected from assessments of the 
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pattern of release observed in the 1980s. This implies that some of the current assumptions 
of either the hydraulic model or the fuel activity release model require further refinement. 
Some example profiles are shown in Figure 2. 

Figure 2: Sample activity release profiles 

From left to right, Cut fuel, In-reactor failed fuel, In-pond failed fuel. 

 

 

Source: NNL/Sellafield Ltd, 2018 

Future work 

Model development needs 
In the current fuel activity release model, empirical equations are used to define activity 
release rates. This has allowed predictions of the magnitude and profile of expected activity 
releases to be produced, however it does not allow the prediction of activity release in 
conditions different from those in the experiment from which the correlations were 
developed. Hence it cannot predict the response to a change in conditions. Additionally the 
current chemistry models require refinement to include phenomena such as radiolysis, 
precipitation and additional reaction schemes associated with longer term dissolution of the 
fuel matrix itself. 

A more detailed mixed potential model of fuel corrosion will be completed this year, which 
will allow the longer term behaviour of the fuel to be predicted in a variety of settings. This 
would include long-term pond storage or geological disposal applications. It is intended 
that this model will be parameterised against leach testing data and that sensitivity studies 
will be performed on it. Once the mixed potential model has been optimised, it will be 
imported into the existing model to replace parts of the current fuel activity release model. 

From the perspective of the hydraulic model a more complex approach to the reciprocal 
flows driven by atmospheric pressure cycling has been identified as a key improvement. It 
is thought that this is may have a significant impact on the release profile for the cut pin 
case, which had an anomalous profile. The existence of the current hydraulic model allows 
brief sensitivity studies to be carried out to determine the relative importance of different 
parameters and their potential impacts on the model’s results. This can be used to identify 
any parameters which may need revision and also assists in prioritising any work to refine 
input data.  

Once the mixed potential model has been integrated into the hydraulic model, sensitivity 
studies will indicate the effect of pond operational parameters on activity release and hence 
the scale of impact that could arise from operational transients. This would indicate 
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variability in activity release that could be expected in the presence of a small number of 
failures. 

Nomenclature 

AFR  Fractional exchange rate due to atmospheric pressure variation (s-1)  

𝑀𝑀𝐼𝐼,𝑖𝑖   Mass of species i in fuel available for IRF release (kg)  

𝑀𝑀𝑉𝑉𝑙𝑙𝑙𝑙,𝑖𝑖
𝑖𝑖𝑜𝑜𝑖𝑖𝑠𝑠.   Initial mass of species i in fuel available as volatile fission products (kg) 

nCa,f  Number of failed cans (-) 

nPi,f  Number of failed pins (-) 

RIRF,i  Release rate of IRF species i (kg day-1) 

RVol,i  Release rate of volatile fission product species i (kg day-1) 

ROx,i  Release rate of oxidised fuel species i (μg day-1) 

SAwet  As wetted surface area (cm2) 

t  Time since fuel surface was wetted (days) 

𝑉𝑉𝑔𝑔,𝐶𝐶𝑠𝑠   Volume of gas in a can (L)  

𝑉𝑉𝑔𝑔,𝑃𝑃𝑖𝑖   Volume of gas in a pin (L)  

�̇�𝑉𝐶𝐶𝑠𝑠−𝐶𝐶𝑙𝑙   Reciprocal volumetric flowrate between can and container (Ls-1) 

�̇�𝑉𝐶𝐶𝑙𝑙−𝑃𝑃𝑙𝑙   Reciprocal volumetric flowrate between container and pond (Ls-1) 

�̇�𝑉𝐶𝐶𝑙𝑙−𝑃𝑃𝑙𝑙,𝑙𝑙𝑜𝑜𝑙𝑙𝑜𝑜
�  Average reciprocal volumetric flowrate between container and pond with 

no failed cans or pins within the container (Ls-1) 

�̇�𝑉𝑃𝑃𝑖𝑖−𝐶𝐶𝑠𝑠   Reciprocal volumetric flowrate between pin and can (Ls-1) 

Acknowledgements 

The authors would like to acknowledge the funding for this work from Sellafield Ltd.  

References 

[1] Nuclear Decommissioning Authority (2012), The Magnox Operating Programme 
(MOP 9). 

[2] Nuclear Decommissioning Authority (2012), Oxide Fuels - Preferred Option, 
SMS/TS/C2-OF/001/Preferred Option.. 

[3] ASTM (2010), Standard Guide for Corrosion Testing of Aluminum-Based Spent 
Nuclear Fuel in Support of Repository Disposal, C1431 – 99, ATSM International, 
West Conshohocken.  

[4] Norris, D.I.R. et al. (1992), “Radiation-induced segregation in 20Cr/25Ni/Nb stainless 
steel”, Effects of Radiation on Materials: 15th Int. Symp., ASTM STP 1125, ASTM, 
West Conshohocken pp.603-620. 



  | 105 
 

  
  

[5] Hambley, D.I., “Technical Basis for Extending Storage of the UK’s Advanced Gas-
Cooled Reactor Fuel”, Paper 7722, Global 2013, Salt Lake City, Utah. 

[6] Cowper, M. et al. (2015), “Measurement of the Matrix Dissolution Rate and Instant 
Release Fraction of AGR Fuel: Programme Overview Report,” Radioactive Waste 
Management, RWM005264L. 

[7] Lemmens, K. et al. (2017), “Instant release of fission products in leaching experiments 
with high burn-up nuclear fuels in the framework of the Euratom project FIRST- 
Nuclides,” Journal of Nuclear Materials, Vol. 484, pp. 307-323 . 

[8] Johnson, L. et al. (2012), “Rapid aqueous release of fission products from high burn-up 
LWR fuel: Experimental results and correlations with fission gas release,” Journal of 
Nuclear Materials, Vol. 420, pp. 54-62. 

[9] Trivedi, D., A. Wareing and M. Mignanelli (2012), Assessment of the potential 
radionuclide release from spent AGR fuel in a geological disposal facility, NNL 
Internal. 

[10] Serrano, J. et al. (2001), “Influence of low temperature air oxidation on the dissolution 
behaviour of high burn-up LWR spent fuel,” Journal of Nuclear Materials, Vol. 294.  



106 |   
 

  
  

Capsule designs for testing fast reactor fuels in the Advanced Test Reactor 

G. L. Beausoleil, B.J. Curnutt, Gary Povirk 
Idaho National Laboratory, United States 

The Advanced Test Reactor (ATR) has been used successfully to test fast reactor fuel for 
nearly two decades. Numerous fuel designs for a variety of fast reactor applications have 
been tested and the results from these experiments have been shown to be consistent with 
examinations of used fuel rods obtained from actual fast reactors. Despite these successes, 
significant challenges for testing fast reactor fuel in ATR include the following: (1) ATR 
coolant temperatures are roughly 50oC, while outlet temperatures for fast reactors are often 
500oC or higher; (2) the thermal spectrum reduces dose rates to the cladding and can result 
in non-prototypical distributions of fission rates within the fuel; (3) the use of a helium-
filled gap between the test fuel rod and the capsule serves to raise cladding temperature but 
the small gap distance can make the experimental conditions sensitive to fabrication 
tolerances; (4) changes in anticipated power levels (driven by other experimental needs) 
within the ATR can result in undesirable temperatures; and (5) power levels within the test 
fuel rods are such that achieving high burn-up can take on the order of a decade. A revised 
capsule design is being considered that would allow for higher burn-up rates and reduced 
sensitivity to fabrication tolerances. 

The traditional approach to testing fuel has been to insert a small test rodlet, notionally 6” 
long and 0.230” in diameter, within a stainless steel capsule. A helium-filled gap between 
the rodlet and capsule raises cladding temperatures from ATR coolant temperatures to 
levels that are prototypical for a sodium-cooled fast reactor. The capsule, in turn, sits within 
an aluminium and cadmium holder (commonly referred to as the “cadmium basket”), and 
ATR coolant flows through passages in the basket to cool the capsule and test rodlet. The 
combination of higher enrichments and the use of the cadmium basket allows the designer 
of the experiment to set desired linear heat generation rates while also having a 
near-prototypical radial distribution of power within the fuel. 

The revised capsule design leverages the use of smaller diameter rodlets to increase power 
densities and correspondingly reduce the irradiation time required to reach high burn-up. 
The smaller rodlets are placed in a sodium bath within a second, inner stainless steel 
capsule. The second capsule is helium bonded to the outer capsule and the rodlet 
temperatures can be controlled by the size of the helium gap between the capsules. Thermal 
and nuclear analyses indicate that the time to reach 30 at% burn-up could be reduced from 
12 years for the traditional design to approximately 2-3 years if the fuel diameter is reduced 
by one-half and to approximately 1-2 years if the diameter is reduced by one-third. In 
addition, reducing fuel diameter improves the radial power distribution in the fuel without 
the use of cadmium shrouding. Lastly, the use of the sodium bath mitigates many problems 
associated with fabrication variations and eccentricities between the rodlet and capsules. 

In conclusion, reducing the capsule design for fast reactor metallic fuel in ATR can 
significantly improve the ability of a testing programme to quickly examine large numbers 
of fuel designs at high burn-up levels. Finally, note that although this study was restricted 
to metallic fuel systems for sodium-cooled reactors, the same principles can be used to 
accelerate burn-up in other applications. Though not reported here, recent calculations have 
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shown that burn-up can be accelerated in light water reactor fuel by reducing fuel rod 
diameter and increasing enrichment. 

Figure 1: Comparison between the cross-section of the  
traditional (a) and revised (b) capsule designs 
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iMAGINE – Integrated modelling and simulation of a highly innovative 
integral nuclear system operating directly on spent nuclear fuel:  

The Reactor Element 

B. Merk*1,2, D. Litskevich1,2, R. J. Taylor3, A.R. Mount4 
1University of Liverpool, School of Engineering, United Kingdom; 2National Nuclear 

Laboratory, United Kingdom; 
3University of Manchester, School of Mech. Aero. and Civil Eng.,United Kingdom; 
4The University of Edinburgh, EaStCHEM, School of Chemistry, United Kingdom 

The energy trilemma and the United Nations development goals are the drivers for the 
future of energy research with a strong and urgent demand for reliable low-carbon 
technologies to fulfil the envisaged low-carbon strategies. The re-introduction of nuclear 
power into the United Kingdom’s overall energy policy, along with the closing down of 
reprocessing, creates a demand for novel technologies to deal with spent fuel. The required 
disruptive, advanced system development has recently got a strong push by the formation 
of the Green Frontiers Initiative of the International Atomic Energy Agency (IAEA). The 
iMAGINE project forms the basis for a detailed investigation and development of a 
disruptive nuclear energy production technology based on molten salt reactors and their 
related fuel cycle (FC) with significantly improved sustainability indices and economic 
performance by: avoiding the major source of ecotoxicity and carbon emissions of the 
front-end of the FC, avoiding enrichment causing major energy consumption and reducing 
the risk of proliferation, reducing waste production and storage demand through the reuse 
of spent fuel, eliminating the established reprocessing reducing energy demand and 
proliferation concerns and fulfilling P&T requirements as side effect. 

The desired improvement in economic performance is targeted by: avoiding reprocessing 
as a prior step into a closed fuel cycle, replacing traditional reprocessing with a strong 
demand-driven salt clean-up, applying low pressure technology in the primary and 
secondary power generation systems, and avoiding solid fuel production, the major cost of 
the traditional fast reactor fuel cycle.  

Currently, the iMAGINE project, with a volume of about GBP 7 million, is in the proposal 
phase. We give an introduction to the planned project and an overview of the requests for 
the modelling and simulation (M&S) suite. This suite will be created to tackle the specific 
requests of the inherently coupled integral molten salt reactor system with the strong 
interaction between the reactor, the innovative salt clean-up system, and the operational 
control based on online-feeding. The M&S suite will support the highly innovative design 
process, based on the principles of design thinking and applying a holistic analysis. The 
M&S suite will be used to confirm the continuous long-term operation based on spent 
nuclear fuel (SNF) only.  

  

                                                      
*Corresponding author 
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Introduction 

The energy trilemma (e.g. by the world energy council [1], an UN-accredited global energy 
body) and the United Nations development goals (UN Goal 7: “Ensure access to affordable, 
reliable, sustainable and modern energy for all as one piece of sustainable development of 
the future world “[2]) form key drivers for the future of energy research. This led globally 
to a strong and urgent demand for reliable low-carbon technologies to address the low-
carbon strategies. Nuclear can be seen as a key technology to meet the CO2 reduction 
targets of the UK government. However, the Emissions Gap Report 2017 of the United 
Nations Environment Programme (UNEP) [3] identified that the Nationally Determined 
Contributions set in Paris in 2015 will not be sufficient to hold global warming to well 
below 2°C. In 2007, the United Kingdom formally re-introduced nuclear power into its 
overall energy policy followed by a long-term Nuclear Energy Strategy in 2013 [4], leading 
to subsequent plans to build light water reactors (LWR). This decision, along with the 
closing down of reprocessing in the next years [5], creates a demand for developing novel 
technologies to deal with spent fuel of existing and future reactors.  

We propose now a research programme, which supports the required informed decision-
making regarding a long-term sustainable nuclear energy strategy for the United Kingdom. 
The research is based on the investigation of a disruptive, advanced nuclear system 
development which has recently gained impetus by the formation of the International 
Atomic Energy Agency (IAEA) Green Frontiers Initiative (GFI) to foster nuclear 
technology innovation that is acceptable to society and supports sustainable energy 
objectives. IAEA has invited universities to establish IAEA research collaboration centres 
(RCCs) to support possible pilot projects. Another driver is the massive set back that the 
two internationally leading Generation IV projects, Astrid and Proryv, have suffered [6][7]. 
Taking all these points together we are convinced we have approached the moment for 
creating a disruptive new, post Generation IV solution which we plan to base on a molten 
salt reactor operating on spent nuclear fuel [8][9]. 

This work describes the universal vision for a future nuclear energy system required to 
make nuclear energy an attractive choice for the publicly demanded low-carbon future. Out 
of the vision we derive a mission as fundament for developing a nuclear system operating 
on already existing spent fuel from LWRs which should be acceptable for the society. 
Based on this mission we are developing a modelling and simulation strategy required to 
optimise a highly integrated nuclear system like the proposed molten salt fast reactor 
system. 

Improving sustainability  

There is a vision for the development of a disruptive nuclear energy production technology 
[8][9] to create an economically as well as environmentally sustainable approach to deliver 
a solution for the massive demand on low-carbon energy production for the world. Besides 
the mentioned sustainability, the ideal nuclear system has to deliver a solution for 
historically created problems, mainly the nuclear waste problem while avoiding the 
creation of additional proliferation issues in the fuel cycle. 

Our innovative interpretation of the vision is based on molten salt reactors (MSR) and their 
related fuel cycle with significantly improved sustainability indices from and 
environmental point of view as well as from an economic performance point of view. The 
improved sustainability is assured by: 



  | 111 
 

  
  

• avoiding the mining of uranium; a major source of eco toxicity and carbon 
emissions; 

• avoiding enrichment; removing a major energy consumption, and reducing the risk 
of proliferation; 

• reducing waste production and storage demand while increasing fuel efficiency by 
the reuse of the spent fuel of existing and future reactors; 

• eliminating established reprocessing, with its high energy requirement, and the 
system immanent proliferation concerns; 

• eliminating highly radiotoxic transuranium isotopes from the spent nuclear fuel, 
thereby reducing the long term waste storage challenge. 

An improved economic performance is also expected to result from the proposed approach, 
since this approach addresses four of the most significant cost barriers to implementing 
nuclear technology into the energy mix, specifically: 

• avoiding reprocessing as a prior step into a closed fuel cycle; 

• replacing traditional reprocessing with a slick, strong demand driven salt clean-up; 

• applying low-pressure technology in the primary and secondary power generation 
systems; 

• avoiding solid fuel production, a major cost of the fast reactor fuel cycle [10]. 

However, when translating the vision into the mission some realistic limitations come into 
play when we consider the idea of a molten salt fast reactors (MSFR) operating on spent 
nuclear fuel (SNF) from existing thermal reactors. In the ideal case we can avoid mining, 
but some additional fissile material is required to turn the thermal reactor configuration 
with a low fissile content to a fast reactor configuration which requires a significantly 
higher fissile content. This higher fissile content for the start-up of the reactor can be 
achieved without mining, but only if there is a Pu stockpile available on the one hand like 
in the United Kingdom – this is, on the other hand, the result of the reprocessing activity 
of the past. Another opportunity would be to use higher enriched uranium, but this would 
then require some limited mining and, in addition, some enrichment. However, the addition 
of fissile material is only required for the start phase. As soon as the reactor configuration 
has been turned into a fast reactor configuration the operation purely on SNF has been 
demonstrated using advanced modelling and simulation [8][9]. The same can be said about 
reprocessing, there is no prior reprocessing of the SNF required, which is a significant 
advantage compared to all currently proposed approaches for a closed fuel cycle based on 
solid fuel – the limitation is as already mentioned the fissile material for the start-up. The 
reuse of SNF significantly reduces the waste production, since we use already existing 
waste to produce more energy out of it instead of fresh resources, but the amount of fission 
products is proportional to the amount of energy produced. Thus, instead of SNF (~95% 
uranium, 1% plutonium and 4% fission products) we will produce a clean stream of fission 
products, partly out of the salt clean-up system, partly appearing in the off-gas cleaning. 
Both streams have to be conditioned in an appropriate way to limit the source term under 
accidental conditions. In general, this means the mass of waste will remain the same, while 
the short-term activity will clearly increase due to the already mentioned proportionality 
between the amount of fission products and the amount of energy produced out of the fuel. 
The energy “squeezed outˮ from the SNF will increase by a factor of 20, which will lead 
to the increase of short term activity (up to 500 years), while the long-term activity will be 



112 |   
 

  
  

significantly reduced due to the waste steam being ideally free of any actinides. All 
actinides of the SNF are supposed to be utilised in breeding and following fission processes 
[8][9]. However, the innovative nuclear system will require a complete re-design of the 
nuclear chemistry applied in the salt clean-up based on the principles described in the NEA 
International Exchange Meeting on Partitioning and Transmutation in 2016 [9] and refined 
in the following document: “Demand driven salt clean-up in a molten salt fast reactor 3 – 
defining a priority list” [11]. 

Belief in nuclear 

The improved sustainability, the strictly demand driven vision, and the honest mission will 
be key points to create belief in nuclear technologies or, maybe better, to regain the belief 
which has been existing and driving the massive nuclear growth up to the 1960s [11]. 
However, the potential to improve public belief doesn’t only lie in sustainability, other 
major points will be low contamination risks and an innovative approach for dealing with 
the existing nuclear waste problem. Major points which we have identified are: 

• operating a low-pressure system with limited driving forces, even under accident 
conditions; 

• a reduced radioactive source term in the reactor due to online reprocessing and the 
absence of excess reactivity due to online refuelling; 

• a consistent strategy to deal with the source terms outside of the reactor with 
consequent immobilisation; 

• reduced decay heat due to online reprocessing and the opportunity of simplified 
decay heat removal systems due to low pressure; 

• providing an innovative approach for the reuse of existing waste/spent nuclear fuel; 

• providing a new approach to limit waste amounts and reduce the challenges for 
final disposal; 

• reducing the proliferation risk by avoiding separation of fissile material and 
required handovers. 

The very robust safety behaviour as well as the potential operational flexibility have already 
been discussed in several publications around molten salt reactor technology for the 
transmutation of nuclear waste [12]-[14].  

Modelling and simulation approach 

Integrated modelling 
A key approach to create the environment required for system optimisation is to develop 
an integral modelling basis for the highly integrated system, requiring interdisciplinary 
modelling as fundament for the massive application of modelling and simulation studies. 
Modelling and simulation will be the central part for the optimisation of the disruptive 
design of the proposed system. The planned development process will be led by the 
innovative approach of design thinking and optimisation. Modelling and simulation will be 
used as initial key step for the down selection of the options as well as the optimised 
interaction between the disciplines. After a successful down selection, inactive experiments 
will be used to validate the relevant material data required as input for modelling and 
simulation to support a very limited number of active experiments. 
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The approach is characterised by a consequent stepwise down selection processes as 
described in Figure 1:  

• scanning of the space of options by modern modelling and simulation methods; 
• a limited number of non-active (without radioactive material) surrogate 

experiments for validation and data measurement; 
• a well-defined and settled set of active (with radioactive material) experiments due 

to the high cost.  
Figure 1: Illustration of the planned down selection process 

 
Source: University of Liverpool, 2018 

The inner core of the integral modelling and simulation approach will be used to bridge 
across different often not very well linked disciplines, in our case engineering, physics and 
chemistry, partly from basic science (development of completely new processes) to process 
application (flow sheeting down to an operating process model) as well as over the lifetime 
of the nuclear system [15], see Figure 2. The given integral simulation model comprises of 
the reactor model, the process models and the underpinning basic chemistry as well as a 
model for these and is supported by the thermodynamic modelling of the salt composition, 
partly simulated and partly based on experimental measurements. However, this integral 
model gives “onlyˮ physic and engineering information for the development of the nuclear 
system. To make the simulation results meaningful at industrial, policy and public level, it 
has to be integrated into a wider picture by adding models for the economics of the system 
and the influence of the system on the environment.  

Figure 2: Integrated modelling of the integral system 

 
Source: University of Liverpool, 2018 
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These two models will be essential to provide the key parameters to evaluate a future energy 
system based on the key points of economic and environmental sustainability, which are 
the final drivers for decision-making in energy policy since they are characterising the 
major objectives of all kinds of energy production. Thus, these links will be essential to 
create a detailed understanding about how close we are approaching our vision and how 
efficient the proposed changes are.  

However, neither environmental nor economic studies can deliver reliable results when 
applied stand alone, to provide resilient, robust results the underpinning data for the 
economic as well as the environmental model has to be generated based on the fully 
developed, integrated engineering models which support each of the necessary design 
decisions for a disruptive system development. Only if the integrated engineering 
modelling is reliable, sufficiently accurate data can be provided as input for the high level 
sustainability models. Thus, a detailed and robust reactor model and a process model for 
the clean-up of systems is essential. All process simulations require an underpinning basic 
chemistry modelling to determine the range of the process parameters as well as the 
thermodynamic modelling/experiments on the salt compositions which provide the basic 
data for the reactor and the process model when different salt compositions have to be 
investigated. One of the major questions which have to be answered by the integral group 
involving all disciplines is the choice of the basic salt. On the one hand, there is a tendency 
in reactor physics to rely on fluoride based salts and the experience gained in the Molten 
Salt Reactor Experiment (MSRE) project in the 1960s [16]-[19]. On the other hand, there 
is the experience in reprocessing chemistry which is widely focused on chloride salts 
[20][21]. Due to the experience with these salts and due to the availability of world leading 
labs able to handle transuranic (TRU) in chloride solution, the work in the United Kingdom 
will start on chloride based salts. However, the development of the modelling and 
simulation tool is foreseen to be kept independent of the choice of the salt, just applying 
thermodynamic and chemical properties. The final choice of the salt will be an optimisation 
parameter and is foreseen to be one of the outcomes of the future project. 

Challenges for basic chemistry 
The basic chemistry group has to identify the processes to be developed for:  

• the salt clean-up and possible waste forms for the separated materials; 

• the off-gas system and possible waste forms for the captured materials; 

• the front end processes for the fuel salt preparation; 

• possible material protection strategies; 

• experimental determination and validation of material properties. 

The key step from fuel cycle economics as well as from proliferation point of view is an 
innovative approach for the “reprocessingˮ. The related process in MSRs is often called as 
the salt clean-up system. With regards to the vision a new, demand driven process 
development is required which heads for the elements which prevent the reactor from long-
term operation and avoids the formation of clean streams of fissile material. This requires 
the identification of chemical elements which have a negative drawback on reactor 
criticality and which possibly carry the main decay heat. This list elements has already been 
delivered by the reactor physics [10]. The following step will require the development of 
basic separation processes for the identified elements for the demand driven salt clean-up 
processes and possible waste forms for the separated materials. 
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An important point for the siting of a possible facility is: What has to be captured/is possible 
to be captured from the off-gas stream and which processes are needed to handle the 
captured isotopes? For this question a broad level of experience of the National Nuclear 
Laboratory (NNL), and possibly Sellafield Limited, could be relied on. The existing 
technologies will be investigated and improved if required. The investigation of possible 
salt configurations will follow the above described selection process to provide the required 
data for modelling and simulation for the stepwise improvement of accuracy. All work will 
leverage the wide experience in nuclear chemistry in the United Kingdom [20] and the 
availability of the newly installed Department of Energy and Climate Change (DECC) 
pyroprocessing laboratories in Edinburgh.  

Challenges for process modelling 
The application of advanced process modelling is required to describe the wide variety of 
processes taking place in the integrated system starting from the initial fuel production to 
the different processes of the salt clean-up and the processing of the released waste streams. 
The key challenges are: 

• development of a flow chart and a reduced process model for the front end 
processes required for the dissolution of the spent fuel rods and the production of 
the salt which is used to feed the reactor; 

• process modelling of the gas bubbling system applied to remove the volatile fission 
products from the core to determine the efficiency of the process; 

• flow chart development as well as modelling of the off-gas system, the capturing 
system, the creation of the waste form, the waste amounts and the releases; 

• flow chart development and process modelling for demand driven separation 
processes which will be performed in close co-operation with the basic chemistry 
group to identify the economically attractive arrangement of the process steps for 
the salt clean-up and available technologies for the creation of waste forms.  

The models will be based on the wide experience accumulated at the NNL in developing 
flow charts and process models for the processes of different systems operated at Sellafield 
Limited for the reprocessing as well as for the off-gas treatment from the reprocessing 
plant. 

Challenges for the reactor model 
Here, the key challenge is the development of a modelling strategy for an integral nuclear 
system with liquid fuel which requires partly completely new simulation approaches. 
Almost all reactor simulation tools developed in the last centuries have been tailored to the 
specifics of solid fuelled reactors using the so-called two step approach for the calculation 
of traditional reactors. However, this well-established scheme will not work for liquid 
fuelled reactors with continuous feeding and clean-up processes since the isotopic 
composition in each calculation cell changes not only due to the burn-up but also due to 
feeding and clean-up. Up to date codes for moving fuel have not been required. The only 
exception is the SIMMER code [23] which has been developed for the highly transient 
phase of a core disruptive accident in sodium-cooled fast reactors which requires handling 
of highly mobile molten fuel agglomerations and their drawback on the cross-section 
preparation scheme for the neutron physical simulation.  
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The required neutronic calculations to provide the neutron flux distribution are foreseen to 
be performed with a 2D RZ transport calculation tool, like, e.g. PARTISN [24]. A neutron 
transport solver seems to be essential to get a good estimation of the neutron leakage which 
is one of the main factors for the determination of the breeding efficiency and thus the 
sustainable operation based on spent nuclear fuel. The power production will be calculated 
based on the neutron flux and the fission cross-section requiring a single phase heat transfer 
model to simulate the temperature distribution and the heat extraction from the core to 
determine the feedback effects.  

The coupled neutronic/thermal hydraulic solver has to be linked to an existing burn-up 
calculation model to determine the changes in the isotopic composition due to the burn-up 
of the fissile material, which is in addition influenced by the extraction efficiency of the 
volatile and gaseous fission products as it is determined in the process model. The 
feasibility of self-sustained operation based on LWR SNF only has been indicated in the 
initial studies [8][9]. 

Sustainability modelling  
One of the key motivators for a closed nuclear fuel cycle (and nuclear energy in general) is 
the minimisation of environmental impacts. We plan to assess the developed technological 
systems ex ante using life cycle assessment building on existing work by Stamford et al. 
[e.g. 25]. A broad range of environmental impacts will be estimated across the entire life 
cycle from “cradle to graveˮ, encompassing all processes between the raw material 
extraction and the electricity production as well as waste disposal. 

In our view the “Guide to Cost-Benefit Analysis of Investment Projects” [26]) drafted by 
the European Union is the ideal (and long-time validated) framework for the socio-
economic-strategic appraisal of major projects. Following this guidelines the following 
areas of investigation have been identified: 

• economics and finance; 

• social aspects; 

• strategic aspects; 

• multi attribute decision-making based on reference [27]. 

In addition to the cost estimate and the cost comparison, the economic modelling should 
support a future design process by providing on the fly economic analysis of different 
engineering approaches to support a cost efficient development as well as an economically 
attractive final product. 

Conclusions 

A new, innovative approach for the development of a disruptive future nuclear system 
(reactor with linked fuel cycle) has been presented. The main aims are improving the 
economic and the environmental sustainability of the nuclear system as well as restoring 
the belief of the public in nuclear which has obviously been lost in the last decades. 

The first step for the development process will be tackled by the creation and application 
of an innovative modelling and simulation approach which is much more comprehensive 
than what has been done in the past. An integrated modelling approach of the integral 
nuclear system has been identified as a key point for optimisation of the future system based 
on the design thinking process. The creation of the modelling and simulation system has to 
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be accompanied by experiments to improve the input data through experimental validation 
of process and material parameters. This will be supported by a consequent down selection 
processes based on modelling and simulation, non-active experiments and finally active 
experiments.  

The integrated modelling approach and the supporting experiments require a strongly 
interdisciplinary working style to tackle the major challenges which are identified in basic 
chemistry, process modelling and the reactor model. All parts will be required to provide 
the input for the system optimisation and for economic as well as environmental 
sustainability analysis. The project will be accompanied by social science to research the 
influence of a strictly demand driven new, disruptive approach on the belief in nuclear 
compared to the technology driven approach which currently predominant.  

Acknowledgements 

The authors want to thank the full team supported the development of the iMAGINE 
proposal to the Engineering and Physical Sciences Research Council (EPSRC) with all 
their expertise which is partly used here. 

References 

[1]World Energy Council (n.d.), www.worldenergy.org/work-programme/strategic-
insight/assessment-of-energy-climate-change-policy/. 

[2] Wu, J. and T. Wu (2015), “Goal 7 – Ensure Access to Affordable, Reliable, Sustainable 
and Modern Energy for All”, UN Chronical, Vol. LI No. 4 2014, 
https://unchronicle.un.org/article/goal-7-ensure-access-affordable-reliable-
sustainable-and-modern-energy-all. 

[3] UNEP (2017), The Emissions Gap Report 2017, United Nations Environment 
Programme, Nairobi, https://wedocs.unep.org/bitstream/handle/20.500.11822/22070/ 
EGR_2017.pdf, accessed 13/07/2018. 

[4] Department of Energy and Climate Change (2013), Long-term Nuclear Energy Strategy, 
HM Government, https://assets.publishing.service.gov.uk/government/uploads/system 
/uploads/attachment_data/file/168047/bis-13-630-long-term-nuclear-energy-
strategy.pdf, accessed 13/07/2018. 

[5] Leafe, M (017) “End in sight for reprocessing nuclear fuel at Sellafield”, Nuclear 
Decomissioning Authority blog, https://nda.blog.gov.uk/2017/01/24/end-in-sight-for-
reprocessing-nuclear-fuel-at-sellafield/. 

[6] Abonneau, E. (2018), Astrid Project Overview, 3rd ASTRID Fast Reactor Seminar – 
Civil Engineering and Construction, Birmingham University, Wednesday 31st January 
2018. 

[7] RIA News (2017), “Experts: Rosatom reasonably postponed the construction of a new 
BREST reactor”, RIA News, https://ria.ru/atomtec/ 
20170116/1485818496.html , accessed 13/07/2018. 

[8] Merk, B. et al. (2017), ”On a Long Term Strategy for the Success of Nuclear Power”, 
Energies, Vol. 8(11), 12557-12572, https://doi.org/10.3390/en1007-867. 

http://www.worldenergy.org/work-programme/strategic-insight/assessment-of-energy-climate-change-policy/
http://www.worldenergy.org/work-programme/strategic-insight/assessment-of-energy-climate-change-policy/
https://unchronicle.un.org/article/goal-7-ensure-access-affordable-reliable-sustainable-and-modern-energy-all
https://unchronicle.un.org/article/goal-7-ensure-access-affordable-reliable-sustainable-and-modern-energy-all
https://wedocs.unep.org/bitstream/handle/20.500.11822/22070/EGR_2017.pdf
https://wedocs.unep.org/bitstream/handle/20.500.11822/22070/EGR_2017.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/168047/bis-13-630-long-term-nuclear-energy-strategy.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/168047/bis-13-630-long-term-nuclear-energy-strategy.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/168047/bis-13-630-long-term-nuclear-energy-strategy.pdf
https://nda.blog.gov.uk/2017/01/24/end-in-sight-for-reprocessing-nuclear-fuel-at-sellafield/
https://nda.blog.gov.uk/2017/01/24/end-in-sight-for-reprocessing-nuclear-fuel-at-sellafield/
https://ria.ru/atomtec/20170116/1485818496.html
https://ria.ru/atomtec/20170116/1485818496.html
https://doi.org/10.3390/en1007-867


118 |   
 

  
  

[9] Merk, B. et al. (2017), ”An innovative way of thinking Nuclear Waste Management – 
Neutron physics of a reactor directly operating on SNF”, PLoS ONE, , 
https://doi.org/10.1371/journal.pone.0180703. 

[10] Dekusar, V. (2017), “Comparative Analysis of Electricity Generation Fuel Cost 
Component at NPPs with WWER and BN-type Reactor Facilities”, IAEA FR17, 
Yekaterinburg, Russia, 26-29 June 2017. 

[11] Merk, B. et al. (2018), “Demand driven salt clean-up in a molten salt fast reactor – 
Defining a priority list”, PLoS ONE, Vol. 13(3), e0192020, 
https://doi.org/10.1371/journal.pone.0192020. 

[12] Pajo, J. (2016), “Two Paradigmatic Waves of Public Discourse on Nuclear Waste in 
the United States, 1945-2009: Understanding a Magnitudinal and Longitudinal 
Phenomenon in Anthropological Terms”, PLoS ONE, Vol. 11(6), e0157652, 
https://doi.org/10.1371/journal.pone.0157652. 

[13] Merk, B. et al. (2014), “On the Molten Salt Fast Reactor for Applying an Idealized 
Transmutation Scenario for the Nuclear Phase Out”, PLoS ONE, Vol. 9(4), e92776, 
https://doi.org/10.1371/journal.pone.0092776. 

[14] Merk, B. and D. Litskevich (2015), “Transmutation of All German Transuranium 
under Nuclear Phase Out Conditions – Is This Feasible from Neutronic Point of View?”, 
PLoS ONE, https://doi.org/10.1371/journal.pone.0145652. 

[15] Merk, B. and D. Litskevich (2015), ”On the Burning of Plutonium Originating from 
Light Water Reactor Use in a Fast Molten Salt Reactor—A Neutron Physical Study”, 
Energies, Vol. 8, 12557–12572, https://doi.org/10.3390/en81112328. 

[16] Patterson, E.A., R.J. Taylor and M. Bankhead (2016), “A framework for an integrated 
nuclear digital environment”, Progress in Nuclear Energy, Vol. 87, pp. 97-103, ISSN 
0149-1970, http://dx.doi.org/10.1016/j.pnucene.2015.11.009. 

[17] MacPherson, H.G. (1985), “The Molten Salt Reactor Adventure”, Nuclear Science 
and Engineering, vol. 90, pp. 374–380, https://doi.org/10.13182/NSE90-374. 

[18] EVOL - Evaluating molten salt reactor technology (n.d.), 
https://cordis.europa.eu/article/id/92272-evaluating-molten-salt-reactor-technology. 

[19] CORDIS, (2019), SAMOFAR - A Paradigm Shift in Reactor Safety with the Molten 
Salt Fast Reactor, http://cordis.europa.eu/project/rcn/196909_en.html. 

[20] Ingatiev V, et al. (2012), “Progress in Development of MOSART Concept with Th 
Support”, ICAPP’12, Chicago, United States, 24-28 June. 

[21] EPSRC, REFINE (n.d.), A coordinated materials programme for the sustainable 
REduction of spent Fuel vital In a closed loop Nuclear Energy cycle, 
http://gow.epsrc.ac.uk 
/NGBOViewGrant.aspx?GrantRef=EP/J000779/1. 

[22] Development of Advanced Reprocessing Technologies - IAEA (n.d.), 
www.iaea.org/About/Policy/GC/GC52/GC52InfDocuments/English/gc52inf-3-
att4_en.pdf. 

[23] Tobita, Y. et al. (2006), “The Development of SIMMER-III, An Advanced Computer 
Program for LMFR Safety Analysis, and Its Application to Sodium Experiments”, 
Nuclear Technology, Vol. 153/3, pp. 245-255, https://dx.doi.org/10.13182/NT06-2. 

https://doi.org/10.1371/journal.pone.0180703
https://doi.org/10.1371/journal.pone.0192020
https://doi.org/10.1371/journal.pone.0157652
https://doi.org/10.1371/journal.pone.0092776
https://doi.org/10.1371/journal.pone.0145652
https://doi.org/10.3390/en81112328
http://dx.doi.org/10.1016/j.pnucene.2015.11.009
https://doi.org/10.13182/NSE90-374
https://cordis.europa.eu/article/id/92272-evaluating-molten-salt-reactor-technology
http://cordis.europa.eu/project/rcn/196909_en.html
http://gow.epsrc.ac.uk/NGBOViewGrant.aspx?GrantRef=EP/J000779/1
http://gow.epsrc.ac.uk/NGBOViewGrant.aspx?GrantRef=EP/J000779/1
https://www.iaea.org/About/Policy/GC/GC52/GC52InfDocuments/English/gc52inf-3-att4_en.pdf
http://www.iaea.org/About/Policy/GC/GC52/GC52InfDocuments/English/gc52inf-3-att4_en.pdf
http://www.iaea.org/About/Policy/GC/GC52/GC52InfDocuments/English/gc52inf-3-att4_en.pdf
http://dx.doi.org/10.13182/NT06-2


  | 119 
 

  
  

[24] PARTISN 5.97 (n.d.), Time-Dependent, Parallel Neutral Particle Transport Code 
System, www.rist.or.jp/rsicc/app/PARTISN%205.97.htm 

[25] Stamford, L. and A. Azapagic (2011), “Sustainability indicators for the assessment of 
nuclear power”, Energy, Vol. 36, pp. 6037-6057. 

[26] European Commission (2015), Guide to Cost-Benefit Analysis of Investment Projects 
- Economic appraisal tool for Cohesion Policy 2014-2020, European Commission, 
Brussels. 

[27] Locatelli, G. and M. Mancini, M. (2012), “A framework for the selection of the right 
nuclear power plant” International Journal of Production Research, Vol. 50(17), 
pp. 4753-4766.

http://www.rist.or.jp/rsicc/app/PARTISN%205.97.htm


120 |   
 

  
  

Session 5: Advanced fuels for transmutation  
and multirecycling 

Chair: D. Shepherd and C. Sabathier  



  | 121 
 

  
  

Pre-design of an Americium Bearing Blanket (AmBB) pin loaded with 10% of 
americium  

B. Valentin, M. Lainet, M. Pelletier, N. Chauvin, A. Gallais-During∗ 
CEA, France 

Minor Actinide Bearing Blanket (MABB) fuels, where minor actinides are diluted with UO2 
into the radial breeder blankets of Sodium-cooled Fast Reactors (SFR), are an option of 
interest for the transmutation of minor actinides in this type of reactors. However, their 
operation under very specific conditions raises many questions, such as the impact of the 
high helium production during irradiation which, combined with relatively low 
temperature, could enhance the fuel gaseous swelling and fuel-cladding mechanical 
interaction. This type of behaviour would require specific design changes in order to meet 
the design criteria. 

This paper describes the preliminary thermo-mechanical design of an Americium Bearing 
Blanket (AmBB) pin and thermal-hydraulic features of an AmBB subassembly with the 
following conditions: 10% Am in UO2 matrix, pin and fuel sub-assembly geometry of the 
typical ASTRID outer-core, and irradiation duration of 1940 EFPD. The behaviour of the 
pin is calculated with the GERMINAL fuel performance code, which has been upgraded 
according to the specificity of AmBB fuel with, in particular, a specific model to take into 
account the swelling due to gas retention. The calculation results show that thermal and 
mechanical margins are high, from both the design criteria (creep usage fraction and 
swelling of the cladding) and the thermal-hydraulic criteria (flow rate and pressure loss). 
Uncertainties taken into consideration do not affect this conclusion. 

Keywords 

Americium Bearing Blanket (AmBB) fuels, Sodium-cooled Fast Reactor (SFR), pin pre-
design, thermo-mechanical design criteria, thermal-hydraulic criteria. 

Introduction 

High activity wastes are currently vitrified and planned to be stored in deep geological 
repositories. In order to reduce the radiotoxic inventory of vitrified wastes and the footprint 
of deep storage [1], research concerning solutions that could separate the most radiotoxic 
and long-lived elements from spent fuel and transmute them into non-radioactive or short-
lived ones in nuclear reactors is being carried out on an international level. Transmutation 
being only reasonably applicable for minor actinides (MA), (chiefly americium, 
neptunium, and curium) and the best transmutation performance being obtained in fast 
neutron reactors, MA incorporation into the fuel has become a prerequisite for  
Generation IV reactors to bring benefits in the disposal requirements by reducing the MA 
content in the high activity wastes [2]-[4]. Based on historical experience and knowledge, 
oxide fuels have emerged in Europe as the shorter term solution to meet the Generation IV 
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assigned performances and reliability goals. Two main MA-recycling options have been 
under consideration: 

• The homogeneous recycling mode, or Minor Actinide Driver Fuel (MADF) 
concept, where MAs are diluted in (U,Pu)O2 standard driver fuel at a low enough 
content (<3%) to limit the MA impact on the performance of the fuel and on the 
core safety as well as on the fuel cycle facilities, as far as possible.  

• The heterogeneous recycling mode on UO2 fuel located in radial core blankets, or 
Minor Actinide Bearing Blanket (MABB) concept, where MAs are concentrated in 
UO2 based fuels at a content of ~10% into the radial breeder blankets of SFRs core. 
In this concept, leakage neutrons allow MA transmutation. Due to the lower flux in 
these radial locations, heterogeneous recycling is inherently less efficient than 
homogeneous recycling in the internal core. However, its main advantage is a low 
impact on operating parameters and core safety [5]. In addition, the use of the UO2 
matrix as a support for MAs should ease developments, as UO2 behaviour under 
irradiation as well as UO2 reprocessing are well known, even if MA addition during 
fuel manufacturing will have to be optimised. 

At the beginning of investigations, experimental data on MABB fuels were scarce, with the 
unique irradiation SUPERFACT, performed in the PHENIX reactor in the 1980s [6][7]. In 
this experiment, the irradiation of U0.6Am0.2Np0.201.926 pellets irradiated at rather high linear 
heat rate led to a complete release of helium during irradiation and a highly porous fuel 
microstructure, consistent with high temperature operating conditions (calculated to be 
between 1 500°C to 1 900°C, not fully representative of MABB operating conditions). In 
addition, the occurrence of a weak Fuel-Cladding Mechanical Interaction (FCMI) and the 
absence of a central hole were noticed. 

Complementarily, a comprehensive R&D programme of MABB fuel qualification started 
in 2008, including, as a first stage, two separate-effect irradiation tests: MARIOS [8], 
irradiated within FAIRFUELS [9] and examined within PELGRIMM [10] FP7 European 
projects, and DIAMINO [11], implemented within the French national nuclear programme. 
They were completed by MARINE [12], the first semi-integral irradiation of AmBB fuels, 
carried out within PELGRIMM FP7 European project. 

In parallel of these experimental tests, in 2008, a first thermo-mechanical and thermal-
hydraulic pre-design of a MABB pin loaded with 20% of MA on a UO2 matrix was 
performed [13]. From a thermo-mechanical point of view, the main results of this first study 
were: 

• a high amount of produced and released helium leading to high pressurisation in 
the pin: the criterion on the cladding primary membrane stress was dimensioning; 

• to respect this criterion, and decrease the pin pressure, the plena heights had to be 
significantly increased.  

Consequently, the resulting volume fraction of MABB fuel in the core (as a percentage of 
fuel in the neutronic mesh, considering a 100% density fuel) was calculated to be between 
28% to 38% (instead of 41% in the neutronics scenario studies), so that the effective 
performances of the system had to be reassessed by neutronics studies. 

Finally, along with other transmutation studies (neutronics, fuel…), the analysis of this first 
pre-design study [13], led to consider the following new scenario: 
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• only americium transmutation to be considered as a first stage (AmBB fuel instead 
of MABB fuel); 

• reduction of the Am content down to 10% of heavy atoms (initially 20%); 

• reduction of the irradiation duration down to 1 940 EPFD (initially 4 100 EPFD); 

• no 180-degree rotation of the MABB subassembly at mid-irradiation. 

The objective of this paper is to update the first MABB pin pre-design study with these 
new considerations. The first part presents the pin modelling implemented in the fuel 
performance code GERMINAL V2.2 that has been adapted to the MABB specificities. The 
second part comments the calculation assumptions and the third part provides and discusses 
the results.  

Modelling and simulation 

GERMINAL V2.2 [14], part of the PLEIADES platform [15], is Commissariat à l’énergie 
atomique et aux énergies renouvelables’s (CEA) fuel performance code dedicated to the 
simulation of the irradiation behaviour of SFR (U,Pu)O2 mixed oxide fuel pins. The 
simulation of transmutation fuels in heterogeneous mode ((U,Am)O2 fuels), with a 
significant content of americium, requires adaptations of the models implemented in 
GERMINAL. The combined effect of high helium production, coming from alpha decays 
of MA isotopes formed from americium, with low temperatures, due to the use of a depleted 
UO2 matrix (no or few fissile isotopes), can potentially lead to high gaseous swelling related 
to high retention of helium and fission gases at low temperatures. The specific model and 
laws lastly implemented in GERMINAL and their verification are presented in the first 
paragraph of this section. The second paragraph describes the simulation parameters 
constituting the reference case for the pre-design study of the AmBB pin. 

Specific models and laws 

Gaseous swelling 
The main evolution implemented in GERMINAL V2.2 concerns a gaseous swelling model 
correlated to the high helium and fission gas retentions. This model aims to provide an 
“envelopeˮ estimate of the gaseous swelling, which maximises the pellet-cladding 
mechanical interaction resulting from the closure of the gap caused by the swelling of the 
pellet. This conservative approach is well adapted for a pre-design type study.  

The gaseous swelling of the (U,Am)O2 fuel is taken into account by the mechanical model 
as a stress-free strain, in addition to that induced by the solid swelling. The new gaseous 
swelling model implemented in the AmBB calculation scheme is largely inspired by the 
one describing the swelling of (U,Pu)O2 mixed oxide fuels in transient regime [16]. The 
main interest of this model is that it correlates the local maximum gaseous swelling to local 
retention of fission gases. 

For standard (U,Pu)O2 fuel pins and their high operating conditions, the assumption 
commonly adopted is that the produced helium is completely released. This assumption is 
well founded and verified by post-irradiation examinations for fissile pins, operating at high 
temperatures, but for AmBB pins operating at lower temperatures, it is no longer 
appropriate and it is necessary to estimate helium retention. The solution to assess the 
contribution of helium to gaseous swelling is to apply the fission gas (xenon, krypton) 
retention rate to the amount of produced helium. Thus, the helium contributing to gaseous 
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swelling is that produced in the pellet regions where the fission gases are retained. This 
assumption is conservative, thus consistent with a pre-design approach, because it leads to 
maximise the amount of helium contributing to gaseous swelling, since the fission gas 
retention rate maximises that of helium. 

In addition, for a pin pre-design study, a total helium release is still considered to determine 
changes in gas composition and pressure of the plenum. This assumption may seem 
inconsistent with the previous one adopted for helium retention evaluation, but the reason 
is that the combination of these two choices leads to maximise both the gaseous swelling 
induced by helium retention, and potentially the resulting fuel-cladding mechanical 
interaction, and also the plenum gas pressure evolution. In other words, the principle 
consists in maximising the mechanical loadings on cladding, in an “envelope” pre-design 
approach. 

Conductivity law 
A specific thermal conductivity law was developed and implemented in GERMINAL for 
(U,Am)O2 fuels. It consists of a law determined for a (U,Am)O2-x mixed oxide sub-
stoichiometric fuel sample (CP-ESFR4 sample [17]) with the following composition: 
U/M=85%, Am/M=15%, 1.93<2−x<1.95. 

The variation of the conductivity of this fuel sample as a function of temperature is 
described by the following correlation: 

λ0(T)=1/(3.369 .10-1+1.966 .10-4xT) 

This correlation is valid (i.e. deduced from thermal diffusivity experimental measurements) 
in the temperature range 800 K ≤ T ≤ 1 600 K. However, as Figure 1 shows, given the slow 
evolution of the values, extrapolation of the correlation outside the validity range is 
reasonably acceptable between [700 K-2 000 K], temperature range of interest for the 
present study. 

Figure 1: Thermal conductivity of a (U,Am)O2 sample as a function of temperature 

 

Fuel restructuring and actinides redistribution 
Fuel restructuring models (migration of porosities and formation of the central hole) and 
redistribution of actinides, used for standard (U,Pu)O2 fuels, are disabled in the AmBB 
calculation scheme by appropriate parameters assignments. Actually, these models 
(determining oxygen potential, chemical potential of oxides in vapour phase, partial 
pressures of these oxides and associated fluxes in the pellet) are adapted to (U,Pu)O2. As 

Validation domain
Evolution of the values

Extrapolation in the temperature range of interest
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the different oxide species and thermodynamic balances are material-specific, these models 
are therefore not applicable to (U,Am)O2 fuel, given the differences in material 
composition, the high amount of minor actinides and for which other species and balances 
should be considered. 

In addition, AmBB fuels contain throughout their stay in the core a low proportion of fissile 
isotopes, thus the operating thermal regime will be significantly lower than that of a fissile 
element. Therefore, it is reasonable to consider that the operating regime of AmBB fuels is 
significantly lower than the thermal activation thresholds of the transport/diffusion 
mechanisms leading to the migration of porosities and species. In other words, these 
mechanisms of fuel restructuring and actinides redistribution will not activate in AmBB 
fuels.  

Verification 
The verification of the AmBB calculation scheme is based on the simulation of the 
irradiation in PHENIX of SUPERFACT pin N°6 [6][7]. This pin is constituted of 
(U,Am,Np)O2−x fuel with (Am/M) = 19%, (Np/M) = 21% et 2−x = 1.926. The objective is 
to verify the predictions of the new gaseous swelling model. Figure 2 shows the calculated 
radial profile of gaseous swelling in the pellet at the maximum flux plane at end of 
irradiation (EOI), and the corresponding macrograph of the pellet.  

Figure 2: Gaseous swelling of SUPERFACT pin N°6 

a. Linear heat rate, fuel temperature and pellet-to-cladding gap as a function of time; 
b. Fuel temperature and gaseous swelling at EOI, as a function of pellet radius. 

a.  b.  

The prediction for the maximum gaseous swelling is very close to 15%, considered as 
“envelopeˮ value in order to increase the pellet-cladding mechanical interaction resulting 
from the closure of the gap caused by the swelling of the pellet. It occurs at a pellet radius 
of 1.4 mm (~ 0.5 r/r0). This is consistent with the fact that there is an intermediate area of 
the pellet with an optimum of gas retention and temperature leading to maximum swelling: 
the swelling decreases: 

• in the centre of the pellet, due to gas release which is predominant in high 
temperature regions; 

• and at the periphery of the pellet, due to a lower volume fraction of precipitated 
gases at lower temperature.  

The predictions of the gaseous swelling model are therefore physically consistent, and its 
amplitude in accordance with the targeted envelope value. 

0

20

40

60

80

100

120

140

160

180

0

200

400

600

800

1000

1200

1400

1600

1800

0 50 100 150 200 250 300 350 400 450

Pe
lle

t-t
o-

cl
ad

di
ng

 ga
p 

(µ
m

)

Fu
el

 te
m

pe
ra

tu
re

 (°
C)

, L
in

ea
r h

ea
t R

at
e 

(W
/c

m
)

Time (days)

Fuel temperature (°C)
Linear Heat Rate (W/cm)
Pellet-to-cladding gap (µm)

0

200

400

600

800

1000

1200

1400

1600

1800

0%

2%

4%

6%

8%

10%

12%

14%

16%

0.00E+00 5.00E-04 1.00E-03 1.50E-03 2.00E-03 2.50E-03 3.00E-03

Fu
el

 te
m

pe
ra

tu
re

 (°
C)

Sw
el

lin
g (

%
)

Radius (m)

      

gaseous swelling

fuel temperature

Centre Periphery

Area of maximum 
gaseous swelling

Metallographic examination
at the Maximum Flux Plane



126 |   
 

  
  

Simulation parameters of the AmBB pin reference case  
The scenario, neutronics characteristics, sub-assembly/pin geometry and materials detailed 
in the following paragraphs constitute the reference case for the AmBB pin pre-design 
study.  

Scenario and neutronics characteristics 
Americium transmutation is supposed to take place in a 3 600 MWth system core. A 
schematic diagram of a typical ASTRID-type core considered for this study is represented 
on Figure 3. This study concerns the hottest AmBB subassembly : red circle on Figure 3.  

Figure 3: Position of the dimensioning subassembly in the core 

 

The selected scenario is the following: 

• irradiation duration: 1940 EFPD (5 cycles of 388 EFPD); 

• no 180 degree rotation of the subassembly between cycles; 

• inter-cycles duration not taken into account in the calculations; 

• cooling down (zero power and 25°C temperature) at the end of irradiation. 

The fuel neutronics characteristics are: 

• americium in a uranium oxide matrix : (U,Am)O2-x; 

• fuel fraction (U,Am)O2-x in the subassembly = 41.6%; 

• chemical composition: Am/(U + Am) = 10%; 

• americium isotopic composition: 80% of 241Am and 20% of 243Am; 

• cross-sections, dose, linear power evaluated by neutronic calculations and provided 
on input to GERMINAL V2.2. 

Sub-assembly/pin geometry and materials 
The geometrical data of the subassembly and pin considered for the study are summarised 
in Table 1. 
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Table 1: Geometrical data of the AmBB pin and subassembly 

Data Value Data Value 
Pellet diameter  8.45 .10-3 m Internal width of hexagonal wrapper tube 0.2083 m 
Initial pellet-cladding gap  125 µm External width of hexagonal wrapper tube 0.1993 m 
Cladding internal diameter  8.7 .10-3 m Inter-assembly gap 4.5 .10-3 m 
Cladding external diameter 9.7 .10-3 m Neutronic mesh 2.25 .10-3 m 
Spacer wire diameter 1.0 .10-3 m Number of rows 8 
Spacer wire step 0.225 m Inferior fertile zone height 0.3 m 
Pin mesh  13.18 .10-3 m Na section of the bundle 1.82 .10-2 m² 
Inferior plenum height 0.830 m Wet perimeter of the bundle 7.99 m 
Superior plenum height 0.071 m Hydraulic diameter of the bundle 9.1 .10-3 m 

 

The cladding is in austenitic steel 15-15 Titanium grade D4, precursor of AIM1 [18]. 

The (U,Am)O2-x fuel has the following characteristics: 

• density of the pellet compared to its theoretical density: 88%; 

• porosity: 12%, essentially open porosity; 

• O/M ratio: 1.995. 

Results of pre-design of an AmBB pin  

The evolution of parameters with irradiation, fuel and cladding behaviour are discussed in 
the first paragraph of this section, for the AmBB pin reference case (without uncertainties). 
Then, the pre-design criteria and corresponding calculated pre-design results are detailed. 
Finally, in the last paragraph of this section, the uncertainties on the data related to the 
geometry and the behaviour of the pellet and cladding are taken into account and the results 
are presented. 

Evolution of parameters with irradiation, fuel and cladding behaviour 

Linear power, dose and burn-up  
The linear power, burn-up and dose evolution with irradiation are represented on Figure 4. 
The maximum linear heat rate (LHR) at the maximum flux plane (MFP) is 70.2 W/cm at 
the EOI. This value is low compared to that of a standard fuel (> 400 W/cm). The 
consequence of this low value is that the fuel remains “cold”, which limits both the internal 
pressure in the fuel pin and the release of helium and gaseous fission products. This could 
lead to an increased swelling of the pellet due to this high gas retention (see section below 
on strain and swelling of the fuel and cladding, pellet-cladding gap). 

At the end of irradiation (1940 EFPD), the maximum dose is 63.1 dpa and the averaged 
burn-up over the height of the fissile zone is only 1.52 at% (14.6 GWd/tHM). This low value, 
related to the assumptions on irradiation duration and Am content, will lead to a low solid 
swelling of the fuel. Its averaged value is estimated to be approximately 1%, but is quite 
dependent on temperature. The maximum burn-up at MFP at EOI is 2.4 at%, corresponding 
to 45 µm increase of pellet diameter.  
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Figure 4: Linear power, dose and burn-up as a function of irradiation time 

 

 

Helium and fission gas production and release, internal pressure 
Figure 5 shows helium and fission gases (FG) Xe and Kr production and release, as well 
as the internal pressure of the pin as a function of irradiation time. The volume of gas 
formed at EOI (at hot state) is 194.5 cm3 for FG (green curve) and 598 cm3 for helium (blue 
curve). As specified above, as the fuel remains cold, the FG release is negligible (red curve), 
and the consequence is an almost total gaseous retention with a potential gaseous swelling 
of the pellets.  

The maximum value of the internal pressure in the fuel pin is 27.4 bar (orange curve) with 
the assumption of total helium release. With this conservative assumption, this value is 
compatible with quite high margins with regards to the RAMSES thermo-mechanical 
criteria (see section below on thermo-mechanical criteria (RAMSES criteria) and thermo-
mechanical behaviour of the cladding). 

Figure 5: Helium and fission gas production and release, internal pressure 

 

 

Strain and swelling of the fuel and cladding, pellet-cladding gap 
Figure 6 shows the main mechanisms contributing to the fuel total deformation (purple 
curve): gaseous swelling (blue curve) and inelastic deformation (green curve), as a function 
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of the pin height. The closure of the pellet-to-cladding gap (orange curve) can be seen 
between 622 mm and 958 mm (0.52 and 0.8 h/h0), which is consistent with Figure 7 where 
the fuel surface temperature matches the cladding internal surface temperature (see section 
below on thermal design criteria and temperature of the fuel and cladding). 

In all the following graphs representing the evolution of the parameters as a function of the 
pin axial height, 0 mm represents the bottom and 1 200 mm the top of the pin. 

Figure 6: Strain and swelling of the fuel and cladding, pellet-cladding gap 

 

 

Design criteria 

Thermal design criteria and temperature of the fuel and cladding  
In this study, the thermal criterion for the fuel pellet consists in the verification that the 
margin to melting is higher than 300°C; this margin is usually considered for (U,Pu)O2 fuel 
[19]. 

Another thermal criterion is the nominal cladding temperature (NCT), which is the 
maximal temperature of the hottest cladding of the subassembly. It is imposed to be NCT 
= 620°C to avoid cladding thermal-activated creep and to preserve margin to melting in 
fuel. The respect of this criterion is guaranteed by the sub-assembly cooling (see III.2.1). 

We can see in Figure 7 that at EOI, the fuel centre temperature does not exceed 825°C. The 
margin to melting is considerable (~ 2 000°C). Another consequence of this low thermal 
regime is that no central hole could form in the pellet. On either side of the MFP, the fuel 
surface temperature matches the cladding internal surface temperature, showing a closure 
of the pellet-to-cladding gap, probably leading to fuel cladding mechanical interaction (see 
also Figure 6).  
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Figure 7: Temperature of the fuel and cladding 

 

 

Thermo-mechanical criteria (RAMSES criteria) and thermo-mechanical behaviour 
of the cladding 
Three criteria define the margins to failure of the cladding. They are the so-called RAMSES 
criteria: 

• R1 criterion relates to the primary membrane stress (Pm); it has to be higher than 
1 at any time during irradiation in order to validate the design of the cladding (for 
this criterion): 

 
with Rm: tensile strength, Rp0.2 : yield stress for 0.2% plastic deformation and Pm : 
general primary membrane stress. 

• R2 criterion shows, in addition to the primary membrane stress, the general flexion 
stress, |Pl+Pb|; it has to be higher than one at any time during irradiation in order to 
avoid reaching the limits of the cladding material: 

 
with Pl+Pb: general primary bending stress and K = 1.5 for the cladding in nominal 
operating conditions. 

• R3 criterion compares the total local Von Mises stress (σ) with the local material 
properties (0.8Rp0.2); it has to be higher than one to avoid reaching the limits of the 
cladding material: 

 
• An additional criterion for creep usage fraction, U, has been defined; it has to be 

less than 1 at any time during irradiation in order to avoid reaching the creep limits 
of the cladding material. 
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Figure 8 shows the evolution of R1, R2 and R3 criteria along the pin, for the studied AmBB 
pin reference case. The three criteria are minimum at EOI, at the top of the pin: R1min = 3.7, 
R2min = 5 and R3min = 8.3. The three RAMSES criteria are widely respected. In addition, the 
U criterion for creep usage fraction is U ~ 7.3 10-9 << 1. The criterion is respected and the 
margin is huge. 

Figure 8: RAMSES criteria along the pin at EOI 

 

 

Thermal-hydraulic pre-design criteria and results 
The AmBB subassembly must be coolable. Since the nominal cladding temperature is 
620°C in the GERMINALV2.2 calculations, the thermal-hydraulic calculations first 
determine the necessary flow rate to guarantee this temperature when the highest power of 
the subassembly is reached. Once the flow rate known, the pressure loss in the pin bundle 
of the AmBB subassembly is deduced. The calculated values are then compared with the 
flow rate and pressure loss of a typical ASTRID bundle in order to check that: 

• the cooling flow rate is compatible with the flow rate range of SFR sub-assemblies, 
among which ASTRID ones (~4 kg/s to ~40 kg/s); 

• the bundle pressure loss is acceptable and compatible with the loss of total core 
load (i.e. lower and limited to a maximum between ~1.5 and ~1.8 bar, bundles with 
lower pressure may require the use of a diaphragm to reach these values). 

For these thermal-hydraulic calculations, the evaluation of cooling flow rate and pressure 
loss of the bundle is performed with the assumption of independent sub-channels. This 
approach is conservative since it maximises the flow rate and pressure loss. The 
subassembly is supposed to be adiabatic. 

The following results are obtained: 

• the dimensioning time is EOI; 

• the required flow rate to cool the bundle is ~ 7 kg/s; 

• the pressure loss related to the bundle is ~ 0.013 bar; 

• at the beginning of the cycle the average bundle temperature is ~ 74°C, and the 
NCT is 534°C; 
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• at the end of the cycle the average bundle temperature is ~ 123°C, and the NCT is 
620°C.  

In conclusion, the required flow rate to cool the bundle is consistent with an ASTRID 
subassembly, but the bundle pressure loss is much lower than that of the ASTRID core. 
Such a subassembly will require the use of a diaphragm to achieve a higher pressure loss.  

Influence of uncertainties 
Uncertainties are not taken into account in the results of the previous section (reference 
case). Uncertainties to be considered should be high due to high uncertainties on: 

• gap size (linked to gaseous swelling); 

• gaseous release; 

• linear heat rate (due to neutron flux gradient); 

• fuel composition and thermal conductivity. 

The influence of some of them are taken into account in the present section. The objective 
of this study is not to assess the influence of all uncertainties since they are not yet all 
known at this stage. The conservatisms taken into account in this study are the following: 

• minimum cladding thickness = 0.46 mm (nominal value used for fuel sub-
assemblies = 0.5 mm); 

• diminution of the expansion volume height (EVH) in the ratio as follows: x0.99 for 
the lower EVH and x0.96 for the upper EVH; 

• complete release of helium and fission gases; 

• maximisation of internal and external corrosion speed (maximum standard laws in 
GERMINAL V2); 

• maximum cladding temperature = 630°C.  

The results show that these different conservatisms do not modify the conclusions obtained 
for the reference case. The thermal and thermo-mechanical (RAMSES criteria) pre-design 
margins are still high, as shown in Table 2, which summarises the results obtained for the 
reference case and for the case with uncertainties. 

Table 2: Comparison between results obtained for the reference case  
and for the case with uncertainties 

Data Reference case Case with uncertainties 
Initial pellet diameter  8.45 .10-3 m 8.45 .10-3 m 
He volume produced 598 cm3 598 cm3 
FG volume produced 194 cm3 194 cm3 
Pellet-cladding gap at EOI Gap closure No gap closure 
Pressure 27.4 bars 36.3 bars 
R1 criterion 3.7 3.3 
R2 criterion 5.0 4.5 
R3 criterion 8.3 7.5 
Creep usage rate 7.3 .10-9 2.1 .10-8 
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Conclusion 

This paper presents the results of a pre-design study of an AmBB pin performed with the 
GERMINAL V2.2 fuel performance code of the PLEIADES simulation platform. 

A calculation scheme dedicated to the AmBB pin was developed and implemented with 
the following specificities: 

• gaseous swelling model correlated to fission gas retention and helium production; 

• internal pressure calculation assuming total helium release; 

• thermal conductivity law specific to (U,Am)O2 fuel; 

• no activation of the standard (U,Pu)O2 fuel restructuring (migration of porosities 
and formation of the central hole) and redistribution of the actinides. 

The data used in this study are the following: 

• geometry of the fuel subassembly of ASTRID-type outer core; 

• 10% americium loaded in a UO2-x matrix; 

• irradiation time: 1940 EFPD in five operating cycles of 388 EFPD; 

• no 180 degree rotation of the subassembly at mid-life. 

The results of this study show that all the pre-design criteria are respected and the thermal 
and thermo-mechanical margins are high, even when taking into account the uncertainties. 
A first thermal-hydraulic pre-design of the reference case, performed with the assumption 
of independent sub-channels (envelope approach) shows that the required flow rate and 
pressure loss remain compatible with that of SFR, including ASTRID. 

These conclusions open the path, from the AmBB pin behaviour point of view, to 
improvement possibilities. The AmBB pin pre-design shows high margins, suggesting that 
increasing both the Americium content and the irradiation time could be possible (without 
considering the constraints related to the fuel cycle). Considering the fuel thermal margins 
and the cladding thermo-mechanical margins (low internal pressure), a promising 
improvement could be to increase the pin diameter. The consequence would be an increase 
of the fuel proportion in the subassembly, leading to an increase of the linear power at the 
end of irradiation. Thus, the fuel temperature would be higher, which would enhance gas 
release and reduce swelling and risk of pellet-cladding mechanical interaction. Another 
potential advantage would be a lower number of pins to fabricate, but with a different 
geometry than standard driver fuel pin. In parallel, R&D efforts on fuel fabrication have 
been pursued to increase open, interconnected fuel porosity in order to favour gas release. 
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Post-irradiation examinations of molybdenum based 
inert matrix fuels from the FUTURIX-FTA experiment 

D. Freis1, C. Andrello1,2, F. Delage2, P.Poeml1, D.Papaioannou1 
1JRC-Karlsruhe, Germany; 2CEA, France 

In the framework of the FUTURIX-FTA experiment, which was conducted as an 
international programme between the Commissariat à l'énergie atomique et aux énergies 
alternatives (CEA), the Joint Research Centre (JRC) Karlsruhe, the US Department of 
Energy (DOE) and the Japan Atomic Energy Agency (JAEA), and partly implemented 
within the framework of the FP-6 EUROTRANS (2005-2010) and FP-7 FAIRFUELS 
(2009-2015) projects, eight different advanced fuels for transmutation of minor actinides 
were prepared and investigated for their irradiation performance in the Phénix fast reactor 
from 2007 to 2009. Two of these fuel samples (FX-5 and FX-6) were molybdenum based 
CERMETs, which were prepared at the JRC-Karlsruhe and contained two different 
amounts of americium (0.3 and 1.0 g/cm³). After an effective irradiation time of 235 
effective full power days (EFPD) at a circa 130 W/cm linear heat rate and reaching burn-
ups of 18%FIHMA and 13%FIHMA, the two CERMET fuel containing pins were shipped 
back to JRC-Karlsruhe for post-irradiation examination (PIE) in February 2015. 

After arrival at the JRC, the two pins were first investigated by Non-Destructive 
Examination (NDE) methods, such as gamma spectroscopy, pin length measurements, 
profilometry and gas puncturing, and the results were reported at the 14th International 
Exchange Meeting on Actinide and Fission Production Partitioning and Transmutation 
(IEMPT) in San Diego in October 2016. First observations after the NDE were relatively 
low volatile fission product migration from the CERMET pellets, low fission gas release 
into the free pin volume and low pellet swelling, indicating already that probably no fuel 
cladding mechanical interaction occurred. After the NDE both fuel pins were segmented, 
the CERMET pellets were recovered completely intact and were then investigated by 
destructive PIE, including visual inspection, ceramography, hydrostatic density 
measurements, Scanning Electron Microscopy (SEM) and Electron Probe Micro Analyses 
(EPMA), as well as thermal diffusivity measurements. 

The current contribution will briefly summarise the fabrication and irradiation history of 
FX-5 and FX-6 and recapitulate the main results of the NDE. After this, the results of the 
destructive PIE will be presented together with their analyses, and conclusions will be 
drawn on the irradiation performance and potential improvement of molybdenum based 
CERMET fuels for transmutation.  
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MARIOS irradiation on (U0.85Am0.15) O2 transmutation targets: 
Post-irradiation examinations 

C. Sabathier*, N. Robert, L. Fayette, T. Blay, I. Felines, K Hanifi, 
I. Roure, P. Bienvenu, S. Schlutig, L. Brunaud, A. Gallais-During 

CEA, France 

The main objectives of the MARIOS analytical irradiation experiment performed in the 
High Flux Reactor (HFR) in Petten, the Netherlands, are to investigate: i) the behaviour of 
U0.85 Am0.15O2 transmutation targets, and ii) the release of helium produced in high 
concentrations in the targets together with the resulting swelling. To this end, two types of 
fuels – one regular with high density and the other with tailored porosity – were irradiated 
between 2011 and 2012 at two target temperatures of 1 000°C and 1 200°C. 

This study describes the results of the first post-irradiation examinations performed on fuel 
discs taken from MARIOS pins 1 and 4, involving either a dense microstructure (pin 1) and 
a microstructure with open, interconnected porosity, dubbed “tailored porosity” (pin 4). 
Pins 1 and 4 were irradiated at a temperature close to 1 000°C. The main results show that 
the fuel discs with tailored porosity from pin 4 were mostly found intact, which was not the 
case for pin 1. To be able to reliably compare the pre- and post-irradiation hydrostatic 
densities, it must first be made sure that the hydrostatic densities of the green discs only 
take into account closed porosity. When it was possible to compare the results, they 
revealed densification in the discs with tailored porosity (pin 4). For samples with a dense 
microstructure from pin 1, however, only one disc could be measured due to fragmentation 
of the others; taking into account the related uncertainties, there was no change in the 
density.  

The microanalyses performed on discs from pin 1 and pin 4 revealed a heterogeneous 
microstructure with U-rich areas and Pu-Am-Cm-rich areas with co-localisation of these 
elements (this heterogeneous microstructure was also observed on the green discs). It was 
no longer possible to see Xe in the grain boundaries in areas on the periphery of the discs 
that were rich in Pu. Whereas the Xe signal was constant in the other parts of the discs. 

In particular, it was possible to characterise He produced by α-decay along the radius of 
the disc from pin 1 using secondary ion mass spectroscopy (SIMS). A considerable amount 
of He with a higher bubble concentration at mid-radius was observed. Considering the low 
fission rate (1.2%), apparent swelling in the discs from pin 1 could not be detected by 
macroscopic measurements (geometric density), but the results obtained by X-ray 
diffraction (XRD) showed that the lattice parameter increased by 0.33%; induced by the 
effects of alpha decay and irradiation.  

The calculated and experimental transmutation and fission rates for pins 1 and 4 were in 
very good agreement. So the MARIOS irradiation performed at 1 000°C proved that Am 
transmutation was possible and the majority of the discs with the higher open porosity were 
found intact.  

                                                      
*Corresponding author 
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A conceptual design of fuel production line applying the simplified MA-
bearing MOX fuel fabrication process for fast reactors  

and accelerator-driven systems 

Y Yamada*, K Ishii, T. Segawa, M Kato 
Japan Atomic Energy Agency, Japan 

The Japan Atomic Energy Agency (JAEA) has proposed the transmutation of minor 
actinides (MAs) by both fast reactors (FR) and accelerator-driven systems (ADS) as a way 
to contribute significantly to a reduction in the volume and potential radiotoxicity of 
radioactive waste. In addition to that, the JAEA has proposed the simplified mixed oxide 
(MOX) fuel fabrication process to decrease the fabrication cost. In previous study reports, 
it was shown that the simplified MOX fuel fabrication process would be applicable to the 
fabrication of MA-bearing MOX pellets for both ADSs and FRs by a preliminary test using 
simulated materials. This report describes a conceptual design of an engineering-scale fuel 
production line applying the simplified MA-bearing MOX fuel fabrication process as a first 
step for preparing mass production development of high MA-bearing MOX pellets.  

The aims of this engineering-scale fuel production line, which is from powder weighing to 
fuel pin assembling, are: 

1. to provide MAs-rich MOX fuel for both FRs and ADSs; 

2. to verify the performance of the maintenance and repair for each apparatus by using 
manipulators; 

3. to demonstrate a fully automated and remotely operated fuel production line for 
preparing mass production in the future. 

The cell type structure was adopted for each apparatus that makes up the fuel production 
line based on the results of calculating the effective dose. The history of operation problems 
and contents of maintenance tasks, which were encountered through operation of the 
Plutonium Fuel Production Facility in the JAEA, were investigated. Both the apparatus 
design and the layout design, which are capable of performing maintenance and repair work 
with the Master-Slave manipulators, were conducted. 

As a result, the new engineering-scale line will be able to fabricate high MA-bearing fuel 
pins and maintenance and repairing for each piece of equipment will be done by using 
Master-Slave manipulators. The productive capacity of this fuel fabrication line will be 
approximately 80 kg-MOX fuel per year with operations over 200 days, 8 hours a day. 

An engineering-scale fuel production line will be constructed based on this concept and 
development plan.  

                                                      
*Corresponding author 
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R&D on advanced plutonium and minor actinide bearing fuels at NNL 

D. Shepherd, K. Fitzgerald, P. Glenville, D. Goddard, T. Griffiths, C. D. Hartley, 
C. Maher, M. Sarsfield 

National Nuclear Laboratory, United Kingdom 

In recent years, the National Nuclear Laboratory (NNL) has investigated the potential for 
advanced plutonium and minor actinide bearing fuels, in particular in fast reactor fuel 
cycles (both sodium-cooled fast reactors [SFR] and gas-cooled fast reactors [GFR]) as 
well as the use of advanced production technologies. R&D has been undertaken in order 
to address key challenges in NNL internal, UK national and European programmes 
including FP7 projects GoFastR, ASGARD, MatISSE, ESNII+, NUGENIA+ SPARK and 
H2020 project INSPYRE. 

Modelling capability has been established in NNL’s ORION and BADGER codes to 
understand the fuel cycle impact of fast reactors in terms of sustainable use of fissile 
resources and reduction of repository heat loading through americium transmutation. Fuel 
design and performance has been reviewed in literature and refined through development 
of the UK TRAFIC code for both (U,Pu)O2 mixed oxide (MOX) Pu and mixed carbide 
(U,Pu)C fuels. 

A particularly detailed understanding has been acquired of oxygen and plutonium 
redistribution in fast reactor MOX during irradiation by conducting an extensive review. 
The mobility of both elements can strongly affect fuel performance. For example, oxygen 
can have a significant effect on the internal corrosion of fuel cladding. This review included 
data from the UK prototype fast reactor (PFR) programme and has been incorporated into 
the European catalogue of fast reactor MOX properties. 

Mechanistic knowledge of radiation and thermally induced defect migration in fast reactor 
MOX fuels and their potential effect on the thermal and mechanical properties is now being 
generated using advanced Adaptive Kinetic Monte Carlo (AKMC) methods. 

Fabrication has been tested using uranium-based surrogates with MOX and mixed carbide 
fuels. In particular, carbide designs for fast reactors have been trialled, which confirmed 
that nickel is a beneficial additive but that carbide is not a suitable host for americium. 
Dual density carbide pellets were also made and reprocessing experiments conducted. In 
addition, spark plasma sintering (SPS) of a surrogate MOX pellet has been investigated 
using (U,Ce)O2. Technology for nitride, metal and sol-gel production alternatives has also 
been reviewed. 

Introduction 

One of the main challenges for nuclear power is to use available actinide fuel resources as 
sustainably as possible and to minimise the production of radioactive waste requiring 
disposal. This is potentially best achieved through the recycling of plutonium (Pu) and 
minor actinides (MAs), especially americium (Am) from irradiated fuel. 
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Generation IV sodium, lead- and gas-cooled fast reactors (SFR, LFR and GFR) in particular 
are capable of replenishing the fissile material that they burn via the breeding of fresh 
plutonium. In addition, only negligible quantities of minor actinides are produced and fast 
reactors can also potentially burn minor actinides produced in thermal reactors. Thus the 
sustainability of the fuel cycle can be significantly increased. 

The National Nuclear Laboratory’s (NNL) involvement with plutonium and minor 
actinide-bearing fuel R&D was partially reactivated through participation in the Euratom 
Framework 7 (FP7) GoFastR project and successor work has been undertaken in further 
Euratom projects: FP7 ASGARD, FP7 MatISSE, FP7 ESNII+ and Horizon 2020 (H2020) 
INSPYRE. Work has also been undertaken in the UK national programme, initially in the 
form of a technology readiness level (TRL) assessment of advanced fuel types [1] including 
Pu and MA-bearing – see Figure 1. Projects are summarised over the following sections. 

Figure 1: TRL assessment of advanced fuels including Pu and MA-bearing fuels

 

Source: Shepherd et al., 2015.   
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FP7 GoFastR – GFR fuel and clad design, and impact on actinide inventory 
The FP7 GoFastR project ran for three years from 2010 to 2013 and received contributions 
from 22 institutions across 9 European countries [2]. 

The GFR concept is targeted at operating at significantly higher temperatures than fast 
reactor designs using other forms of coolant. This would allow for more efficient electricity 
generation and the supply of process heat for other high-temperature applications such as 
hydrogen gas production. The GoFastR project focused on the development of the designs 
for both the ALLEGRO demonstrator reactor (75 MWth) proposed in the Slovak Republic 
and a potential successor GFR commercial design (2 400 MWth, 750 MWe). 

Fuel performance and safety of ALLEGRO initial low-temperature core 
It was intended that ALLEGRO would operate initially using a lower temperature core 
using a more conventional fuel design with MOX clad (25 mol% PuO2) in AIM1 austenitic 
stainless steel. The NNL was tasked with assessing the fuel performance and safety of this 
initial design. This was achieved using the UK-developed TRAnsient Fuel Interpretive 
Code (TRAFIC), which models a single fuel pin and sub-channel over a wide range of 
design and operating conditions. 

Fuel performance was modelled initially under normal operating conditions for the low-
temperature core (outlet 530°C). The predicted radial temperature profile across the fuel 
and clad at the time in the irradiation cycle of highest centreline temperature is shown in 
Figure 2. 

Figure 2: Predicted radial variation in temperature at the time of maximum  
fuel centreline temperature 

 
Source: Euratom FP7 GoFastR project (2010-2013). 

A number of different possible accident transient scenarios were then modelled, with the 
fuel centreline temperature versus time displayed in Figure 3: 

• large break protected loss of coolant accident (LB-PLOCA); 

• small break protected loss of coolant accident (SB-PLOCA); 
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• unprotected loss of flow accident (ULOF). 

Figure 3: Predicted fuel centreline temperature in various accident scenarios 

 

Source: Euratom FP7 GoFastR project (2010-2013). 

This analysis predicted that the ALLEGRO safety systems would be appropriate and 
adequate in retaining pin integrity. This confirmed the viability of the ALLEGRO MOX 
starting core. The potential for further extended burn-up to improve economics and pin 
surface roughening was also evaluated. Pin surface roughening during normal operating 
conditions was not predicted to be necessary. However, it may be necessary when the 
limiting pin is operated at higher temperatures and during certain transient overpower 
conditions. 

Fuel and clad materials for ALLEGRO high temperature core 
Advanced cladding materials will be required for subsequent ALLEGRO higher 
temperature cores, which are cutting edge materials for both nuclear and non-nuclear 
applications. Therefore an extensive literature-based evaluation (over 3 000 papers) was 
conducted to determine the neutronic, thermophysical and mechanical properties of 
potential cladding materials as well as their technology readiness and availability. 

This concluded that a composite material consisting of continuous silicon carbide fibres in 
a silicon carbide matrix (SiCf/SiC) was the most promising candidate cladding material. 
Development of SiCf/SiC has proceeded rapidly in recent years and has yielded 
improvements in stability of the structure and mechanical properties under high 
temperature irradiation. Vanadium alloys or oxide dispersion strengthened (ODS) steels 
were identified as possible lower operating temperature alternatives. The latter is now the 
subject of an EPSRC (Engineering and Physical Sciences Research Council) and NNL 
sponsored PhD at University of Oxford [3]. 

However, significant further optimisation of SiCf/SiC will be required in order to produce 
cladding that is acceptable for use in ALLEGRO fuel, and additional protective technology 
will be required. The most important development needs identified were retaining good 
thermal conductivity under irradiation, maintaining hermetic sealing of the cladding to the 
helium coolant and mobile fission products, and suitable corrosion and erosion resistance 
in GFR conditions (later evaluated as discussed under FP7 MatISSE). The most promising 
protective technology was a tantalum diffusion barrier for SiCf/SiC to ensure hermetic 
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sealing. However, the available property data for tantalum alloys was limited, in particular 
for irradiated material. 

A fuel design for the ALLEGRO high-temperature core with carbide fuel and SiCf/SiC clad 
was subsequently evaluated using TRAFIC with supporting experiments as discussed 
under FP7 ASGARD. MOX fuel was to be evaluated further in FP7 ESNII+ and H2020 
INSPYRE. 

Strategic assessment of potential impact of GFR in the fuel cycle 
The potential impact of integrating commercial GFRs into future fuel cycle scenarios with 
pressurised water reactors (PWRs) was assessed in terms of fuel manufacturing 
requirements and the radiotoxicity of spent fuels. The distribution of key nuclides including 
plutonium, minor actinides and fission products in these scenarios was predicted using the 
NNL’s ORION fuel cycle modelling software. Figure 4 shows an example of using the 
ORION interface. 

Figure 4: ORION interface for scenario for operation of 13 AP1000s followed by 1 GFR 

 

 

Source: Euratom FP7 GoFastR project (2010-2013). 

This work concluded that GFRs could be operated in a sustainable manner with sufficient 
replenishment of plutonium to require no future uranium enrichment. Alternatively, GFR 
could also be reconfigured to reduce plutonium stockpiles if this was desired. Whichever 
option is chosen, it was demonstrated that GFRs could be successfully integrated with a 
modern PWR fleet. The results in Figure 5 also showed that GFRs could be used to reduce 
minor actinides in the fuel cycle. 
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Figure 5: Mass of MAs in scenario with 6 AP1000s and 5 EPRs operating  
and then 7 GFRs from 2113 

 

Source: Euratom FP7 GoFastR project (2010-2013). 

FP7 ASGARD – Design, manufacturing and recycling of carbide fast reactor 
fuels 
FP7 ASGARD (Advanced fuelS for Generation IV reActors: Reprocessing and 
Dissolution) researched advanced nuclear fuels for Generation IV fast reactors from 2012 
to 2016 with an emphasis on fabrication and reprocessing [4]. It was a collaboration of 16 
institutions from 9 European countries. The NNL led the work on carbide fuel. 

Mixed carbide (U,Pu)C fuels have been evaluated for fast reactors for decades and many 
irradiation experiments have been performed globally. They are attractive because their 
higher thermal conductivities compared to oxide fuels gives the potential for increased 
safety margins. Heavy metal density is also greater than MOX and so fissile breeding is 
more efficient. 

However, as fuel temperatures are reduced, little or no restructuring occurs so release of 
fission gas is low and the fuel can be vulnerable to high swelling. In addition, in a powder 
form, carbide fuel is potentially pyrophoric (self-igniting), which complicates conventional 
dry manufacturing. There can also be issue of direct reprocessing as undesirable species 
can form upon reaction with nitric acid. 

Design and manufacturing 
A preliminary design for SFR carbide fuel was developed by the NNL using the TRAFIC 
fuel performance modelling code to minimise the problematic swelling of carbide fuel. This 
aimed for fully stoichiometric fuel with a U/Pu:C ratio of 1. Density of 85% of theoretical 
was targeted with a grain size of 8 µm. Nickel additive (0.1wt%) was specified to promote 
fuel creep during operation and reduce stress on the clad associated with swelling. 
Plutonium concentration was 23% of total heavy metal with a minor actinide addition 
(principally americium) of up to 5% considered. 

Trials were then undertaken to attempt to make this design using only uranium carbide [5] 
(no Pu was used to reduce the radiotoxic hazard). It was necessary to control the pyrophoric 
hazard by using equipment that operates under an inert (argon) atmosphere, some of which 

0

10

20

30

40

20
10

20
15

20
20

20
25

20
30

20
35

20
40

20
45

20
50

20
55

20
60

20
65

20
70

20
75

20
80

20
85

20
90

20
95

21
00

21
05

21
10

21
15

21
20

21
25

21
30

21
35

21
40

21
45

21
50

21
55

21
60

21
65

M
in

or
 A

ct
in

id
es

 (t
on

ne
s) PWR buf

Pu & Mas
Fr Pu MA
Fr buf



  | 145 
 

  
  

was of the NNL’s own design. Microscope sample preparation was performed using 
lubricating oil with a high ignition temperature. The new equipment as shown in Figure 6 
was installed and commissioned. 

Figure 6: New equipment installed for pyrophoric fuel manufacture and analysis 

   

  

Source: Euratom FP7 ASGARD project (2012-2016).  

Mills Press Furnace 

Sample preparation: saws and resin mounting Sample preparation: grinder-polisher 
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Figure 7: Best developed flowsheet in project for carbide fuels production 

 

Source: Euratom FP7 ASGARD project, (2012-2016). 

The flowsheet developed during the course of the manufacturing trials is shown in  
Figure 7. Pellets were made as shown in Figure 8. As shown in Figure 9, the nickel had the 
effect of increasing the density beyond the 85% target to roughly 89% which was stable 
after resinter testing at temperatures similar to the initial predicted irradiation temperature. 

Figure 8: Manufactured UC pellets diameter ~10mmm with 0.1wt%Ni (right: cross-section) 

   

Source: Euratom FP7 ASGARD project (2012-2016). 
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Figure 9: UC pellet density vs sintering time with and without nickel additive 

 
Source: Euratom FP7 ASGARD project (2012-2016). 

The grain size as seen in Figure 10 was ~50 µm versus the aimed for 8 µm. This was 
considered acceptable as initial grain size is not a significant factor affecting fuel 
performance, as significant grain restructuring occurs rapidly under irradiation, reaching 
saturated sizes largely independent of the starting value. 

Figure 10: UC pellet microstructure with 0.1wt%Ni 

  
Source: Euratom FP7 ASGARD project (2012-2016). 

The fuel was nearly fully stoichiometric uranium monocarbide (C:U ≈1) and highly phase 
pure with a measured UC content by X-ray diffraction (XRD) of 99.6% – see Figure 11. 
Some demonstration of process recycle was achieved (as per green boxes in Figure 7) 
which is an important production plant consideration. 

The addition of a minor actinide surrogate (neodymium) at 5 mol% of heavy metal content 
was not successful, as it was largely volatilised during the early part of carbothermic 
reduction. This is considered representative of americium and is in line with experience in 
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literature [6]. Alternative production methods, such as sol-gel based ones, should therefore 
be used for carbide fuel with minor actinide additions. 

Figure 11: XRD of produced UC powder 

 
Source: Euratom FP7 ASGARD project (2012-2016). 

Dual density UC pellets with a denser inner region were also made using the process shown 
in Figure 12. The densities of both regions were too low compared to the suggested design 
to further combat swelling. This could potentially be improved by adjusting pressing 
parameters and reducing the pore former addition. Some cracking occurred during sintering 
heat-up so future trials should potentially use a slower heating rate. Modelling suggested 
that the dual density benefit would be lost as the difference would anneal out under 
irradiation. However, initial resinter testing indicated that the structure may in fact be 
stable. 

Figure 12: Dual density pellet process and produced fuel (right) 

 
Source: Euratom FP7 ASGARD project, (2012-2016). 
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In total, approximately 400 g of carbide fuel was produced in the project and a maximum 
line capacity of approximately 100 g/week achieved. The line is also potentially suitable to 
be used in the production of other fuel types requiring inert atmosphere fabrication such as 
nitrides. Since the conclusion of the ASGARD project, uranium silicide (U3Si2) pellets have 
been pressed and sintered targeting accident-tolerant fuel (ATF) application in light water 
reactors (LWRs). 

The fuel design was then re-evaluated considering the density and grain size achieved with 
the nickel dopant in the production trials. The target reactor was also changed to 
ALLEGRO as carbide fuel is the reference design for the high-temperature core (it is not 
considered as a primary option for the ASTRID SFR demonstrator). New modelling 
capability had also been added to be consistent with the proposed cladding for this 
ALLEGRO core: Commissariat à l’énergie atomique et aux énergies renouvelables’s 
(CEA) patented sandwich cladding with inner and outer SiCf/SiC tubes with a tantalum 
liner in between. This analysis concluded that fuel performance and safety could still be 
maintained with the practically achievable fuel design and the advanced clad. 

Carbide fuel reprocessing trials 
Trials were also undertaken to further develop carbide fuel reprocessing, and hence 
ASGARD represented a holistic fuel cycle project for NNL covering design, fabrication 
and recycling. 

Two main aqueous reprocessing methods are considered for uranium carbide fuels: direct 
dissolution in nitric acid and conversion to oxide prior to dissolution. The NNL focused on 
the former and so UC pellets were dissolved, with nitric acid concentration kept constant 
at 8 mol/L and temperature at 80°C [7] using apparatus as shown in Figure 13. The effects 
of agitation, rate of gas flow and the addition of nitrous acid on dissolution were tested. 
The reaction mechanism was found to be highly complex with the strongest effect observed 
due to nitrous acid and the products of its decomposition. 

Figure 13: Uranium carbide dissolution apparatus 

 

Source: Griffiths et al., 2015. 
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One of the known issues with direct dissolution is the production of undesirable organic 
species which could interfere with subsequent solvent extraction processes. Therefore trials 
were also conducted which were successful in demonstrating organic destruction processes. 

Within ASGARD, the NNL also supported work at the University of Manchester on the 
molten salt reprocessing of carbide fuels [4] and it should further be noted that the NNL 
has facilitated work in recent years on the oxidation of uranium carbide fuel pellets to 
facilitate disposal. 

FP7 MatISSE – Corrosion and erosion behaviour of SiCf/SiC clad in GFR 
conditions 
FP7 MatISSE (Materials’ Innovations for a Safe and Sustainable nuclear in Europe) 
focused on determining material properties and models for advanced clad/structural 
materials for fast reactors. The project ran from 2013 to 2017 and brought together 24 
different institutions across 11 European countries and KAERI from Korea. 

SiCf/SiC has broadly excellent thermal, mechanical and nuclear properties. However, 
corrosion and erosion behaviour in GFR conditions was still to be determined. The NNL 
was thus tasked with reviewing the available literature on this subject in support of testing 
conducted in MatISSE. GFR cladding will need to operate for several years in helium at 
high temperature (>800°C), pressure (4-7 MPa), flow rate (50-100 m/s) and radiation dose 
(>100 dpa). In order to assess whether SiCf/SiC is a viable clad, it is essential to understand 
the long-term corrosion and erosion behaviour under the harsh conditions in a GFR. 
However, only limited relevant data is available and it is dispersed throughout many 
different sources of scientific literature. 

Figure 14: SEM image taken at NNL of the cut surface of SiC/SiC  
provided by CEA for FP7 MatISSE 

 

Source: Fitzgerald and Shepherd, 2018. 
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represent the first experimental tests designed specifically to generate experimental data on 
SiCf/SiC corrosion properties in GFR conditions [9], and hence act as an important initial 
step to assess their suitability as a cladding. 

Figure 15 shows the combined results of the review and the MatISSE experimental data 
(the latter are the five data points on the GFR operation and transient lines) with comparison 
to approximate anticipated GFR operating conditions [8]. This has allowed regions of 
temperature and concentration of oxidising impurity species to be identified where 
performance is anticipated to be: 

• Acceptable with protective passive oxidation – plotted in green or in blue where 
this protection has been achieved through modification of the composite. 

• Possibly acceptable where minor issues have been found to occur i.e. minor 
surface bubble formation or removal of some of the “interphaseˮ material used to 
ensure the appropriate level of bonding between the SiC fibres and matrix – plotted 
in orange or brown. 

• Not acceptable as significant issues are known to occur i.e. highly damaging active 
oxidation and/or severe surface bubble formation – plotted in red or purple. 

• Advanced 3rd Generation SiCf/SiC composites are circled in grey. 

Figure 15: SiC/SiC corrosion data and comparison with approximate GFR conditions 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Source: Fitzgerald and Shepherd, 2018.  
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It was concluded that SiCf/SiC may prove suitable for GFR, although some concerns still 
need to be addressed [8]. These include the potential removal of the interphase at less than 
900°C if pyrolytic carbon (PyC) is used for this purpose as well as major corrosion by 
active oxidation at higher than 1 200°C. Erosion behaviour was also little studied, though 
the potential for mutually exacerbating erosion-corrosion was identified. 

FP7 ESNII+ – Contribution to State-of-the-Art Report on MOX Fuel for Fast 
Reactors 
ESNII is the European Sustainable Nuclear Industrial Initiative that aims to facilitate the 
implementation of the fast reactor demonstrator systems ASTRID (SFR), ALFRED (LFR), 
ALLEGRO (GFR) and MYRRHA (LFR). Under its auspices, the FP7 ESNII+ project was 
conducted from 2013 to 2017 by 34 partners from 15 European nations. The NNL 
participated in a number of work packages and performed work examining the potential for 
further co-ordinated European R&D in support of ESNII, use of fast reactors for heat 
supply (cogeneration), core design and fuel performance. 

Considering the latter, the aforementioned demonstrators are all intended to operate 
initially with MOX fuel. Therefore to aid in the design of such systems and ensure safety, 
it is essential to have data on how the properties of MOX (thermal conductivity, swelling, 
fission gas release behaviour, etc.) change during irradiation. Available data was last 
collated into a European catalogue in the 1990s and this rarely took into account the effects 
of burn-up and also contains limited information on the high plutonium content (>25% 
PuO2) fuel now envisioned. 

Thus ESNII+ aimed to create a new catalogue of fast reactor MOX properties. This was to 
be based on new measurements on fresh and irradiated fuels, data from literature and 
recommendations for further experiments. It was hoped that this ambitious task would 
provide data that would reduce uncertainty over the fuel behaviour throughout irradiation. 

The NNL’s role was to conduct an extensive review of public literature and historical UK 
data on oxygen and plutonium redistribution in fast reactor MOX during irradiation, which 
both have a strong effect on in-reactor fuel performance. For example, oxygen 
redistribution can have a significant effect on the internal corrosion of fuel cladding. Figure 
16 shows a plot of plutonium redistribution. 

Figure 16: Typical radial plutonium distribution for a fuel pellet  
after irradiation to high burn-up 

 
Source: Euratom FP7 ESNII+ project (2013-2017). 
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The catalogue was completed partially by conducting a number of workshops which also 
helped to rebuild a European community of knowledge of fast reactor MOX in normal 
operation and accident conditions, with input also from Japan and the United States. 

H2020 INSPYRE – Atomistic modelling of nuclear fuel 
INSPYRE (Investigations Supporting MOX Fuel Licensing in ESNII Prototype Reactors) 
is an ongoing H2020 project that started in 2017, running for 4 years with 13 European 
participants from 8 countries. There is a work package which focuses on improving, 
developing and applying experimental/modelling methods to reach a better understanding 
of the underlying mechanisms governing the evolution of fuel behaviour. The NNL’s 
specific task is to use atomistic modelling to identify plausible mechanisms for 
radiation/thermally-induced defect migration in nuclear fuel and the subsequent 
consequences on thermal/mechanical properties. 

Atomistic modelling of materials is typically achieved by using molecular dynamics (MD). 
MD codes require the user to specify the initial atomic configuration of the system and a 
relevant interatomic potential. The interatomic potential allows the forces between atoms 
(and therefore the motion of individual atoms) to be determined, hence allowing the 
dynamical evolution of the system to be determined. If suitable interatomic potentials are 
used, MD gives a very accurate representation of the real physical system, hence the 
popularity of MD simulations. However, due to the fact that MD needs to resolve atomic 
vibrations, a very large number of small time steps (~10-15 seconds) is needed. As a 
consequence the total simulation time is typically limited to much less than one 
microsecond, while processes we wish to study (e.g. the evolution of radiation damage) 
occur over much longer timescales. This is referred to as the “timescale problem” in the 
field of MD. 

Kinetic Monte Carlo (KMC) methods overcome the timescale problem by exploiting the 
fact that over longer timescales, the dynamics of atomic systems typically consist of state-
to-state transitions. Therefore, if lists of mechanisms which determine different transitions 
are known (determined through theoretical or experimental means), KMC techniques can 
simulate the evolution of a system without the need to model atomic vibrations and can 
hence model significantly longer timescales than MD. However, KMC employs an on-
lattice approximation which limits its ability to describe a system which undergoes large 
structural changes. These limitations can be overcome by the use of Adaptive Kinetic 
Monte Carlo (AKMC) methods, in which the available transition states are determined 
during the simulation. The method is described as “adaptive” as the list of mechanisms 
involving state-to-state transitions is not fixed and allows the dynamics to take the system 
into unexpected configurations via complex mechanisms [10]. 

Figure 17: Equilibrated MOX lattice simulation using the LAMMPS MD code 

 
Source: Euratom H2020 INSPYRE project (2017-2022). 
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The NNL is planning to use novel AKMC methods to model the evolution of radiation 
damage in nuclear fuels with the aim of increasing understanding of numerous fuel 
performance phenomena including: oxygen and actinide diffusion, formation and 
migration mechanism for different types of radiation defects, fission gas generation and 
bubble formation, degradation of mechanical and thermal properties. 

FP7 NUGENIA+ SPARK – Spark plasma sintering of surrogate MOX fuel 
Spark plasma sintering (SPS) is an advanced manufacturing technology that utilises a high 
current through compressed powder to form the component within minutes. This can 
produce a near net shape (NNS) i.e. close to final dimensions component minimising 
further time-consuming and wasteful machining. Therefore, it is being investigated as a 
possible nuclear fuel processing technique. 

The NNS capability means the need to grind pellets to their final diameters could be 
avoided or lessened. Grinding dust is hazardous, in particular for fuels containing 
plutonium and/or minor actinides with elevated levels of radioactivity. SPS would also 
avoid separate pressing and sintering operations, saving both time and energy used in 
manufacturing. 

The FP7 NUGENIA+ SPARK project was conducted for 18 months from 2015 to 2016 
with JRC and KTH [11]. It conducted trials to further the development of SPS as a fuel 
production technique. The NNL investigated its potential adoption for MOX fabrication 
using (U,Ce)O2 as a surrogate. 

Figure 18 shows a (U0.93,Ce0.07)O2 pellet that was made using a graphite die and foil of  
20 mm diameter in a Model 10-4 SPS from Thermal Technology LLC with pressing 
pressure of 40 MPa and current applied which heated 1 400°C for 5 minutes. The peak shift 
that can be seen in the XRD spectrum indicated the successful formation of a solid solution 
of similar homogeneity to pellets made by traditional cold press and sinter routes. This is 
important because MOX fuels must be suitably homogenous, as regions greater than 
400 µm which have high plutonium concentration, accumulate fission products and hence 
swell to a greater degree than the surrounding matrix. 
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Figure 18 : (U0.93,Ce0.07)O2 SPS pellet and XRD spectrum 

 

 

Source: NUGENIA+ SPARK project (2015-2016). 

Conclusions 

As can be seen in the examples illuminated in the course of this paper, the NNL has 
undertaken a wide variety of R&D since 2010 concerning plutonium and minor actinide 
bearing fuels, and associated claddings and fuel cycles. Studies have been undertaken 
considering available literature, simulation techniques have been developed, and 
experimental testing has been undertaken in fuel fabrication and recycling. 

Euratom programmes have been particularly important and have been underpinned by UK 
national and NNL internal funding. Within the current Nuclear Innovation Programme 
(NIP) of the Department of Business, Energy and Industrial Strategy (BEIS), plutonium 
fuels comprise a sub-programme of the ongoing Advanced Fuels stream [12] and naturally 
plutonium and minor actinides feature in the Recycle stream; both streams are NNL-led. 
This R&D also strives to ensure synergy with the plutonium disposition programme of the 
Nuclear Decommissioning Authority (NDA), in particular with respect to the NNL’s 
facilities capable of handling plutonium and minor actinides located on the Sellafield site. 
These coupled with uranium-active facilities at the NNL Preston Laboratory and University 
of Manchester comprise the United Kingdom’s Nuclear Fuel Centre of Excellence (NFCE). 
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Post-irradiation examination of AFC-1 and FUTURIX-FTA 
samples by scanning electron microscopy 

J.M. Harp*, L. Capriotti, S. Hayes 
Idaho National Laboratory, United States 

Research continues into enabling technologies that facilitate the destruction of long-lived 
minor actinides in fast spectrum reactors through incorporation of these actinides into 
nuclear fuel. However, testing of minor actinide-containing fuel performance is 
challenging without a fast spectrum neutron reactor. Two irradiation tests were performed 
with fuels of identical composition where fuel alloys were irradiated in both the Phénix fast 
spectrum test reactor in France and at the Idaho National Laboratory Advanced Test 
Reactor, a thermal reactor. The Advanced Test Reactor tests, AFC-1, were irradiated in a 
cadmium shrouded test position, while the Phénix tests, FUTURIX-FTA DOE, were 
irradiated in a standard Phénix assembly. Baseline post irradiation examinations of both 
these tests are now complete. Neutron radiography, fission gas release, fission product 
distribution behaviour from gamma spectrometry, optical microscopy and other exams 
have been completed for both FUTURIX-FTA and AFC-1 samples. Comparisons between 
the FUTURIX and AFC data sets show that the Cd shrouded Advanced Test Reactor testing 
approximates the radial power profile present in fast spectrum reactors so that thermally 
driven phenomenon present in fuel can be studied in the Advanced Test Reactor. To 
confirm this assertion further, scanning electron microscopy has been performed on 
samples of irradiated 35U-29Pu-4Am-2Np-30Zr fuel (where the number preceding the element 
is weight per cent) with similar fission densities and power conditions. Observations from 
the scanning electron microscopy examination of these two samples are compared. As 
expected, the redistribution of Zr appears to largely occur in the same manner between 
these two samples. Similar partitioning of U-Pu-Zr phases occurs, and the behaviour of Am 
is largely the same. Slight differences in fuel cladding chemical interaction were observed 
between the two samples. This difference is likely largely driven by a difference in cladding 
composition where the FUTURIX-FTA sample was clad with an austenitic steel and the 
AFC-1 sample was clad with a ferritic-martensitic steel.

                                                      
*Corresponding author 
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Progress in R&D on pyrochemical partitioning technology  
in the Czech Republic 

M. Straka∗1, M. Mareček2, L. Szatmáry1, J. Uhlíř2 
1ÚJV Řež, a.s. - Nuclear Research Institute, Czech Republic 

2Research Center Řež, Czech Republic 

The Czech partitioning and transmutation (P&T) programme is focused mainly on 
pyrochemical partitioning and all R&D activities are connected to fluoride technologies. 
The context of the Czech programme is given not only by the Molten Salt Reactor (MSR) 
system concept and its fuel cycle but by fuel cycles of light water reactors (LWR) or Fast 
Breeder Reactors (FBR) as well. As part of the co-operation of ÚJV Řež, a.s. (formerly the 
Nuclear Research Institute) and Research Center Řež, two main technologies are under 
development. The Fluoride Volatility Method (FVM) is devoted to the LWR and FBR fuels 
reprocessing and the primary treatment of MSR transuranium fuel. Fluoride-salt media 
based electrochemical separation processes as the highlighted technology for MSR on-line 
reprocessing scheme. This paper summarises the results achieved within the Czech P&T 
programme in the field of pyrochemical partitioning technology R&D. The outline of near-
future activities is presented as well. 

Fluoride Volatility Method 

The Czech Republic’s long-term programme in advanced reprocessing technology 
development is focused on activities in the Fluoride Volatility Method (FVM). These 
activities originated in the 1980s, when the ÚJV Řež – Nuclear Research Institute 
collaborated with the Russian Research Institute of Atomic Reactors (RIAR Dimitrovgrad) 
on the experimental development of fluoride reprocessing of fast reactor BOR-60 spent 
fuel. From the 1990s the Czech Republic has been practically the only country with an 
active programme on the engineering development of FVM. From 2013 the responsibility 
for the development was moved from the ÚJV Řež to the Research Centre Řež and the 
programme now focuses on engineering mastering of the process in the semi-pilot scale. 

The experimental FERDA line (see Figure 1) for the engineering verification of the 
technology was built in the fluorine alpha laboratories of the Research Centre Řež. The line 
consists of the flame fluorination reactor, series of UF6 condensers, sorption and distillation 
columns, and the accessory equipment. 

The FVM is based on a separation process, which comes out 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 

                                                      
∗Corresponding author: martin.straka@ujv.cz 



  | 161 
 

  
  

[1,2,3,4]. The fluorination by pure fluorine gas enables the process to be conducted very 
quickly and effectively as the flame reaction has very high efficiency. 

The FVM is regarded as a promising advanced pyrochemical reprocessing technology, 
which can be used for 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 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 by 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 at considerable surplus of fluorine gas. 
Behaviour of neptunium during the flame fluorination varies between uranium and 
plutonium. However, the thermal stability of neptunium hexafluoride is substantially 
higher than of plutonium hexafluoride.  

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

Figure 1: 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 apparatuses and process control before emplacement of the technology into the 
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 FVM used 
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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) and with simulated spent fuel 
(uranium oxides and selected non-active oxides of lanthanides) were done to obtain data 
for optimisation of the design and construction of scroll feeder and flame fluorination 
reactor. The final design of 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 [5]. The present programme on the FERDA line is focused on 
the appropriate modification of the equipment for future experiments with the MOX fuel. 
For the realisation of these programmes the equipment will have to be moved from the 
alpha radiochemical laboratory and placed in an alpha hot cell, which was just built in the 
hot-cell complex of the Research Centre Řež. 

The experience from the development of the FVM was applied in 2017-18 in the realisation 
of the contract with Hitachi-GE to study the possible utilisation of fluoride volatilisation 
for the management of fuel debris from damaged Fukushima Daiichi reactors. Here the aim 
of the study was the experimental verification of the fluoride volatilisation of simulated 
fuel debris containing uranium, plutonium, americium, zirconium and iron to convert the 
fuel debris component into fluorides and separate volatile products of fluorination from 
non-volatile ones. 

Electrochemistry of actinides and lanthanides in fluoride melts 

In the field of the electrochemical separation of actinides from fission products in the 
molten fluoride media, new results on the quantitative separation of uranium from 
gadolinium as the representatives of actinides and fission products are reported. 

In the previous periods, a comprehensive experimental campaign was done in ÚJV 
Řež/Research Centre Řež laboratories to characterise the electrochemical behaviour of 
uranium, thorium and several lanthanides (see Figure 2). Based on these results, the 
possibility of actinides/lanthanides separation was evaluated and – in recent times – tested.  

When two or more electroactive species are present in the molten salt system at the same 
time, the efficiency of their separation by electrolysis depends on how different the 
deposition potentials of these two species are. The input of certain modulation to the 
electrolytic current can improve the overall result of an electrolytic experiment. This 
method was used to show the possibility of the separation of uranium from gadolinium in 
LiF-CaF2 melt. Reactive Ni electrode was used as a working electrode which allows 
alloying reactions shifting deposition potentials to the more positive area. According to 
scanning electron microscopy (SEM), uranium with only traces of Gd were detected in all 
of the deposited layers (see Figure 3) indicating that uranium can be separated from 
gadolinium by this method. 

For proper electrochemical studies, the reference electrode (RE) capable of withstanding a 
high-temperature environment is needed. Ni/Ni2+ based RE with boron-nitride body is 
being used, but some reports indicate its instability beyond ten hours of direct contact of 
RE with the melt, [6]. An investigation into the source of the mentioned instability is under 
way in co-operation with the University of Wisconsin, Madison. During experimental tests, 
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the reduction of Ni2+ ions into Ni metal inside BN  (boron-nitride ) body was observed 
which can explain RE´s potential drift. 

Figure 2: Comparison of redox potentials of the most important elements measured in ÚJV 
Řež/Research Center Řež 

 

Figure 3: SEM micrograph of the cross-section of a nickel wire after the electrolysis by 
modulated current in LiF-CaF2-UF4-GdF3 (3.5 wt.% for both U and Gd) system 

 

There are investigations ongoing into the question of whether Ni2+ ions dissolved in the 
solution inside the electrode body are reduced to Ni metal when in contact with BN body 
of the electrode and therefore changing the Ni/Ni2+ ratio, which results in the potential 
drift. The results will be published in the near future together with some suggestions about 
the reference electrode for molten fluoride systems. 
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Development of robust micro electrodes for analytical measurements and 
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Electrochemical pyroprocessing is a promising technology for the reprocessing of waste 
nuclear fuel. However, the high temperatures and corrosive environment of molten salt, as 
used in pyroprocessing, present unique challenges. To implement an electrochemical pyro-
reprocessing system, it is necessary to develop robust and reliable electrochemical sensors 
in order to examine the fundamental electrochemistry (alloy formation, separation 
efficiency, diffusion coefficients, etc.), as well as to provide a pathway to suitable online 
sensors for continuous monitoring. 

The group has developed at the Scottish Microelectronics Centre a range of microfabricated 
electrode devices that are resilient to harsh environments such as molten salts. These 
devices have been shown to analytically detect relevant surrogate redox species, according 
to measurements made at the Pyrochemical Research Laboratory based at the University 
of Edinburgh. This shows that they are promising candidates for incorporation into an 
online monitoring system. This report will first provide an overview of the systematic 
development of robust microelectrode devices. It will then highlight various 
electrochemical measurements using these devices in molten lithium chloride potassium 
chloride eutectic and discuss the insights provided into the fundamental processes 
occurring. 

                                                      
*Corresponding author 



166 |   
 

  
  

Online process monitoring to follow, characterise,  
and control separation processes in real time 
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The development and implementation of fast, robust and accurate methods for online 
monitoring is integral to the continued advancement of the nuclear fuel cycle. Applying 
online monitoring systems to separation processes and streams will not only facilitate 
improved process control and characterisation, but will enable rapid safeguards analysis 
and response. While numerous approaches can be used, a focus on both electronic (UV-
vis) and vibrational (Raman) spectroscopy has numerous strengths that can be applied to 
this field. Spectroscopy-based approaches allow for fast, non-destructive analysis using 
robust probes capable of handling the harsh environments typical of nuclear applications. 
Furthermore, an approach using multiple types of spectroscopy can identify a significant 
number of species of interest throughout the fuel cycle in a variety of environments 
including aqueous, organic and molten salt media.  

With the application of advanced chemometric analysis, accurate quantification can be 
achieved in sample streams where spectral complexity would otherwise prohibit analysis. 
This includes sample streams containing multiple components that exhibit matrix effects, 
band interferences or competitive attenuation of signal. Applications of these techniques to 
the real-time monitoring of a tri-butyl phosphate-based separation flowsheet will be 
discussed along with how these techniques can be expanded to other separation schemes 
and media.  

Introduction 

Our research has focused on applying optical spectroscopic methods for real-time 
monitoring of the composition of solutions generated during the processing of nuclear 
materials [1]-[5]. These methods offer three advantages. First, they enable rapid 
development of radiochemical separations flowsheets. Traditionally, solvent extraction 
flowsheets are developed with the aid of process modelling software, and then the 
flowsheet is tested under prototypic counter-current flow conditions. Samples are taken 
during the test, then sent to a suitable analytical laboratory for analysis. Under this 
approach, it can take weeks, or even months, to obtain the results of the flowsheet test. If 
the results are not as expected, additional testing is required. Using spectroscopic 
monitoring, the flowsheet performance can be determined in real time, and adjustments to 
the flowsheet can be made immediately to correct unexpected results. This can greatly 
reduce the time and cost associated with developing solvent extraction flowsheets. Second, 
at a plant scale, real-time optical monitoring of solution composition can be applied for 
process control, improving plant efficiency. Third, optical spectroscopic monitoring allows 
monitoring of the flow of special nuclear materials in real time for safeguards applications. 
Again, the real-time monitoring aspect is a substantial advantage over traditional off-line 
(and time consuming) analysis of grab samples in safeguarding nuclear separation facilities. 
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The U.S. Department of Energy Office of Nuclear Energy (DOE-NE) has tasked Pacific 
Northwest National Laboratory (PNNL) with testing a co-decontamination (CoDCon) 
flowsheet for separating a mixed uranium (U)/plutonium (Pu) product from dissolved used 
nuclear fuel. Integral to this project is developing and applying optical spectroscopy, 
coupled with chemometric modelling, to monitor and control the U/Pu ratio in the Pu-
containing product from the CoDCon solvent extraction flowsheet. The target U/Pu mass 
ratio is 7/3. In Phase 1 of this project (currently in progress), the CoDCon testing is 
performed at a scale of nominally 1 kg of U, using simulated dissolved fuel solutions 
containing U and Pu in concentrations that would be expected from dissolving actual 
irradiated fuel in nitric acid (HNO3). Phase 2 of the project will demonstrate the CoDCon 
flowsheet using irradiated nuclear fuel. The optical spectroscopy tools used are  
(1) absorption spectrophotometry to monitor trivalent, tetravalent, pentavalent, and 
hexavalent actinides, and (2) Raman spectroscopy to monitor U(VI) and HNO3 
concentrations. Absorption spectra in the ultraviolet and visible (UV-vis) region are used 
to determine U(IV), Pu(III), Pu(IV), and Pu(VI) concentrations, and spectra in the near-
infrared (NIR) region are used to determine Np(V) and Np(VI) concentrations. 

This paper summarises the development of optical spectroscopic monitoring and 
chemometric modelling tools, and their application in monitoring the simulant testing of 
the CoDCon flowsheet. It should be pointed out that, although these tools have been applied 
to monitoring a solvent extraction flowsheet based on extraction with tri-butyl phosphate 
(TBP), the methods used are general and can be applied to monitoring of any nuclear 
processing scheme. For example, we use the same tools to monitor an anion exchange 
process for purifying Pu in a separate project, and we have used these tools to monitor tests 
of minor actinide separation processes [6]-[8]. 

Experimental 

The training set data required for developing the chemometric model were generated using 
two primary methods. First, spectra were recorded for solutions containing variable 
concentrations of a single actinide species. These data sets were designed to follow a simple 
Beer’s Law correlation between the solution and the spectral absorbance. Beer’s Law data 
sets were produced for Pu(IV), Pu(VI), U(IV), and U(VI). These solutions were prepared 
by adding aliquots of the analyte species to a spectrophotometric cell to generate solutions 
with low to high concentrations. Similar measurements were made on mixed-valence 
solutions, including U(IV)+U(VI), Pu(IV)+U(VI), and Pu(III)+U(IV)+U(VI). Additional 
training set data were obtained using a specialised spectroelectrochemical cell to modulate 
oxidation states of target analytes. Figure 1 shows the type of spectroelectrochemical cell 
used, and indicates the placement of the electrodes so that the oxidation state of the target 
analyte can be controlled within the spectrophotometric window. This technique was used 
to generate mixed solutions of Pu(III) and Pu(IV) as well as pure solutions of Pu(III). 
Overall, this technique allowed for controlled exploration of the Pu(III) spectral 
fingerprints while also drastically reducing the Pu sample volumes required to make the 
measurements. Solutions of Pu(IV) could be reversibly modulated between the +4 and +3 
states, and could therefore be recycled for the repeat experiments at 1–6 mol/L HNO3. 
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Figure 1: Schematic front view (left) and side view (middle) of the spectroelectrochemical cell 
used for Pu characterisation; photograph of the cell taken from the front view orientation 

(right) 

 

All solutions were measured using both UV-vis and Raman spectroscopies to generate 
spectral data sets for each spectral technique using the same solution conditions. A 
specialised cuvette holder was used to accomplish this; the holder incorporated both UV-
vis optics and a Raman probe. This cell holder was a stationary approximation of the flow 
cell holders used for the on-line system in the CoDCon flowsheet tests. For each sample, 
50 UV-vis spectra were collected with an integration time of 0.25 s and were averaged 
down to 10 total spectra when appended to the UV-vis training set for chemometric models. 
For Raman data, 20 spectral sets were collected with a 5 s integration time and were also 
averaged down to 10 spectra when appended to the chemometric model training set. 

The CoDCon flowsheet tests were conducted using a bank of 2-cm centrifugal contactors 
fabricated at Argonne National Laboratory [9]. All solutions were fed to the contactor bank 
using Fluid Metering Incorporated (model QVG50) laboratory pumps interfaced to model 
V300 variable speed controllers. Filters and pulse dampeners were placed inline between 
the process feed vessels and the contactor bank. The filters used were Whatman Polycap 
67033610 [1 micron monofilament anisotropic polypropylene (MAPP) membrane] for the 
aqueous streams, and Whatman Polyvent 500 6713-5036 [0.2 micron 
polytetrafluoroethylene (PTFE) membrane] for the organic streams. The pulse dampeners 
were model CTS1120T-5 SS from Blacoh Fluid Control. 

The solvent extraction system was equipped with on-line optical spectroscopy. All 
spectroscopic equipment was procured from Spectra Solutions. Quartz flow-through cells 
(1 cm path length) were held within a machined cell holder containing windows to which 
two sets of fibre-optic cables could be attached (Figure 2). One set of fibre-optic cables 
provided light in and out for the ultraviolet/visible (UV/vis) spectrophotometer. The other 
fibre-optic cables were connected to a Raman probe. The Raman spectrometer was based 
on a multi-input charge-coupled device (CCD) camera design and included individual 
excitation lasers for all seven probes. The lasers operated at 671 nm. The UV/vis 
spectrophotometer was also based on a multi-input CCD detector, with light sources split 
to the multiple monitoring locations. 
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Figure 2: Flow cell design 

The left photograph shows the flow cell with the cap removed to expose the integral cuvette, and the right 
photograph shows the flow cell with the cap in place. 

 

Results and discussion 

Figure 3 shows UV-vis spectra typical of those produced in this study. At a constant HNO3 
concentration of 1 mol/L, the UV-vis spectrum of U(IV) displays a simple increase in 
intensity as the U(IV) concentration is increased from 3 to 50 mmol/L (Figure 3, left). 
Under such conditions, the spectral intensity displays a classical linear Beer’s Law 
behaviour. However, when the U(IV) concentration is held constant at 15 mmol/L and the 
HNO3 concentration is varied from 0 to 6 mol/L, a more complicated spectral response is 
observed, indicating the formation of variable U(IV) species in solution (Figure 3, right). 
Similar, and even more complicated behaviour is observed for analogous experiments with 
Pu(IV) [10]. Simple Beer’s Law interpretation of such spectra is not possible, resulting in 
the need to perform multivariant analysis of the data (i.e. chemometric modelling). 
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Figure 3: UV-vis spectra of U(IV) solutions from 0 to 0.05 mol/L in 1 mol/L HNO3 (left), and 
for 15 mmol/L U(IV) in HNO3 varied from 0 to 6 mol/L (right) 

 

The spectral training sets were used to build chemometric models for the quantitative 
determination of the analytes of interest. The models were based on a partial least squares 
(PLS) approach. UV-vis models were built to determine the Pu(III), Pu(IV), Pu(VI), U(IV), 
and U(VI) concentrations. Raman models were designed to determine the HNO3 and U(VI) 
concentrations. For either UV-vis or Raman data, models were generated from the 
appropriate preprocessed data. Raman data were preprocessed by taking the first derivative 
to account for baseline fluctuations and to emphasise spectral variations above the spectral 
noise. This step was generally followed by normalisation to account for laser power 
fluctuations and mean-centering to equally weight the data. UV-vis data were generally 
preprocessed by taking the first derivative and mean-centering the data. Figure 4 presents 
parity plots that show how the values determined through chemometric modelling compare 
to the known concentrations of the target analytes. Overall, the models perform very well 
despite the complexity of the spectral signatures, demonstrating the utility of multivariate 
analysis. 
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Figure 4: PLS parity plots comparing the chemometrically measured concentrations to the 
known concentrations for several species of interest 

 

Figure 5 illustrates the flowsheet that was tested in the CoDCon experiments. Two variants 
of the flowsheet were tested, differing from one another in the point at which the U(IV) 
stripping solution was introduced into the contactor bank. Because the contactor bank used 
contained only 16 stages, the flowsheet experiments were performed in two steps. First, the 
30% TBP (dissolved in n-dodecane) solvent was loaded with U and Pu. After this loaded 
solvent was collected, the contactor bank was flushed and prepared for the second step of 
the experiment. In the second step, the Pu was stripped from the solvent using U(IV) 
solution. All inlets and outlets were spectroscopically monitored. The U/Pu mass ratio in 
the aqueous product stream exiting stage 17 was monitored in real time, and adjustments 
were made to the flow rate of the 30% TBP solvent entering stage 17 until the desired U/Pu 
ratio of 7/3 was achieved. 
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Figure 5: CoDCon flowsheet tested 

 

Figure 6 presents relative percentages of U and Pu in the U/Pu nitrate product stream over 
time for Run 1 (left) and Run 2 (right). In the plots, the solid curves represent the data taken 
in real time based on the chemometric models, and the circular data points are the results 
of off-line analysis of grab samples taken during the experiments. The real-time data agree 
well with the subsequent grab sample analysis. The data presented in Figure 6 are based on 
the UV-vis spectra. During Run 1, the Raman chemometric model suggested that there was 
~2 mmol/L U(VI) in the U/Pu product solution. This was subsequently shown to be untrue. 
But during the test, it resulted in a total U concentration that was biased high. This, in turn, 
resulted in the U/Pu ratio being biased high. Adjustments were made to the 30% TBP 
solvent flow rate at stage 17 based on this biased reading. The result was that the U/Pu ratio 
in the final product was lower than the 7/3 target. Nevertheless, the first test did demonstrate 
that the U/Pu ratio could conveniently be controlled by adjusting the 30% TBP solvent flow 
rate at stage 17. 

Adjustments were made to the chemometric model before Run 2 to eliminate the bias in 
the total U concentration. The results shown in Figure 6 (left) represent the chemometric 
analysis of the Run 1 data with the adjusted model. The results of Run 2 are presented in 
Figure 6 (right). At the start of the test, the U/Pu product solution contained ~80% U and 
20% Pu. Several adjustments were made to increase the 30% TBP solvent flow rate at stage 
17 until this ratio reached 70% U/30% Pu. This ratio remained very constant for the 
remainder of the experiment (~2.5 h). 
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Figure 6: Relative U and Pu percentages in the Run1 (left) and Run 2 (right) U/Pu nitrate 
stream as determined by real-time chemometric modelling and off-line spectrophotometric 

measurements 

 

Conclusion 

In this work, we have demonstrated the utility of real-time optical spectroscopic monitoring 
coupled with chemometric analysis to follow the U and Pu concentrations in a TBP-based 
solvent extraction flowsheet. The real-time aspect of the data acquisition can alert operators 
to make process adjustments to achieve and maintain processing targets. This approach is 
general and can be applied to nearly any nuclear fuel processing scheme. The approach 
also has potential safeguards applications. 
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GENIORS, an EU project on MOX fuel reprocessing in Gen IV systems 

S. Bourg*1, A. Geist2, J-M. Adnet1, C. Rhodes3, B. Hanson4 
1CEA, France; 2Karlsruhe Institute of Technology, Germany; 

3National Nuclear Laboratory,United Kingdom, 4University Of Leeds, United Kingdom 

The current open nuclear fuel cycle uses only a few per cent of the energy contained in 
uranium. This efficiency can be greatly improved through the recycling of spent fuel (as 
done today in France, for instance), including, in the longer term, multirecycling strategies 
to be deployed in fast reactors. In this context, and in the continuity of the FP7 Euratom 
SACSESS project, GENIORS addresses research and innovation in fuel cycle chemistry 
and physics for the optimisation of fuel design in line with the strategic research and 
innovation agenda and deployment strategy of Sustainable Nuclear Energy Technology 
Platform (SNETP), notably of its European Sustainable Nuclear Industrial Initiative 
(ESNII) component. GENIORS focuses on reprocessing and fuel manufacture of mixed 
oxide (MOX) fuel potentially containing minor actinides, which would be reference fuel 
for the ASTRID and ALFREDO demonstrators. More specifically, GENIORS carries out 
research and innovation for developing compatible techniques for dissolution, reprocessing 
and manufacturing of innovative oxide fuels, potentially containing minor actinides, in a 
“fuel to fuel” approach taking into account safety issues under normal and maloperation. 
The different promising options developed in SACSESS are currently further developed to 
address the specific challenges of Gen IV. To deliver a full picture of a MOX fuel cycle, 
GENIORS works in close collaboration with the INSPYRE project on oxide fuels 
performance. By implementing a three step approach (reinforcement of the scientific 
knowledge => process development and testing => system studies, safety and integration), 
GENIORS will lead to the provision of more science-based strategies for nuclear fuel 
management in the European Union. It will allow nuclear energy to contribute significantly 
to EU energy independence. This paper presents the main progress of GENIORS after one 
year of work, with a focus on the minor actinide behaviour and the management of 
troublesome fission products.  
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Development of SELECT process for reprocessing  
and minor actinides transmutation 

T. Matsumura, Y.Ban, H.Suzuki, S.Hotoku, N. TSUTSUI, Y. Tsubata 
Japan Atomic Enery Agency, Japan 

The PUREX process was established for industrial scale reprocessing plants. TRUEX and 
the four group separation were developed for the partitioning of minor actinides (MA) from 
high-level liquid waste from reprocessing process, and demonstrated by the continuous 
extraction test using genuine high-level liquid waste. Although the extractants for 
reprocessing and MA separation processes, such as tri-butyl phosphate (TBP), 
diisobutylcarbamoyl-methylphosphine oxide (CMPO) and diisodecylphosphoric acid 
(DIDPA), have excellent performance for the recovery of U, Pu or MA, the molecules 
contain phosphorus, which could be caused by the secondary waste from the solvent 
extraction processes. To minimise the radioactive waste from nuclear fuel cycle, we have 
been developing several extractants in accord with the CHON principle, and proposed a 
hydrometallurgical process called SELECT (Solvent Extraction from Liquid-waste using 
Extractants of CHON-type for Transmutation) aiming to recycle used nuclear materials and 
separate actinides for transmutation.  

Figure 1: Block flow of the SELECT process 

 
The schematic block flow of the SELECT process is shown in Figure 1. The extractants for 
each separation processes were developed. The extractants for reprocessing process are 
N,Ndialkylamides (monoamides) as alternative extractants for TBP. For the An(III)+RE 
recovery process, we developed N,N,N',N'-tetradodecyl-diglycolamide (TDdDGA). 
N,N,N’,N’,N’’,N’’-hexa-octylnitrilo-triacetamide (HONTA) and alkyl diamide amines 
(ADAAM) were developed for An(III)/RE separation process and Am/Cm separation 
process, respectively. All of the extractants consist of C, H, O, and N elements, and they 
can be decomposed into gases by incineration. Additives to prepare the extraction 
conditions in the processes were minimised in the process design. 
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Various investigations of each of the separation processes were carried out and the 
separation performances of the flowsheets were evaluated by continuous extraction tests 
using simulated and genuine spent fuel and high-level liquid waste. The all flow sheets 
were worked effectively. The details of the extraction tests for each separation processes 
will be presented in this conference.  
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Results from the first phase of a new UK national-level programme 
in nuclear fuel recycle and waste management 

R. Taylor*1, R. Arnold2, C. Boxall3, B. Hanson4, G. Mathers1, M. Sarsfield1, 
C. Sharrad5, T. Tinsley1 

1National Nuclear Laboratory, United Kingdom; 
2Department for Business, Energy and Industrial Strategy, United Kingdom; 

3Engineering Department, Lancaster University, United Kingdom;  
4School of Chemical and Process Engineering, University of Leeds, United Kingdom;  

5School of Chemical Engineering and Analytical Science, The University of Manchester, 
United Kingdom 

In accordance with the 2016 recommendations of the Nuclear Innovation and Research 
Advisory Board, the UK government has embarked on a nuclear innovation programme 
that covers priority aspects related to supporting future nuclear energy options for the 
United Kingdom. Following a competitive tendering process, new research and 
development programmes were established in advanced nuclear reactor technologies and 
supporting fuel cycles, of which spent nuclear fuel recycling and waste management was 
one strand. As industrial-scale spent fuel reprocessing in the United Kingdom is  scheduled 
to stop around 2020, residual fuel and fuel from “new build” reactors will be stored prior 
to eventual direct disposal in a geological disposal facility. However, it is possible that the 
United Kingdom will in the future require a significant expansion in nuclear energy to meet 
targets for secure, low-carbon energy supply and that this will necessitate a return to the 
closed fuel cycle. Therefore, it is necessary to keep the closed cycle option open, maintain 
high-level skills, and develop viable future reprocessing technologies. The initial focus of 
the “recycle programme” is to develop an advanced aqueous process for light water reactor 
(LWR) fuel recycling as this will be one of the first steps needed to close the fuel cycle. 
The objective is to develop an industrially deployable process that is more economic, 
produces fewer wastes and is more proliferation-resistant than current PUREX 
reprocessing. The option for including a minor actinide separations process is also being 
addressed in the programme. 

This paper will describe the background to the recycle programme and progress made to 
date in core areas of: 

• separations chemistry; 

• flowsheet development; 

• technology and engineering.  

                                                      
*Corresponding author 
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Development of advanced partitioning processes for uranium and plutonium 
multirecycling and Am selective separation from spent nuclear fuels 

M. Miguirditchian*, S. Grandjean, C.Sorel, S. Costenoble, C. Marie, V. Vanel F. 
Antegnard, A.Gauthe, J-M. Adnet, C. Poinssot 

CEA, France 

Among the different scenarios studied by the Commissariat à l’énergie atomique et aux 
énergies renouvelables (CEA) for the separation of actinides from spent nuclear fuels, the 
multiple recycling of plutonium and uranium is the major challenge. According to the 
French strategy, it will allow the gradual achievement of a fully closed nuclear fuel cycle 
once the first fast reactors are deployed. To reach this objective, innovative processes have 
to be designed and implemented at an industrial scale in order to treat spent fuels with 
increasing Pu content (1% in UOX, ∼ 8% in light-water reactor (LWR) mixed oxide 
(MOX) and up to 30% in fast reactor (FR) fuels).  

Although uranium and plutonium are, in the current PUREX process, efficiently recovered 
and separated from fission products by solvent extraction using tri-butyl phosphate (TBP) 
with a very positive industrial feedback, simplifications are possible and will be more 
relevant as the plutonium flows to be managed are more concentrated. A new solvent 
extraction process in one single cycle and avoiding the use of redox reagents was thus 
developed by replacing TBP by a mixture of monoamides. This process was successfully 
tested on an actual spent fuel solution in the process shielded hot cell (CBP) hot cell of the 
ATALANTE facility. High recovery yields of U and Pu were obtained with excellent 
decontamination factors towards fission products.  

Beyond U and Pu recycling, the partitioning and transmutation (P&T) of americium from 
the spent fuel is also an important option to be studied for the future nuclear cycle since 
Am is one of the main contributors to the long-term radiotoxicity and heat power of ultimate 
waste. Once separated, Am would be transmuted in future Generation IV reactors through 
U-AmO2 bearing blankets located at the periphery of the core (heterogeneous recycling 
option). Since 2008, the so-called EXAm process has been developed and improved to 
allow the recovery of Am alone from a PUREX raffinate (already cleared from U, Np and 
Pu). An integral experiment is currently in progress to separate and purify Am from a 
genuine concentrated PUREX raffinate (HAC) in order to make a few U-AmO2 bearing 
blankets pellets for further transmutation in a materials testing reactor (MTR). The Am 
separation, concentration and conversion steps have been recently performed in the 
ATALANTE facility and the main results will be presented in the paper.  

                                                      
*Corresponding author 
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Recovery and separation of americium and curium 
from closed nuclear fuel cycle high-level waste 

A.Yu. Shadrin*1,3, V.L. Vidanov1,3, L.I. Tkachenko2 
1Innovation and Technology Center by “PRORYV” Project, Russia; 
2Khlopin Radium Institute, Russia; 3A.A. Bochvar Institute, Russia 

A reduction in the radiotoxicity of high-level waste is one of the main goals of a closed 
nuclear cycle. Minor actinide (MA) recycling helps to reach this goal. In the concept of the 
“PRORYV” Project it is assumed to use (U-Pu)N und (U-Pu)O2 fuel for fast neutron 
reactors. The main ideas of (U-Pu)N und (U-Pu)O2 spent fuel reprocessing are the 
formation of a U-Pu-Np mixture which will be used for future fuel preparation and 
separation of Am and Cm for further transmutation. 

A two-step technology was chosen for REE-Am-Cm separation. The first step is rare earth 
elements (REE) and MAs recovery by extraction. The second one is to use displacement 
chelation chromatography for Am-Cm separation.  

N,N,N’,N’-tetraoctyl-diglycolamide (TODGA) in meta-nitrobenzotrifluoride (F-3) and 
UNEX-T extraction system were chosen to be used in this two-step technology. These 
extraction systems showed good results in dynamic tests using simulation PUREX raffinate 
solution.  

The effect of α-, β-, γ- irradiation on the extraction systems was studied. For these purpose 
the hot test using TODGA-F3 system and simulated PUREX raffinate from SNF WWER-
440 reprocessing was performed. More than 99.98% of Am-Cm was removed from the 
solution. 

A hot test for Am and Cm separation was performed at the site of Production Association 
“Mayak”. In this case the concentrate of REE-MAs from the oxalate precipitation formed 
in SNF WWER-440 reprocessing was used. As a result, two separate fractions of Am (60 g) 
and Cm (8 g) were obtained. 

For all the processes above, mathematics models and control system models were made. 
They will be verified in the near future.  

                                                      
*Corresponding author 
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Development of an advanced aqueous process for 
future fuel recycling – Head-end studies 

C. Maher*, C. Campbell, C. Mason, M.Sarsfield, R. Taylor 
National Nuclear Laboratory, United Kingdom 

As part of the UK government-funded Nuclear Innovation Programme (NIP), studies are 
in progress on chemical processes for advanced aqueous recycling of high burn-up uranium 
oxide and thermal mixed oxide (MOX) fuels. As a reference “head-end” technology, the 
United Kingdom’s THORP reprocessing plant is considered to be the baseline technology, 
where fuel is sheared, dissolved, subject to conditioning and the liquor is clarified prior to 
solvent extraction purification. When considering the reprocessing of MOX fuel in 
conventional dissolution processes such as THORP or similar reprocessing plants, 
undissolved plutonium-rich particulates leads to a process loss and necessitates careful 
criticality safety case development. This ultimately requires the interruption of processing 
for plant washouts. A significant improvement in the reprocessing of MOX fuel could be 
the inclusion of an enhanced or secondary process to dissolve the plutonium-rich 
particulate, thereby improving criticality safety and removing a cause of significant process 
losses while expanding the feed envelope compared to conventional reprocessing plants.  

Work in the first year of this national level programme has focused on: 

• Development of a baseline head-end flowsheet, including dissolution, enhanced 
dissolution (plutonium recovery) and clarification.  

• Plutonium-active experimental work to underpin the baseline flowsheet. These 
studies have included: 

o development of an electrochemical “H-cell” for dissolution and associated 
in situ monitoring; 

o dissolution of MOX pellet(s) in nitric acid; 

o dissolution of PuO2 (as a bounding Pu-rich fuel surrogate) in the presence of 
binary metal oxides (insoluble fission product surrogate) using electrochemical 
oxidation mediated by silver or cerium.  

This paper will describe some of the results obtained to date and perspectives for future 
studies.  

                                                      
*Corresponding author 
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Absolute determination of aqueous complexation and extraction 
kinetics for lanthanide ions in the aqueous and organic phases 

S. Mezyk, K. Larsson 
California State University at Long Beach, United States 

Understanding the chemistry of the different extractant and aqueous complexant species 
used in the extraction and separation of lanthanides and actinides from used nuclear fuel 
requires that the complexation kinetics of the different ligands with metals be quantitatively 
evaluated. In this work, complexation kinetics of the europium ion by the 
aminopolycarboxylic acid DTPA (diethylene-triaminepentaacetic acid) were directly 
measured using the luminescence change of europium in aqueous solution. Competitive 
complexation was also used to obtain data for other lanthanide ions, including the exchange 
rates for these different metal ions.  

Applying the same luminescence-based technique in the organic phase allows for the 
determination of bulk phase rate constants for the organic extractant HDEHP with 
europium and terbium. Our initial experiments on the bulk organic phase rates indicate that 
the formation of the final complexes is very slow, with approximately 600 seconds required 
to reach equilibrium. This means that the slow, temperature-dependent, kinetics of HDEHP 
extraction of lanthanides can be related to the bulk organic rates.  

This approach aims to understand the kinetics occurring within the solvent extraction-based 
metal separation method for lanthanide/actinide separations by applying the established 
rate constants for the individual phases together with extraction experiments to better 
determine also the interfacial kinetic properties, thereby allowing the complete modelling 
of extraction systems.
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Progress in off-gas treatment for used nuclear fuel reprocessing2 

R. T. Jubin 
Oak Ridge National Laboratory, United States 

The Off-Gas Sigma Team was formed in fiscal year 2010 to bring together 
multidisciplinary teams from across the Department of Energy complex and academia to 
collaboratively address the technical challenges of and to develop the scientific basis for 
the capture and immobilisation of volatile radionuclides contained in the airborne effluents 
from used nuclear fuel reprocessing facilities. The volatile radionuclides of concern are 3 
H, 14C, 85Kr and 129I. The ultimate objective of this multiyear effort has been to ensure 
that regulatory compliance for gaseous discharges will be met by any potential new used 
nuclear fuel reprocessing facility. Participating laboratories currently include Idaho 
National Laboratory, Oak Ridge National Laboratory, Pacific Northwest National 
Laboratory and a number of university laboratories affiliated with the Department of 
Energy Nuclear Energy University Partnership Programme. The overarching goals of the 
Off-Gas Sigma Team include the development, demonstration, and technical maturation of 
integrated off-gas treatment and immobilisation systems for prototypical dissolver off-gas, 
vessel off-gas, tritium pre-treatment off-gas, cell off-gas, and waste treatment off-gas 
arising from aqueous and electrochemical fuel treatment processes. The five major thrust 
areas include (1) iodine capture, (2) iodine immobilisation, (3) tritium separations, (4) 
krypton separations and storage, and (5) integrated off-gas treatment system development. 
Highlights of the accomplishments over the past nine years will be presented.  

Introduction  

The Off-Gas Sigma Team within the US Department of Energy (DOE) Office of Nuclear 
Energy’s (NE) Office of Nuclear Technology Research and Development was formed in 
October 2009, bringing together multidisciplinary teams from across the DOE complex and 
academia to work collaboratively to solve the technical challenges of the capture and 
immobilisation of volatile radionuclides contained in the airborne effluents from used fuel 
treatment processes. This work has been performed with the goal of clarifying the practical 
impacts of environmental regulations and development of technology that can facilitate 
regulatory compliance for gaseous discharges by potential used fuel treatment facilities. 
The team has focused on development of effective methods to capture and immobilise 129I, 
85Kr, 3H, and to a lesser degree 14C and semivolatiles released from fuel treatment 
processes, thereby enabling a range of advanced fuel cycle options in the United States. 
Participating laboratories have included Argonne National Laboratory, Idaho National 

                                                      
2  This manuscript has been authored by UT-Battelle, LLC, under contract DE-AC05-00OR22725 
with the US Department of Energy (DOE). The US government retains and the publisher, by 
accepting the article for publication, acknowledges that the US government retains a nonexclusive, 
paid-up, irrevocable, worldwide license to publish or reproduce the published form of this 
manuscript, or allow others to do so, for US government purposes. The DOE will provide public 
access to these results of federally sponsored research in accordance with the DOE Public Access 
Plan (http://energy.gov/downloads/doe-publicaccess-plan). 
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Laboratory (INL), Oak Ridge National Laboratory (ORNL), Pacific Northwest National 
Laboratory (PNNL), and Sandia National Laboratories.  

Overview of Off-Gas Sigma Team objectives  

The overarching objectives of the Off-Gas Sigma Team are: 

1. developing materials and processes for capture of I, 3H, Kr, and C that can be 
implemented across likely used fuel treatment processes (including both aqueous 
and electrochemical fuel treatment options); 

2. developing a fundamental understanding of the generation, distribution, capture, 
and immobilisation of radionuclides from used fuel treatment process off-gas to 
gain confidence in their performance and allow for new solutions to be developed 
as fuel treatment processes are better defined; 

3. developing waste forms and processes to manage off-gas waste streams in an 
effective manner; 

4. designing and demonstrating the effectiveness of integrated off-gas treatment 
systems for likely fuel treatment processes.  

Overview of Off-Gas Sigma Team activities  

Over the past nine years, the Sigma Team has conducted over 40 distinct R&D activities 
within the US DOE national laboratory complex to advance the state of the art in off-gas 
treatment. This has been supported by 6 closely linked Nuclear Energy University Program 
(NEUP) projects involving 10 universities. These activities focus on one or more of the 
Sigma Team’s overarching objectives. Although there are numerous accomplishments that 
merit discussion, the balance of this paper will highlight three broad areas: (1) the 
preparation of a series of background reference or engineering evaluations to support 
ongoing or planned R&D activities, (2) focused basic and applied R&D performed at DOE 
national laboratories, and (3) the associated NEUP projects.  

Engineering studies and reference documents  

Shortly after its formation in fiscal year (FY) 2010, the Off-Gas Sigma Team undertook an 
effort to prepare a series of documents that form the foundation of the Sigma Team’s R&D 
efforts. The major studies that were conducted are described below.  

Assessments and options for removal and immobilisation of volatile 
radionuclides from the processing of used nuclear fuel (FY 2011 – updated in FY 
2015)  
This report was first released in FY 2011 [1] as a draft and was updated in FY 2015 [2] and 
provided an assessment of options for capturing and immobilising the radionuclides 
expected to be volatilised during aqueous reprocessing of used nuclear fuel (UNF). These 
radionuclides include 3H, 14C, 85Kr and 129I. Each of these are released into the gas streams 
associated with processing the nuclear fuel and may be difficult to remove because of their 
chemical state and very low concentrations. The SCALE code version 6.0 [3] was used to 
calculate the masses and activities of these volatile radionuclides in representative used 
commercial light water reactor fuels that could be reprocessed for recycling. Two levels of 
fuel burn-up, 30 GWd/tIHM (gigawatt-days per metric ton initial heavy metal) and  
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60 GWd/tIHM with 5- and 30-year cooling periods (time out of reactor) were selected as 
reference cases for the SCALE calculations. A number of capture methods were reviewed 
in this study. It was assessed that although many of the methods appeared promising, 
significant R&D remained to be completed to advance them from the laboratory or bench 
scale to a level suitable for use in commercial facilities. The report also pointed out that 
significant development and performance testing would be needed to develop suitable 
waste forms, particularly for iodine. Waste form volumes for each of the four primary 
volatile radionuclides (3H, 14C, 85Kr and 129I) were estimated. These estimates of the waste 
form volumes accounted for the non-radioactive isotopes and “tramp” elements found in 
air (e.g. Kr and Xe), process chemicals (e.g. I and Cl) that would be present, and variations 
arising from the different capture methods and waste form matrix.  

Fuel age impacts on gaseous fission product capture during separations (FY 
2012)  
This report [4] began with an evaluation of the applicable regulatory requirements 
pertaining to the release and capture of the volatile radionuclides and considers the impact 
of fuel age (from discharge to 200 years) on the capture requirements. This study found 
that the principal isotopes of concern are 3H and 129I, the latter requiring the highest 
decontamination factors (DFs). The maximum DF required for 129I is 8 000 in the illustrated 
cases (see Table 1). The required DF for 3H could be as high as 720, depending on the age 
of the fuel processed. The DF for 85Kr could be up to ~60, depending on fuel age. The DF 
for 14C was found in many cases to be 1 (no treatment required) but could be as high as 30. 
The DFs required for the capture technologies that are available for the volatile 
radionuclides were consistent with the range of DFs that were considered achievable in the 
FY 2011 study on options for capturing for the volatile radionuclides [1]. However, 
achieving the required plant-wide 129I and 3H DFs would be challenging. Variations in stack 
design and other design factors may also significantly impact the DF requirements. 

Table 1: DFs requirements with for the volatile radionuclides 

Isotope Minimum DF without enginnering margin Maximum DF (engineering margin is not 
included. 

3H 1 after 57 – 117 yr post fuel discharge 720 
14C 1 30 
85Kr 1 after 22 – 64 yr post fuel discharge 62 
129I 380 8 000 

Iodine pathways and off-gas stream characteristics for aqueous reprocessing 
plants (FY 2013)  
The need to control emissions of the gaseous radionuclides to the air during nuclear fuel 
reprocessing has already been reported for an entire plant [4]. However, since the gaseous 
radionuclides can partition to various reprocessing off-gas streams—for example, from the 
head end, dissolver, vessel, cell and melter—an understanding of each of these streams is 
critical. The FY 2013 study [5] focused on the distribution of iodine to these various off-
gas streams. These off-gas streams have different flow rates and compositions and could 
have different gaseous radionuclide control requirements, depending on how the gaseous 
radionuclides partition. This study examined the available literature to summarise specific 
engineering data on the flow rates, forms of the volatile radionuclides in off-gas streams, 
distributions of these radionuclides in these streams, and temperatures of these streams. 
Based on this study, four major iodine release pathways were identified as requiring 
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treatment to prevent the release of iodine to the stack and achieve the desired plant-wide 
iodine DF:  

• Dissolver off-gas, including the off-gas from the fuel shearing operation.  

• Vessel off-gas, including the vents from the process operations and tanks within 
the facility.  

• Off-gas from liquid waste solidification, including the production of waste forms 
from the primary off-gas system traps. Vents from the waste storage tanks in this 
section of the plant must also be connected to an iodine-trap system.  

• Treatment activities on used solvent and on the solidification of discarded used 
solvent.  

Radioactive semivolatiles in nuclear fuel reprocessing (FY 2014)  
In the previous reports, the pathways and required removal of four radionuclides known to 
be volatile, one of the species evaluated formed sufficiently volatile compounds in the 
context of the reprocessing facility to be of regulatory concern from an emission standpoint 
based on volatility alone and taking into account current or proposed use of scrubbers and 
particulate filtration technology. However, deposition of certain semivolatile compounds 
on surfaces within the off-gas system is likely. Capture systems may be required to ensure 
that deposition does not occur in unwanted locations. 14C, 3H, 129I and 85Kr, were discussed. 
Other less volatile isotopes can also report to the off-gas streams in a reprocessing facility 
and could require additional abatement systems. The FY 2014 study [6] was undertaken in 
an effort to determine which, if any, of 24 semivolatile radionuclides could be released 
from a reprocessing plant and, if so, what would be the likely quantities released. As part 
of this study of semivolatile elements, the amount of each generated during fission was 
included as part of the assessment for the purpose of controlling their emission. Also 
included in this study was an assessment of the cooling time (time out of reactor) before 
the fuel is processed. This aspect is particularly relevant to the short-lived isotopes, 
especially for cooling times approaching 10 years.  

A literature survey to identify potentially problematic volatile iodine-bearing 
species present in off-gas streams (FY 2015)  
As previously noted, controlling the release of 129I required the highest DF of any of the 
volatile radionuclides. The study of inorganic iodide in off-gas systems has been almost 
exclusively limited to I2, and the focus of organic iodide studies has been CH3I. In the FY 
2015 study [7] an examination of publicly available literature relevant to the presence and 
sources of both inorganic and organic iodine-bearing species in reprocessing plants was 
conducted. A major focus of this study was on those iodine-bearing species that have the 
potential to be poorly sequestered with traditional capture methodologies. These forms 
have historically been known as penetrating iodine-bearing species. Based on the results of 
the literature survey and some limited thermodynamic modelling, the inorganic iodine 
species hypoiodous acid (HOI) and iodine monochloride (ICl) were identified as potentially 
low-sorbing iodine species that could be present in off-gas systems. Organic species of 
interest included both short chain alkyl iodides such as methyl iodide (CH3I) and longer 
alkyl iodides up to iodododecane (C10H21I).  
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Effects of the decay of 85Kr to 85Rb on long-term storage options (FY 2015)  
In addition to iodine and tritium, one of the volatile radionuclides that may require removal 
from process off-gas streams during the reprocessing of UNF to meet regulations is 
krypton. Of the krypton isotopes that are present in UNF, 85Kr is the only remaining 
radioactive isotope after the fuel has been out of the reactor for one year; all other isotopes 
(82Kr, 83Kr, 84Kr, and 86Kr) are stable. If UNF is reprocessed within approximately 50 years, 
krypton capture is needed to meet regulatory guidelines. The reference process for 
removing krypton from the off-gas streams within a reprocessing facility is cryogenic 
processing of the off-gas streams. However, other solid sorbent-based methods are being 
investigated for the removal of krypton. These processes can involve zeolites, Ag-loaded 
zeolites or metal organic framework materials. The reference immobilisation process for 
storage of the krypton is pressurised canisters or canisters with co-deposited metal and 
krypton.  

The current method of storage is high-pressure metal canisters. Historically, concerns have 
been expressed that the decay product of 85Kr, 85Rb, could cause corrosion and weakening 
in the canisters, ultimately leading to premature failure and release of 85Kr. Vapour 
deposition in metal, immobilisation in zeolites and immobilisation in metal organic 
framework materials have all been investigated as alternative storage media for krypton. 
Even these storage methods may still be susceptible to the chemical effects caused by decay 
of 85Kr to 85Rb. A study in FY 2015 [8] provided a review the available literature on topics 
relevant to the effects of Rb on the long-term storage of 85Kr, examined the source terms in 
the context of this concern, and suggested a path forward to resolve any outstanding 
knowledge gaps.  

Engineering evaluation of an integrated off-gas treatment system for used 
nuclear fuel reprocessing facilities (FY 2016)  
In FY 2016, the Off-Gas Sigma Team undertook an initial engineering evaluation and 
design of the off-gas abatement systems required to ensure that air emissions from a 
reprocessing facility can meet or exceed emission requirements set forth by the US 
Environmental Protection Agency and the US Nuclear Regulatory Commission [9]. This 
study builds upon a series of case studies that addressed various reprocessing options for 
the processing of UNF, the body of literature, and recent R&D. This engineering study was 
not tied to a specific UNF processing facility, but it was intended to help those involved 
with UNF reprocessing grasp the complexity and sizes of the required off-gas treatment 
systems. This study was limited in scope and only covered engineering options for the off-
gas streams arising from head-end, fuel dissolution and process vessels for aqueous 
reprocessing. It was not intended to be an exhaustive, detailed design effort but, provided 
an initial evaluation of (1) the relative sizes, (2) the material balances, (3) energy 
requirements, (4) key instrumentation requirements, (5) support system requirements, (6) 
extended operating cycles and associated requirements, and (7) the extent to which key 
design data are or are not available for the off-gas systems.  

Data requirements and test system needs for development of an integrated off-gas 
treatment system (FY 2017)  
This assessment completed in FY 2017 [10] examined the data gaps identified in and the 
more subtle assumptions that were required by the engineering evaluation [9] and provided 
a detailed look at the specific data needs for each major system. This assessment of the data 
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gaps builds on a study conducted early in FY 2016 that established a set of performance 
criteria for capture and immobilisation technologies [11]. The gaps identified in the 
engineering assessment also verified the breadth of the criteria and metrics that were 
previously developed. During the analysis of the data gaps it was necessary to expand the 
metrics slightly to capture co-adsorption effects and to address desorption, neither of which 
were included in the original set of metrics.  

Evaluation of tritium management approaches on tritium waste volumes in 
reprocessing plants (FY 2017)  
As identified in the “fuel-age” report [4], tritium could be a significant issue for future 
reprocessing plants in addition to iodine, especially if processing relatively short-cooled 
fuels (e.g. <10-year post–reactor discharge). Like iodine, tritium contained in a UNF matrix 
will be released into the liquid and off-gas streams during fuel reprocessing. The amount 
released into the process streams is a function of the type and burn-up of the fuel processed, 
and the chemical processes and processing conditions employed within the reprocessing 
plant. The required DF for 3H could be as high as 200, depending on the age of the fuel 
processed. A study by Jubin and Spencer [12] examines three main tritium management 
cases, each containing several subcases for comparative purposes and estimates the waste 
generation:  

1. A single acid/water recovery system that handles the entire UNF reprocessing plant 
(with and without a “bleed” stream), and tritium abatement potentially applied to 
the off-gas streams.  

2. A split acid/water recovery approach in which the acid/water recycle is split into 
two systems: one for the head-end and high-level waste operations and one for the 
balance of the plant.  

3. The selective removal of tritium-contaminated water (i.e. HTO) from the recycle 
acid/water streams.  

Overview of Off-Gas Sigma Team R&D activities  

Guided by the evaluations described above, a significant body of R&D has been and 
continues to be conducted by the Off-Gas Sigma Team. This R&D focuses on the following 
five primary areas, which in turn support the four primary objectives:  

1. Iodine capture – The objective of the iodine capture task is to develop materials and 
processes that ensure compliance with regulatory releases of radioiodine from a 
used fuel treatment facility. The off-gas streams within an aqueous reprocessing 
facility that have been identified as sources of volatile radioiodine include the 
dissolver off-gas, tritium pre-treatment off-gas, vessel ventilation off-gas, melter 
off-gas and cell off-gas. The materials development and testing should be 
performed on materials and systems that are cost-effective to deploy at an industrial 
scale, and testing should aim for both a fundamental understanding of the materials 
and processes and generation of data needed for future engineering studies.  

2. Iodine immobilisation – The objective of the iodine immobilisation task is to 
develop suitable waste forms and processes capable of immobilising radioiodine 
with characteristics that limit the release of radioiodine to levels consistent with 
potential repository waste acceptance criteria. The process should be adaptable to 
specific capture methods and materials and be cost-effective.  
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3. Tritium separations from head-end off-gas generated by a tritium pre-treatment 
process – The objective of the tritium separations task is to develop a viable process 
to separate tritium from the tritium pre-treatment off-gas stream and from 
radioiodine.  

4. Krypton separations and storage – The objective of the krypton separations and 
storage task is to develop a cost-effective method to separate and manage 
radiokrypton from off-gases in the head-end processes of a used fuel treatment plant 
so that the radiokrypton releases are below regulatory limits. The krypton capture 
method should separate krypton from the off-gas carrier stream and from xenon. 
Both aqueous and electrochemical plant off-gases are of interest, but the initial 
focus is on aqueous process off-gases. The effects of long-term storage of 85Kr 
loaded waste forms must also be understood.  

5. Integrated off-gas treatment system development – The objectives of the integrated 
off-gas treatment system task are to develop and demonstrate integrated off-gas 
treatment systems for tritium pre-treatment off-gas, dissolver off-gas, vessel off-
gas and melter off-gas. The task includes the evaluation of materials and processes 
for capture and immobilisation of each gaseous component and modelling of the 
entire gas system including heat and mass balances, equipment scaling and layout, 
and any interface issues. Development of fundamental understanding of adsorption, 
mass flow and reaction modelling is also a sub-tier objective of this task.  

Space and time do not permit the discussion of all the many significant R&D 
accomplishments of the Off-Gas Sigma. Two R&D activities that focus on iodine capture 
are highlighted below.  

Methyl iodide adsorption on silver-functionalised aerogels [N. Soelberg, T. 
Watson (INL)]  
As noted in the study on the distribution of iodine to these various off-gas streams [5], the 
dissolver off-gas (DOG) stream contains a significant portion of the iodine evolved to the 
facility off-gas systems. Some fraction of this iodine is expected to be present as organic 
iodides which are expected to be more difficult to retain [7]. This stream also contains acid 
vapours, and NOx. Work at INL has been conducted using to evaluate the adsorption of 
methyl iodide using deep beds to advance the technical maturity of solid sorbents for 
capturing 129I in off-gas streams during UNF reprocessing.  

Tests to determine that capture efficiency of silver-functionalised aerogels for CH3I were 
conducted at INL by Soelberg and Watson [13] as part of a multiyear R&D effort that has 
been focused on deep-bed iodine sorbent performance. The tests conducted in FY 2016 
used high levels of NO (approximately 3 300 ppm) and NO

2 
(up to approximately 

10 000 ppm), which approximate the levels expected in the dissolver off-gas. The results 
indicate that high efficiency iodine capture by silver-functionalised silica-aerogel is 
achievable. As shown in Figure 1, iodine DFs exceeded 3 000 until bed breakthrough 
occurred at which point there was a rapid decrease in the DF levels to as low as 
approximately 2, when the adsorption capability was near depletion.  

Soelberg and Watson [13] also observed that after breakthrough nearly all the uncaptured 
iodine in the bed outlet gas stream was no longer methyl iodide. It appeared the methyl 
iodide molecules had been cleaved in the sorbent bed, even after iodine adsorption process 
was no longer efficient. This resulted in uncaptured iodine being present in the form of 
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iodine species soluble in a caustic scrubber solution and detected and reported as diatomic 
I

2
.  

Figure 1: Total iodine DF trends over time for Test CH3I-17 

 

Source: Soelberg and Watson, 2016. 

The mass transfer zone depths for these test conditions were estimated at 8 inches, 
somewhat deeper than the 2–5 inch range estimated for both silver aerogels and silver 
zeolites in prior deep-bed tests conducted at lower NOx levels.  

The maximum iodine adsorption capacity and silver utilisation for these higher NOx tests 
were relatively low (~5–15 wt%) and represents a silver utilisation of approximately 12%–
35%. These values were lower than for trends from prior silver aerogel and silver zeolite 
tests with lower NOx levels.  

Elemental and organic iodide adsorption under vessel off-gas conditions [R. T. 
Jubin, S. H. Bruffey, J. A. Jordan (ORNL)]  
Of the four volatile radionuclides (3H, 14C, 85Kr and 129I) 129I will require the greatest extent 
of abatement. The studies described above have shown that overall plant DF for 129I must, 
at minimum, exceed 1 000 to meet regulatory requirements. Iodine-containing off-gas will 
be present in the dissolver off-gas, the cell off-gas, the vessel off-gas (VOG), the waste off-
gas and the shear off-gas. The VOG will most likely contain 1%–5% of the total iodine at 
part per billion (ppb*) concentrations. A number of studies have examined iodine abatement 
from the dissolver off-gas, which contains greater than 95% of the iodine inventory of the 
plant, but very few have examined the recovery of iodine from the VOG stream.  

                                                      
*Throughout this report, parts per billion or parts per million concentrations will be used on a molar basis.  
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Reduced silver-exchanged mordenite (Ag0Z) has been considered a promising iodine 
sorbent for use in UNF reprocessing plants, but recent efforts have identified silver-
functionalised silica-aerogel (AgAerogel) as a potential alternative. Limited duration I2 

and 
methyl iodide (CH3I) adsorption tests have been conducted with Ag0Z and AgAerogel at a 
range of concentrations up to 1 000 ppb [14]. These experiments were performed with two 
specific aims: (1) to assess the effect of iodine concentration on its adsorption by the sorbent 
and (2) to compare the performance of Ag0Z and AgAerogel in the removal of iodine from 
a prototypical VOG stream.  

The results from these tests indicate that the concentration of CH3I within the range studied 
(40–1 000 ppb CH3I) does not affect either the maximum observed iodine loading for the 
sorbent or the penetration of CH3I into the Ag0Z sorbent bed. Similar testing performed on 
the adsorption of CH3I by AgAerogel showed the same lack of dependence on CH3I feed 
concentration. It should be noted that the tests conducted using very low iodine feed 
concentrations (7-40 ppb) ran for three–four months to obtain an iodine adsorption profile 
in the sorbent deep bed.  

An examination of the penetration depth for each test indicates that CH3I does not 
necessarily penetrate the sorbent bed to a depth greater than that of I2, which had been 
assumed to date. However, a visual examination of the iodine loading profiles reveals a 
greater fraction of recovered iodine present in the tails of the penetration curves for CH3I 
tests versus I2.  

The second aim of this report was to compare the performance of Ag0Z and AgAerogel in 
VOG conditions. Ag0Z and AgAerogel iodine adsorption performance was examined for 
two I2 concentrations (7 and 500 ppb) and three CH3I concentrations (40, 400, and  
1 000 ppb). The most notable difference between the two sorbents is that in all cases for 
both sorbates, the maximum observed iodine loadings are higher for AgAerogel. However, 
if the iodine loading data is normalised to account for the higher silver content in the 
AgAerogel, then no clearly discernable differences exist between the two sorbents.  

The relatively short duration (three–four months) tests conducted with an iodine feed gas 
concentration of 7-40 ppb loaded the sorbent to far less than its expected saturation loading. 
As a result, little to no information could be extracted regarding the length of the mass 
transfer zone or the long-term concurrent sorbent ageing and loading behaviour. Tests have 
now been undertaken to conduct a series of long-duration tests designed to identify the 
saturation loading of the sorbent under VOG conditions and, as a part of this, to determine 
the length of the mass transfer zone.  

A 38 week test using a feed gas concentration of 50 ppb I2 has been completed [15]. This 
test represents the longest extended VOG test conducted to date by this programme. This 
test achieved iodine loadings of ~40 mg I/g sorbent (see Figure 2). The iodine mass transfer 
zone penetrated at least 10.5 cm into the sorbent beds. There was no indication of sorbent 
saturation. The mass balance for iodine closed within 2%, which is within the expected 
combined uncertainty.  

Although this test did not achieve saturation of any portion of the test beds, the data does 
provide significant information that can be used to extrapolate a potential maximum length 
of the mass transfer zone under VOG conditions. Under the conditions used in this test, the 
mass transfer zone could be on the order of 21 cm.  

This test also provides the basis for the design of the next tests in this series of extended 
VOG tests. Future tests to examine the validity of the extrapolation to a saturated VOG 
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sorbent bed (assuming a loading of 90 mg I/g of sorbent or a silver utilisation of 80%) 
should be designed to run up to ~4.9 years, assuming a 50 ppb I2 feed gas, and have a bed 
length greater than 32 cm to ensure the capture of the mass transfer zone.  

Future efforts regarding the adsorption of iodine from prototypical VOG streams by silver-
based sorbents will attempt to extend the test duration to (1) determine if the slope of the 
iodine loading front remains constant; (2) determine the saturation concentration reflecting 
ageing in situ; and (3) compare the extended loading behaviour for organic iodides. 
Additionally, the adsorption of different iodine species, such as C12H25I, will be studied. 
Other variables that merit examination are the gas velocity of the test and the dependence 
of the observed results on the inlet iodine concentration.  

Figure 2: Linear regression fit for the mass transfer zone for the  
extended I2 

sorption onto Ag0Z 

 

Source: Jubin et al., 2018.  

Nuclear Energy University Program 

The DOE/NE created the Nuclear Energy University Program (NEUP) in 2009 to 
consolidate its university support. The mission of the NEUP is to engage the US university 
community to conduct programme-directed, mission-supporting R&D.  

In FY 2018, under the NEUP and companion Nuclear Science User Facilities, and Nuclear 
Energy Enabling Technology programmes, the DOE invested USD 64 million in nuclear 
energy research, facility access, cross-cutting technology development and infrastructure 
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awards in 29 states. In total, 89 projects were selected to receive funding that will help 
advance innovative nuclear technologies.  

Listed below are selected NEUP projects that are either ongoing or have been recently 
completed that directly supported the Off-Gas Sigma Team efforts.  

Novel metal sulfides to achieve effective capture and durable consolidation of 
radionuclides (principal investigator: Mercouri Kanatzidis, Northwestern 
University in collaboration with PNNL and ORNL)  
This project conducted at Northwestern University [16] evaluated chalcogels and other 
chalcogenide-based materials as potential selective capture agents and as waste forms for 
iodine and for the capture of Cs, Sr and Co ions. This effort focused on associated 
chemistries (for example Zn, Mo, W, Fe, Ni) and building blocks (for example [Sn2S6]4−, 
[Mo,W]S4

2−, etc.) to create tailor-made chalcogels for selective capture of iodine. 
Crystalline metal sulfide frameworks to capture Cs, Sr and Co radionuclide ions were also 
investigated. This effort pursued multiple approaches to produce functionalised materials 
that were tailored to be high selectivity for iodine and Cs, Sr and Co ions. These approaches 
included:  

• chalcogels with polarisable surfaces for physisorption of I2; 

• oxidative coupling of terminal Q atoms in chalcogels to form Q–Q bonds (Q = S, 
Se); 

• reaction of I2 with low oxidation state metals in chalcogels; 

• crystalline metal sulfides as selective ion exchangers for Cs, Sr and Co removal; 

• conversion of the final products into glasses with the aim of developing systems 
with high chemical durability that can produce stable waste forms.  

Thermally and chemically responsive nanoporous materials for efficient capture 
of fission product gases [principal investigator: Roland Faller (formerly Pieter 
Stroeve), University of California Davis in collaboration with LLNL]  
This effort at University of California Davis [17] was focused on the development of 
robust, high-efficiency materials for capture of fission product gases such as He, Xe and 
Kr. A key objective of this effort was that the material would be compatible for direct 
integration with oxide, metal or ceramic fuels, or could be incorporated into reprocessing 
operations. This effort was supported with computational molecular modelling of 
nanoporous materials at high temperatures, and the sub-objective was to use computational 
modelling to predict molecular structure and physical properties of synthesised nanoporous 
materials. This effort included the evaluation of boron nitride nanotubes, platinum doped 
zeolite, mesoporous silica nanoparticles and yttria-stabilised zirconia at a range of 
temperatures, “corrosive” species concentrations, and radiation intensities.  

Off-gas treatment: Evaluation of nano-structured sorbents for selective removal 
of contaminants [principal investigator: Vivek Utgikar, University of Idaho in 
collaboration with INL]  
The NEUP research conducted at the University of Idaho [18] was aimed at developing an 
effective adsorption-based process for the separation and immobilisation of radionuclides 
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using nano-structured sorbents. The project scope included synthesis, characterisation and 
evaluation of the sorbents with respect to sorption equilibria.  

Sorption modelling and verification for off-gas treatment [principal investigator: 
Lawrence L. Tavlarides, Syracuse University in collaboration with Georgia Tech, 
Prairie View A&M University, ORNL, and INL]  
This FY 2014 NEUP project was focused on the development of modelling tools for off-
gas capture from nuclear-fuel recycling facilities. Target species included 3H, I, CO2, Kr, 
and Xe [19]. The team at Syracuse and Georgia Tech and other collaborators refined the 
models and algorithms for off-gas sorption that were developed in a previous NEUP 
project. The models developed in the previous project were extended and experimentally 
validated, and the resulting tools are now available for engineers to develop a path forward 
for off-gas treatment processes.  

Zeolite membranes for krypton/xenon separation from spent nuclear fuel 
reprocessing off-gas [principal investigator: Sankar Nair, Georgia Institute of 
Technology, in collaboration with ORNL]  
This NEUP R&D effort at Georgia Institute of Technology was focused on the 
development of a high-performance, low-energy intensity, lower-cost zeolitic membrane 
process for Kr/Xe separation during UNF processing [20]. This effort investigated the 
underlying molecular adsorption and transport processes in both idealised and realistic 
operating conditions to develop reliable membrane synthesis-structure-property 
relationships. The overall project objectives included:  

• demonstration of a selective (Kr/Xe selectivity > 15), highly Kr-permeable 
(permeance > 50 GPU), and radiation-resistant zeolitic tubular membrane module; 

• expand the understanding and develop a database of Kr and Xe transport and 
radiation resistance properties of SAPO-34 (CHA) materials and membranes; 

• develop a new synthesis methods for thin/submicron SAPO-34 membranes; 

• develop a process model-based estimates for membrane size and cost across a range 
of Kr and Xe purities.  

Krypton/xenon separation over metal organic framework membranes [principal 
investigator: Moises A. Carreon, Colorado School of Mines in collaboration with 
PNNL]  
The central thrust of this project conducted at the Colorado School of Mines [21] was to 
establish a solid fundamental science programme that would lead to the rational design of 
a novel family of membranes composed of metal organic frameworks, which offer the 
possibility of demonstrating high separation performance for Kr/Xe gas mixtures. The key 
objectives of this project were:  

• development of continuous and reproducible metal organic framework membranes 
on porous tubular supports displaying high Kr permeabilities and high Kr/Xe 
separation selectivities; 

• demonstration of long-term stability and performance of the membrane; 
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• establishment of the physical structure/separation relationships of metal organic 
framework membranes for Kr/Xe separations; 

• demonstration that membrane synthesis could be amenable to large-scale 
production.  

Mechanistic understanding of silver sorbent ageing processes in off-gas 
treatment [principal investigator: Lawrence L. Tavlarides, Syracuse University in 
collaboration with Georgia Tech, Prairie View A&M University, ORNL, and 
INL]  
This project at Syracuse University [22] is focused on the development of an understanding 
of the different mechanisms of silver-ageing processes on adsorbents exposed to nuclear 
fuel reprocessing off-gas streams to enable prediction of long-term operation of gas 
treatment systems. Systems to be studied are silver-exchanged mordenite (Ag0Z) and 
silver-functionalised silica aerogel (Ag0-aerogel). Mechanisms of the adsorbent ageing in 
off-gas including air, H2O vapour, NO and NO2 

are being studied. Experimental data will 
be collected on sorbent deactivation, and this data will be employed to extend models that 
have been developed for capture of gases in adsorption columns, incorporating the effects 
of ageing and deactivation.  

Conclusions  

The Off-Gas Sigma Team has made considerable progress over the past nine years in 
advancing the body of knowledge associated with off-gas capture technology needed for 
UNF reprocessing. The numerous accomplishments include the preparation of an extensive 
body of reference studies and documents, development of new sorbents for iodine; 
investigation of iodine capture from very dilute streams; and development and 
demonstration of solid sorbents to capture and separate xenon and krypton. Several of these 
have been highlighted in this paper as examples of the work performed by this team of 
dedicated professionals working within the DOE national laboratories and universities.  

Ongoing activities include iodine capture for the various iodine-containing process streams, 
continued development of iodine sorbents, tritium capture systems for advanced head-end 
processes, the scale-up of the krypton/xenon capture and purification systems, and systems 
to capture semivolatile radionuclides.  
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Effects of fuel cycle closure on the disposability of ongoing waste 

K. Dungan*1, G. Butler1, R. Gregg2 
1University of Manchester, United Kingdom; 2National Nuclear Laboratory, 

United Kingdom 

Extensive modelling has covered many aspects of the nuclear fuel cycle from fuel and 
infrastructure demands through to disposal requirements. However, most studies are 
situation-specific, generally seeking to fill an energy gap or following on from existing 
national policy. This study aims to present the effect of partial and full fuel cycle closure 
on the ongoing waste, with consideration to the resultant effects on long-term disposability. 
All nuclear programmes have been modelled as stand-alone fuel cycles and do not consider 
legacy wastes or fuel stocks. 

The four systems simulated include: pressurised water reactor (PWR) open fuel cycle; PWR 
thermal recycle; PWR thermal recycle + sodium-cooled fast reactor (SFR) burner; and 
SFR iso-breeder. The primary driver of each programme is to generate electricity and it is 
assumed the system exists in an idealised steady state, i.e. there is no start-up/transition 
period. In order to demonstrate the effect of recycling across a range of systems, the wastes 
have been normalised to the electrical generation capacity of each system. The two key 
variables presented here are decay heat and radiotoxicity, which are both widely 
considered as factors having a significant bearing on the deep disposal of nuclear waste. 

The ORION computer code has been used to create models of the four fuel cycles and to 
generate spent fuel and Highly Active Liquor (HAL) inventories along with their associated 
waste properties. Results include: ongoing waste inventories going to disposal, actinide 
content of inventory going to disposal, decay heat of inventory over time, radiotoxicity of 
inventory over time.  

The results show the potential long-term impact of closing the fuel cycle on geological 
disposal, allowing comparison across power generation. While a marginal reduction in 
radiotoxicity and decay heat of waste is seen when implementing a thermal recycle, the 
introduction of a fast reactor fleet burning spent PWR mixed oxide (MOX) shows nearly 
an order of magnitude reduction in waste metrics at 500 years; there is a further order of 
magnitude reduction again if implementing a fully closed programme. These results can 
help determine to what extent it is worthwhile establishing a closed fuel cycle when 
considering disposal and whether a cooling scheme during the societal control period 
could be an option to significantly reduce the burden on the repository.  

Following from this study the disposability of the wastes will be considered, taking into 
consideration limits potentially imposed by a disposal safety case and using the code 
BADGER to determine footprint based on thermal limitations. Ultimately, this will give a 
quantitative and comprehensive illustration of what disposal aspects may drive selection 
of a nuclear energy programme. 
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Fuel cycle models 

Table 1: Details of the fuel cycle scenarios modelled 

Scenario Reactor Fuel cycle Ongoing wastes 

SC1 PWR Open; no 
reprocessing Spent PWR LEU (Low Enriched Uranium) fuel 

SC3 PWR recycle 
Partially closed; 
thermal recycle of U 
and Pu 

PWR HAL (Highly Active Liquor), PWR clad, spent PWR 
ERU (Enriched Reprocessed Uranium fuel), spent PWR 
MOX (Mixed Oxide fuel) 

SC4 PWR recycle + 
SFR 

Closed; thermal 
recycle + MOX burner 

PWR HAL, PWR clad, sepU (separated U) from ERU; SFR 
HAL, SFR clad, SFR sepU 

SC5 SFR Closed; iso-breeder SFR HAL, SFR clad, SFR sepU 

Acknowledgements 

This work was supported by the UK Engineering Physical Science Research Council 
through the Centre for Doctoral Training in Nuclear Fission – Next Generation Nuclear, 
grant EP/L015390/1. Acknowledgements also go to NNL who have provided software, 
computing capacity and technical support.  



  | 203 
 

  
  

Thermo-hydro-mechanical evaluation of critical mass in repository far-field 

A. Salazar*1, M. Fratoni2 
1Sandia National Laboratories, United States; 2University of California, Berkeley, 

United States 

The evaluation of post-closure safety for a repository for spent nuclear fuel (SNF) includes 
feature, event and process (FEP) and scenario screening of potentially relevant 
phenomena. This study examines the potential consequences of a low-probability criticality 
FEP, specifically the impact of a critical mass formation in the far-field in a scenario where 
canisters are extensively compromised, fuel is dissolved, and fissile nuclides are 
reconcentrated. If reactivity feedback is insufficient to bring the system to a subcritical 
state and heat transfer to the surrounding host rock is inadequate, the surrounding rock is 
liable to degrade via thermal creep. Based on past studies, the probability of an 
autocatalytic, or explosive, criticality event from SNF is considered negligible. Therefore, 
to evaluate the potential for mechanical failure with a long-term release of energy, this 
study evaluates a critical deposition in host rock by coupling a neutronics analysis and 
thermohydrological simulation of heat and mass transport. Using plausible uranium 
precipitate compositions, critical configurations are obtained based on a spherical 
geometry in either a homogeneous or repeated laminar configuration of rock, UO2 
precipitate, and pore fluid. These critical geometries are obtained per given mass of 
uranium via a static neutronics analysis assuming a water-saturated formation surrounded 
by successive layers of shale and granite. The TOUGH2 code is used to evaluate the 
saturation in the porous medium with evolving temperature based on the fission source 
term. Reactivity feedback models are obtained to account for the effects of Doppler 
broadening and the arriving plume of uranium, which are then incorporated into a quasi-
steady-state heat transfer model to determine the lumped system temperature over time. 
These results are applied numerically in a thermal creep model to determine the period 
post-formation when mechanical deformation of the host rock is indicative of failure. 
Results are found to be sensitive to the source term of fissile material. However, in a direct 
disposal scenario, the necessary concentration of critical mass would not likely be feasible. 
Ultimately, given the conservative nature of the assumptions employed in the study, the 
conditions leading to failure via thermal creep are improbable. 

Introduction 

A repository for spent nuclear fuel (SNF) relies on engineered and natural barriers to reduce 
the post-closure risk of radionuclide releases to the biosphere over long periods of time. 
Post-closure repository analyses include feature, event and process (FEP) analysis and 
scenario development to identify and screen potentially relevant phenomena [1]. Criticality 
FEPs (in-package, near-field, and far-field) are typically screened out on the basis of low 
probability [2]. This study examines the consequences of a hypothetical far-field criticality 
scenario, independent of the low probability screening.  
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In a post-closure scenario wherein multiple canisters are extensively compromised, the 
dissolution, transport, and reconcentration of fissile nuclides could lead to a critical mass 
formation that may pose a threat to the material integrity of the engineered and/or natural 
barriers. In particular, if heat transfer to the surrounding host rock is inadequate and high 
temperatures persist over long periods of time, the release of energy from sustained chain 
reactions may eventually degrade the surrounding rock and introduce a pathway for fission 
products to the biosphere. To evaluate the potential for host rock failure given a long-term 
release of energy, this study evaluates the consequences of a critical deposition by coupling 
a neutronics analysis and a simulation of unsaturated heat and mass transport. In particular, 
thermal creep is proposed as a time- and temperature-dependent failure metric as opposed 
to the high-energy, autocatalytic scenarios evaluated in past studies [3]. 

Critical dimensions of plausible precipitate enrichments are obtained from a parametric 
study using the Monte Carlo N-Particle (MCNP) transport code based on the void space 
available to water and heavy metal [4]. The behaviour of porous heat and groundwater 
transport in the critical configuration of uranium, water and rock is assessed using the 
TOUGH2 code. The results of fluid content and density over time are used to guide an 
integrated neutronics evaluation that measures the simultaneous reactivity feedback effects 
of Doppler broadening and the loss of moderator. Feedback coefficients are employed in a 
lumped capacitance heat transfer analysis that models the critical mass and bedrock at 
quasi-steady-state to probe the evolution of system temperature over time. These time-
dependent results are then applied to a creep strain model to evaluate total system 
deformation. 

Methodology 

Scenario for mass transport 
As noted above, criticality FEPs are typically screened out because of the very low 
probability of out-of-package fissile material attaining a critical configuration. However, if 
multiple waste canisters in the repository tunnels undergo early failure, radionuclides from 
the fuel may undergo dissolution, groundwater transport in fractures, and subsequent 
reconcentration in a reducing region of the far-field. Such conditions could be provided by 
sedimentary deposits like shale and would allow for uranium, mobilised as the uranyl 
anion, to drop out of solution as a precipitate in the available void space. The criticality 
analysis examines potential far-field consequences, with these hypothetical low-probability 
conditions assumed as a precursor. 

A conservative transport analysis was conducted for an abstracted repository grid 
containing the approximately 70 000 MTU of SNF in the current United States 
inventory [5]. The compositions and mass loadings of boiling water reactor (BWR) and 
pressurised water reactor (PWR) SNF were averaged to create uniform canister 
radionuclide inventories. An average canister was determined to hold 1.880 MTU of heavy 
metal, or approximately 7 900 moles of original uranium, which required the repository to 
hold 37 249 canisters to accommodate the source term. This study assumed a superposition 
of all mass flux contributions from individual emplacements in the repository at a common 
point in the far-field by way of advective transport in granitic fractures. No concentration 
limitations from upstream canister flow or any other inter-canister mass transport 
limitations were allowed to limit the flux of radionuclides. Each emplacement consisted of 
a canister and surrounding bentonite buffer modelled according to a spherical geometry 
that preserved interfacial surface areas to model diffusive mass transport upon dissolution 
after a common 1000-year failure period. The analysis employed a statistical sampling 
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technique to acknowledge the full range of uncertainty in the range of sorption, solubility 
and diffusion parameters in the granitic geology. Results indicated maximum 
accumulations occurring on the order of one tonne after several million years. Steady-state 
enrichment levels in the precipitate were found to lie around 1.5 wt%, with enrichments as 
high as 6 wt% occurring in upper bound (90% quantile) behaviour due to highly mobile 
transuranics serving as uranium precursors. To limit the scope of this study, uranium-
dominated depositions will be considered at 1.5 wt%, 2 wt% and 3 wt%, which are held to 
be most indicative of the direct disposal context. 

Neutron transport 
The far-field precipitate is modelled as a sphere in one of two geometries: (1) a 
homogeneous mixture of rock, UO2, water, and air, or (2) a heterogeneous arrangement of 
those components in repeating slab units to emulate natural rock fractures (see Figure 1). 
The sphere is surrounded by a one-metre thick layer of saturated shale at 10% effective 
porosity, which represents the sedimentary rock needed to provide a reducing environment. 
It also serves as a neutron reflector to conservatively reduce the critical mass. The shale 
envelope is surrounded by a ten-metre thick layer of saturated granitic host rock at 1% 
effective porosity. In the neutronics evaluation, the granite is modelled as being surrounded 
by void, as the total neutron collision density is expected to be small. However, when 
evaluating heat and mass transport, the boundary is modelled as an infinite extent of granite.  

The critical configurations of the system are determined via a parametric analysis in MCNP 
based on altering the volumetric fractions of total saturated void (VVF) and heavy metal 
(HMVF) up to 36 vol%. The HMVF cannot be larger than VVF, and the difference between 
the two parameters is called the fluid volume fraction (FVF). The VVF is controlled by the 
aperture (b) in the fractured geometry and by the typical porosity in the homogeneous host 
rock. The radius of the sphere (rc) is adjusted to accommodate the mass of UO2 being 
analysed, which is based on the full theoretical density of 10.95 g/cm3 as a measure of 
conservatism. The density of pore water is assumed to be 1.005 g/cm3 based on an assumed 
hydrostatic pressure of 15 MPa, while that of air is 0.00177 g/cm3.  

The rock assumed in the homogeneous mixture is sandstone, which is modelled as pure 
SiO2, whereas the rock slabs in the fractured geometry have the same shale composition as 
the reflector. A solid density of 2.8 g/cm3 is modelled for shale, 2.65 g/cm3 for sandstone, 
and 2.75 g/cm3 for granite. The Si(SiO2) S[α,β] thermal scattering library is used for both 
shale and granite, whereas the U(UO2) library is used for cells with U and H(H2O) for 
water. 
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Figure 1: Model of critical mass of radius rc and surrounding rock (not to scale) employed in 
the neutronics analysis, where b is the aperture of the fractured geometry 

 

Unsaturated heat and mass transfer 
The TOUGH2 integrated finite difference code with the water/air equation-of-state module 
(EOS3) was employed to analyse the flow of pore fluid and heat from the critical mass to 
the surrounding rock [6]. The MCNP cells with their associated surface areas, volumes, 
and porosities and are mirrored in the problem set-up, although each region is discretised 
into 15 spherical annuli to analyse spatial variation. Furthermore, an infinite region of 
granite is modelled at the boundary with a very low saturation level of 0.1% to artificially 
amplify the capillary suction of water from the system. Dry conditions were chosen to 
observe a minimum saturation in the precipitate and to evaluate smoother behaviour as the 
boiling point of water is exceeded. The hydrostatic pressure is assumed to lie at 15 MPa, 
where the phase transition of water from liquid to gas occurs at TBP=342.155°C. 

The thermal conductivity (k) for the rock formations are provided for both wet and dry 
conditions, whereas a single value is used for the precipitate to be representative of high 
grade ore. The critical region is modelled as being more pervious than the shale and granite, 
with a permeability of 10-15 m2 (≈1 milli-Darcy) compared to 10-18 m2 (≈1 μD). This higher 
value is chosen to reflect the highly fractured nature of the rock needed to accommodate 
the necessary amount of UO2 for a critical mass. Permeability is treated isotropically and 
gravitational effects are eliminated. The van Genuchten-Mualem model is employed to 
model the relative permeability (Kr) of both water and air in the pore space, using a fitting 
parameter of λ=0.5 [7]. The residual saturations of water and air are 5% and 1%, 
respectively. For capillary pressure, van Genuchten’s function is employed with the 
previous λ fitting parameter and P0=200 kPa. In this relationship, the residual water 
saturation is modelled as 1%. In this study, these functions are applied globally to all 
regions in the model. Since the shale composition includes smectite clay, the tortuosity 
factor for binary diffusion is set at τ =1, whereas for others it is kept as zero. 

The spatial dependence of the fission source term within the precipitate is obtained using 
the CINDER depletion module in MCNP. Initial power outputs of 0.1 and 1 kWt were 
employed to evaluate the general spatial profile, which conformed to the functional form 
of a truncated Gaussian curve in the radial direction. This functional form was then used to 
test total thermal outputs (qopt) needed for the average temperature of the critical mass to 
reach the phase transition temperature at steady-state. This was done to ensure a full 
evaluation of two-phase flow conditions.  
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Table 1: Properties for materials relevant to the study, where the porosity of the precipitate 
is determined by the fluid volume fraction needed for criticality. Sandstone is used as the 

rock component of the homogeneous geometry 

Material Permeability 
[m2} 

Thermal Conductivity 
[W/n-K] cp [J/kg-

K] ρ [g/cm3] Tortuosity 
Factor 

Porosity 
[%] Dry Wet 

Precipitate 10-15 Varies 0 FVF (1% 
min) 

UO2 - 7 7 260 10.95 - - 
Shale 10-18 1.8 2.9 795 2.8 1 10 
Granite 10-18 2.79 3.2 840 2.75 0 1 
Sandstone 10-15 1.9 3.8 825 2.65 0 10 

Doppler feedback in heated and unsaturated critical mass 
The TOUGH2 results are used to guide a neutronics evaluation of reactivity changes given 
evolving average temperature and saturation in the discrete regions of the system. Since the 
thermohydrological simulation only reaches the phase transition temperature, a simple 
thermal resistance model is used to extend the temperature to a maximum average of 
1 250°C, which represents the melting point of rock. In this treatment, the fine-scale 
behaviour of the flow and thermal expansion of the pore gas (both vapour and air) is highly 
simplified, as the gaseous components are not expected to influence neutron absorption 
substantially.  

The On-the-Fly Doppler Broadening (OTFDB) code is used to model for the effects of 
increasing temperature on neutron absorption [8]. The ENDF-B/VII.1 libraries were used 
to create functional expansions for all nuclides in the problem (except neon) that could be 
directly read during the MCNP simulation. High-order interpolations were made in 10°C 
intervals from 0°C to 1 300°C based on energy grids with 100°C intervals. Absorption 
cross-sections are modified when collisions are scored in a particular cell using the 
specified average temperature.  

The initial temperature of the system is set at 20.45°C to align with the cross-section 
libraries employed in the critical mass assessment; the effect of the geothermal gradient is 
therefore neglected. The densities of the water and air in the pores are modified based on 
the results of the TOUGH2 simulation. The individual solid densities of the porous 
materials and metals are held constant with temperature, whereas the bulk solids are 
modified to account for the effects of evolving pore fluid densities. 

Quasi-steady-state lumped capacitance model 
Given the various reactivity feedback mechanisms taking place in the system, an analysis 
is employed that integrates a reactivity balance in a system of equations involving point 
depletion. A lumped capacitance approach is employed to model heat transfer between the 
critical mass and the surrounding rock, which assumes that radial variation of temperature 
in the precipitate is negligible. The energy balance consists of an energy storage component 
with precipitate mass M and specific heat Cp and a convective component with heat transfer 
coefficient h and surface area A, as shown in equation (1). 

𝑄𝑄(𝑡𝑡) = 𝑀𝑀𝐶𝐶𝑒𝑒𝛥𝛥�̇�𝑅(𝑡𝑡) − ℎ𝐴𝐴𝛥𝛥𝑅𝑅(𝑡𝑡) (1) 

Heat transfer correlations exist for fluid flow around spheres in porous media, both for 
natural and forced convection. However, the use of lumped capacitance restricts the use of 
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these correlations, and instead a fundamental limit on h is employed based on the Biot 
number: Bi<0.1. This implies a maximum value of h based on the effective thermal 
conductivity and radius of the critical mass, as shown in equation (2). 

ℎ =
3𝑘𝑘

10𝑟𝑟𝑙𝑙
 (2) 

The power generated from fission is governed by the scalar neutron flux ɸ, fission cross-
sections σf, and useable energy released per fission Ef from all fissile nuclides, as shown in 
equation (3). 

𝑃𝑃(𝑡𝑡) = 𝜙𝜙(𝑡𝑡)�𝐸𝐸𝑓𝑓
25𝜎𝜎𝑓𝑓

25𝑛𝑛25(𝑡𝑡) + 𝐸𝐸𝑓𝑓
49𝜎𝜎𝑓𝑓

49𝑛𝑛49(𝑡𝑡)� (3) 

A point depletion is applied to determine the critical sphere composition of three nuclides 
over time: fissile U-235 (equation (4)) and Pu-239 (equation (5)), and fertile U-238 
(Equation (6)). In these expressions, σc represents the cross-section for neutron capture, λ 
is the decay constant, and �̇�𝑆 is the source term from the repository plume in mol/yr. 

𝑃𝑃(𝑡𝑡) = 𝜙𝜙(𝑡𝑡)�𝐸𝐸𝑓𝑓
25𝜎𝜎𝑓𝑓

25𝑛𝑛25(𝑡𝑡) + 𝐸𝐸𝑓𝑓
49𝜎𝜎𝑓𝑓

49𝑛𝑛49(𝑡𝑡)� (4) 

�̇�𝑛49(𝑡𝑡) = �̇�𝑆49 − 𝜆𝜆49𝑛𝑛49(𝑡𝑡) + 𝜙𝜙(𝑡𝑡)�𝜎𝜎𝑙𝑙
28𝑛𝑛28(𝑡𝑡) − 𝜎𝜎𝑙𝑙

49𝑛𝑛49(𝑡𝑡) − 𝜎𝜎𝑓𝑓
49𝑛𝑛49 (𝑡𝑡)� (5) 

�̇�𝑛28(𝑡𝑡) = �̇�𝑆28 − 𝜎𝜎𝑙𝑙
28𝑛𝑛28(𝑡𝑡)𝜙𝜙(𝑡𝑡) (6) 

The quasi-steady-state (QSS) approach to consequence analysis assumes that fission power 
generation and heat dissipation from the critical system are in a relative steady state, and 
that the system remains critical until competing reactivity feedback mechanisms result in 
subcriticality [9]. Therefore, given a gradual release of energy, equations (1) and (3) are 
equated to solve for the scalar flux (Equation (7)), which removes nonlinearity from the 
system of equations. 

𝜙𝜙(𝑡𝑡) =
𝑀𝑀𝐶𝐶𝑒𝑒𝛥𝛥�̇�𝑅(𝑡𝑡) + ℎ𝐴𝐴𝛥𝛥𝑅𝑅(𝑡𝑡)

𝑁𝑁𝐴𝐴�𝐸𝐸𝑓𝑓
25𝜎𝜎𝑓𝑓

25𝑛𝑛25(𝑡𝑡) + 𝐸𝐸𝑓𝑓
49𝜎𝜎𝑓𝑓

49𝑛𝑛49(𝑡𝑡)�
 (7) 

The study assumes that all reactivity feedback mechanisms balance to eventually drive the 
system to subcriticality. Therefore, equations (4) through (6) are coupled with the reactivity 
balance in equation (8) to form N+1 total equations, where αT is the temperature feedback 
coefficient [#/°C], α25 is the feedback coefficient for the evolving inventory of U-235 
[#/mol], α28 is the feedback coefficient for the poisonous effect of the U-238 influx, and αR 
is the feedback coefficient due to thermal expansion. α25 is obtained through two-
dimensional interpolations of the criticality data for each VVF, HMVF co-ordinate for a 
given enrichment to simulate the addition of enriched uranium to an empty void space. As 
the void space fills, this coefficient is positive until the addition of heavy metal results in 
undermoderated conditions and a negative value; therefore, the term is modelled as a 
parabolic function of the addition of U-235: 𝑛𝑛25(𝑡𝑡) − 𝑛𝑛25

0 . α28 is obtained through 
interpolation in a similar manner albeit across multiple enrichments for a given co-ordinate 
to simulate the effect of adding pure U-238 (in UO2) to the void space. This value is 
consistently negative due to fertile absorption and can be modelled as a constant, negative 
value. The term 𝑓𝑓𝐼𝐼(Δ𝑅𝑅) represents the change in the radius of the critical mass with respect 
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to temperature. Altogether, it should be noted that the magnitude of the thermal expansion 
term is relatively negligible compared to the other terms in the equation. Finally, αT is 
obtained through the neutronics analysis integrating the thermohydrological results. No 
feedback coefficient is included for saturation effects because a major assumption of the 
study is that temperature and saturation cannot be decoupled in the steady-state porous 
medium, i.e. αT includes desaturation effects. 

𝛼𝛼𝑇𝑇(𝑅𝑅)
𝜕𝜕𝛥𝛥𝑅𝑅(𝑡𝑡)

𝜕𝜕𝑡𝑡
+ 𝛼𝛼25�𝑛𝑛25(𝑡𝑡) − 𝑛𝑛25

0 �
𝜕𝜕𝑛𝑛25(𝑡𝑡)

𝜕𝜕𝑡𝑡
+ 𝛼𝛼28

𝜕𝜕𝑛𝑛28(𝑡𝑡)
𝜕𝜕𝑡𝑡

 

+𝛼𝛼𝐼𝐼(𝛥𝛥𝑅𝑅)𝑓𝑓𝐼𝐼(𝛥𝛥𝑅𝑅)
𝜕𝜕𝛥𝛥𝑅𝑅(𝑡𝑡)

𝜕𝜕𝑡𝑡
= 0 

(8) 

Mechanical failure metric 
After the coupled behaviour of temperature over time is evaluated given the various 
feedback mechanisms, another model must be applied to quantify the impact of the fission 
energy release on the material integrity of the natural barriers. Among other possible failure 
mechanisms, creep is proposed as a time- and temperature-dependent mechanical 
deformation process readily quantifiable from the QSS results. This phenomenon occurs at 
a constant applied stress below the ultimate tensile stress of the host rock. As temperatures 
become significantly high (above 150°C but below the melting point) equilibrium 
vacancies form in the constituent minerals, which are then mobilised through grain 
boundary diffusion or dislocation climb. Although creep can be separated into primary, 
secondary and tertiary regimes, the most relevant to this scenario is the steady-state 
character of secondary creep. Furthermore, although irradiation creep is physically 
applicable to the system, only thermal creep is acknowledged to remain within the 
thermohydrological scope.  

The time-integrated strain (ε) from thermal creep is described in Equation (9), where σ is 
the applied stress of 30 MPa (representative of the overburden pressure), G is the shear 
modulus of 10 GPa, n is the stress exponent of 3.5, Q is the activation energy of 20 kJ/mol, 
R is the gas constant, and T is the QSS temperature in centigrade. The constant A is chosen 
as 2 252 s-1 so that the strain rate is equal to 10-9 s-1 at 150°C. This strain rate is considered 
to be an upper bound choice for a geological context. There is no material strain below 
150°C since the temperatures would not be high enough to induce plastic deformation. A 
1.5% plastic deformation metric is employed to evaluate system failure, as this would 
indicate an increase in permeability to volatile fission products. 

𝜖𝜖 = �� 𝐴𝐴 �
𝜎𝜎
𝐺𝐺

�
𝑜𝑜

𝑒𝑒−𝑄𝑄/𝐼𝐼[𝑇𝑇(𝜏𝜏)+273.15]𝑑𝑑𝑑𝑑
𝑠𝑠

0
150°𝐶𝐶 ≤ 𝑅𝑅 < 1 250°𝐶𝐶

0 𝑅𝑅 < 150°𝐶𝐶
 (9) 

Results 

Minimum critical masses for the various uranium enrichments in both homogeneous and 
fractured geometries are shown in Table 2. The fracture aperture was chosen to be optimal 
for attaining a minimum critical mass at 1 cm for the 1.5 and 2 wt% enrichments, whereas 
0.5 cm was optimal for the 3 wt% depositions. The 1.5 wt% enrichment level, which is 
indicative of the steady-state fissile content in the precipitate, does not reach criticality in 
the homogeneous configuration within the scope of VVF and HMVF, whereas in the 



210 |   
 

  
  

fractured geometry, large dimensions and masses exceeding 100 MTU are required. This 
disqualifies the steady-state enrichment level as a probable accumulation. In general, 
smaller critical masses are attainable in higher-enriched precipitates, yet as the critical 
radius decreases, less realistic void volume fractions are required. Therefore, minimum 
critical masses would likely deposit in highly porous or fractured zones in the far-field.  

The critical dimensions are analysed in TOUGH2 to determine power levels (qopt) leading 
to minimal saturation levels. The thermal output required for the precipitates to boil pore 
water increases linearly with the critical radius (and mass). These power levels vary 
between 0.1 and 1 kWt, which shows convergence with the values assumed in the CINDER 
depletion study when determining the spatial fission power profiles. The reduction in 
reactivity when the pore water is removed from the critical mass (DM) is usually stronger 
for smaller critical masses and the homogeneous configuration. The fractured geometry is 
less affected by the loss of moderator due to spatial self-shielding of resonance energy 
neutrons and some moderating character in the rock slabs.  

Table 2: Results for the critical dimensions of certain masses and enrichments of the far-field 
precipitate, along with thermal outputs (qopt) needed to bring the average temperature of the 

system to the phase transition temperature 

The temperature defect (DT) when heating the precipitate to an average temperature of 342.155°C is included. 

Geometry Enr. [wt%] Mass 
[MTU] 

rc [cm] VVF HMVF qopt [Wt] DT 

Homogeneous 2 5 105.6 0.3375 0.105 309.77 -1.85099 
10 133.3 0.3075 0.1045 328.32 -1.70324 
100 301.8 0.2565 0.09 435.94 -1.38623 

3 1 69.1 0.2965 0.075 280.08 -1.79588 
5 127.3 0.2005 0.06 324.61 -1.5628 
10 160.8 0.1810 0.0595 345.02 -1.41846 

Fractured 1.5 
b=1 cm 

100 254.6 0.2710 0.1499 406.25 -1.16179 
500 435.4 0.2544 0.1498 526.86 -1.16179 
1 000 548.4 0.2528 0.15 608.50 -1.16901 

2 
b=1 cm 

5 101.0 0.2229 0.12 306.05 -1.57402 
10 127.7 0.1905 0.1188 324.61 -1.42132 
100 286.7 0.1424 0.105 426.66 -1.0382 

3 
b=0.5 cm 

0.1 50.9 0.2925 0.094 259.67 -1.91903 
1 65.3 0.2018 0.089 276.37 -1.66114 
5 118.1 0.0930 0.075 317.19 -1.22101 
10 150.0 0.0738 0.07325 339.45 -1.0189 

The behaviour of temperature and saturation (Sl) over time is shown in Figure 2 using the 
critical dimensions of the 2 wt% homogeneous precipitate as examples. As the system 
begins heating, the average temperatures rise steadily while the system remains mostly at 
full saturation. This rise in temperature is stronger for smaller precipitates, which appear to 
reach what vaguely resembles a steady-state. After a short period near steady-state, around 
ten years, dT/dt increases substantially, and the temperature increases until the final steady-
state level is reached. This rise is caused by the loss of pore water due to capillary suction 
effects, which reduces the thermal conductivity of the sphere.  

The saturation begins to decrease around 500 years into the simulation when average 
temperatures begin to exceed approximately 100°C. The fall from Sl=1 to 0 over time is 
exponential (linear on the log-scale plot) between 100°C and the saturation temperature. A 
linear, inverse relationship between temperature and saturation is highlighted in Figure 3 
for discrete regions in the critical mass, where the threshold temperature for accelerated 
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desaturation appears to lie between 75°C and 100°C. It is clear that per given temperature, 
the corresponding saturation is lowest at the surface of the sphere, although these small 
differences are less noticeable for larger masses.  

Figure 2: The spatially-averaged behaviour of temperature (black, left axis) and saturation 
(blue, right axis) over time in the TOUGH2 simulation of the 2 wt% homogeneous critical 

masses, assuming a dry environment at 0.1% saturation 

 

Figure 3: The behaviour of saturation with temperature for each discrete region of the 
5 MTU 2 wt% homogeneous critical mass (“CRM”) as steady-state is reached for a dry 

environment at 0.1% saturation. The regions are numbered from the core outwards 

 

The temperature and saturation results from TOUGH2 are used to devise an integrated 
neutronics analysis to analysed coupled feedback from Doppler broadening and the loss of 
moderator, and some results are shown in Figure 4. Although the effects from Doppler 
broadening are not very noticeable when the critical mass contains most of its water, the 
increase in temperature eventually leads to a reduction in reactivity. This reduction takes 
place when desaturation occurs at a threshold temperature of 100°C, and this is closely 
followed by a discontinuity in behaviour around the boiling point when liquid is completely 
evacuated from the pore space. After the boiling point, the reactivity decreases 
monotonically but at a more gradual and steadier rate, where changes come purely through 
Doppler broadening in the heated fuel and, to a presumably lesser extent, the rock. The 
decreases in ρ are more significant for smaller critical masses because of greater neutron 
leakage. Also, while not shown, the drops in reactivity are weaker for more highly enriched 
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precipitate compositions because fewer neutrons are absorbed in the resonances of fertile 
U-238.  

The temperature defect DT is defined as the integrated change in reactivity when the critical 
mass is heated between a certain temperature range. In Table 2, DT is observed to be 
consistently stronger for the homogeneous configuration compared to the fractured. The 
fluid volume fraction in the latter configuration is usually lower per given mass of heavy 
metal, so this behaviour is expected from less neutrons being moderated to resonance 
energies. Nonetheless, general behaviour is similar between the two geometries. Per given 
mass, DT decreases with enrichment because a higher concentration of fissile material 
allows for less neutrons to be absorbed in the fertile material. Per given enrichment, the 
defect is usually stronger for smaller critical masses, with this discrepancy evidently 
stronger at higher enrichments. Given these dependencies, the 5 MTU, 2 wt% 
homogeneous case is highlighted as an example for further results, where the spherical 
surface area and volume of interest are 14.01 m2 and 4.932 m3, respectively. The volume 
available to fluid in this critical mass is 1.147 m3.  

Figure 4: Behaviour of reactivity per average temperature in the 2 wt% precipitate in the (a) 
homogeneous and (b) fractured configurations 

 

Given the discontinuous behaviour around the boiling point, in order to carry αT over to the 
QSS analysis, the feedback coefficients �𝜕𝜕𝜕𝜕

𝜕𝜕𝑇𝑇
� for each critical mass are obtained through 

two functional forms for regression of ρ(T): 

1. A piecewise function employing an exponential term and a power law with 
individual fitting terms α0, α1, α2, α3, and x: 

𝜌𝜌(𝑅𝑅) = �
𝛼𝛼0 − 𝛼𝛼1𝑒𝑒−𝛼𝛼2𝑇𝑇+𝛼𝛼3 𝑅𝑅 ≤ 𝑅𝑅𝐵𝐵𝑃𝑃

𝛼𝛼0 +
𝛼𝛼1

𝑅𝑅𝑒𝑒 𝑅𝑅 > 𝑅𝑅𝐵𝐵𝑃𝑃
 

2. A Gaussian-type function with fitting terms α0, α1, μ, and σ: 

𝜌𝜌(𝑅𝑅) = 𝛼𝛼0 + 𝛼𝛼1
√2𝜋𝜋𝜎𝜎2 

𝑒𝑒−(𝑅𝑅−𝜇𝜇)2

2𝜎𝜎2 . 

The Gaussian fit has the advantage of modelling behaviour in a continuous manner, 
although the magnitude of the feedback coefficient is underestimated leading up to the 
phase transition and then overestimated when the system is dry. The piecewise fit has the 
advantage of more accurately fitting system behaviour, therefore retaining the discontinuity 
observed in the results.  

a) b) 
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The feedback coefficients are applied to the system of equations in the lumped capacitance 
model by first parametrising the source term of uranium. The source term of plutonium is 
kept at zero, and �̇�𝑆25 and �̇�𝑆28 are kept proportional to the enrichment of the precipitate. In 
Figure 5, it is shown that a maximum temperature change is achieved before decreasing to 
an eventually constant value of ΔT, and that the Gaussian fit for αT leads to the highest 
temperature evolution due to the overestimation of feedback when the system becomes dry. 
The decrease in ΔT is caused by the system becoming undermoderated from the amount of 
precipitate accumulating in the pore space, while the steady level is caused by the pore 
space becoming completely filled.  

Higher source terms lead to temperature peaks occurring sooner in time, and at least  
1 mmol/yr of uranium is needed for maximal ΔT to be observed within the temporal scope 
of the study. This would correspond to an entire canister’s worth of heavy metal being 
reconcentrated at a single location in a time span of approximately eight million years. For 
reference, a total uranium arrival rate of 0.0055 mmol/yr was observed in the transport 
analysis of reference [5], which employed very conservative assumptions to purposefully 
overestimate the mass of heavy metal precipitating in the far-field rock from an entire 
repository. To cite a natural analogue, uranium mobilised in the fractures of volcanic tuff 
at the Nopal I deposit of Peña Blanca are observed in concentrations between 51 μM and 
32 mM [10], which exceed the upper bound of solubility used in the transport study. 
Uranium dissolution rates were observed to lie at approximately 1 ppb per day or 
approximately 2 mmol/m3/yr [11]. If the maximal Peña Blanca concentrations could be 
attained for the fuel of each SNF emplacement in a granitic environment, groundwater 
velocities of 10 m/yr and above would allow for the 1 mmol/yr threshold to be achievable 
in the pore volume depending on the level of radionuclide retardation in the fractures. 
However, the necessary solubility limits would likely require considerable degradation of 
both the fuel and bentonite buffer. 
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Figure 5: The temperature change over time in the 5 MTU 2 wt% homogeneous critical mass 
as parametrised by the source term of uranium (in mmol/yr) for piecewise (solid) and 

Gaussian (dashed) fits of αT 

 

Next, the system of equations was parameterised based on modifying the value of �̇�𝑺𝟒𝟒𝟒𝟒, 
where �̇�𝑺𝟐𝟐𝟓𝟓 + �̇�𝑺𝟐𝟐𝟐𝟐 was maintained at 0.0055 mmol/yr. In this scenario, Pu-239 arriving from 
the repository (as plutonium oxide) is assumed to augment the fission power output and the 
amount of U-235 generated through precursor decay, although positive feedback effects 
are limited to U-235 generation only. It should be noted that plutonium was excluded from 
the compositional calculations for the precipitate due to relatively low quantities in the 
SNF; results for lower �̇�𝑺𝟒𝟒𝟒𝟒  are therefore considered to be most relevant to the direct 
disposal scenario.  

In Figure 6, it is shown that for small values of �̇�𝑺𝟒𝟒𝟒𝟒  that begin to surpass �̇�𝑺𝑼𝑼 , the 
temperature begins to rise earlier in time and reach a steady level, which is caused by decay 
contributions to the mass of U-235 and positive feedback from α25. This is followed by a 
rise in ΔT caused by the original source of uranium. For the piecewise regression, a 
preliminary rise in the flux is observed for small �̇�𝑺𝟒𝟒𝟒𝟒  as Pu-239 begins to decay 
significantly after 2·104 yr, which is followed by a decrease until the original uranium 
source term can raise the flux again. The Gaussian regression shows a monotonic decrease 
until the �̇�𝑺𝑼𝑼 contributions are realised.  

As �̇�𝑺𝟒𝟒𝟒𝟒 becomes much larger than �̇�𝑺𝑼𝑼, the original uranium plume has diminishing effect 
on reactivity, and positive feedback is directly imparted by the plutonium contributions. 
While not shown, increasing the plutonium influx increases the maximum flux, and a 
steady-state flux is attained after 200 000 years for �̇�𝑺𝟒𝟒𝟒𝟒 ≤ 𝟏𝟏𝟎𝟎−𝟐𝟐 𝒎𝒎𝒎𝒎𝒎𝒎

𝒚𝒚𝒓𝒓
. When radiogenic U-

235 becomes sufficiently large at �̇�𝑺𝟒𝟒𝟒𝟒 ≥  𝟏𝟏𝟎𝟎−𝟏𝟏 𝒎𝒎𝒎𝒎𝒎𝒎
𝒚𝒚𝒓𝒓

, the system becomes undermoderated, 
which results in subcriticality. Overall, these results and those of the other parameterisation 
confirm the maximum temperatures that would be expected if the source of uranium was 
larger. 
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Figure 6: The temperature change over time in the 5 MTU 2 wt% homogeneous critical mass 
as parametrised by the source term of Pu-239 (in mmol/yr) for piecewise (solid) and 

Gaussian (dashed) fits of αT 

 

The integrated strain is shown in Figure 7 based on elevated source terms of enriched 
uranium from Figure 5. Only the results related to the Gaussian regression can be resolved 
on the plot, and the dashed line convention is maintained. It can be seen that higher �̇�𝑺𝑼𝑼 do 
not relate to higher integrated strain levels. Since creep is a time-dependent process, and 
larger source terms lead to temperature rises that occur earlier post-formation over shorter 
periods, there is not enough time for the system to appreciably deform. When the arrival 
rate of uranium is lower, the temperature rises over a more extended period of time, which 
allows for much more creep deformation. If the uranium arrival rate is 1 mmol/yr, the 
failure metric can be met around 107 yr. From these results, it appears there is an optimal 
arrival rate for meeting a high temperature and high strain while not being too unreasonably 
large from the nuclide transport perspective. The results for 10-3 mmol/yr, which are 
roughly similar to the magnitude of the original transport results, do not resolve on the plot 
and are therefore not liable to result in creep failure over the temporal scope of the 
investigation. 

Figure 7: The integrated creep strain over time in the 5 MTU 2 wt% homogeneous critical 
mass as parametrised by the source term of uranium (in mmol/yr) for a Gaussian fit of αT 

 

Figure 8 shows the results of integrated strain for various plutonium arrival rates, where 
the largest source terms exhibit low strain due to short durations of creep-relevant 
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temperatures. However, an optimal value of �̇�𝑺𝟒𝟒𝟒𝟒 is found at 10 mmol/yr, where the strain 
increases monotonically all the way to failure at 4∙106 yr. After this rate of influx, lower 
test values yield steady-state temperatures that are too low for creep to be applicable. 
Therefore, a window of applicability exists where a specific addition of fissile content from 
transuranics can lead to elevated and sustained temperatures needed for catastrophic creep 
deformation. However, it is very questionable whether such source terms of plutonium can 
be obtained in the direct disposal context, as approximately 0.5 wt% of the SNF is 
comprised of transuranic fissile material within a total fissile content of approximately 
1.4 wt% [5]. The influx of plutonium cannot surpass that of uranium unless the 
geochemical conditions selectively mobilise plutonium over uranium; this was not the case 
at Peña Blanca, as plutonium mobility was observed to be three orders of magnitude less 
than uranium [11]. 

Figure 8: The integrated creep strain over time in the 5 MTU 2 wt% homogeneous critical 
mass as parametrised by the source term of Pu-239 (in mmol/yr) for a Gaussian fit of αT 

 

Conclusions 

A criticality consequence analysis was presented for a hypothetical accumulation of 
uranium in the far-field subject to reactivity feedback from heating and the plume of heavy 
metal from the repository. It was shown that only under amplified source terms of fissile 
material can the critical mass be subject to failure via excessive plastic deformation from 
creep. In a direct disposal scenario, these parameters would not likely be feasible even with 
assumptions meant to amplify the quantity of heavy metal precipitation. Even if a failure 
mechanism has been introduced, given the hyper-conservative approach to each individual 
portion of the analysis, the failure of natural barriers from criticality is considered to be 
highly implausible.  
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Disposing of spent nuclear fuels in a geological repository inevitably involves long-term 
safety and safeguards issues. Future human intrusion, the risk of future human action on a 
radioactive waste repository, is the most troublesome issue because of its potential severe 
negative consequence on public safety and nuclear security. Aggregating the uncertainty 
and risk posed by future human intrusion needs to account for the complexity of various 
conceivable circumstances during the long-term evolution of society or technology. This 
study tries to propose a new assessment approach to properly incorporate the risk and 
uncertainty originating from future human intrusion into geological repository.  

Introduction 

The role of a geological repository is the isolation of long-lived radionuclides from human 
access for the purpose of safety and security over a million years. In general, multiple 
physical barriers are designed in compliance with a defence in depth approach to assure 
high reliability for an isolation system. The multiple barrier system of a geological 
repository is expected to be effective to deter and to mitigate a migration of radionuclides 
by groundwater [1]-[18]. 

However, future human activity with underground developments could potentially negate 
the multiple physical barriers and lead to undesired impacts on the isolated waste. An 
inadvertent human intrusion event in the future could cause serious radiological exposure 
for people near a repository. For that reason, international organisations including the 
International Atomic Energy Agency (IAEA) and International Commission on 
Radiological Protection (ICRP) have established the personal radiological dose limit in 
case of inadvertent human intrusion into a geological repository [19][20]. Overall, the 
impact of inadvertent human intrusion would be much more significant in a country with 
high population density. Most countries with high population density look to reduce the 
radiotoxicity of spent nuclear fuel (SNF) by recycling or directly disposing of SNF in 
geological repositories as shown in Figure 1. Nevertheless, the consequences of inadvertent 
human intrusion into a recycling waste repository should still be studied to ensure they 
comply with the safety criteria. To minimise the uncertainty surrounding the long-term 
management of SNF, it is critical to reduce the probability of human intrusion as much as 
possible. For this reason, this thesis explores a methodology to reasonably assess the 
probability. 

Past studies estimating the probability of inadvertent human intrusion at a geological 
repository assumed that the level of future underground activity would be similar to 
today’s. However, improved drilling technology has been driving increased underground 
activity and making deep underground development easier. Specifically, deep exploratory 
and exploitative drilling for oil/gas exploration near the Waste Isolation Pilot Plant (WIPP) 
in the United States has been steadily increasing since its first performance assessment 
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made in 1996 [21]. Therefore, the probability of human intrusion in the future will be higher 
than today, raising questions compared with past studies. 

Methodology 
Three research methods have been combined to analyse the dynamic stochastic process of 
inadvertent human intrusion: a combined method of “system dynamicsˮ, “Markov chain 
analysisˮ, and “Monte Carlo simulation techniqueˮ. The system dynamic approach to 
inadvertent human intrusion facilitates the consideration of the dynamic behaviour and the 
feedback mechanism of various factors that could affect the occurrence of inadvertent 
human intrusions over time. The stochastic behaviour of inadvertent human intrusion with 
conditional probability is analysed by applying a Markov chain analysis approach. Because 
the mathematical expression of the model is probabilistic, a Monte Carlo simulation 
technique is used so that the results can be statistically analysed. For the quantitative 
analysis of the model, the reference case is selected based on the criteria suggested in this 
study. The following subsection briefly explains the methods and rationale for applying 
such methods to help readers follow up on this study. 

Results 
The estimates for human intrusion frequency are shown in Figure 1. The solid and two 
dotted lines indicate the mean and the 5% and 95% quantiles, respectively. The reliability 
of the model is calculated using 1 000 Monte Carlo simulations. The frequency of human 
intrusion at an early time is low but highly dependent on the protection system of a 
repository. An early failure of the protection system would significantly increase the 
frequency. Conversely, a stable protection system would effectively reduce the frequency. 
Accordingly, the results show a high uncertainty in the early period. After that, the 
frequency converges to a value around 45.89 10  1 /−× yr  with a small deviation due to the 
feedback loop of the model. 

Figure 1: The human intrusion frequency for a hypothetical geological repository (well depth 
distribution of Gyeonsangnam-do region is used) 
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Conclusion 

The results of the inadvertent human intrusion model in this thesis show that the probability 
of inadvertent human intrusion could increase up to approximately ten times that which is 
currently expected. This implies that the past studies may have underestimated the risk. 
Because the current model considers drilling only for groundwater, a temporal increase in 
demand for other underground resources would increase the risk of inadvertent human 
intrusion. In such a context, conservative results should be used to estimate the risk of 
inadvertent human intrusion. The conservative estimation results of the model imply that a 
geological repository with a similar design as that of the hypothetical repository would be 
vulnerable to deep groundwater development in the future. The risk of inadvertent human 
intrusion at a repository for high-level waste for spent nuclear fuels is therefore estimated 
to exceed the regulatory criteria of ROK. Careful design and policy approaches are required 
to reduce the risk of inadvertent human intrusion. 
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Various international facilities exist for advanced recycle R&D, primarily the national 
laboratories of inter alia the Czech Republic, France, Japan, Korea, Russia, United 
Kingdom and United States, as well as transnational laboratories operated by the 
European Commission. Utilisation of facilities through collaborative programmes is a 
growing trend. Different types of collaboration exist: bilateral, multilateral, student 
(graduates, postgraduates) exchanges, internships, etc. 

The Nuclear Energy Agency (NEA) Expert Group on Fuel Recycling Chemistry (EGFRC) 
has recently carried out a review of experimental facilities opened to international R&D 
co-operation in the field of advanced fuel cycles as well as the analysis of the possible 
formats, procedures and mechanisms of such co-operation. A template to describe each 
facility was developed that included the purpose of the facility, a detailed description and 
any opportunity for collaborations (users interface, access requirements and point of 
contact). A report will be soon published by the NEA that describes the results of this study 
on international fuel cycle R&D facilities. This paper summarises the findings of the study.  

Introduction 

Under the auspices of the Nuclear Energy Agency (NEA) Nuclear Science Committee 
(NSC), the Working Party on the Scientific Issues of the Fuel Cycle (WPFC) has been 
established to co-ordinate scientific activities regarding various existing and advanced 
nuclear fuel cycles, including advanced reactor systems, associated chemistry and 
flowsheets, development and performance of fuels and materials, accelerators and 
spallation targets. Various expert groups were established to cover the above-mentioned 
topics. 

The Expert Group on Fuel Recycling Chemistry (EGFRC) was created in 2012 and focuses 
on the separation processes relevant to recycling technologies for spent nuclear fuel 
including waste treatment, recycling and reuse of spent fuel components but excluding 
long-term (dry/wet) spent fuel storage technologies.  

A review of operating and forthcoming experimental facilities opened to international R&D 
co-operation in the field of advanced fuel cycles was carried out in order to establish a list 
of existing facilities for advanced recycle R&D. A detailed report is forthcoming that lists 
primarily national laboratories in NEA member’s countries and the different types of 
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existing collaborations [1]. This paper briefly summarises the study undertaken by the 
EGFRC.  

Background 

There is currently an international consensus on the role of nuclear power in delivering 
future energy needs as part of a diversified and secure supply, while meeting targets for 
greenhouse gas emissions including carbon dioxide. 

After the Fukushima Daiichi accident, some nations decided to phase out nuclear power, 
while others are pursuing their nuclear programme as an integral part of their national 
energy strategy. 

One of the major factors influencing decisions is the management of spent nuclear fuel 
arising from a nuclear power programme. Spent fuel reprocessing and recycling is the 
important link needed to bring continuing success to the use of nuclear energy by enabling 
recovery and reuse of more than 90% (wt.) of the components of spent fuel, concurrent 
reduction in waste generation, and conversion of waste into an engineered form designed 
for long-term safe storage.  

Today, the open fuel cycle has been adopted by many countries around the world and only 
a few countries are reprocessing spent fuel. Still, many member countries recognise the 
potential values and needs for nuclear fuel reprocessing and recycling. Therefore, they are 
conducting R&D programmes on advanced reprocessing technologies [2]. Advanced 
recycle technology development requires dedicated facilities for aqueous and 
pyroprocesses development at different scales: from laboratory scale to demonstration and 
commercial scale [3]. Research on surrogates and trace quantities of radioactive isotopes 
must be transferred to laboratory-scale testing using active facilities licensed for nuclear 
materials. Once the chemistry is established and process flowsheets defined, demonstration 
tests using kilogram quantities of used fuel (“hot testsˮ) are required to prove the flowsheet. 
In parallel, engineering scale-up using non-active simulants or uranium active simulants 
are needed to develop the engineering and plant design. Beyond these R&D stages, an 
active pilot or demonstration plant (few tonnes per year throughput) will be needed to fully 
test the technology in a realistic environment prior to the design and building of the full 
scale facility.  

Aims and methodology 

Various international facilities exist for advanced recycle R&D, primarily national 
laboratories, and the utilisation of facilities through collaborative programmes is a growing 
trend. Different types of collaboration are in place: bilateral, multilateral, students 
(graduates, postgraduate) exchanges, internships, etc. 

In order to list the different facilities, the EGFRC has carried out a review of operating and 
forthcoming experimental facilities opened to international R&D co-operation in the field 
of advanced fuel cycles as well as the analysis of the possible formats, procedures and 
mechanisms of such co-operation. A standardised template to describe each facility was 
developed and the key information compiled is listed below: 

• facility name and address, plus website link if applicable;  

• history; 

• purpose/activity/facility type; 
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• facility description/equipment; 

• opportunities for collaborations including access requirements; 

• name and email address of local contact. 

The objective of this first study phase was to establish a preliminary list of facilities open 
to researchers from outside the host organisation and describe the access requirements.  

International facilities surveyed 

The international facilities surveyed in the study from NEA member countries are described 
below. The report [1] compiles the data listed in bullet points in the section “Aims and 
methodology” above for each of these facilities. 

Czech Republic: FERDA line of the Fluorine chemistry laboratory 
The FERDA line is an experimental semi-pilot technological facility designed in the 1990s 
for the technological development of the Fluoride Volatility Method (FVM) for spent fuel 
reprocessing. The facility is located in the alpha radiochemical lab of the Fluorine 
chemistry laboratory of the Research Centre Řež. The equipment and individual 
apparatuses are gradually supplemented and modified according to the progress in the 
development of the technology.  

JRC laboratories at Karlsruhe, Germany 
For the European Union, the Joint Research Centre (JRC) Directorate G - Nuclear Safety 
and Security - operates several nuclear laboratories at its Karlsruhe site (the former Institute 
for Transuranium Elements (ITU)). The buildings stem from the 1960s and have been 
regularly upgraded in the intervening period. Many laboratories are equipped with 
gloveboxes for the handling of unirradiated materials, while there is also a dedicated Hot 
Cell wing. There are primarily two facilities dealing with recycling activities (aqueous and 
pyro recycling research facilities) under the auspices of the Directorate’s programmes on 
Safety of the Nuclear fuel Cycle. In addition, there are several shared facilities for 
characterisation of samples. 

ATALANTE, Commissariat à l’énergie atomique et aux énergies renouvelables 
(CEA), France 
The CEA’s ATALANTE facility was designed to gather in a single up-to-date dedicated 
facility all the skills and experimental tools developed in France to implement R&D studies 
on the back end of the nuclear fuel cycle: spent fuel treatment and recycling, conditioning 
and long-term performance of high activity waste. The programme conducted in the 
ATALANTE facility mainly aims to support the back end of the nuclear fuel cycle with the 
specific objective to improve its sustainability by preserving the uranium natural resource, 
recycling the energetically valuable material, U and Pu, partitioning and transmuting the 
minor actinides to reduce the underground footprint in geological disposal, and optimising 
the conditioning of the ultimate waste in a dedicated wasteform. 

Chemical Processing Facility at the JAEA, Japan 
The Chemical Processing Facility (CPF) is a facility for hot experiments using irradiated 
fast reactor mixed oxide (MOX) fuel for research on reprocessing processes and also for 
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using high-level radioactive liquid waste for the research on treatment and disposal 
technology. It is located at the Japan Atomic Enery Agency (JAEA), Tokai, Nuclear Fuel 
Cycle Engineering Laboratories. 

Nuclear Fuel Cycle Safety Engineering Research Facility at the JAEA, Japan 
The Nuclear Fuel Cycle Safety Engineering Research Facility (NUCEF) is a facility for 
fundamental research on safety and technology advancement in the field of the nuclear fuel 
cycle that was constructed at the JAEA, Tokai, Nuclear Science Research Institute. It 
includes the Back-end Cycle Key Elements Research Facility (BECKY) and two critical 
facilities named STACY and TRACY. Various laboratories and equipment for advanced 
fuel cycle research are installed in BECKY. 

Alpha Gamma Facility at the JAEA, Japan 
The Alpha Gamma Facility (AGF) is a first facility to be constructed in Japan for post-
irradiation examination (PIE) of irradiated Pu-bearing nuclear fuel using isolated inner box 
type hot cells. It is located at the JAEA, Oarai Research and Development Centre.  

Hot Laboratory of the Research Reactor Institute, Kyoto University, Japan 
Hot Laboratory is an auxiliary experimental facility for the research reactor, which is built 
connectedly with the reactor room. 

Pyroprocess Experimental Facility of CRIEPI, Japan 
Facilities for Pyrochemical Reprocessing tests with cold materials are installed in the 
laboratory buildings of the Nuclear Technology Research Laboratory of the Central 
Research Institute of Electric Power Industry (CRIEPI), Tokyo.  

Korea – PRIDE (PyRoprocess Integrated inactive DEmonstration facility) 
The Korea Atomic Energy Research Institute (KAERI) conducts R&D on the 
electrochemical recycling process for spent fuels. To demonstrate the engineering-scale 
pyroprocessing and to evaluate the technical feasibility of pyroprocessing, the PRIDE 
facility was designed to integrate all the up-to-date R&D and engineering technologies in 
KAERI. The full spectrum of the engineering-scale demonstration in pyroprocessing will 
be evaluated in PRIDE with depleted uranium and surrogate materials. The programme 
conducted in the PRIDE facility mainly aims to demonstrate engineering-scale 
pyroprocessing in an integrated manner. PRIDE will verify the performance of 
engineering-scale process equipment, interaction between units, remote operability, facility 
management system and process monitoring. 

DFDF (DUPIC Fuel Development Facility), Korea 
The DUPIC technology conducted in the DFDF is to directly refabricate CANDU fuel from 
spent PWR fuel without any separation of the fissile materials by only thermal and 
mechanical processing, i.e. a dry process. The aim is to improve and demonstrate key 
technologies for DUPIC fuel pellet fabrication process using spent fuel of various degrees 
of burn-up.  
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Advanced spent fuel Conditioning Facility (ACPF), Korea 
The programme conducted in the ACPF mainly aims to demonstrate the electrolytic 
reduction process for pressurised water reactor (PWR) spent fuels at the lab-scale. 
Electrolytic reduction process is a conditioning process to convert oxide form into metallic 
form of spent fuels and to isolate high heat-load fission products from spent fuel selectively. 
Since safeguards methods for electrolytic processing have not been fully established yet, 
the ACPF supports the safeguards study to improve “safeguardabilityˮ of pyroprocessing. 
Remote technology is also demonstrated in the ACPF to improve the remote operability 
and maintainability of pyroprocessing. 

Russia – Research and Experimental Complex, Gatchina  
The R&D programme conducted in the Research and Experimental Complex (REC) in 
Gatchina mainly aims to develop advanced reprocessing processes in order to optimise the 
cost, decrease the environmental footprint and improve existing reprocessing technologies 
of various types of spent nuclear fuel using advanced aqueous processes as well as the 
development of technologies of isotope production for nuclear medicine and other 
industries. 

Research “hotˮ cells of the Test Demonstration Centre (TDC), Russia 
Research hot cells and an analytical laboratory are part of the start-up complex of the test 
demonstration centre for reprocessing of SNF on the basis of innovative technologies at the 
Federal State Unitary Enterprise “Mining and Chemical Combineˮ, Zheleznogorsk, 
Krasnoyarsk, Russia. The main aims of R&D are to develop innovative advanced 
reprocessing processes based on advanced aqueous processes in order to optimise the cost 
and to decrease the environmental footprint, as well as training of the personnel.  

Polyfunctional Radiochemical Research Complex, Russia 
The Polyfunctional Radiochemical Research Complex (PRRC) is under construction at the 
JSC “SSC RIAR” site and is intended for the development of SNF reprocessing 
technologies and radioactive waste management processes up to technology readiness level 
(TRL) 7 [3], including supporting the fast research reactor MBIR.  

Central Laboratory, United Kingdom 
The Central Laboratory is a multifunctional R&D facility operated by the United 
Kingdom’s National Nuclear Laboratory (NNL) that supports R&D across the full range 
of the civil nuclear fuel cycle. Due to its co-location on the Sellafield site and historical 
associations, it is especially focused on R&D that supports legacy waste management, 
nuclear materials disposition and nuclear fuel reprocessing.  

National Laboratories of the United States 
The United States has a wide variety of nuclear facilities located at multiple National 
Laboratories, including facilities with potential to be used for advanced recycle R&D 
collaborations. One such example of a current international collaboration is the ongoing 
US-Korea joint fuel cycle studies that are delivered utilising Idaho National Laboratory 
(INL) nuclear facilities to advance electrochemical recycling of used nuclear fuel [4]. One 
additional method of utilising US nuclear facilities is through the Nuclear Science User 
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Facility (NSUF) Programme. NSUF facilities are located at multiple National Laboratory 
and University facilities across the United States. 

Conclusions 

The study by the EGFRC has highlighted key fuel cycle R&D facilities available for 
international collaborations across eight member countries of the NEA. Key details on the 
purpose, available equipment and user access have been compiled [1] and, in many cases, 
further details are available on the internet. The EGFRC will update the list as necessary 
and the development of a fuel cycle R&D facilities database is now under consideration.  
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Improvements in the SITON fuel cycle simulation code 
and their application for transition scenario studies 
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1Centre for Energy Research, Hungarian Academy of Sciences, Hungary2Institute of 
Nuclear Techniques, Budapest University of Technology and Economics, Hungary 

The first public version of the SITON fuel cycle simulation code, version v2.0, was already 
presented at a previous Information Exchange Meeting on Actinides and Fission Products 
Partitioning and Transmutation (IEMPT) meeting. The physical model of that version 
included those six facility types that are important from the point of view of natural uranium 
utilisation and waste generation. The model also included lag times of facilities as an 
important feature for fuel cycle modelling. Material transfer between facilities was 
modelled with transfer of discrete packages. Finally, discharged composition of the 
irradiated fuel packages were determined by means of burn-up tables or by the FITXS 
burn-up method. The FITXS method is based on the parametrisation of the cross-sections 
as polynomial functions of the fuel composition. 

However, the implementation of the FITXS method in version v2.0 was limited to the 
2 400 MW thermal power design of the Gas-cooled Fast Reactor (GFR2400). For the new 
version of SITON, version v2.1, the module that implements the FITXS method has been 
completely rewritten from scratch. Now, its coupling to SITON is more flexible and it can 
use different cross-section databases for Generation IV fast reactors and for thermal 
reactors with mixed oxide (MOX) fuel. The new module realises all features of the FITXS 
method: it treats the whole core at once and calculates the multiplication factor as well. In 
addition, SITON was further developed: now it treats cycles of reactors explicitly and 
reactors can be loaded with different types of fuels at the same time or in consecutive cycles. 

Using the new version of SITON the authors reinvestigate a scenario already studied with 
the old version of SITON: replacement of the current Hungarian reactor park using VVER-
440-s with a GFR2400. Furthermore, to illustrate the new capabilities of the code the 
authors present a plutonium and minor actinides management scenario in which spent fuel 
of a VVER-440 reactor park is recycled in a mixed reactor park using fast and thermal 
reactors with MOX fuel. 

Introduction 

Fuel cycle simulation codes are indispensable tools for exploring possible pathways for 
nuclear energy deployment. With a fuel cycle simulation code one can investigate the 
effects of introducing a new type of fuel, a new reactor or a new reprocessing method into 
a reactor park. In the past years several fuel cycle simulation codes have been developed 
with different approaches and modelling capabilities, such as CLASS [1], COSI6 [2], 
CYCLUS [3], ORION [4], TR_EVOL [5], VISION ([6]. 

                                                      
*Corresponding author 
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In Hungary a fuel cycle simulation code called SITON [7] was developed as a common 
effort of the Hungarian Academy of Sciences Centre for Energy Research (MTA EK) and 
the Budapest University of Technology and Economics Institute of Nuclear Techniques 
(BME NTI). Last year the code was extended with new features. This paper presents these 
new features and the old ones as well, and shows a demonstrational fuel cycle the modelling 
of which was possible thanks to the newly implemented features. 

The physical model and new features of SITON v2.1 

This section describes the two pillars of the physical model of SITON. First, we present the 
model of the fuel cycle then we outline the features of the FITXS burn-up method, used for 
calculating irradiated fuel compositions in the reactors. More details about the two pillars 
can be found in references [8] and [9], respectively. 

Physical model of the fuel cycle 
SITON is a general purpose dynamic fuel cycle simulation code. Its physical model is not 
linked to any reactor types, fuel types or reprocessing methods. The physical model is 
designed to represent the discrete nature of the nuclear fuel cycle as closely as possible. 
Therefore, facilities are treated as discrete objects and material transfer between the 
facilities is represented by transferring discrete packages. Finally, the operation of the fuel 
cycle is represented via discrete events.  

Concerning the facilities, the physical model contains the following six types of facilities: 
reactor, fuel fabrication plant, enrichment plant, spent fuel reprocessing plant, material 
stock and spent fuel interim storage facility, i.e. those facility types which are important 
from the point of view of natural uranium utilisation and waste generation. There is no 
constraint on the number of facilities of one type or on the total number of facilities. The 
operation of each facility type is modelled only with respect to material composition change 
and waste production; other technological aspects are not modelled. 

The physical model contains two types of storage facilities: material stocks and spent fuel 
interim storages. The former stores the input or output of plants, e.g. natural uranium or 
losses; the latter stores spent fuel. Both types of facilities can receive so-called shipments 
during a simulation, i.e. material or fuel packages with user-defined composition. The 
material stock can be a real one or an infinite one. The former can run out of its inventory 
and the material in the stock decays. The latter stock can be used as an infinite source of 
material with time-independent composition. The spent fuel interim storage facility can 
store different types of fuel and takes into account the cooling time of spent fuels. 

The physical model contains two front-end plants: the enrichment plant and the fuel 
fabrication plant, while there is only one back-end plant in the model: the spent fuel 
reprocessing plant. All plants can have losses and a processing time, which is the time the 
plant needs to produce output from its input. The front-end plants follow the needs of the 
reactor they supply with fresh fuel, and have unlimited capacity. In contrast, the 
reprocessing plant works according to its user-defined annual capacity. This means that it 
has a well defined commissioning and decommissioning date and a limited capacity. The 
input of the reprocessing plant can contain different spent fuel types, and the user can set 
the separation efficiency of each chemical element as well. 

And finally, the last facility of the physical model is the reactor. It has a commissioning 
and shutdown date between which it operates in cycles. The novelty in version v2.1 is that 
now the cycles can be defined explicitly. In the former version cycles were defined through 
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the energy demand of the reactor. Now, the reactor can have subsequent cycles with 
different equivalent full power days, and the reactor can receive different types of fuels in 
the same or in subsequent cycles. This feature was not available in the later version either. 
Besides this the thermal efficiency and the capacity factor of the reactor is used as in the 
previous version. 

In the new version the fuel is more independent of the reactor: it only stores its discharge 
burn-up, cooling time, front-end and back-end path in the fuel cycle. The discharge burn-
up is reached in steps defined by the cycles the fuel spends in the core. The fresh fuel is 
homogeneous, but it can be fabricated from different materials. However, as a constraint, 
the mass fractions of the materials are fixed. The composition of the discharged fuel is 
determined via burn-up tables or via the FITXS burn-up method. For the new version the 
FITXS method was reimplemented from scratch, and now all its features are operational, 
among which the most important is that it calculates the multiplication factor of the core as 
well. Examining its value, the user can change the fissile material composition of the input 
fresh fuel to ensure criticality of the reactor. 

Material transfer between the facilities is modelled by transferring material or fuel packages 
between the facilities. A package contains those nuclides which are important in the U-Pu 
fuel cycle and those that contribute to the long-term impact of nuclear waste. Carrier 
elements of the fuel, like oxygen in an UOX fuel, are not tracked. According to these 
conditions, we selected 25 fission products and 27 actinides to track. Short-lived decay 
daughters of long-lived parents are tracked implicitly trough the corresponding decay data. 
The radioactive decay is calculated in all facilities. 

And finally, concerning the operation of the fuel cycle, it is described through discrete 
events, e.g. an event is when a facility orders material from another one or when a plant 
produces output and releases it. In SITON these events are described, collected and ordered 
chronologically before the simulation itself. This ensures that triggered requests are 
followed, and later on, during the simulation they are fulfilled in time. As a benefit of this 
approach, time is advanced in discrete, variable length time steps. 

Extended FITXS burn-up models 
In the previous version of SITON, in version v2.0, the FITXS burn-up method was coupled 
to the code in a quite rigid way. In addition, it was only capable to use one FITXS database 
made for the GFR2400. Now, in version v2.1 the part of SITON that implements the FITXS 
burn-up method was rewritten from scratch. As a result of this, now the FITXS burn-up 
method is linked to SITON in a more flexible way, e.g. adding a new database for a new 
reactor type does not require the recompilation of the code. Moreover, parameters of a 
database and the burn-up equation solver can be adjusted also without recompilation. 
Currently there are three fast reactor databases (GFR2400, ESFR, ELSY) and two thermal 
reactor databases (EPR with MOX fuel, VVER-1200 with MOX fuel) available. 

The FITXS method is an approximate burn-up scheme, the main idea of which is to 
parametrise the one group microscopic cross-sections as second-order polynomial 
functions of the detailed fuel composition. For the parametrisation, those actinide and 
fission product nuclides are used that have the largest influence on the neutron spectrum 
and the multiplication factor. As a result of this, one can calculate the spent fuel 
composition with high accuracy for a wide range of compositions in a very short 
computational time. 
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The development of a burn-up model for a reactor core using the FITXS method consists 
of three main steps. Firstly, one selects the nuclides and other parameters, e.g. boron 
concentration, that describe the one group cross-sections and the multiplication factor. 
Secondly, detailed transport calculations have to be performed for numerous isotopic 
compositions in order to prepare a database of one group cross-sections. And finally, non-
linear fits on the prepared cross-section database have to be done to get the polynomial 
coefficients of the second-order functions that describe the cross-sections. In the next 
paragraphs we discuss these steps for the presently operational burn-up models briefly. 

As the first step we selected those nuclides whose reactions make up 99.9% of the total 
reaction rates. The number of selected isotopes varies between 15 and 20 depending on the 
reactor type. For fast reactors we treat fission products as one parameter since the variation 
of the fission product composition has little influence on the spectrum at high neutron 
energies. In the case of thermal reactors we treat two reactor poisons explicitly: 135Xe and 
149Sm, and we also included boric acid concentration into the fitting parameters. 

As the second step, a thousand transport calculations were performed to obtain the one-
group microscopic cross-sections and the k-effective for a wide range of possible fuel 
compositions. For the fast reactor calculations we did pin-wise and assembly-wise 
homogenisations using the SCALE 6.0 code system. Due to the large number of fitting 
parameters, the different fuel compositions were obtained by random Monte Carlo 
sampling of the actinide mass fractions. To achieve an accurate fitting approximately 2000 
data points were required per reactor type. 

Finally, in the third step we fitted the coefficients of the second-order polynomial using the 
previously calculated database to describe the dependence of the one-group cross-sections 
on the fitting parameters: 
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During the simulation of the fuel cycle, the above fitted coefficients are used to determine 
the one-group cross-sections for one step of a burn-up calculation of the irradiated fuel. 
The burn-up equations are then solved using a matrix exponential solver with a predictor-
corrector scheme. 

A hypothetical fuel cycle to demonstrate the new capabilities 

In this section we present a hypothetical fuel cycle scenario the modelling of which 
demonstrates the usage and benefits of the new capabilities implemented in version v2.1 of 
SITON. 

In the hypothetical fuel cycle there is a stockpile of legacy spent fuel from VVER-440 
reactors. Our aim was to recycle and reduce the amount of minor actinides (MA) and at the 
same time the amount of plutonium as well. A Generation IV lead-cooled fast reactor, the 
ELSY (European Lead-cooled SYstem) was selected in our calculation to accomplish this 
task. The fresh fuel of the ELSY contains Pu and MAs as well. In order to increase the MA 
consumption of ELSY we set the MA content of the fresh fuel to a high value. However, 
this increases Pu breeding in the reactor; therefore Pu accumulates in the fuel cycle. In 
order to consume the produced Pu we introduced a VVER-1200 reactor partially loaded 
with mixed oxide (MOX) fuel. The objective of our study was to determine the power level 
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of the MOX fuelled part of the VVER-1200 at which the amount of Pu stabilises in the fuel 
cycle. 

Scenario description and modelling approximations 
The hypothetical scenario starts with a 60-year operation of three VVER-440 reactors. 
Spent fuel accumulated during this period contains enough Pu to start one ELSY reactor. 
The ELSY is started after the shut down of the VVER-440 reactors and it operates for 
140 years. The ESLY reactor of the simulation modelled several real world reactors 
operating subsequently after each other, though the initial and shutdown cores of these 
reactors were not modelled. Ten years after the commissioning of the ELSY a VVER-1200 
is started to mitigate the accumulation of Pu in the fuel cycle. The parameters of each 
reactor and their fuels are listed in Table 1. 

Table 1: Parameters of reactors and their fuels 

Parameter / Reactor VVER-440 ELSY VVER-1200 
Thermal power [MW] 3 x 1 485 1 x 1 500 Varying 
Operates year 1-62 year 60-200 year 70-200 
Core mass [t] 39.79 50.03 8.52 at 350 MW 
Fuel type UOX MOX MOX 
Fuel burn-up [MWd/kg] 50 50 60 
No. of batches x EFPD 4 x 335 3 x 547.5 4 x 365 
Refuelling time [day] 30 30 30 
Spent fuel cooling time [y] 5 2 5 

In the modelling of the above outlined scenario we made the following approximations. 
Starting with the most significant approximation, we modelled only the MOX fuelled part 
of the VVER-1200 reactor. Moreover, we assumed that the reprocessing of spent MOX 
fuel of the ELSY and the VVER-1200 reactors can be done separately, i.e. we did not mix 
spent MOX fuels with spent UOX fuel. We assumed for all spent fuel types 99.9% 
separation efficiency for all actinides. This was done in order to see the achievable 
theoretical maximum performance of the scenario. For this reason we set the reprocessing 
and the fresh fuel fabrication time to zero. 

Finally, concerning the fresh fuel composition of the ELSY and the VVER-1200 reactors 
we did the following approximation. As we wrote earlier, there is a modelling constraint in 
SITON, i.e. the material composition of the fresh fuel is fixed. Previous studies [10] 
showed that the MA content of the fresh ELSY fuel has to be adjusted in order to control 
the MA consumption during the lifetime of the reactor. The same is valid for the Pu 
consumption of the VVER-1200 reactor. To model this in SITON we used two types of 
fuels with different material compositions for both reactors: one for the initial and 
subsequent cores and one for the equilibrium cores. We took the material compositions 
from a previous study [10]. We switched from the initial fuel composition to the 
equilibrium one after 51 and and 8 years of operation for the ELSY and for the VVER-
1200 reactor, respectively. The fresh fuel compositions for both types of reactors are shown 
in Table 2. 
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Table 2: Composition of fresh initial and equilibrium fuels 

 ELSY VVER-1200 
Initial Equilibrium Initial Equilibrium 

U 81.29% 81.73% 95.06% 90.52% 
Pu 15.70% 16.54% 4.94% 9.48% 
MA 3.01% 1.73% – – 

 

The model of the fuel cycle with the above described approximations can be seen in 
Figure 1. We have to note that the presentation of the fuel cycle scheme in Figure 1 is 
slightly simplified concerning the gathering of output streams of the reprocessing plants 
and the input streams of the fuel fabrication plants. 

Figure 1: Scheme of the hypothetical fuel cycle 

 

Results 
As the first result we present the electrical power of each reactor type in Figure 2. One can 
observe that the power of the MOX-fuelled part of the VVER-1200 reactor had to be 
decreased from its initial value several times in order to achieve the target goal, i.e. the 
stabilisation of the amount of Pu in the fuel cycle. The ratio of the power of the ELSY and 
that of the MOX-fuelled part of the VVER-1200 was 4.3 and 7.9 in the initial and in the 
equilibrium period, respectively. 
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Figure 2: Electrical power of the reactors 

 

In Figure 3 we present the MA inventory of the MA stock. The rapid increase at the 
beginning of the scenario corresponds to the reprocessing of the legacy VVER-440 spent 
fuel. Then extensive utilisation of the MA started in the ELSY due to the high MA content 
of its fresh fuel, which was limited to 3%. In year 121 we had to switch to a lower initial 
MA content in order to avoid the lack of MA in the stock. The increase of the MA inventory 
after this date is caused by the reprocessing of the last ELSY spent fuel batches with high 
MA content. Then consumption of MAs continues at a lower rate, since the MA content of 
the equilibrium fuel is less than that of the initial one. As one can observe, all MAs from 
the VVER-440 spent fuel are consumed until the end of the scenario: the MA inventory is 
reduced below 0.5 t. However, the last batches of the ELSY mitigate the reduction; so the 
net amount of MA is approximately 1.5 t at the end of the fuel cycle, which is 
approximately 33% of the initial amount of MA originating from the legacy VVER-440 
fuel. 
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Figure 3: Inventory of MA in the MA stock 

 

The Pu inventory of the Pu stock is presented in Figure 4. The rapid increase at the 
beginning of the scenario corresponds to the reprocessing of the legacy VVER-440 spent 
fuel. Then the ELSY is started in year 60, and the Pu inventory starts to increase due to the 
high MA content of its fresh fuel which results breeding of Pu. This increase in the Pu 
inventory ends with the commissioning of the VVER-1200 in year 70. The VVER-1200 
switches to equilibrium composition fuel in year 78, which helps to stabilise the Pu 
inventory; however, after year 110 it starts to increase again. Decreasing the power level 
of the VVER-1200 causes an increase of the Pu inventory. Finally, the ELSY switches to 
equilibrium composition fuel, the increased Pu content of which stabilises the Pu inventory 
on the long term. The amount of the initial legacy Pu is reduced below 15 t however the Pu 
content of the last batches of the ELSY mitigate this reduction. Therefore, the amount of 
Pu is approximately 21 t at the end of the cycle, which corresponds to 86% of the initial 
amount of Pu. 

Figure 4: Inventory of Pu in the Pu stock 

 

As a conclusion we can state that using a two-component reactor park for burning the 
legacy MA and meanwhile stabilising the Pu inventory in the cycle is possible. That is, 
using a Pu consumer reactor next to a Pu producer fast reactor one can achieve stabilisation 
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of the Pu inventory in the cycle. However, the MA and Pu reduction is limited by the MA 
and Pu content of the last fuel batches. 

Summary 

In this paper we outlined the physical model of SITON v2.1 with special attention to the 
newly implemented extended features, e.g. the explicit handling of cycles of the reactor 
used in the model. We also described the features of the now fully operational FITXS burn-
up method that is used to calculate the discharged composition of the spent fuel and the k-
effective. In the second part of the paper we presented a hypothetical fuel cycle for the 
modelling of which we exploited the new features of SITON. In the scenario, we 
investigated the possibility of burning MAs from legacy spent light water reactor fuel, 
meanwhile stabilising the amount of Pu in the fuel cycle. Results showed that using a Pu 
consumer reactor next to a Pu producer fast reactor fulfills the task. However, the last 
batches of the reactors mitigate the net MA and Pu reduction. The applied modelling 
approximations indicate the need for a more detailed analysis in which the UOX part of the 
Pu consumer VVER-1200 reactor is taken into account, as well as lag times in the fuel 
cycle, like fuel fabrication time and reprocessing time. 
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Uncertainty propagation in advanced nuclear fuel cycle scenarios 

A. V. Skarbeli*, F. Álvarez-Velarde 
CIEMAT, Spain 

Advanced nuclear fuel cycles are fed by a large number of variables whose precise values 
are in general unknown (and possibly with a complex mathematical relationship between 
them) so a probability density function must be considered for each one in order to quantify 
their uncertainty. Moreover, due to the cumulative effect the uncertainties may have, when 
they are taken into account, the scenario outcomes can be drastically changed. 

Uncertainty quantification seeks to address this by studying the input uncertainties in the 
simulation results. In general, two different approaches can be differentiated, i.e. local and 
global methods. While the first ones are based on a first order approximation (and thus 
they are only valid when a linear and separable dependence exists), global methods make 
no assumptions on the nature of the input variables so much more information is provided. 
However, the main drawback of the latest is that they demand large computational 
resources. Recently, the TR_EVOL code (developed by CIEMAT) has been upgraded in 
order to include the estimation of the Sobol indices for global uncertainty quantification in 
a mixed methodology that takes the strengths of both local and global methods. 

This methodology has been applied to the study of advanced nuclear fuel cycles scenarios. 
In this paper, the results for different mass inventories are presented. They include the 
calculation of their uncertainties as the standard deviation of the resulting distribution, as 
well as the subset of input variables with the greatest contribution to it. 

Introduction 

The implementation of advanced nuclear fuel cycles will improve nuclear energy in terms 
of safety, waste management, optimisation of natural resources, non-proliferation 
resistance and economic competitiveness. These aspects encompass all the steps in 
producing energy with nuclear material, from mining to the disposal in a final repository. 
Additionally, the number of alternatives grows as more complex cycles are considered. In 
light of this, nuclear fuel simulators emerged as powerful tools that allow for the study of 
the different scenarios. Given the characterisation of each facility in terms of a set of input 
parameters, it is possible to simulate the different mass flows, measuring for example the 
isotopic content or the radiotoxicity at any point in time.  

However, when a fuel cycle is simulated, it must be kept in mind that the different 
parameters used are not constant but subject to uncertainty. Moreover, fuel cycle simulators 
usually make approximations and assumptions to be able to solve the problem in a 
reasonable amount of time. All this raises the question of how reliable the results are. The 
uncertainty analysis aims to solve this question. As an error can spread from the input 
variables towards the output variables, the analysis can determine the level uncertainty in 
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the results, as well as the set of variables most relevant for the uncertainty or if there are 
interactions between them. 

In this work, uncertainty propagation methods have been applied to a European 
collaborative scenario focused on a closed fuel cycle strategy. EVOLCODE [1] and 
TR_EVOL [2] codes (both of them developed at CIEMAT) were used for this study. The 
first one (a coupling between neutronic and depletion codes), given a reactor design, 
provides the collapsed one group cross-section library needed by the second code. The 
proper fuel cycle simulation is then performed with TR_EVOL, which relies on 
ORIGEN2.2 [3] for the decay and irradiation calculations. 

Scenario description 

The reference scenario chosen for this study is the first one defined in the EU PATEROS 
project of the 6th Framework Programme (FP6) [4][5], which is of particular interest at the 
European level to draft a roadmap for Partitioning and Transmutation. It considers two 
groups of countries, one at a standstill in nuclear energy (namely group A) and another with 
continuous energy production that optimises its Pu production for the future deployment of 
a fast reactor (FR) (group B). After some years, in order to manage the spent fuel (SF) 
inventories, both groups of countries decide to build a shared fleet of accelerator-driven 
systems (ADS) that is fed with the Pu of group A and transmutes all the minor actinides 
(MA) available in the cycle. The main objectives are thus the minimisation of all the 
transuranic inventories and then the posterior stabilisation. For this purpose, the ADS fleet 
energy can be separated into two phases as shown in Figure 1, the burning phase and the 
stabilisation phase. Figure 2 depicts the main facilities of the scenario. 

The reference scenario has a constant energy output of 430 TWhe, produced by a 
pressurised water reactor (PWR) fleet and shared at a 90/10 ratio between UOX and mixed 
oxide (MOX) fuels. On the other hand, the number of ADS units is set as high as possible 
in order to fulfil the scenario objectives. Each PWR has an output of 1 000 MWe, while for 
the ADS (based in the EFIT core design [6]) output is 154 MWe. The PWR are fuelled 
either with UOX (4.2% enriched) or MOX (8.5% Pu) and the ADS with a Pu-MA mixture 
of 45/55%. The reprocessing plants have a capacity of 1 700 tHM/y and 120 tHM/y 
respectively for the UOX and MOX of group B and start their operation in the year 2010. 
Group A waits until year 2040 for reprocessing of its SF with a capacity of 850 tHM/y. 
Finally, all the fuel coming out of the ADS is separated after five years of cooling (an 
infinite capacity was assumed for this plant). 

Figure 1: Energy of the ADS fleet 
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Figure 2: Basic components of the simulated scenario and their mass flows 

  

Methodology 

Due the large number of input parameters the fuel cycle simulation requires, the simulator 
can be treated as a black box system where the input produces an output. Given that opaque 
relationship, we may wonder which parameters have the largest influence on the output, 
and if interactions exist between them. At this point, two different approaches can be 
considered, local methods and global methods. In the next paragraphs, both are described 
schematically. 

Sensitivity analysis is one of the common formalisms for studying how a perturbation in 
one input parameter impacts the output. Expanding the function in a Taylor series, at first 
it can be found that the variance is described as: 

𝑽𝑽(𝒚𝒚) ≈ � �
𝝏𝝏𝒚𝒚
𝝏𝝏𝒙𝒙𝒊𝒊
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Simply normalising the above equation, one can have an estimator of the relative 
importance of each parameter. To be valid, the function must be separable and linear, so in 
general this will be only true in a small domain around the reference value (this is why this 
is referred as a local method).  

On the other hand, global methods do not have this constraint since they consider 
perturbations around the whole input parameter space. The Sobol decomposition of 
variance is nowadays widely used in many fields. Starting with the ANOVA 
decomposition, it defines a series of indices, each one measuring the contribution of the 
different subsets that can be formed for the total variance [7][8]. In practice, only first and 
total Sobol indices are defined, so as mentioned above, it is possible to measure with them 
the contribution of one single variable to the variance, and of all the sets where it is 
included. Note that the difference between the total and the first order indices gives 
information about the interaction between variables. Specifically, if two different d-
dimensional samples 𝑿𝑿  and 𝑿𝑿′ of 𝑁𝑁  points are drawn from the probability density 
function, they can be numerically computed as (𝑿𝑿∼𝑖𝑖 denotes all indices but 𝑖𝑖) [9]: 
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which is equivalent to solving integrals in a high-dimensional space up to 2D dimensions. 
Due to the curse of dimensionality, this approach becomes non-viable when the number of 
input parameters becomes high. However, as it was described previously, the sensitivity 
coefficients provide a fast methodology for computing the most relevant variables (at first 
order approximation) with the cost of computing a simple finite difference. In this way, 
both strategies can be coupled in a hybrid methodology that takes the strengths of both 
approximations. In a first step, we compute the sensitivity coefficients of all the input 
parameters, keeping only those that show a contribution to the variance larger than an 
arbitrary threshold (in this work 10% was selected). In a second step, over this reduced 
parameter space, the Sobol decomposition of variance is performed so higher order effects 
like interactions or non-linear responses can be found. 

Results 

A uniform symmetric probability density function centred on the reference value was 
assumed for each input parameter needed by TREVOL in order to approximate the 
uncertainties. Also, an arbitrary range of 10% of variation around the centre was chosen, 
except for the reprocessing separation efficiencies where only a 0.1% was used in order to 
keep the values below 100%. In order to improve the convergence, the Sobol quasi-random 
low-discrepancy sequence was used for sampling from the probability density function. In 
total, 112 500 simulations were required in order to achieve a numerical error of ±𝟎𝟎. 𝟎𝟎𝟏𝟏 in 
the integrals defined in equations (2) and (3). 

As the objectives of the scenario include the minimisation of the transuranic (TRU), the 
reference case is adjusted to produce the minimum possible mass in the inventories. After 
sampling from the probability distribution, certain combinations of parameters could 
require more mass at fabrication than available in the cycle. As the demand cannot be met, 
the scenario breaks and the simulation will not be completed. This implies that, as a region 
of the input parameter space is lost, the uncertainties in the outputs will be underestimated. 
In order to overcome this problem, an additional mass of 100 t of MA and 200 t of Pu has 
been artificially added at the first year of the cycle. This can be appreciated in Figure 3 
noticing that the separated inventories do not start from zero. 

Reference scenario 

The results for the reference scenario are plotted in these figures as a continuous line. In 
years 2010 and 2022 the initial spent fuel legacy of each country is added to the inventories 
so a discontinuity can be appreciated in both graphs. In general, the MA streams increase 
until the first ADS units start their operation (year 2046), and as more transmutation 
systems are deployed, the higher the consumption is. When the MA reaches the minimum 
value represented by the dashed line (remember than 100 t of MA were artificially added 
in order to avoid broken scenarios), the ADS energy power is readjusted to achieve the 
stabilisation of the inventories (see Figure 1). In constrast, since the ADS was designed to 
be neither a Pu burner nor a breeder, the Pu inventories remains approximately constant 
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along the whole cycle. Small changes in the slope can be appreciated as a consequence of 
the reprocessing strategy. For example, in year 2018 all the stock of PWR-UOX from the 
initial legacy is over so a slightly decrement in the inventories can be observed whereas, 
on the other hand, at year 2040 the reprocessing of the country A SF legacy begins leading 
to an increment. Finally, the greater TRU demand is also noticeable during the ADS 
deployment related to the new cores that must be created. More detailed information can 
be found in [10]. 

As can be observed, the slope of the Pu in the cycle (blue line in Figure 3, below) is a 
consequence of the continuous increase in the Pu inventories stored for the future 
deployment of FR (it comes from the reprocessed MOX, whose energy remains constant 
along the scenario). This means that with the future implementation of this FR technology, 
the stabilisation of the Pu inventories (and thus of all the TRU) can be achievable. 

Figure 3: Mass inventories 

Above, separated MA in pools and in cycle (red and blue respectively). Below, the same for Pu streams plus 
the available for FR deployment (green). The line shows the reference case scenario, the light-shaded are the 

minimum/maximum values obtained with all the simulations and the darkest represents the uncertainty. 
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Uncertainty analysis 

Taking into account the objectives of the scenario (minimisation and stabilisation of TRU 
inventories) the selected output streams were the amount of Pu and MA in all the cycle and 
separated (i.e. available for fabrication). From the sensitivity analysis, it was found that the 
initial 29 dimensional parameter space could be reduced to only 7 dimensions (considering 
those variables with a contribution larger than the 10% to the variance for the selected 
outputs). With this reduced parameter space, the contribution to the variance was 
recalculated and the results are shown in Table 1 under the column 𝜼𝜼𝒊𝒊. The sensitivity signs 
are also provided, meaning a positive (negative) value that an increment of the input will 
lead to an increase (decrease) in the output. The results for the first and total Sobol indices, 
as well as their difference are represented in the table too. Note that the negative values 
appearing in the table (by definition 𝑺𝑺𝑺𝑺𝒊𝒊 − 𝑺𝑺𝒊𝒊 > 𝟎𝟎) are compatible with the uncertainty 
assigned to the estimators as mentioned above.  

Table 1: Sensitivity and Sobol indices 

Variables Sign 𝜼𝜼𝒊𝒊 𝑺𝑺𝒊𝒊 𝑺𝑺𝑺𝑺𝒊𝒊 𝑺𝑺𝑺𝑺𝒊𝒊 − 𝑺𝑺𝒊𝒊 

MA
 p

oo
l 

PuADS + 0.33 0.30 0.30 0.00 
EPWR + 0.25 0.27 0.27 0.01 
εADS + 0.21 0.20 0.20 0.00 
εUOX - 0.09 0.08 0.08 0.00 
QUOX + 0.06 0.05 0.05 0.00 
εMOX - 0.03 0.05 0.06 0.01 
rMOX + 0.03 0.04 0.05 0.01 

MA
 p

oo
l 

EPWR + 0.32 0.33 0.35 0.02 
PuADS + 0.27 0.23 0.23 0.00 
εADS + 0.16 0.15 0.15 0.00 
εUOX - 0.11 0.10 0.10 0.00 
QUOX + 0.07 0.06 0.06 0.00 
εMOX - 0.04 0.06 0.08 0.02 
rMOX + 0.03 0.05 0.07 0.02 

Pu
 p

oo
l 

εUOX - 0.44 0.42 0.41 -0.01 
rMOX - 0.19 0.22 0.22 0.00 
εMOX + 0.13 0.16 0.16 0.00 
QUOX - 0.12 0.12 0.12 -0.01 
EPWR + 0.09 0.07 0.07 0.00 
PuADS - 0.03 0.03 0.03 -0.01 
εADS 

 
0.00 0.01 0.00 -0.01 

Pu
 cy

cle
 

εUOX - 0.45 0.45 0.44 -0.01 
rMOX - 0.17 0.19 0.18 0.00 
QUOX - 0.13 0.13 0.13 -0.01 
εMOX + 0.12 0.13 0.13 0.00 
EPWR + 0.12 0.11 0.11 -0.01 
PuADS - 0.02 0.03 0.02 -0.01 
εADS 

 
0.00 0.01 0.00 -0.01 

For the MA streams, two variables (EPWR and PuADS) cause around 60% of uncertainty, 
while for the Pu streams the most relevant is εUOX with a contribution close to the 50%. 
Both EPWR and εUOX have the same sensitivity sign regardless the output stream (Pu or MA) 
while for the other parameters, a change in the MA streams will move in the opposite 
directions for the Pu ones. For example, if the concentration of Pu for ADS fuel rises, less 
MA will be burnt so the inventories for the MA pools will increase at the cost of decreasing 
the available Pu. In this particular case, as the MA inventories are minimised (while Pu are 



  | 247 
 

  
  

not), relative changes are more significant so the Pu_{ADS} will have more influence over 
the MA streams than over the Pu ones, in agreement with the results obtained. 

From the Sobol indices it can be seen that there is no relevant interaction among the input 
parameters. The maximum one observed is caused by three variables in the case of MA in 
cycle. However, without higher order terms, it is not possible to distinguish between a 
second order interaction, a third order interaction or both of them. In any case, the effects 
in the uncertainty will be negligible compared with the first order ones. Furthermore, as 
there are no interactions, the meaning of the first Sobol indices is equivalent to the 
normalised sensitivity coefficient, so differences between them will point out non-linear 
effects. Since the differences are not larger than 4%, linear dependence can be assumed. 

Also the uncertainty in the output parameters can be visualised in Figure 3. The light-
shaded area represents the minimum/maximum value obtained when the input probability 
density functions are considered, while the dark-shaded area represents the outputs’ 
uncertainty along the years. It is noticeable the cumulative effect the uncertainties have 
with time. Also the necessity of the surplus mass that was added at the beginning as 
mentioned above is also clearly shown. Without it, all the scenarios below the dashed line 
would have broken. 

Conclusions 

In this work, two different approximations for the analysis of variance (the sensitivity and 
Sobol coefficients) are combined in a hybrid methodology that takes the strengths of each 
technique. The first one, framed in the so called local methods, allows the reduction of the 
input parameter space to a feasible number of variables. Once the reduction is performed, 
the Sobol indices (a global theory) can be used for searching higher order effects that were 
not taken into account during the first approximation. 

This methodology has been applied to a European scenario, where multiple countries work 
together for managing their SF. With the use of transmutation systems, the minimisation 
and posterior stabilisation of the MA inventories is guaranteed, while the Pu stock can be 
optimised for the future deployment of FR. When the uncertainties are accounted for, in a 
first step the parameter space was reduced to a quarter of them. Analysis of variance 
showed that εUOX is the most relevant variable when considering the Pu inventories, while 
PuADS and EPWR dominate the MA streams. Neither interactions nor high-order effects were 
found, meaning that the response model can be well approximated by a separable and linear 
function. 

List of acronyms 

ADS  ADS thermal efficiency 

MOX  MOX thermal efficiency 

EPWR P WR park energy 

PuADS  Pu content in ADS fuel 

QUOX  UOX burn-up 

rMOX  UOX/MOX energy share ratio 
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Sim Plant: A tool for assessing advanced nuclear fuel reprocessing flowsheets 

R. Harris 
National Nuclear Laboratory, United Kingdom 

One of the key difficulties when looking at the industrialisation of advanced reprocessing 
flowsheets is the inability to compare them to existing flowsheets, particularly when 
wanting to assess the quantity and type of waste produced, and the effects of the flowsheet 
on downstream waste treatment and storage plants. In addition, it is almost impossible to 
envisage what a full scale plant would look like both in terms of size and cost from solvent 
extraction flowsheet diagrams. Sim Plant aims to tackle these issues through presenting 
reprocessing flowsheets in simplified, easy-to-compare graphics which allow for a more 
holistic overview of the effects of flowsheet changes. 

Sim Plant is a tool currently under development at National Nuclear Laboratory to compare 
the effects of changing the chemical separation flowsheet on a reprocessing facility at an 
engineering-scale, and the subsequent economic effects this would have. The tool, which 
will ultimately take the form of a software package, will reference a library of spent fuel 
inventories and reprocessing flowsheets to produce visual representations of the advanced 
facility. Sim Plant will benefit both the technical and non-technical communities through 
the provision of high level information while also demonstrating the real world effects of 
technological advances. 

Sim Plant is being developed as part of both the UK Nuclear Innovation Programme and 
the European Union GENIORS project and is currently in the early stages of development. 
With work focusing on the construction of the main engine and the provision of input data 
(e.g. flowsheet modelling).  

Work undertaken as part of the UK Nuclear Innovation Programme will provide some of 
the underlying methodology and calculations of Sim Plant, with a focus on process waste. 
This phase of work will assess the waste that will arise from an Advanced PUREX 
uranium/plutonium recovery flowsheet, and what impact the quantity of subsequent waste 
packages have on long-term storage requirements relative to existing oxide fuel 
reprocessing in the United Kingdom.  

The work taking place under the GENIORS programme includes the construction of a 
flowsheet for a full scale reprocessing plant operating the Euro-GANEX process and 
development of the overall plant sizing methodology calculations. Both the Advanced 
PUREX and Euro-GANEX flowsheets will ultimately be benchmarked against the existing 
THORP plant at Sellafield. 

Progress so far has seen the completion of the Euro-GANEX flowsheet (now under review 
by the GENIORS community), some of the fundamental sizing calculations and the 
assessment of waste arising from an Advanced PUREX flowsheet. Future work will look 
towards software development, graphical design and representation, and the population of 
a data library with information on spent fuel composition and reprocessing flowsheets. 

The envisaged final product will be a tool that provides meaningful data that can inform 
high-level decision-making which could contribute to the progression of advanced 
reprocessing to the industrial scale. 
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Energy scenarios – context is key 

A. Peakman, R. Gregg 
National Nuclear Laboratory, United Kingdom 

Many UK fuel cycle scenarios have focused almost entirely on nuclear power being used 
only for electricity generation and at the same time have considered nuclear power running 
from the present day to as far out as the year 2200, when demands on nuclear power plants 
could change dramatically. With energy scenarios that require greenhouse gas emission 
reductions of 80% or more relative to 1990 levels by 2050, there will be numerous ways in 
which nuclear power could play a part in achieving large reductions in CO2 emissions. 
With higher CO2 reduction scenarios there is increasing demand on using low-carbon 
power to provide energy (heat and electricity) to industrial customers, power low-carbon 
transport or for the production of hydrogen as a means to store energy to accommodate 
fluctuations in electricity demand and supply. This paper highlights an energy scenario 
with higher UK electricity demand by the year 2050, assuming in this scenario that carbon 
capture and storage (CCS) is not widely deployed to limit CO2 emissions. The paper 
highlights in detail how energy is consumed and considers some of the potential future 
demands that could be placed on nuclear power, with a focus on industrial energy 
production. 

By knowing more about the context of the energy scenarios, greater inferences can be made 
on the demands placed on nuclear power and therefore the most suitable technologies 
required to meet electrical demand and CO2 reduction criteria. Together with an 
examination of the drivers to close the fuel cycle, the implications of operating a closed 
fuel cycle under such high electricity demand and large CO2 reduction requirements are 
considered in detail using the ORION fuel cycle code.  

Introduction 

Much of the energy scenario modelling, and accompanying fuel cycle assessments, 
performed to date (not only in the United Kingdom) have focused on nuclear power plants 
being used for electricity supply [1][2]. The scenarios also consider varying amounts of 
demand for electricity from nuclear; for example, in the United Kingdom, fuel cycles 
between 16 GWe and 75 GWe have been investigated [2]. This analysis suffers from a key 
drawback: 

• It is not always clear how a particular scenario has been derived, for example what 
is driving the increase demand in electricity and the deployment of nuclear power 
plants? 

The answer to this point is important, since it may be the case that nuclear power is not 
being considered for applications it could readily fulfil. For example, is growth in industrial 
heat demand and the assumed electrification of industry driving electricity demand? If so, 
would it be possible to employ nuclear power plants for direct heat applications rather than 
indirectly via electrification? Furthermore, which nuclear reactor types would be most 
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suitable for industrial heat applications? This lack of clearly defined context surrounding 
the scenario weakens the overall analysis. 

In the analysis presented here, scenarios are derived with the drivers clearly outlined. The 
scenarios firstly assume no direct application of nuclear heat but the energy demand from 
different sectors in the United Kingdom (including transport, heating, and lighting and 
appliances) is determined for the year 2050. Then, the suitability of different reactor 
technologies for heat applications is considered. This information is then used to consider 
a bounding case with a high proportion of industrial heat demand in the United Kingdom 
by the year 2050. The fuel cycle implications are then considered in detail, using the UK 
fuel cycle code ORION, based on scenarios relating to degrees of uranium scarcity and 
potential policy drivers relating to the management of spent fuel. 

Details of energy scenarios 

The energy scenarios considered in detail here relate to those with high proportions of 
electricity demand outlined by the UK government in reference [3] but with modest levels 
of electrification in industry. These so-called “electricity pathwaysˮ assume the following: 

Electricity is the main source of energy in 2050. There are many more electric vehicles 
(EVs), gas boilers are replaced with electric heating and industry moves to cleaner fuels. 
Altogether this means that 80% more electricity is used than today, and virtually all of it 
comes from clean sources (renewables and nuclear). In this pathway, Carbon Capture and 
Storage (CCS) is not used in the United Kingdom by 2050. 

As previous work [2] has considered high electricity consumption but not the role of 
industrial heat, the work outlined here focuses on scenarios with high proportions of 
industrial heat demand since these are the scenarios where technologies (such as nuclear 
reactor systems) will have the greatest role to play in industrial applications. Furthermore, 
if scenarios with limited industrial growth or in fact decline result in the United Kingdom 
simply importing more goods from other countries, it is still important to consider the role 
low-carbon technologies could play. Ultimately, for global greenhouse emission targets to 
be met, countries will have to adopt low-carbon means to manufacture goods.  

All electricity pathway scenarios also make the following key assumptions for the year 
2050: 

1. Electricity is a significant low-carbon energy source to the industry sector, making 
up around one-third of fuel demand. This is lower than other scenarios [4] 
considered for the United Kingdom where up to around two-thirds of industrial 
energy demand is met via electricity but allows for the role nuclear power can play 
in providing direct nuclear heat to be investigated. 

2. One hundred per cent of kilometres driven in cars and vans is via battery electric 
vehicles, i.e. no hydrogen fuel cell electric vehicles and no hybrid cars or vans. 

3. Electricity generation is effectively totally decarbonised but the mixture of nuclear 
and renewables is dependent on the individual electricity pathway modelled; here, 
we assume approximately two-thirds of electricity demand is met via nuclear power 
and the remaining one-third via renewables (in this case existing hydro and a large 
expansion in offshore wind).  

4. Total greenhouse gas (GHG) emissions in the energy scenario are 165 MtCO2 
equivalent. 
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The third key assumption means that, coupled with an assumed load factor of 80%, the 
total nuclear capacity is approximately 65 GWe. The assumed load factor for the nuclear 
power plants of 80% is low by global standards for modern reactors. However, with 
increasing amounts of variable renewables and a large reactor fleet it is expected that there 
will be an impact on load factors as reactors will need to vary their output to meet 
fluctuations in demand and the variable supply from renewables. The 65 GWe nuclear 
capacity initially comprises (prior to any fast reactor transition) 43 Light Water Reactors 
(LWR) constructed over a 25-year period, resulting in a build-rate of around 1.7 reactors 
per year. Such an increase has an historical precedent with France achieving a maximum 
build-rate of 3.4 reactors per year [5]. Furthermore, for electricity production, UK 
policymakers have considered future reactor deployment with capacities between 16 GWe 
and 75 GWe [2]; hence the 65 GWe is consistent with prior analysis. 

In all scenarios, the fleet initially consists of LWRs and Advanced Gas-cooled Reactors 
(AGR), with all new build systems being of the LWR variety. Currently, in the United 
Kingdom, three reactor systems are under development: the EPR Pressurised Water 
Reactor (PWR), which is undergoing construction; the Advanced Boiling Water Reactor 
(ABWR), which has completed regulatory approval; and the HPR-1000, which is a PWR 
system and is undergoing regulatory approval. Therefore in fuel cycle scenario modelling 
we assume 33% of new-build reactor systems are BWRs and the remaining 67% are PWRs. 

The total industrial energy (electric and non-electric) demand is based on the high industrial 
energy demand scenario analysis presented in reference [4]. The scenario assumes a 
doubling of industrial energy demand from 2007 levels by 2050 based on an annual 
industrial growth rate of around 1.5%, which is similar to the United Kingdom’s historical 
industrial growth rate in the 1980s and 1990s. Further information on the industrial energy 
scenario is presented below in the Section Industrial Heat Scenarios. 

Figure 1: Energy flow diagram for 2050 scenario with high industrial energy demand before 
utilising nuclear reactors for direct process heat applications 

Source: DECC, 2018. 

Based on the above information the corresponding energy demand and breakdown within 
sectors (industry, transport, heating, and lighting and appliances) is summarised in 
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Figure 1. Figure 1 is a Sankey diagram of the UK energy system in the year 2050. Sankey 
diagrams represent flows (which broadly could be flows of mass, energy, water or 
greenhouse gases), with flows represented by arrows or lines, where the thickness of each 
line represents the amount of flow [6]. Here we are interested in Sankey diagrams 
describing energy flows, termed energy flow diagrams. In systems, such as those related to 
energy, where the flows cannot be lost, the sum of the widths of the lines (the sum of flows) 
across any section of the diagram, must always be the same. 

Figure 1 was generated using the DECC 2050 pathways tool, which can be found at 
https://bit.ly/2nU7Iye [14]. The DECC 2050 pathway tool nominally assumes non-electric 
industrial heat is met with fossil fuels or biofuels (with or without carbon capture and 
storage). While the scenario presented in Figure 1 meets the 165 MtCO2 equivalent GHG 
emissions target, without large-scale deployment of CCS, around 80 MtCO2 equivalent are 
produced via the combustion of fossil fuels for non-electric industrial energy use. 
Therefore, any means (such as the application of nuclear power) to limit CO2 emissions 
from non-electric use in industry, will reduce pressure on other sectors in the economy to 
decarbonise.  

An obvious question is: what is the temperature demand breakdown for industrial heat 
customers? To first answer this question it is beneficial to establish the current temperature 
breakdown of heat demand in the United Kingdom and then investigate how this may 
change. 

Industrial heat demand 

As a starting point it is important to understand how and where heat is currently used and 
what role different reactor systems could play before considering changes in future 
industrial heat demand. The literature on industrial heat demand [7][8] tends to group 
industrial heat demand in to the following categories: 

• Heat demand < 300°C; 

• Heat demand between 300-500°C; 

• Heat demand between 500-1 000°C; 

• Heat demand > 1 000°C. 

These categories are in broad alignment with the working temperatures (also referred to as 
“outlet temperatureˮ) of different types of reactor systems, as summarised in Table 1. 
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Table 1: Industrial heat demand temperature ranges from the literature and reactor systems 
capable of operating in the associated temperature ranges 

Temperature 
range 

Light Water 
Reactor 
(LWR) 

Liquid Metal 
Fast 

Reactors 
(LMFR) 

High 
Temperature 

Reactor (HTR) 

Very High 
Temperature 

Reactor 
(VHTR) 

Molten Salt 
Reactor 
(MSR) 

Supercritical 
Water 

Reactor 
(SCWR) 

Gas-cooled 
Fast Reactor 

(GFR) 

<300°C        

300-500°C        

500-1 000°C   1 1 1  1 

>1 000°C        

Note: 1 = Some applications for these systems (note that VHTRs currently target 1 000°C). 

Heat is used in industry in a variety of applications, which can be grouped into the seven 
main categories shown in Figure 2. Figure 2 illustrates total heat demand for these seven 
industrial sectors per year and the proportion of heat for each sector generated by 
electricity3. 

Figure 2: UK heat demand per year by fuel type (electric and non-electric) 

Error bars are included for different sectors to indicate uncertainty on breakdown of fuel type. 

 

Source: DECC, 2013. 

                                                      
3For clarity, “non-electricˮ heat demand refers to the direct use of heat emanating from a heat source, 
which is currently predominantly met via burning fossil fuels. “Electricˮ heat demand refers to the 
use of electricity to power a heating device such as a heat pump or resistive heater. 
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There is significant published information on the UK heat requirements for the first six 
sectors, referred to as the “six key sectorsˮ, which constitute around two-thirds of the 
industrial heat consumption [7]. Note that for Wider industry the data is sparser; however, 
reference [8] looks at industrial heat use across Europe and indicates that heat demand 
within Wider industry is dominated by processes requiring temperatures below 500°C. No 
information was found on the proportion of heat from electricity for Wider industry but 
given that the literature indicates Wider industry is dominated by electricity, heat in the 
range 300-500°C and heat < 300°C; it has been assumed that in the Wider industry sector 
heat is made up of 33% electrically generated heat, 33% heat at temperatures below 300°C, 
and the remaining 33% at temperatures in the range 300 to 500°C. The uncertainty on this 
estimate is illustrated by the error bars under the Wider industry category, see Figure 2.  

Using the information in References [7][8][10] and the assumptions surrounding Wider 
industry it is possible to determine breakdowns of non-electric heat demand within the 
seven industrial categories, see Figure 3. It is important to note that for Coke and refined 
petroleum, the sector is dominated by energy demand from oil refineries. Oil refineries 
have temperature demands between 300 to 750°C, with the bulk of the energy demand at 
temperatures below 500°C [10]. However, there is some uncertainty on the temperature 
demand between 500 to 750°C, resulting in the error bars indicated in Figure 3. 

Figure 3: UK heat demand by temperature for non-electrically derived process heat 

Error bars indicate uncertainty on the proportion of energy for a particular temperature range. 
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The information presented in Table 1 and Figure 3 indicates that a mixture of small reactors 
based on high temperature reactor (HTR), sodium-cooled fast reactor (SFR) and LWR 
technology would be suitable to meet around 80% of current non-electric industrial heat 
demand, while relying on reactor technologies that have all been deployed to at least 
demonstration scale. For simplicity, in the fuel cycle scenario work presented below, the 
assumption is that only these three reactor types are deployed for process heat applications 
and reactors for process heat applications are deployed in increments of 100 MWth units. 

Industrial heat scenarios 

As outlined earlier, two heat scenarios are considered, using information from [4], with the 
overall non-electrically derived industrial heat approximately doubling from current 
demand to around 450 TWh/year by 2050. 

In scenario 1, we assume the proportions of heat demand from different sectors are 
approximately the same as they are today but with overall industrial heat demand 
increasing. This assumption does result in a large proportion of industrial heat demand from 
oil refineries, whereas most scenarios considered in [4] see significant declines in oil 
production; however, under some scenarios oil plays a significant role as a feedstock for 
manufacturing goods, and the central scenarios see emissions from international aviation 
and shipping doubling, with corresponding demands on oil derived products [3].  

Scenario 2 is based on the high industrial energy demand scenario in reference [4]. In this 
scenario, while demand for Basic metals, Non-metallic minerals and Chemicals would 
increase, the rise would be dominated by other industries. Furthermore, in much of the 
scenario analysis presented in [4] oil production substantially declines. The central scenario 
related to oil refinery outputs in reference [11] sees a 1.04% decline each year. The 
significant decline in oil production, coupled with the high growth rates in industries other 
than Basic metals, Chemicals and Non-metallic minerals, implies a larger proportion of 
heat demand below 500°C and electrically derived heat than current levels. The two 
industrial heat scenarios are summarised in Table 2. 

Table 2: Proportion of non-electric heat demand by industrial sector for the two Heat 
Scenarios considered 

Industrial Sector Scenario 1 non-electrical 
heat proportion 

Scenario 2 non-electrical 
heat proportion 

Basic Metals 6.51% 3.65% 
Chemicals 12.09% 10.09% 
Coke and refined petroleum products/oil 
refineries 20.93% 6.44% 

Food and beverages 12.09% 17.38% 
Non-metallic mineral products 10.70% 8.58% 
Pulp and paper 6.51% 9.23% 
Wider industry 31.16% 44.64% 

 

Using the information in Table 2 further assumptions are made regarding the suitability of 
reactor types to the industrial sectors: 

• Direct heat from nuclear power plants is not employed in Basic metals and Non-
metallic mineral products due to the fact that they are dominated by temperatures 
greater than 1 000°C. 
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• Direct heat from nuclear power plants is not employed in the Food and beverages 
sector due to their relatively low heat demand per site and uncertainty surrounding 
public acceptance of using nuclear power plants to directly supply heat in this 
industrial sector. 

• Oil refineries are unique in their large heat demand (~500 MWth) per site [10]. It 
is assumed that only one reactor type is employed (five 100 MWth units) at oil 
refineries and given the significant but relatively small heat demand above 500°C 
(see Figure 3), we assume HTRs are the preferred reactor technology for supplying 
low-carbon heat in this sector. This assumption is of limited importance in Scenario 
2 but, as will be shown, is important in Scenario 1 due to the significant demand 
from oil refineries. 

The final set of assumptions, regarding reactor technology deployment rates for the small 
modular (SM) process heat reactors, assumes SM-PWRs are first deployed in 2025, and 
SM-HTRs and SM-SFRs are first deployed in 2035. These deployment dates are considered 
ambitious [9] but delaying the deployment rates by 5 to 10 years results in unrealistic build-
rates if the aim is to achieve maximum decarbonisation of industrial process heat demand 
by 2050. 

Fuel cycle strategies considered 

The reactor technologies and fuel cycle adopted in the future will depend on several 
potential influencing factors, including: 

1. cost; 

2. specific demand (e.g. electricity, high temperature process heat, low temperature 
process heat); 

3. uranium availability; 

4. minimising spent fuel storage; and 

5. minimising the impact or potentially simplifying the licensing for a geological 
disposal facility by reducing thermal heat load and radiological impact. 

It should be noted that it is impossible to know precisely which of these drivers, if any, will 
become important enough to influence the United Kingdom’s nuclear fuel cycle. It is 
judged though, that if the United Kingdom developed nuclear power to the levels necessary 
to curtail greenhouse gas emissions and reduce the impact of global warming, several other 
countries would most likely follow this approach. This would apply greater pressure on 
existing and future natural uranium reserves. In such a future, it is possible that there will 
be a need to recycle fissile material in a closed fuel cycle. 

In the interim period, prior to operating a closed fuel cycle, there may still be a driver to 
reprocess and recycle fissile material as mixed oxide (MOX) fuel in a thermal (LWR) 
system, as a way of managing future spent fuel stockpiles, as is the approach in France. 

Three potential future fuel cycle strategies, each lasting two centuries, have been modelled 
assuming varying degrees of future uranium availability: 

A. Natural uranium becomes sufficiently scarce such that a closed fuel cycle is 
ultimately required at the earliest opportunity. 
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B. Natural uranium becomes sufficiently scarce but at a date which still allows 
maximum LWR-MOX utilisation in the interim period prior to a transition to a fast 
reactor fuel cycle. 

C. Natural uranium is plentiful and there is little need to reduce the amount spent fuel 
stored (e.g. it is socially acceptable to store spent fuel long term or repositories are 
sequentially commissioned over the next 200 years). 

In implementing the three potential fuel cycle strategies, fuel cycles A and B assume an 
initial “1stˮ generation LWR fleet transitioning to a fast reactor fuel cycle. In scenario A, 
the transition takes place as soon as possible, whereas scenario B assumes LWR-MOX 
utilisation is allowed in the interim period in order to reduce the spent fuel stockpile to 
current levels. Scenarios A and B assume that for process heat application, a mixture of 
small modular MOX fuelled fast reactors (FR), UO2 fuelled LWRs and UO2 fuelled HTRs 
are initially operated, with a gradual phase out of the SM-LWR fleet to be replaced by 
additional SM-FR units. Scenario C assumes no application of FRs except for heat 
applications and no phase out of the SM-LWR fleet as a result of the assumption regarding 
future uranium availability. Given the two heat scenarios (1 and 2) and the three fuel cycle 
strategies (A, B and C), this results in six scenarios modelled, see Figure 4. Note that the 
vertical axis in Figure 4 is in terms of GWe, with the smaller process heat systems converted 
to equivalent electric outputs using 40%, 33.3% and 31% for thermal efficiencies of SM-
HTRs, SM-SFRs and SM-PWRs, respectively. 

Figure 4: Deployment rates of different reactor technologies for the three fuel cycle strategies 
and two heat scenarios, resulting in a total of six scenarios 

 

Results and discussion 

The ORION fuel cycle code has been used to model the scenarios detailed earlier. ORION 
is capable of tracking in detail around 2 500 nuclides (encompassing both short lived and 
long-lived nuclides), and can model decay and in-reactor irradiation. Hence, ORION can 
determine important characteristics of any fuel cycle including the availability of bred 
fissile material (e.g. Pu); the quantity of spent fuel or reprocessed waste streams, along with 
the associated decay heat and radiotoxicity; and the natural uranium demands. 
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The focus here is on Pu management (the availability of Pu and Pu contingency), natural 
uranium demands, spent fuel and thermal repository demands associated with the decay 
heat from the spent fuel or reprocessed waste streams. Radiotoxicity has not been 
investigated since it is generally not limiting from a repository design perspective, whereas 
decay heat from the material considered waste may be more limiting depending on 
geological conditions, ultimately governing repository size. 

Pu management and U availability 

For scenarios transitioning to a FR fuel cycle (scenarios A and B), Pu availability is vitally 
important and dictates the time at which a transition could potentially occur. A significant 
amount of Pu is necessary for this transition, which will primarily originate from the 
reprocessing of LWR spent fuel. In the case of scenario A, where it is assumed that limited 
LWR-MOX utilisation takes place, it will be possible to fully transition by 2125-2150, as 
shown in Figure 4. However, this does assume the first generation LWR fleet can operate 
for 80 years, without which there would be insufficient Pu available for a full transition. 
Furthermore, this calculation assumes the fast reactor fuel cycle will operate with fuel that 
has been cooled for four years prior to reprocessing, with a further two years to account for 
the time it takes to reprocess the spent fuel, manufacture the MOX fuel and transport back 
to the reactor site. Scenario B assumes significant LWR-MOX utilisation (peaking at  
180 tMOX/year beyond 2050). The reduction in both quantity and quality of the potential 
Pu stockpile results in a delay of 50 years before a full transition can occur, as shown in 
Figure 4. 

As a large stockpile of Pu is necessary (which will have to be bred beforehand using a 
thermal reactor fleet), the total amount of natural uranium required for a self-sustaining FR 
fleet is approximately 1.2 MT by 2110. This amount is equivalent to all identified, 
reasonably assured and inferred resources in the lowest cost category (< USD 40/kgU) 
according to IAEA as of 2016 [13]. Although the estimates quoted are very uncertain and 
will likely increase with a rising uranium ore price, the United Kingdom is a relatively 
small country and one of several countries who could adopt nuclear power to reduce GHG 
emissions. The amount required is therefore still extremely high and will place significant 
demand on future supply. 

For Group B scenarios, the amount of uranium ore required is also 1.2 MT although at a 
slightly later date of 2170 coinciding with the later full transition date. For an equivalent 
open fuel cycle, between 2 – 2.5 MT of natural uranium is required by the same date. 

Spent fuel management 

For Group A scenarios, Pu is not required until the FR fleet commences operation. 
Consequently, the amount of spent fuel accumulates to 70, 000-80 000 tHM once the need 
for reprocessing is realised. For Group B scenarios, LWR-UO2 spent fuel reprocessing and 
a significant increase in LWR-MOX fuel fabrication begins in 2050, reducing peak spent 
fuel accumulation to approximately 30 000 tHM. 

During the transition period, the spent fuel produced by the dedicated process heat nuclear 
plants is very small compared to the large quantities produced for electricity production. 
However, once the existing spent fuel stockpiles deplete (coinciding with a complete fast 
reactor transition), the continuous production of HTR fuel and an excess amount of fast 
reactor spent fuel accumulating becomes more apparent as shown in Figure 5. Figure 5 
illustrates the transition from an unsustainable (ever increasing demands on geological 
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disposal facilities) open fuel cycle to sustainable closed fuel cycles, where demands on 
geological disposal facilities are much lower, with the slight positive gradient associated 
with the use of open-cycle HTRs for industrial heat and SFRs with a breeding ratio of 1.08 
to allow for a Pu contingency to be acquired in the event of a supply disruption (for e.g. a 
fault at the reprocessing or MOX fabrication facilities). 

Figure 5: Quantities of spent fuel for the different scenarios investigated 

 

Thermal implications on repository 

Figure 6 is a plot of the total decay heat sent to repository for all scenarios considered, 
assuming 100 years interim storage for all wastes. For Group B scenarios, the prolonged 
use of LWR-MOX fuel during the transition to FRs and the inability to recycle Am in 
significant quantities through an LWR, results in a large change in decay heat output, as is 
evident in the step-change from 2150 onwards. In a thermal system, Am tends to build up 
relatively quickly and since LWR are required during the short to medium term, the Am 
inventory in the LWR spent fuel is significant. Eventually, the significant increase in decay 
heat saturates as the transition to fast reactors is made. 

For scenarios with minimal Am recycle (i.e. only Am separated from FR MOX fuel is 
recycled), a further deviation occurs around 2200 once the FR fleet commences operation. 
As most of the Pu required to initiate the fast reactor fuel cycle is sourced from either LWR-
UO2 or LWR-MOX spent fuel (both of which will contain approximately 15 wt.% Am after 
30 years cooling), treating this element as waste will significantly increase the decay heat 
in the repository. 

Figure 6 also includes an estimate for the final cores assuming these are cooled for 100 
years after the end of the scenario and sent for geological disposal. The increase for the 
open fuel cycles is relatively small, especially when compared to the amount produced 
beforehand. This is because the spent UO2 spent fuel discharged will have a relatively low 
Pu and minor actinide content (when compared to FR fuel). For the FR fuel cycles, the 
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increase is more noticeable, as a result of the significant quantities of Pu and Am in the 
spent MOX fuel entering the repository. 

Figure 6: Cumulative decay heat, with decay heat from final cores considered 

 

Summary and conclusions 

All future energy scenarios make assumptions, for example regarding the growth in energy 
demand and the proportion of electrification of transport and industry. When considering 
future scenarios, it is important that these assumptions are captured, along with how energy 
is being produced and consumed within an economy so that the full implications regarding 
potential applications for particular low-carbon technologies, for example small and large 
nuclear power plants, can be considered in detail. In this investigation, we have 
demonstrated the use of Energy Flow diagrams to capture the demands on low carbon and 
then used this information to construct a bounding case relating to high industrial energy 
demand, with only moderate levels of electrification of industrial demand, allowing for 
direct (non-electric) applications of nuclear process heat to be considered. Furthermore, 
current industrial energy demand was considered in detail in order to understand how 
changes in industrial energy demand from present may impact reactor deployment rates 
and the suitability of reactor types. 

While HTR, VHTR, GFR and MSR systems have an advantage in terms of capability to 
achieve higher temperatures, their relative benefit over LMFRs and LWRs is actually 
smaller than indicated in previous studies [9], since major parts of the heat demand could 
be served by almost all reactor types (there are large energy demands relating to processes 
between 300 and 500°C and below 300°C). The scenario analysis performed here has 
focused on three reactor technologies (LWRs, SFRs and HTRs) that have all been deployed 
to at least the demonstration scale and are able to meet around 80% of non-electric 
industrial heat demand. The two heat scenarios modelled, based on high industrial energy 
demand but different requirements from particular industries, constitute two bounding 
cases regarding the role the three reactor technologies could play in decarbonising future 
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UK industry demands. It was found that the overall deployment rate for HTR systems is 
highly sensitive to the assumption that HTRs are the preferred technology to decarbonise 
heat demand at oil refineries. The large-scale deployment of direct nuclear process heat for 
industrial customers reduced annual CO2 emissions by up to 80 MtCO2 equivalent in the 
scenarios modelled. Note that total net emissions from all sectors is limited to 165 MtCO2 

equivalent if the 80% reduction in greenhouse gases target is to be met. Therefore, in the 
event that decarbonisation of other sectors, such as transport or residential heating, is more 
difficult to achieve than initially envisaged, there is the potential for significant reduction 
in GHG emissions from industry with the aid of nuclear power. 

Should the need for a closed fuel cycle arise in the future, a transition by 2130 is possible, 
so long as the fast reactor fleet is preceded by a similar sized LWR fleet, LWR-MOX 
utilisation is limited, and the LWR units are able to operate 20 years beyond the nominal 
60 year lifetime. If LWR-MOX fuel is used extensively, the quality and quantity of the 
potential Pu available for the fast reactor fleet will be degraded, resulting in a delay of 
approximately 50 years before a full transition is complete. The scenarios pertaining to fuel 
cycle strategies A and B were found to place significantly lower demands on spent fuel 
mass and decay heat output, compared with the ever-increasing demands from the open-
cycle strategy (scenario C). 

Finally, this is first time in the United Kingdom when nuclear scenarios have been 
developed that take account of nuclear heat applications, and it shows that high temperature 
heat is not necessarily the driver for all industrial applications. This has implications for 
specifying reactor design requirements. Furthermore, even in high industrial energy 
demand scenarios, the sensitivity of spent fuel masses and decay heat to the types of reactor 
deployed is relatively small compared to the greater fuel cycle demands from the large-
scale deployment of nuclear plants for electricity production. 
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One of the most promising nuclear fuel cycles identified by the Nuclear Fuel Cycle 
Evaluation and Screening Study [1] involves the continuous recycle of uranium and 
transuranics in fast reactors. In this study, the transition to a sodium-cooled fast reactor 
(SFR) fleet was compared to one with liquid-fuelled molten salt fast reactors (MSFR), 
under the same conditions and designed for the same objectives. 

The availabilities of the technologies and required fissile materials are the two general 
constraints on transition. Both must be satisfied in order to transition as intended. The 
focus of this study is on technology characteristics that are likely to be impacted by the 
choice of SFR or MSFR. Specifically, the focus is on three characteristics that will have 
the biggest impact on the time-dependent supply of and demand for fissile material: the 
amount of start-up fissile material required to deploy a given capacity, the minimum fuel 
recycle time, and the achievable maximum practical fissile net breeding rate. The values 
of each characteristic are determined by the physics and practical design choices. A range 
of values is considered for each characteristic and the performance was evaluated over 
that range. The finite ranges were based on physics and current design choices and 
approaches being considered by industry and academia. 

The results show that the fast reactor technology characteristics studied can significantly 
affect transition behaviour. The various designs (within the specified ranges) that seem 
plausible at this stage of development for each reactor technology (whether SFR or MSFR) 
will yield larger differences in fuel cycle performance than those from a consistent/direct 
comparison between MSFRs and SFRs. The apparent best designs, in terms of transition, 
for both MSFR and SFR-based systems give comparable performance, but they may imply 
potentially costly design decisions to achieve that performance.  

Introduction 

One of the most promising nuclear fuel cycles identified by the Nuclear Fuel Cycle 
Evaluation and Screening Study [1] involves the continuous recycle of uranium and 
transuranics in fast reactors. As the study was designed to be technology-neutral, there were 
no comparisons for different fast reactor designs or types. However, the solid-fuelled 
sodium-cooled fast reactor (SFR) served as the example (or representative) reactor 
technology for which the steady-state fuel cycle performance metrics were calculated. 
More recently, analyses have been performed on the time-dependent behaviour of potential 
transition scenarios from the current US nuclear fleet to this fuel cycle with various 
technology-specific reactor designs. 

This paper summarises a focused study on the sensitivities of fuel cycle transition 
behaviour to the technology and system characteristics of advanced nuclear energy 
systems. Specifically, the focus was on determining the main technology characteristics 
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that impact the performance of potential transitions to future fuel cycles in which co-
extracted U/TRU is continuously recycled in fast spectrum reactors with only natural 
uranium (NU) or depleted uranium (DU) used as the makeup feed. Within this context, the 
main technologies modelled and assessed in this study are fast-spectrum liquid-fuelled 
molten salt fast reactors (MSFRs) and metallic-fuelled SFRs along with their associated 
fuel recycle and processing systems. Understanding these key characteristics and using this 
valuable information to inform on the design of future reactors and fuel cycles would be a 
fundamentally different approach since virtually all previous design efforts have targeted 
the steady-state (post-transition) performance only. Transition performance needs to be an 
important consideration for any future nuclear scenario; it can ultimately determine the 
feasibility in terms of economics, material resources, policies, etc. of achieving the desired 
end-state. 

From past analysis and review of the SFR and MSFR technology, the key technology 
characteristics from a transition performance perspective were identified. They are those 
that affect the supply and demand of fissile material. The characteristics important to 
transition that may differ between MSFR and SFR systems are: (1) the start-up fissile 
inventory normalised to the electrical energy generation rate, (2) the recycle time of the 
SFR fuel (for MSFR fuel salts with online processing, this is virtually zero), and (3) the net 
breeding rate of fissile material after accounting for system losses. These characteristics 
are design-dependent and it is not possible at this point to predict the exact MSFR or SFR 
design(s) in a future commercial fleet. Thus, there may be large uncertainties in any 
quantitative values for these technology characteristics if they are taken directly from 
specific MSFR or SFR design examples. 

The start-up fissile inventory is defined here as the mass of the fissile material required to 
initially deploy a reactor producing 1 GWe-y of electricity per year on average. For a single 
SFR, it is based on the total mass of fissile materials in the solid fuel pins inside the core. 
For an MSFR, this inventory also includes any fissile material in a fuel salt loop (for those 
with flowing fuel salt) or processing loop outside of the core. For both reactor types, the 
start-up fissile inventory depends on each reactor design’s heavy metal density in the core, 
power density, core size, targeted performance, etc. For the MSFR only, this inventory is 
highly dependent on the design of the various loops outside of the core; keeping the 
required ex-core fuel salt mass as low as possible is desirable to minimise the start-up 
inventory, but it may present challenges for the design of the processing systems and 
negatively impact other priorities. These tradeoff considerations are examples for why 
designs from literature show a broad range of the start-up fissile inventory for both SFRs 
and MSFRs. 

The recycle time is defined as the time lag between discharge and charge of the recycle 
material. The average recycle time of the SFR fuel determines how much material will be 
in the recycle loop (decay storage, reprocessing, and refabrication) for the SFR system. 
While the first discharged fuel is undergoing this recycling process, additional fuel from 
elsewhere must be loaded in the SFR to continue operation. Therefore, a longer recycling 
time increases the amount of reload fuel (and fissile mass) that is needed in addition to the 
start-up fissile inventory. Whether the recycling is done on-site or off-site will play a major 
role in the time it takes to recycle. Higher average discharge burn-ups can significantly 
reduce the inventory tied up in the recycle loop. The near zero recycle time assumed for 
the MSFR keeps the inventory in the recycle (processing) systems small (included in the 
start-up inventory in this study) and makes the net excess fissile material produced 
available promptly for deployment of new capacity. Any net excess fissile material 
produced in the SFR is not available until after recycle, years after discharge. 
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The net breeding rate of fissile material is the net additional mass of fissile material 
produced per unit of energy generated available for deploying new capacity. This value is 
determined after accounting for material losses in processes (e.g. fabrication, and 
separations) and isotopic evolution (e.g. U-235 and Pu-239 are required in different 
concentrations to achieve the same performance so equivalence factors must be used). It is 
the difference between what is available for the next charge of fuel relative to what is 
required to refuel the same capacity. For the SFR, there will be a large charge of fissile 
material each cycle used for refuelling that will be subtracted from the recycled material to 
calculate the net available for deploying new capacity. For the MSFR, the charge is 
effectively zero (small fissile content in makeup feed) and the discharge is only the excess 
available for deploying new capacity. 

Intuitively, a higher breeding rate of fissile material will reduce front-end requirements 
(mining of uranium and enrichment) during transition. There are both physics limitations 
and practical considerations that affect the net excess fissile material produced by these 
systems. In terms of physics, the softer neutron spectrum due to lower fuel densities in the 
MSFR designs reviewed suggests a significantly lower net breeding rate in MSFRs relative 
to metallic-fuelled SFRs. However, realistic design trade-offs may prevent reactors from 
achieving breeding rates near their theoretical limits, so these physics differences may not 
necessarily translate in future commercial systems. 

Modelling and assumptions 

The reactors were modelled as idealised systems operated as break-even (produce just 
enough fissile material to refuel the same capacity after accounting for system losses during 
recycle) to high breeding rate systems. Detailed isotopic modelling was not used to follow 
the internal evolution of the isotopic vectors. The focus of this paper is on the front end 
requirements required to fully transition different sets of technology characteristics under 
idealised conditions. This means that modelling of the transition does not require most of 
the features available in the system dynamics modelling. This allows for modelling of the 
system with simple spreadsheet models to cover a much broader spectrum of possible 
futures with much less effort and simplicity to focus on the information of interest. The 
DYMOND code [2] was utilised to confirm the spreadsheet model and inform on the more 
general overall system behaviour not modelled in the spreadsheet. The spreadsheet is a 
simple fissile mass balance over the duration of transition based on the assumed design 
characteristics of the systems. Further sets of options and scenarios are then modelled in 
the spreadsheet to cover the technology characteristics space being considered and to cover 
additional scenarios to ensure that the conclusions are robust and not unique to the specific 
transition scenario chosen. 

Transition scenarios 

The first set of scenarios modelled were used to verify the performance of the simplified 
spreadsheet model and provide some detailed information not available from the 
spreadsheet model. These scenarios fall under the general group referred to as a 
Replacement Scenario. The Replacement Scenario is a scenario where the demand for 
nuclear energy is assumed to remain constant within the United States. (i.e. a zero growth 
rate in terms of total demand for nuclear energy). Therefore, when existing nuclear capacity 
reaches the end of its life, it is replaced by the same amount of nuclear capacity. To avoid 
the complexity of replacing light water reactors (LWR) with LWRs that then operate for a 
long period of time before being replaced by fast reactors, the assumption was that the fast 
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reactors were available for deployment before the first LWRs shutdown. All fast reactors 
(FR) are assumed to be fuelled by recycled FR material if available. If not available, any 
shortfall is made up with low enriched uranium (LEU). It is assumed that the used fuel 
from the LWRs is assumed not recycled to avoid the complexity and timing issues 
associated with the recycle of the LWR used nuclear fuel (UNF). Also, the amount of LWR 
UNF available is very scenario dependent which needlessly makes the system more 
complex when the focus is on understanding the importance of technology characteristics. 
The initial assumption was that over a 20-year period the existing LWRs will be shut down 
and replaced. The FRs were assumed to be reactivity break-even meaning that the breeding 
rate would be set such that there would be sufficient fissile material discharged in the LEU 
fuel and blankets to refuel the same capacity. Each subsequent recycle, the breeding rate 
would be adjusted such that reactivity break-even remains true until the eventual steady 
state is achieved. Fuel fabrication, processing/reprocessing, enrichment, etc. are not 
assumed to constrain the transition. For this transition scenario, both the MSFR and SFR 
are assumed to require the same initial core loading for a given capacity of energy 
generation. 

Three scenarios under this Replacement Scenario were considered. The first being the 
MSFR identified as 0 yr Recycle. The second is the integral fast reactor (IFR) scenario 
referred to as the 2-yr Recycle. The third being the centralised recycle referred to as the 7-
yr Recycle. 

Figure 1 shows the cumulative natural uranium requirements for only the FRs. A large 
fraction of the NU is required to refuel existing LWRs, and the cumulative NU increases 
as recycling time of FRs increases. The cumulative separative work unit (SWU) 
requirements will have the same behaviour. The results for the spreadsheet were nearly 
identical (within 2%) for all scenarios compared. 

Figure 1: Cumulative natural uranium requirements for fast reactor only 

 

Exploration of parameter space 
The goal is to compare well designed and operated reactors that are designed to transition 
efficiently. However, given the current state of the technology there are large uncertainties 
in the eventual licensable and economical system. So each parameter needs to be 
considered over a fairly broad range. This must be done over a range of plausible transition 
scenarios because the relative importance of these parameters is sensitive to the transition 
assumptions. 
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The scenarios considered were the replacement scenario with variable LWR replacement 
periods, replacement scenarios with variable breeding rates from break-even to maximum 
practical. The maximum practical breeding rate was assumed to be 220 kg of Pu per GWth-
yr of fission energy produced for the metallic-fuelled SFR based on a review of high 
breeding rate designs. For the MSFR, if as hard a spectrum were achieved, it could be 
similar. The designs reviewed suggested it is likely significantly lower with a moderate 
value of 100 kg used as a lower bound of designs being considered. Sustained growth 
scenarios were considered where the overall demand for nuclear energy grows indefinitely 
into the future (beyond the time period of interest) and a range of growth rates were 
considered. And finally, higher burn-up SFR fuel scenarios were considered. The amount 
of fuel tied up in the recycle system for the SFR is a combination of the average recycle 
time and the average discharge burn-up of the fuel. Higher burn-up reduce the inventory in 
the recycle system and therefore the amount of NU and SWU required to transition the SFR 
fleet. 

Equal performance lines 

Given these uncertainties in the key characteristics that affect transition performance, it 
would be misleading to draw any general conclusions from the direct comparison of a few 
examples of specific SFR and MSFR designs. Therefore, the approach used in this study 
was to compare the transition performance of generic SFR and MSFR systems across the 
entire realistic range of the three key technology characteristics while using specific designs 
to inform on this range. One of the key findings from using this approach is illustrated in 
Figure 2, which shows the ranges for two of the key characteristics within which the MSFR 
system exhibits better or worse performance (in terms of total NU required) than the SFR 
system for a reference transition scenario. The x-axis is the average recycle time for the 
fissile material in the SFR system. The y-axis is a ratio of the start-up fissile inventory 
required to deploy an MSFR system relative to that of an SFR system for the same energy 
output. For the reference transition scenario only LEU is used as the start-up fuel. The third 
key parameter, the net breeding ratio which three pairs of net breeding rates were used. 
Each line is an Equal Performance Line (EPL) that indicates the conditions under which 
both systems exhibit the same transition performance in terms of NU requirements. The 
blue line is where both MSFR and SFR have a net breeding rate of 0 kg (i.e. break-even 
designs). The grey line is where both the MSFR and SFR have a net breeding rate of  
220 kg (both at the max for the SFR) of Pu per GWth-yr of fission energy produced. The 
yellow line assumes the max breeding rate for the SFR is 220 kg of Pu per GWth-yr of 
fission energy produced and for the MSFR is 100 kg of Pu per GWth-yr of fission energy 
produced. 

To understand the EPL lines in Figures 2 and 3, for a scenario where the FRs are break-
even (no net breeding of excess fissile material), the y-axis (zero recycle time x-value) is 
the ratio of NU required to start-up the fast reactors. For a ratio of 1.0, both require the 
same amount per unit of energy generated. Power density, thermal efficiency and capacity 
factor all affect the start-up NU requirements. A ratio of 2.0 would be an MSFR design that 
requires twice the NU as the SFR to deploy a given generation capacity. For break-even, 
the EPL intersects the y-axis at 1.0. When there is a difference in breeding rate, the value 
will intersect below 1.0 if the SFR has a high breeding rate and above if the SFR has lower 
breeding rate than the MSFR. 
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Figure 2: SFR/MSFR equivalent curve (reference scenario) with breeding 

   

Figure 2 shows the importance of a number of parameters under these specific conditions. 
The grey line shows that the benefits of breeding in the SFR are reduced relative to the 
MSFR as the recycling time increases (i.e. relatively more NU and SWU is required), which 
is as expected. The yellow line shows that a higher net breeding rate in the SFR relative to 
the MSFR would significantly reduce the relative amount of NU and SWU required by the 
SFR as expected. Based on a review of designs being considered, the approximate ranges 
of the recycling time of SFR fuel and the fissile inventory of MSFR are shown on the same 
figure. The recycling time of conventional SFR based on the centralised reprocessing 
facilities (i.e. locations of reactors and reprocessing facilities are different) is seven to ten 
years, while the recycling time could be reduced to two to three years based on the IFR 
concept (i.e. reactor and reprocessing facilities are co-located). For the MSFR, the fissile 
inventory was assumed to be varied by approximately 0.5 – 2.0 of the SFR fissile inventory. 
For long recycle times, the MSFR will outperform the SFR based on the amount of NU 
required in all cases because the MSFR fissile inventory is smaller than the EPL. For short 
recycle times, it will depend on the details of the actual designs. This information is useful 
to reactor designers. However, cost and other factors will also weigh very heavily into what 
is the most desirable designs and systems with the front-end requirements being only one 
factor to consider. 

Several of these EPLs were developed in this study, which show the relative importance of 
these technology characteristics under various assumptions for the transition scenarios. 
These curves and the procedure for generating them are the main products from this study 
and are intended to serve as helpful references for designers of future nuclear systems and 
transitions to those systems. Figure 3 shows results for a case where the SFR burn-up was 
assumed to be double the value used in the previous figure. It indicates the large change in 
slope in favour of the SFR that would result from increased SFR fuel lifetime. Other 
scenarios looked at the impact of longer replacement times and sustained growth rates. The 
trends generally fall within the range of curves in Figures 4 and 5. 
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Figure 3: SFR/MSFR equivalent curve (double fuel residence time SFR) 

   

Conclusions 

Given uncertainties in the key characteristics that affect transition performance, it would 
be misleading to draw any general conclusions from the direct comparison of a few 
examples of specific SFR and MSFR designs. Therefore, the approach used in this study 
was to compare the transition performance of generic SFR and MSFR systems across the 
entire realistic range of three key technology characteristics while using specific designs to 
inform on this range. The three characteristics are: the start-up fissile inventory; the recycle 
time; and the net breeding rate of fissile. 

Several EPLs were developed in this study, which show the relative importance of these 
technology characteristics under various assumptions for the transition scenarios. These 
curves and the procedure for generating them are the main products from this study and are 
intended to serve as helpful references for designers of future nuclear systems and 
transitions to those systems. 

The underlying factors that determine the inventory and breeding rates were identified. 
These include efficient neutronics designs to minimise fissile inventory and maximise 
breeding potential, high thermal efficiency, high power density, low ex-core inventories 
(i.e. short-recycle times for the SFR and small fissile inventories in the coolant and 
processing loops for the MSFR), and high capacity factors. These factors should be design 
objectives that designers need to consider for efficient transition in terms of front-end 
requirements. 

The recycle loop inventory relative to the in-core inventory of the SFR is approximately 
the recycle time divided by average fuel residence time (burn-up). Higher burn-up in the 
SFR reduces the slope of the EPL, which reflects the sensitivity of transition performance 
to the recycle time. High burn-up is an important characteristic actively researched for 
breed-and-burn designs, but it also has significant benefits for solid-fuelled continuous 
recycle systems including transition performance. 

Based on the literature, conclusions cannot be drawn as to which system will be expected 
to generally perform best because of the uncertainty in the key characteristics. The MSFR 
seems to have the potential for significantly lower start-up fissile inventory, but the range 
of FR designs being developed suggests this could favour either technology. The fuel 
concentrations in the MSFR salt being considered suggest the metallic fuel SFR will have 
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a more favourable neutron spectrum for breeding, but other practical considerations leave 
a lot of uncertainty in the maximum practical breeding rate. 

The centralised recycle will lead to lower performance than the co-located system among 
SFR systems in terms of NU requirements. It seems likely that the centralised recycle 
system will also have lower performance than the MSFR systems requiring significantly 
larger inputs of NU and SWU to enable transition to the self-sustaining system. Under the 
assumption of an IFR co-located type of system, the range of performance suggests that the 
performance of eventual commercially licensed and operated SFR systems could be better 
than those of MSFRs. However, given the uncertainty, the differences could be potentially 
quite large in either direction. 

One key factor that was not considered is the availability of the technologies. Sooner 
availability for deployment results in better the transition performance. If one technology 
is commercially deployable significantly sooner than the other is, this could translate into 
very large benefits (reductions in NU and SWU required to transition). Other 
considerations like high-level waste (HLW) were not considered and assumed to be similar 
since both recycle all U/TRU. The key constituents of HLW are fission products and 
U/TRU process losses so any differences between the two technologies are expected to be 
small. 
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Core design and simulation of a fast spectrum chloride molten salt reactor 

B. Feng, F. Heidet, E. Hoffman, T.K. Kim 
Argonne National Laboratory, United States 

One promising future fuel cycle option in terms of waste management and resource 
utilisation involves the co-extraction of U/TRU in used fuel and the continuous recycle of 
the material in fast spectrum reactors, with only natural uranium (NU) used as the makeup 
feed. To calculate representative performance metrics for this fuel cycle, the reactor 
technology is commonly modelled as sodium-cooled fast reactors (SFR) loaded with 
metallic fuel due to their technical maturity and the experience in the United States. More 
recently, this fuel cycle has also been evaluated with alternative fast reactor technologies 
to better understand the resulting trade-offs in fuel cycle performance. Of particular 
interest are molten salt reactors (MSR) that use flowing liquid fuel salt and on-line salt 
processing because these technology characteristics are significantly different from those 
of SFRs and can lead to major differences in fuel cycle behaviour (e.g. first core fuel 
requirements, recycling time). To help quantify such differences, a representative fast 
spectrum chloride MSR core for analysis was developed as part of this study. The reactor 
physics, fission product removal and fuel salt mass flows were modelled using Argonne’s 
recently-developed MSR analysis tools. With the understanding that there may be 
numerous MSR designs with different features that impact fuel cycle performance, this 
paper discusses the reactor core design and modelling approaches for this specific MSR 
core and focuses on the technical assumptions adopted. These include the fuel salt 
properties, first core and makeup heavy metal requirements, fuel composition evolution, 
equilibrium fission product concentration, and others. Lastly, the estimated fuel cycle 
performance metrics for this specific design are compared to those of the “corresponding” 
SFR design within the same fuel cycle. 

Introduction 

An investigation of nuclear fuel cycle transitions and their sensitivities to different types of 
technologies has recently been conducted [1]. The focus was on determining the main 
technology characteristics (reactor type, fuel processing technology, etc.) that impact the 
performance of potential transitions from the existing US light-water reactor (LWR) fleet 
to a future fast reactor-based fuel cycle with continuous recycle of U/TRU. One of the 
technologies assessed, along with the baseline sodium-cooled fast reactor (SFR) reactor 
technology, is a fast-spectrum liquid-fuelled molten salt reactor (MSR). Due to the lack of 
publically available design details for fast spectrum MSRs that continuously recycle 
U/TRU, an MSR core and fuel cycle design was developed ad hoc. This paper’s focus is 
on the core and fuel cycle design of the aforementioned fast-spectrum MSR. These results 
were used to help produce the data to support the analyses of the transitions to SFRs and 
MSRs described in reference [1], which is also presented at this meeting. 
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Methodology 

For expediency, an existing fast MSR core model [2] was used as a starting point for the 
ad hoc design. The core and fuel management strategy was modelled in an Argonne-
developed Python script that leverages MCODE’s [3] depletion capabilities while 
capturing some of the MSR’s unique on-line fuel management processes. Since the focus 
was on generating lumped mass flow data that is representative of a fast MSR, various 
modelling approximations and design assumptions were made to the core design. As such, 
this core was neither optimised for reactor performance nor designed with the intent to meet 
every realistic criteria (safety, material availability, exact salt properties, etc.). However, 
when faced with certain design or property choices, slightly optimistic assumptions (as 
viewed by the authors) were favoured to try to obtain the best theoretical performance. 

Starting point 
The geometry, materials, and fuel salt properties for the fast MSR core were taken directly 
from reference [2], which proposes a fast spectrum chloride MSR designed for 
transmutation (burning). The only major differences are the initial core composition and 
the fissile feed material. The initial core composition was changed from TRU-based fuels 
to enriched uranium fuel since the primary goal is starting up a sustainable fast reactor fleet 
with enriched uranium instead of reducing TRU inventories. Thus, the heavy metal loaded 
in the first core of the MSR is 15 wt% 235U enriched uranium, and the heavy metal in all 
subsequent feeds consists only of natural uranium (NU) at 0.711 wt% 235U. In addition, the 
fuel salt with the highest theoretical density (3.87 g/cm3) from [2] was selected for this core 
design in order to maximise the breeding ratio. 

The MSR core model used is schematically shown in Figure 1 The reflector region is 
assumed to be made of Hastelloy-N [4] and to be 50 cm thick on the sides and above and 
below the active core regions. Heat will need to be removed from the reflector, but a design 
for this item has not been considered because this study focused on the lumped mass flow 
data to support fuel cycle evaluations. The active core region is modelled as a cylinder 
having a radius of 1.635 metres and a total height of 3.00 metres. This does not include the 
pipes coming in and out of the core. There is no solid component in the active core region 
which is entirely filled with molten salt. Reactivity control is assumed to be achieved 
through controlling the heavy metal content of the salt and through external control 
mechanisms, e.g. rotating drums in the reflector region. The core geometry used is very 
basic and is not representative of a real system in which the transition from the active core 
region to the inlet/outlet pipes should be more progressive. 

For this study, the fuel salt is taken to be UCl3, and the carrier salt is NaCl-MgCl2. The 
reason for using a carrier salt made of both sodium and manganese is that it allows reducing 
the melting temperature of the salt to enable a lower inlet salt temperature. In order for the 
NaCl-MgCl2 system to be at the eutectic point, there needs to be 51.5 moles of NaCl for 
48.5 moles of MgCl2 [5], in which case the melting temperature of the carrier salt is 
approximately 450°C instead of 800°C for NaCl alone. 
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Figure 1: Fast spectrum MSR core layout 

 

The specific power of 30 W/gram of heavy metal was selected based on previous 
experience in thermal MSRs [6], which saw the need to avoid reaching the lifetime 
radiation damage limits to in-core graphite moderators too early; a low power density 
would help avoid short replacement intervals for the graphite and subsequent low capacity 
factors. However, for fast spectrum systems such as the one proposed, the limiting material 
will likely be the steel shields and reflectors which have a much higher tolerance to 
radiation damage [7]. Therefore, the specific power can be significantly higher than the 
reference value of 30 W/g used in this study. This is a key assumption that will have 
significant impact on the first core loading requirements per unit of rated power. 

Another key assumption is the salt density. The salt density used is the highest one from 
reference [2] that is based on interpolated existing data for the UCl3-NaCl system for 
various molar ratios, for the single NaCl and MgCl2 systems, as well as for the PuCl3-NaCl 
system. This theoretical composition and its density are shown in Table 1 for the average 
temperature in the core (700°C). Here, “An” stands for actinide (or heavy metal). It is 
important to note that these values are simply extrapolations and are not measurements, so, 
they should be used with care. 

Table 1: Salt composition and density assumed 

Salt Composition Density, g/cm3 
40AnCl3-35.1NaCl-24.9MgCl2 3.87 

 

Modelling approach 
Since the primary outputs are isotopic mass flows in and out of the reactor, neutronics and 
depletion calculations were necessary for this work. A Python script was created to simulate 
the continuous refuelling and fission product removal while using MCODE2.2 [3], which 
in this study was used to couple MCNP6 with ORIGEN2.2, as the primary tool for 
depletion and criticality calculations. MCNP6 provides the flux spectrum and 1-group 
cross-sections for each region to ORIGEN2.2, which then calculates the evolved 
composition at the end of each burn-up step. The script then removes the fission products 

Reflector

Active core region
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and replaces them with UCl3 consisting of natural uranium. This updated composition is 
then provided to the MCNP6 model which solves for the k-eff and recalculates the flux 
spectrum and cross-sections. For expediency, burn-up steps of 500 effective full power 
days were used. Sensitivity studies showed convergence to the same equilibrium 
compositions regardless of the burn-up step length. 

The fuel depletion is performed with a specific power of 30 W/gram of heavy metal. It is 
assumed that 0.001% of the salt coming out of the core is continuously diverted and flowing 
through the salt processing stages and that during this process 50% of all fission products 
are removed from the salt. This assumption is not realistic since different fission products 
elements are known to have different removal rates, such as the gaseous fission products 
which would be entirely removed. However, this approximation is sufficient for the 
purpose of this study. With an assumed fuel residence time in the active core region of 
approximately 22 seconds, the fission product concentration (CFP) in the fuel at equilibrium 
is predicted to be approximately 0.155 wt%, based on a simplified relationship: 

𝑪𝑪𝑭𝑭𝑭𝑭 = 𝟏𝟏. 𝟎𝟎𝟏𝟏𝟓𝟓 × 𝟏𝟏𝟎𝟎−𝟑𝟑 × 𝑭𝑭𝒏𝒏 × 𝑺𝑺𝒄𝒄 × �
𝟏𝟏

𝑭𝑭𝑩𝑩 × 𝑭𝑭𝑭𝑭𝑭𝑭
− 𝟏𝟏� (1) 

where Pd is the power density, in GWth/tHM 
Tc is the fuel residence time in the core, in days 
FB is the fraction of fuel being bled 
FFP is the fraction of fission products removed from the bled fuel 
1.015x10-3 is the factor to convert burn-up from GWd/t to %FIMA 

Given this predicted equilibrium fission product concentration, it is then possible to 
simplify the fuel management modelling by having the script remove 100% of all fission 
products after each burn-up step and replacing this mass with NU, so long as the 
equilibrium fission product mass of 0.155 wt% is included in the fuel salt at all times. For 
reactivity purposes in fast spectrum reactors, this fission product mass can be simplified by 
representing it with elemental molybdenum. 

Results 

Parametric calculations confirmed that the equilibrium fuel salt composition is entirely 
independent of the initial core’s fuel salt composition. This composition is dependent on 
the flux spectrum, fission product removal and feed mass flows, and fuel salt composition 
and density. However, the initial core’s uranium enrichment must be sufficient to keep the 
core critical during its lifetime. Therefore, this was the only design parameter that needed 
to be solved through iterative core evolution calculations. Based on the described core 
design, assumptions and modelling approach, the enrichment for the initial core’s uranium 
was found to be 15 wt%, which yielded the reactivity versus operation time curve shown 
in Figure 2 (which does not include any control mechanisms which should be present 
during operation). The core k-eff initially dips close to 1.0 shortly after 10 effective full 
power years (EFPY) of operation but increases as Pu-239 replaces the U-235 as the primary 
fissile isotope as shown in Figure 3. The “oscillations” are artefacts resulting from the large 
burn-up step that results in the dips and rises in the k-eff as fission products are removed 
and replaced with NU. 
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Figure 2: Reactivity versus operation time for fast spectrum MSR core 

 

Figure 3: Evolution of fissile content in fuel salt in fast spectrum MSR core 

 

It should be noted that equilibrium, as viewed from Figure 2, is not reached until after 100 
EFPY, which is beyond the life expectancy of any MSR that may be constructed in the 
future. However, it is feasible that the fuel salt within a retiring MSR can be transferred to 
a new one (i.e. core spawning) so that the second generation of MSRs may reach the 
equilibrium core composition. In terms of fuel cycle mass flows, the core composition is 
irrelevant since after the initial core is loaded, NU and fission products are loaded and 
removed at the same rate during each effective full power year. The calculated 
compositions for the first core and reload fuel are shown in Table 2. Table 3 shows the final 
properties of the fast spectrum MSR core (not including any fuel salt mass outside of active 
core). These calculations showed that this design was able to meet the targeted fuel cycle 

0.99

1.00

1.01

1.02

1.03

1.04

1.05

1.06

1.07

1.08

1.09

0 50 100 150 200

k-
ef

f

Operation Time, EFPY

0

2

4

6

8

10

12

14

16

0 50 100 150 200

Fi
ss

ile
 C

on
te

nt
 [w

t%
 H

M
]

Operation Time, EFPY

U-235 Pu-239



  | 277 
 

  
  

requirements of continuous recycle of U/TRU in a fast spectrum MSR with only NU as the 
feed.  

Table 2: Fuel salt compositions (weight percents) 

Isotope First Core, 
wt% (15% enr) 

Reload Fuel, 
wt% (NU) 

Na-23 4.441% 4.441% 
Mg-24 2.631% 2.631% 
Mg-25 0.333% 0.333% 
Mg-26 0.366% 0.366% 
Cl-35 0.400% 0.400% 
Cl-37 39.558% 39.558% 
U-235 7.756% 0.372% 
U-238 44.515% 51.899% 

Table 3: Fast spectrum MSR core properties 

Parameter Value Units 
Core Thermal Power 1.528 GWt 
Core HM Mass 50.90 tHM 
Specific Power 30.0 W/gHM 
Core Radius 163.5 cm 
Core Height 300 cm 
Fuel Salt Volume (active core region) 2.519E+07 cm3 
Fuel Salt Mass 9.750E+07 g 
Fuel Salt Temperature (avg.) 627 C 
HM + FP Flow Rate 2.32 tiHM/s 
Top and Bottom Hole Radius 30 cm 
Reflector Material SS316   
Reflector Thickness (all sides) 50 cm 
FP Removal Efficiency 50 % 
FP removal (U addition) per energy gen. 0.37 tU/GWt-y 
Refuelling Rate (U mass per burn-up) 52 kgU/(MWd/kg) 
Initial Core U Enrichment 15 wt% 
Chlorine-37 Enrichment (nat. is 24 wt%) 90 wt% 

Conclusion 

The MSR core and fuel cycle design described in this paper should not be treated as the 
best performing design, but rather is a point study that can be used among many to compare 
fuel cycle performance across different reactor and fuel cycle technologies. The data 
produced from this core design effort were used to inform on the differences in fuel cycle 
transition that arise due to technology differences, which is discussed in reference [1]. 

One of the major unknowns is the volume of the cooling and salt processing loops outside 
of the core, which must be filled with fuel salt before starting up the reactor. If this volume 
is the same as the core volume, then it doubles the fuel salt and heavy metal mass required 
shown in Table 3. There are MSR designs that can significantly reduce this ex-core salt 
inventory to minimise these mass start-up requirements. In addition to the annual fuel mass 
flow requirements, this start-up inventory is one of the key characteristics that will impact 
the performance of any fuel cycle transition to MSRs. 
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Irradiation experiments of 237Np and 241Am fission and capture reaction rates 
by spallation neutrons at Kyoto University Critical Assembly 
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1 Institute for Integrated Radiation and Nuclear Science, Kyoto University, Japan 
2Japan Atomic Energy Agency, Japan 

At the Kyoto University Critical Assembly (KUCA), irradiation experiments of 237Np and 
241Am are carried out at the location of lead-bismuth (Pb-Bi) target, with the use of 
spallation neutrons generated by the injection of 100 MeV protons (FFAG accelerator) 
onto a Pb-Bi target. Irradiations of 237Np and 241Am are also conducted in the 235U and Pb-
loaded core (Hard spectrum core) at a critical state. For the transmutation of minor 
actinides, in this study, special attention is paid to obtain significant 237Np and 241Am fission 
reaction rates, and 237Np capture reaction rates by the accelerator-driven system 
(KUCA+FFAG accelerator) in a hard spectrum core. The back-to-back (BTB) type double 
fission chamber, having two nuclides (objective: 237Np or 241Am; normalisation: 235U) set 
closely to each other, is used to acquire fission reactions of 237Np and 241Am. For the 
irradiation by spallation neutrons, minimal signals originated from the fission reactions 
are observed, although a large number of gamma-rays emitted in the process of spallation 
neutron generation is dominant. Moreover, in the critical state, 237Np and 241Am fission 
reaction rates are interestingly acquired by the irradiation at a few W in the KUCA core. 
In addition to the fission reactions, 237Np capture reaction rates are successfully obtained 
by the gamma-ray detection after the irradiation of the two cases by the spallation neutrons 
and in the critical core. 

Introduction 

Basic research on introducing an accelerator-driven system (ADS) has been conducted with 
a focus on the transmutation of minor actinide (MA) and long-lived fission products to 
reduce the burden on geological repositories. In an ADS design proposed by the Japanese 
Atomic Energy Agency (JAEA), a fuel composed of plutonium and MA is going to be 
loaded into a lead-bismuth eutectic-cooled reactor driven by spallation neutrons generated 
by a proton injection of 1.5 GeV into coolant [1][2]. 

The advantage of ADS is the mitigation of the risk of a reactivity insertion accident due to 
its operation at a subcritical state. It is also conducive to loading large amounts of MA, 
which is characterised by large uncertainty in the cross-sections compared to those of 
uranium. A scenario was then considered where ADS is used as a MA burner reactor 
operating in parallel with a commercial light water reactor (LWR) and reducing the MA 
generated in the LWR. In the study of ADS, burn-up calculations were performed with 
fixed-source neutrons [3], and the uncertainty analyses revealed that the capture and fission 
reactions of 237Np and 241Am are dominant in keff uncertainty [4]. To achieve ADS operation, 
the uncertainty analyses suggested the elaboration of design uncertainty by the 
investigation of accuracy in fission and capture reactions of 237Np and 241Am. 
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Accordingly, an irradiation experiment was carried out in a critical core and by direct 
spallation of neutrons, with the back-to-back (BTB) type double fission chamber (termed 
BTB chamber; having two nuclides [objective: 237Np or 241Am; normalisation: 235U] set 
close to each other) [5]-[7] to acquire fission reactions of 237Np and 241Am. The purpose of 
this study was to acquire a fission rate ratio of 237Np and 241Am normalised by 235U and a 
capture reaction rate of 237Np normalised by 197Au, and to investigate the accuracy of the 
nuclear data library. 

Experimental settings 

Critical core 
Irradiation experiments were conducted with a hard spectrum core closing the neutron 
spectrum to that of the actual ADS proposed by the JAEA, as shown in Figure 1.  

To approximate the neutron spectrum to that of ADS, a special fuel rod (termed HEU-Pb 
rod) was employed with the combined use of highly-enriched uranium (HEU) plates and 
lead (Pb) plates for the fuel region, as shown in Figure 2. The criticality, however, was not 
attained only with the use of the HEU-Pb rods. Normal fuel rods, composed of HEU fuel 
and polyethylene (p) plates as shown in Figure 3, were placed around the special fuel rods. 
The BTB chamber was installed at an irradiation spot (15, M: Figure 1) located inside the 
HEU-Pb rods and axial centre of fuel region of the special fuel rod by loading 237Np or 
241Am foil in the upper side of the chamber and 235U of 10 or 5 μg in the lower side of the 
chamber. Gold foil (8 mm diam. and 0.05 mm thick; 15, L-M: Figure 1) was attached on 
the fuel rod, as shown in Figure 1, to obtain a neutron flux of the irradiation spot. The BTB 
chamber and gold foil were irradiated for approximately one hour with a thermal power of 
3.5 W and a neutron flux level of 2×108 n/cm2/s. 

In the comparison of neutron spectra, the neutron spectrum of the surrounded zone (HEU-
PE zone) indicates a peak at the thermal region. However, the irradiation spot (HEU-Pb 
zone) has no thermal neutrons and is emphasised by fast neutrons, which is a harder 
spectrum than that of the actual ADS proposed by the JAEA. 
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Figure 1: Core configuration for MA irradiation with BTB chamber at critical states 

 

 

Figure 2: Schematic of special fuel rod (f) shown in Figure 1 
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Figure 3: Schematic of normal fuel rod (1/8”p60EU-EU; F) shown in Figure 1 

 

Figure 4: Comparison of neutron spectra between HEU-Pb core at KUCA and JAEA 
proposed ADS by MCNP6.1 [8] together with ENDF/B-VII.1 

 

Source: Chadwick et al., 2011.  

Spallation neutrons 
Irradiation experiments by spallation neutrons were conducted by an injection of 100 MeV 
protons onto a lead-bismuth target (50 mm diam. and 18 mm thick) for 237Np, 241Am and 
235U foils inside the BTB chamber (15, W: Figure 5) and two gold foils (3 mm diam. and  
0.05 mm thick; 15, V-W: Figure 5), as shown in Figure 5. The proton accelerator was 
operated at pulsed repetition of 20 Hz, beam width of 100 ns and beam current of 47 pA. 
The neutron yield was obtained with gold foils as approximately 1×106 n/s. In the 
irradiation experiments, spallation neutrons were directly injected into the BTB chamber 
for three hours. 
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Figure 5: Core configuration for MA irradiation with BTB chamber 

 

Experimental analysis 

Critical core 
During the irradiation of the BTB chamber, the pulse height was stored with the use of a 
multichannel analyser to examine if the signals are originated by fission products generated 
by fission reactions. The pulsed height distributions of 235U and 237Np foils, as shown in 
Figure 6, clearly indicated two (lower and higher) peaks attributed to light and heavy 
fragment in fission products, demonstrating the count by their fission reactions. 

Figure 6: Pulse height distribution of 235U and 237Np in  
critical irradiation at (15, M) in Figure 1 

  

Meanwhile, the two peaks were not found in the pulse height distribution of 241Am, as 
shown in Figure 7, and the count by fission reactions was obtained by making lower 
discrimination about 330 channel and integrating the count per channel. In addition to 
acquiring the fission rate ratio, the capture rate ratio was obtained by γ-ray measurement of 
237Np and 197Au foils with a high-purity germanium detector (HPGe) after the irradiation 
experiments. 
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Figure 7: Pulse height distribution of 241Am in critical irradiation at (15, M) in Figure 1 

 

The numerical analysis was performed with MCNP6.1 together with ENDF/B-VII.1, 
except the reaction rate calculation of 197Au capture reactions, performed with JENDL/D-
99 [10]. Through the comparison of fission and capture rate ratio shown in Table 1, the 
experimental analyses showed good agreement with experiments within a relative 
difference of 5% for 237Np fission and capture reactions. Moreover, the C/E value of the 
241Am fission rate ratio indicated a discrepancy of 14% relative difference compared with 
that of the 237Np fission rate ratio. However, a special emphasis was placed on successful 
acquisition of the accuracy index of fission and capture rate ratios by the critical irradiation 
experiments in hard spectrum core. 

Table 1: Fission and capture rate ratio by irradiation (15, M; Figure 1) with hard spectrum 
critical core 

Foil set Rate ratio Calculation Experiment C/E 
237Np/235U Fission 0.067 ± 0.001 0.071 ± 0.004 0.95 ± 0.06 
241Am/235U Fission 0.079 ± 0.003 0.069 ± 0.001 1.14 ± 0.05 
237Np/197Au Capture 2.086 ± 0.107 2.152 ± 0.329 0.97 ± 0.16 

Note: C/E: ratio of Calculation / Experiment. 

Spallation neutrons 
For the irradiation by spallation neutrons, minimal signals originated from the fission 
reactions were observed, although a large number of γ-rays emitted in the process of 
spallation neutron generation is dominant. In γ-ray measurement after the irradiation 
experiment, the peak at 984 keV was found by decay of 238Np with HPGe, demonstrating 
that the capture reactions of 237Np were involved by direct injections of spallation neutrons, 
as shown in Figure 8. Numerical analysis showed that the capture rate ratio increased in 
the comparison with the case at the hard spectrum core, as shown in Figure 7. However, 
the low value in the capture rate ratio was attributed to low net counts (200 count) and large 
uncertainty in detection efficiency, due to closely placing the irradiated foil to the detector. 
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Thus, the subjects were raised to shield high-energy γ-ray involved in spallation reactions 
and to increase the intensity of the proton beam current to improve accuracy in the 
irradiation experiments with spallation neutrons. 

Figure 8: γ-ray spectrum of 237Np in spallation irradiation at (15, W) in Figure 5 

 

Table 2: Capture rate ratio by irradiation (15, W; Figure 5) with spallation neutrons 

Foil set Rate ratio Calculation Experiment 
237Np/197Au Capture 2.68 ± 0.31 0.01 ± 0.01 

Concluding remarks 

To achieve the operation of ADS, the fission reaction rate ratio of 237Np and 231Am and 
capture reaction rate of 237Np were acquired to reduce the main factor in design uncertainty 
of neutronic parameters in the BTB chamber and 235U foil for normalisation of the fission 
reaction rate. 

In the irradiation in the critical core, objective results of fission reaction rate ratios of 237Np 
and 241Am were obtained with the use of the BTB chamber. Moreover, the capture reaction 
rate ratio of 237Np was also acquired through γ-ray measurement. The accuracy of fission 
and capture cross-sections was investigated through numerical analyses, with a relative 
difference of 10% between calculations and experiments. 

In the irradiation with direct injections of spallation neutrons, minimal signals originated 
from the fission reactions were observed. However, the extraction of effective count 
involved in fission reactions was very difficult due to interference in pulse height 
distribution by high-energy γ-ray. In γ-ray measurement after the irradiation, capture 
reactions of 237Np under spallation neutrons were confirmed although the capture rate ratio 
could not be estimated quantitatively due to low count.  
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Subjects were accumulated to shield the high-energy γ-ray and increase the proton current 
to improve accuracy in the irradiation experiments with direct injections of spallation 
neutrons. 
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A verification test of 107Pd transmutation was conducted. Palladium is a material for 
industrial use and is one of the nuclides targeted for recycling by nuclear transmutation. 
Reasonable nuclear reaction paths for 107Pd and the cross-sections for proton- and 
deuteron-induced spallation in inverse kinematics have already been previously 
investigated, but for an actual system, a transmutation experiment using long-lived fission 
products (LLFP) as the target would be required. To detect the 107Pd + d reaction 
effectively, we prepared 100% 107Pd-concentrated material by ion implantation. The 
implanted sample was irradiated for one week with deuterons produced by the azimuthally 
varying filed (AVF) Ring Cyclotron at RIKEN RIBF. After cooling, gamma-ray 
measurements of the irradiated sample were conducted. 105Ag and 106mAg originating from 
the 107Pd + d reaction were detected. The isotopic ratio obtained by the experiment is 
consistent with that obtained by the calculation with Particle and Heavy Ion Transport 
code System (PHITS) and the 107Pd transmutation using deuteron was verified.  

Introduction 

The nuclear transmutation of long-lived fission products (LLFP) is one of the solutions for 
the disposal of high-level radioactive waste [1]. It allows LLFPs to be converted into stable 
or short-lived nuclides and rare metals including LLFPs to be reused. Palladium is a useful 
material for industrial use and is one of the nuclides targeted for recycling by nuclear 
transmutation. 

To investigate reasonable nuclear reaction paths for 107Pd, an experiment to obtain the 
cross-sections for proton- and deuteron-induced spallation in inverse kinematics was 
conducted at the RIKEN Radioactive Isotope Beam Factory (RIBF) [2]. The experimental 
results implied that 107Pd can be converted into 106Pd by a proton or a deuteron. However, 
considering the actual system, the LLFPs should be irradiated by ion beams. 

To demonstrate potentiality of 107Pd transmutation by deuteron irradiation experimentally 
under continuos irradiation with the existing azimuthally varying field (AVF) Ring 
Cyclotron at RIKEN RIBF, we conducted a verification test to transmute 107Pd by deuteron 
beams produced by the accelerator. The transmutation reaction is detected by measuring 
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stable Pd generated from 107Pd. For this purpose, a target in which the concentration of 
107Pd is 100% is required. To prepare a 107Pd target, we procured a material with 15% 107Pd 
concentration. Next, an ion-implantation beam line to concentrate 107Pd was constructed 
and a target with 107Pd 100%-concentration was fabricated. This target was irradiated with 
deuterons at 12 MeV/u and after which gamma-ray measurements were performed. 

In this paper, the outline of the verification test of the 107Pd transmutation is presented and 
some experimental results are reported. 

Methods 

107Pd-concentrated sample 
The 107Pd-concentrated material was purchased from the Nuclear Research and 
Consultancy Group (NRG), Arnhem, the Netherlands. The sample material was ground 
into a powder with a particle size < 100 μm. The total amount of the sample was 1 g 
corresponding to an activity of 2.9 MBq. The natural abundance ratios of the Pd isotopic 
composition are 1.02% (102Pd), 11.14% (104Pd), 22.33% (105Pd), 27.33% (106Pd), 0% (107Pd), 
26.46% (108Pd), and 11.72% (110Pd). On the other hand, the isotopic abundance of the 107Pd-
concentrated material was 0% (102Pd), 1.7% (104Pd), 48.5% (105Pd), 22.95% (106Pd), 15.3% 
(107Pd), 8.75% (108Pd), and 2.8% (110Pd).  

To produce a sufficient beam current of negative ions, a Pd sample was combusted at 600°C 
by an electric furnace and was converted into PdO. The PdO powder was then pressed into 
an Al cathode holder and inserted into the ion source. Each sample was approximately  
4 mg. 

The implantation beam line 
The implantation beam line consists of an ion source, an 80-cm-radius double-focusing 
90°-bending magnet, a target chamber, quadrupole magnets (Q0, 1, 2), magnetic ion beam 
steerers (St1, 2), and other components (Figure 1). The ion source was a multi-cathode 
source of negative ions by Cs sputtering (MC-SNICS) developed by National Electrostatics 
Corporation (NEC), WI, United States. Negative ions of PdO were produced from the PdO 
target and extracted with an acceleration voltage of 20–30 kV. The PdO ion beams were 
mass-analysed and focused on the target in the target chamber. A single slit with the 
diameter of 2, 3, 5, 10 mm and an electrically suppressed Faraday cup were also placed in 
the target chamber. The beam sise on the target was approximately 3 mm with the slit.  

The target material was a carbon foil with the thickness of approximately 360 μg/cm2, 
which is a multilayer graphene sheets developed by KANEKA [3]. A multilayer graphene 
sheet is a suitable material for high-intensity ion beam irradiation because of its excellent 
durability and the small amount of impurities for the ion-implantation of Pd. 
107Pd ions were implanted into the carbon foil as 107PdO-. The typical current after mass 
separation was 20-40 nA. Two samples were fabricated: one with deuteron irradiation and 
the other without irradiation. The implantation time for each samples was 10 hours and 
approximately 600 to 800 ng of 107Pd was implanted. 

After implantation, the samples were covered with graphite of 50 μg/cm2 thickness to 
prevent sputtering by deuteron irradiation. 
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Deuteron irradiation 
The 107Pd-implanted sample was irradiated by deuterons at 12 MeV/nucleon produced by 
the AVF Ring Cyclotron at RIKEN RIBF. A schematic of the irradiation chamber, which 
consists of an Al beam stopper, a suppressor and two Ta slits with the diameter of 3 mm is 
shown in Figure 2. The Al beam stopper and Ta slits were water-cooled. The sample was 
placed on a beam stopper and fixed with a suppressor.  

The cumulative irradiation charge was monitored during the experiment by a digital current 
integrator. Deuteron irradiation was conducted with a beam current of 1–2 pμA for a week 
and finally the cumulative irradiation charge was 1.09 C, which corresponds with the 
irradiation with a beam current of 1 pμA for 12.6 d. 

Figure 1: 107Pd Implantation line 

 

Figure 2: Schematic of the irradiation chamber 
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Figure 3: Mass spectrum obtained with 107Pd-concentrated material 

 

Results and discussion 

Mass spectrum of 107Pd-concentrated material 
A negative ion mass spectrum obtained with the 107Pd-concentrated and the Pd reagent 
materials is shown in Figure 3. The ion current in the Faraday cup was normalised with the 
current of 105PdO-. Compared with the Pd reagent which has the natural abundance, the 
current of 107PdO- was clearly enhanced in the 107Pd-concentrated material. The current of 
each PdO isotopes of the 107Pd-concentrated material was consistent with its isotopic 
abundance mentioned earlier. 

Gamma-ray measurements 
Gamma-ray measurements were conducted on 30 July. The gamma-ray spectrum of the 
irradiated sample is shown in Figure 4. Gamma-ray emitting radionuclides of 7Be, 105Ag 
and 106mAg were detected. 7Be is produced from carbon: 105Ag and 106mAg are generated 
from the transmutation of 107Pd implanted in a carbon foil. In particular, almost all of the 
gamma-ray peaks emitted from 106mAg were observed. A part of the decay scheme of 106mAg 
is shown in Figure 5 [4], where the gamma rays are shown in red, beta-rays in blue, and 
green values indicate the gamma-ray abundance [4]. 

The activity of 106mAg was calculated from the gamma-ray spectrum at 450 keV. The 
activity was determined using the total net counts under the selected gamma-ray peak. The 
evaluated radioactivity was decay-corrected as of 13 July, the day when the deuteron 
irradiation was finished. Considering the gamma-ray abundance of 0.28 at 450 keV, the 
calculated activity was 4.98 × 104 Bq, which corresponds with 9.0 pg of 106mAg [4]. 
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Figure 4: Gamma-ray spectrum of the irradiated sample 

 

Figure 5: Decay scheme of 106mAg [4] 
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Comparison of experimental results with the calculation 
The transmutation paths of the 107Pd + d reaction are shown in Figure 6(a). In this energy 
region, isotopes of Rh, Pd, Ag are possibly generated by a spallation reaction: some stable 
isotopes are directly produced. In addition, other radioactive isotopes would be converted 
into stable Pd by beta decay. According to the residual cross-sections of each spallation 
reaction calculated in the TALYS-based evaluated nuclear data library (TENDL) [5], 106Ag, 
106mAg, or 106Pd have a large cross-section each and are major products of the 107Pd + d 
reaction. Nuclides shown in figure have cross-sections of the spallation reaction > 1 mb [5]. 

Figure 6(b) is an enlarged view of the production of 106Pd. To estimate the total amount of 
106Pd generated by the experiment, the production yield of nuclides per a deuteron was 
calculated using the Particle and Heavy Ion Transport code System (PHITS) [6, personal 
communication, Koji Niita, Research Organisation for Information Science and 
Technology]. In the calculation, 10 μg of 107Pd is irradiated by deuterons at 12 MeV/u with 
a beam current of 1 pμA. The results are shown as follows: 1.17 × 10-10 for 106Rh, 2.16 × 
10-10 for 106mRh, 2.82 × 10-7 for 106Pd, 2.99 × 10-7 for 106Ag, and 1.91 × 10-7 for 106mAg. 
Among them, 106Ag has the largest yield but its half-life is 23 min, and thus 106Ag should 
have already decayed out when the gamma-ray measurement was conducted. On the other 
hand, 106mAg also has a large production yield and relatively long half-life (8.2 d), and can 
be detected. 

Figure 6: Transmutation paths of the 107Pd +d reaction 

Percentage values in figure (b) show the production ratio of 106Pd originated form 107Pd + d reaction. 
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Figure 6: Transmutation paths of the 107Pd +d reaction (Cont’d) 

 

Assuming that all of the 106mAg detected by gamma-ray measurement will be converted 
into 106Pd, this accounts for approximately 25% of the 106Pd generated by the 107Pd 
transmutation. Therefore, the total amount of 106Pd was estimated to be 36 pg. Considering 
that the amount of implanted 107Pd was estimated to be between 600 to 800 ng, the isotopic 
ratio of 106Pd/107Pd ranged from 4.5 × 10-5 to 6 × 10-5.  

The change in the isotopic ratio of 106Pd/107Pd was also evaluated by a simulation using 
PHITS. Considering the production yield of each nuclides, the change in the isotopic ratio 
of 106Pd/107Pd estimated to be 8 × 10-5 for deuteron irradiation performed with a beam 
current of 1 pμA for 12.6 d. Comparison of experimental results with calculation by PHITS 
is shown in Figure 7. An error bar in the figure indicates the isotopic ratio between 4.5 × 
10-5 to 6 × 10-5. Isotopic ratios of 104Pd/107Pd, 105Pd/107Pd, and 108Pd/107Pd obtained by the 
calculation are also plotted in Figure 7. Focusing on the isotopic ratio of 106Pd/107Pd, this 
estimation agrees with the experimental results and the 107Pd transmutation using deuteron 
was preliminarily verified. 
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Figure 7: Comparison of experimental results with calculation by PHITS 

Isotopic ratios of 104, 105, 106, 108Pd/107Pd are calculated by PHITS 

 

Summary 

A verification test of the 107Pd transmutation was conducted. To detect the 107Pd + d reaction 
effectively, we prepared 100% 107Pd-concentrated material by ion implantation. The 
implanted sample was irradiated for a week by deuterons produced by the AVF Ring 
Cyclotron at RIKEN RIBF. After cooling, gamma-ray measurements of the irradiated 
samples were conducted and 105Ag and 106mAg that originated from the 107Pd + d reaction 
were detected. The isotopic ratio obtained in the experiment was consistent with that 
obtained by the calculation with PHITS and the 107Pd transmutation using deuteron was 
preliminarily verified. 

For the next step, the isotopic ratio between 107Pd and stable Pd generated by the 
transmutation reaction will be analysed by inductively coupled plasma mass spectrometry 
(ICP-MS) and thermal ionisation mass spectrometry (TIMS) to make an appropriate 
cooling duration. Pd is extracted from the target foil by reverse aqua regia and perchloric 
acid. The sample solution will be diluted and several ml of aliquot are fractionated for ICP-
MS. The rest of the solution will be concentrated and investigated by TIMS. These 
chemical treatments will be carried out after a month of the irradiation to wait for the decay 
of the radioactive nuclides generated. 
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Design study of multi-target installed accelerator-driven system 

N. Aizawa*, H. Yamaguchi, K. Suzuki, T. Iwasaki 
Department of Quantum Science and Energy Engineering, Graduate School of 

Engineering, Tohoku University, Japan 

The multi-target installed accelerator-driven system is designed to improve the peaking 
factor and to reveal the influence on the core performances of the introduction of a multi-
target to single fuel-loaded core. The present study investigates the target design for small 
neutron sources and the core configuration including the number of targets and the target 
locations. The target size and the number of targets are determined from the viewpoint of 
the geometry and the beam current. Then the reactor core is designed for 2-, 3-, 6-target 
core models by changing the target locations. The peaking factor is decreased in almost 
all the cases except the case where the target distance between each other is close and the 
effect of fission neutron is increased compared with the original single target design. The 
coolant void reactivity is also improved. As for the core performances related to the burn-
up, the transmutation amount of minor actinides is decreased by up to 4%, and the total 
beam current is increased. The installation of a multi-target is concluded to be effective for 
the improvement of reactor core safety and the influence by the burn-up is small except for 
the increase of the beam current. 

Introduction 

An accelerator-driven system (ADS) has been investigated as a minor actinide (MA) 
transmuter to reduce the burden of high-level waste disposal. An ADS is composed of a 
proton accelerator, a spallation target and a subcritical core. An almost industrial scale ADS 
proposed up to the present is driven by a single spallation neutron source generated from 
the spallation target and high-power proton beam to produce several hundred megawatt 
power. However, one of the issues for ADS is that the high radial power peak occurs near 
the target due to a strong neutron source. There are several methods to reduce radial power 
peak: multi-zone fuel loading, the use of shortened fuel assembly near the target, and the 
introduction of a multi-target. The former two methods were investigated in the past [1]. 
These methods were found to be effective for power flattening, but the requirement of a 
more complicated fuel fabrication process remained an issue due to the varieties of fuel 
composition and assembly. The last method was studied on an experimental scale ADS [2] 
and a large scale ADS [3], and the studies showed that the installation of a multi-target was 
also effective for radial peak power reduction. However, there were few studies about a 
detailed design, including the target design and its core characteristics such as a burn-up 
characteristic. The present study tackled the detailed design of the multi-target installed 
ADS and aimed to reveal the influence of multi-target ADS on the core performances 
including a peaking factor and burn-up characteristics by changing the target condition and 
the core. The next section described the design procedure of the target and core. The target 
design was determined on the basis of the size and the damage on a beam window, and 
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then the reactor core was designed on the basis of the target design. Finally, the present 
study was summarised. 

Design procedure of target and core 

The multi-target ADS was designed on the basis of the industrial scale lead-bismuth 
eutectic (LBE) cooled ADS proposed by the Japan Atomic Energy Agency (JAEA) [4][1]. 
Figure 1 shows the schematic view of the reference core and its main parameters are listed 
in Table 1. The core consisted of the fuel region, target region of LBE, B4C shield and SUS 
reflector. The fuel was composed of (MA + Pu)N (plutonium-MA mixed nitride) and ZrN 
(zirconium nitride of inert matrix), and the initial Pu ratio was 36.2 vol%. The basic design 
concepts of the multi-target ADS in the present study were as follows: 

• The change of ADS core in size should be small. 

• The target size installed in the core should be the same as or smaller than the 
reference design. 

• The core and the target locations had a symmetricity. 

• The fuel was composed of single fuel composition. 

• The beam current and its density per one target on multi-target ADS became smaller 
than that of a single one. It was favourable from the viewpoint of the damage on a 
beam window in the case that the same target design as the single target core was 
adopted in the multi-target ADS, but the increase in the number of targets led to the 
increase of the core size. In the next section, the small target was designed to 
maintain the size in the core design to the utmost by changing the target size and 
beam profiles in the allowable range of beam window damage, and the number of 
target available to core was determined from the viewpoint of the available 
maximum beam current. 

The core design was performed on the basis of the target design. The core was designed by 
changing the target locations and fuel assembly configuration. The fuel region was 
composed of 84 ± 1 assemblies to make the change in core size small, and the targets were 
distributed not to be adjacent to each other and the shield as a condition for the multi-target 
core design. The initial keff was set to 0.97 by adjusting the inert matrix ratio in the fuel. 
The designed core was evaluated by the core performances of the single target core. 
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Figure 1: Schematic view of reference ADS core design 

 

Table 1: Main parameters of reference ADS 

Thermal power  800 MWt 
Initial keff 0.97 

Fuel (Pu + MA)N + ZrN 
Pu enrichment: 36.2% 

Coolant and Target lead-bismuth eutectic (LBE) 
Operational period per cycle 600 EFPDs 
MA transmutation amount 500 kg/cycle 
Fuel assembly  Pitch / Width 233.9 / 232.9 mm 
Accelerator beam energy / maximum beam current  1.5 GeV / 20 mA 

Small target design for multi-target core 

The size of a single target in the reference ADS was equivalent to seven fuel assemblies, 
and the small target was designed to be smaller than the reference. The beam duct and 
window adopted a cylindrical and simple hemispherical shape based on the past design 
study of beam window [5], and the target size considered in this section was set to four, 
three and one assembly size from the aspect of geometry as shown in Figure 2. The sizes 
of the beam duct and window were set to the maximum on each target design, and their 
thickness was 10 and 2.0 mm by reference to the past study. The Gaussian beam was 
assumed, and the half bandwidth of beam was determined based on the beam duct geometry. 
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Figure 2: Conceptual design of small target 

Circle shows the beam duct area. 

 

The maximum beam current was deduced for each target design from the aspect of the 
damage to a beam window evaluated by the maximum beam current density and maximum 
heat generation density. The criteria of these parameters were set to 30 μA/cm2 and  
610 W/cm3, respectively [6][7]. The beam current density distribution 𝐈𝐈(𝒓𝒓) was calculated 
by the following equations. 

I(𝑟𝑟) =
�́�𝐴

2𝜋𝜋𝜎𝜎2 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝑟𝑟2
2𝜎𝜎2� �  [𝑚𝑚𝐴𝐴 𝑐𝑐𝑚𝑚2⁄ ]      (𝑟𝑟 ≤ 𝑅𝑅 − 𝑡𝑡) (1) 

�́�𝑨 =
𝑨𝑨

𝟏𝟏 − 𝒆𝒆𝒙𝒙𝒆𝒆 �−(𝑪𝑪 − 𝒕𝒕)𝟐𝟐

𝟐𝟐𝝈𝝈𝟐𝟐� �
  (2) 

where 𝑨𝑨 is beam current, 𝝈𝝈 is standard deviation obtained from the half bandwidth, 𝑪𝑪 is 
the outer radius of the beam duct and 𝒕𝒕 is the thickness of the beam duct. The maximum 
heat generation was analysed by using PHITS [8] and the cut-off energy of neutron and the 
other particle was set to 10 MeV and 1 MeV.  

The beam specification and the obtained maximum beam current are summarised in  
Table 2. The underlined values in Table 2 were the maximum beam current in the small 
target from the viewpoint of both criteria. The maximum beam current on the reference 
ADS was 20 mA, and therefore, the total beam current should be larger than 20 mA on the 
multi-target ADS to consider the efficiency of neutron source. Considering the above result 
and the symmetricity of the target locations in a core, four assembly size targets were 
adopted for 3- and 6-target ADS core, and seven assembly size target (the same as the 
reference) was for 2-target core in the next section. 

Table 2: Beam specification and maximum beam current 

Target size Inner radius of 
beam duct [cm] 

Half bandwidth of 
beam [cm] 

Maximum beam current [mA/target] 
Beam current 

density 
Heat generation 

density 
4 assemblies 14.24 17.03 8.48 8.21 
3 assemblies 9.99 12.25 4.29 4.32 
1 assemblies 8.50 10.60 3.18 3.36 

Design of multi-target core 

The design of 2-, 3- and 6-target ADS core models was performed under the constraint 
conditions described in the design procedure. In consideration of the symmetricity, the core 
configurations were determined as shown in Figure 3. Some fuel assemblies were moved 
from inner core to the outer fuel region but the shape of fuel region was kept almost 
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hexagonal shape as much as possible. Four patterns were conceived for 2- and 3-target 
cores, and two patterns were for the 6-target one. 

Numerical calculation was conducted to analyse the core performances of the designed 
cores by the combined use of PHITS and MVP [9] with JENDL-4.0 library [10]. PHITS 
calculated the generation of spallation neutrons and the transport of high energy neutron 
over 20 MeV, and MVP calculation was followed on the basis of neutron data under  
20 MeV obtained by PHITS. The burn-up calculation was also performed by using the 
BURN module built in MVP [11]. The core performances evaluated in this study were as 
follows: burn-up reactivity swing, maximum beam current, radial peaking factor, 
maximum thermal power per assembly, void reactivity in fuel region voided case and MA 
transmutation amount. They were analysed on the designed core and the reference one, and 
evaluated through the comparisons. 

Figure 3: Core configuration of multi-target ADS core 

 

 

 

Analysis result and evaluation of core performance 
The temporal changes of the keff are shown in Figure 4, and the evaluation indices related 
to burn-up are summarised in Table 3. All the multi-target cores had a large swing 
compared to that of the reference case, and the swing tended to be larger as the target 
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locations were apart from the centre of the core. The fuel worth becomes large at the centre 
of a core in general, fissile material with large worth was considered burnt up fast in those 
cases. The difference of the initial amount of fissile material was also considered to 
influence on that. The beam current was also increased as the burn-up swing became large. 
Almost core designs satisfied the beam current criterion in the target design, but only 3_C 
case did not satisfy and excluded from the later evaluation. The transmutation amount was 
decreased by up to 20 kg but the influence of the multi-target installation was considered 
small. 

Figure 4: The time variation of keff 

  

(a) 2-target core            (b) 3-target core 

 

(c) 6-target core 

The core characteristics related to reactor safety are listed in Table 4. As for the radial 
power peaking of the most interesting parameter, almost core configurations has smaller 
peaking factor except for three cases: 3_A, 3_B and 6_A. These large peaking factor in 
three cases was considered to be caused by the balance between fission and source neutron. 
The peaking factor was decreased to up to 1.66 from 1.87 of the reference core. The 
maximum thermal power per assembly was also calculated to take into account the number 
of fuel assembly, and they also showed the same tendency as the peaking factor. The 
increase/decrease of one fuel assembly was found to be less effective to the maximum 
power. The coolant void reactivity on multi-target core was improved with the comparison 
of the reference core because the increase of the number of target was considered to 
mitigate the hardening of neutron spectrum. To summarise the core performances, the core 
models of 3_D and 6_B were considered to be most promising model. 
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Table 3: Core performances related to burn-up in multi-target ADS core 

Core configuration Burn-up reactivity 
swing [%Δk/k] 

Maximum beam 
current per target 

[mA] 
MA transmutation 

amount [kg] 
ZrN inert matrix 

ratio [vol%] 

reference 4.19 20.3 502.7 66.4 
2_A 5.55 12.0 492.4 64.6 
2_B 6.20 12.8 498.8 66.5 
2_C 5.14 11.4 501.5 64.4 
2_D 6.02 12.6 489.6 67.4 
3_A 4.73 7.2 505.2 64.5 
3_B 5.02 7.4 492.7 65.4 
3_C 6.19 8.5 499.1 67.6 
3_D 5.04 7.4 491.4 65.6 
6_A 8.76 5.3 483.9 65.2 
6_B 4.55 3.5 487.3 61.1 

Table 4: Core performances related to safety in multi-target ADS core 

Core configuration Radial peaking factor Maximum power per 
assembly [MW] Void reactivity [%Δk/k] 

reference 1.87 17.8 3.27 
2_A 1.78 17.2 2.82 
2_B 1.80 17.4 2.76 
2_C 1.74 16.8 2.88 
2_D 1.74 16.8 2.81 
3_A 1.87 17.6 3.11 
3_B 1.89 17.8 3.11 
3_D 1.69 15.9 3.21 
6_A 2.12 20.0 2.12 
6_B 1.66 15.6 3.25 

Through the various multi-target core designs, multi-target ADS was found to be effective 
for the improvement of safety parameters of peaking factor and void reactivity and to have 
a small influence on the performance related to burn-up except for the increase of the total 
beam current. The necessary maximum beam current was different on the core 
configuration, and further optimisation of the core had a possibility to reduce the beam 
current. In addition, the reactivity control method had been investigated recently [12][7] 
and the introduction of a reactivity control device was considered as one solution for the 
reduction of the beam current. 

Summary 
The detailed design of multi-target ADS was conducted to reveal the influence of multi-
target installations on the core performances, including the peaking factor. The small target 
was designed to satisfy the constraint condition of the small change in core size. The 2-, 3- 
and 6-target ADS cores were designed by considering the symmetricity on the basis of the 
target design. Almost all the core models had smaller peaking factor than that of the 
reference core, and it was able to be decreased to up to 1.66 from 1.87 of the reference core. 
The coolant void reactivity is also improved in all the cores. A small decrease of the MA 
transmutation amount was seen but the influence on the core performances with burn-up 
was small except for the increase of the total beam current. The reduction of the beam 
current remained an issue but further optimisation of the core and the introduction of a 
reactivity control method were considered a solution. 
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Lead-bismuth spallation target for ADS materials irradiation in J-PARC 

T. Sasa*, T. Wan, H. Obayashi 
Japan Atomic Energy Agency, Japan 

The accelerator-driven system (ADS) is one of the promising options to transmute long-
lived nuclides, namely the minor actinides. The Japan Atomic Energy Agency is proposing 
to use the ADS, which applies lead-bismuth eutectic alloy (LBE) as both a spallation target 
and a subcritical core coolant. To establish a LBE-cooled ADS, it is necessary to prepare 
the material property database for candidate structural materials for the ADS. To collect 
material irradiation data for both proton and neutron in flowing LBE condition, J-PARC is 
planning to install a LBE spallation target dedicated to material irradiation experiments. A 
pulsed proton beam, up to 400 MeV-250 kW and 25 Hz, can be available for irradiation in 
J-PARC. 

The proton beam window, which acts as an interface of the accelerator and subcritical core, 
can be exposed to very severe conditions caused by the high temperature of ADS’s 
operation conditions, the large thermal stress by heat deposition of localised proton beam; 
irradiation damage by primary proton beam and spallation/fission neutrons; and chemical 
interaction of flowing LBE. It is important to improve the prediction accuracy of the beam 
window lifetime by verifying these effects together with the combined effect in such a 
severe environment. To investigate the influence of these combined effects by proton 
irradiation in flowing LBE, we are planning to locate a LBE spallation target specialised 
for materials irradiation at J-PARC. The spallation target is designed to obtain irradiation 
data and, a narrow focused proton beam profile (approximately five times higher beam 
current density than that of J-PARC mercury spallation target for neutron science) was 
selected. An annular double tube type shape was also selected to control LBE flow and 
temperature in the irradiation sample zone. In order to guarantee the soundness of the 
spallation target, especially for the proton beam injection part, various studies to enhance 
heat removal capability by controlling LBE flow inside the target have been conducted. To 
neglect the LBE stagnant region inside the target, several approaches were used by adding 
the flow guide pieces in target. The asymmetric flow is generated to reduce the thermal 
stress at the centre of spallation target. The latest design of 250 kW LBE spallation target 
system for materials irradiation at J-PARC is introduced in the presentation.  
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Intense negative muon production with MERIT scheme for nuclear 
transmutation 

Y. Mori*1, A. Taniguchi1, Y. Kuriyama1, T. Uesugi1, 
Y. Ishi1, M. Muto1, Y. Ono1, H.Okita1, A. Sato2, 

M. Kinsho3, Y. Miyake3, M. Yoshimoto3, K. Okabe3, N. Ikeda1, Y.Yonemura1 
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2Dept. of Physics, Osaka University, Japan; 
3Japan Atomic Energy Agency, Japan 

An intense negative muon source for muon nuclear transformation to mitigate the long-
lived fission products of nuclear wastes based on MERIT (multiplex energy recovery 
internal target) ring is presented.  

Introduction 

Muon nuclear transformation is interesting for the reduction of nuclear waste, especially 
long-lived radioactive species. In a muonic atom, which is formed by trapping a negative 
muon, the atomic nucleus absorbs a negative muon with large probability (95%) if the 
atomic number (Z) is more than 30, and then it transforms into a stable nucleus by beta 
decay and the emission of several neutrons [1]. For example, a long-lived caesium isotope, 
135Cs(2.3 Myear) can be transformed to non-radioactive xenon isotopes within 
approximately five years if the yield of negative muon is 1016µ/s, as shown in Figure 1. 

There are a couple of difficulties for negative pion production with this energy range. One 
is the energy loss of the projectile proton by ionisation of target. The efficiency of negative 
pion production drops until the proton energy reaches the threshold energy of pion 
production at approximately 250 MeV/u. Another problem is the absorption of negative 
pions in the solid target. The absorption cross-section of negative pions with the target 
nucleus is so large that a thinner target must be inevitably used. A high beam current and a 
thin target are essential to keep the efficiency large in negative muon production. In order 
to realise the negative muon yield of 1016µ/s, for example, the proton beam current of more 
than 3A is necessary if a thin lithium target of 1 cm in thickness is used. 

Recovery of the beam energy loss by re-acceleration and use of a thinner target, the energy 
recovery internal target (ERIT) scheme [2]-[4], is useful and convenient to overcome these 
difficulties. The possibility of applying the ERIT principle for intense negative pion/muon 
production of more than 1016 µ/s is presented in this paper. 
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Figure 1: Muon nuclear transformation for caesium isotopes included in the one ton spent 
fuel of nuclear power plant as a function of time 

Horizontal axis shows time(year) and vertical shows the relative portion including 3% 235U 

 
Production of negative muons with ERIT 

In the ERIT scheme, projectile particles circulate and pass through a thin target placed in 
the ring and generate the secondary particles such as neutrons, pions, etc. Particles lose 
energy through ionisation interactions (electronic stopping power) and are succeeded by 
re-acceleration in rf cavities. Beam emittance growth caused by multiple scattering 
(Rutherford scattering and straggling) at the target can be counteracted by ionisation 
cooling [5][6], where re-acceleration imposes only longitudinal momentum transfer while 
the energy losses occur in parallel to the particle momentum including transverse and 
longitudinal momentum. If a wedge shaped target is placed in the ring at the particular 
position causing orbit dispersion, longitudinal emittance can be cooled. The energy spread 
of the proton beam colliding with a target is mostly enlarged by electron straggling where 
the emittance growth rate is almost proportional to the proton beam energy at relativistic 
energy region. The wedge-shaped target placed at the dispersive orbit should be used. If 
the injection beam energy can be lowered, the load of the injector, the beam power, could 
be also cured. 

Figure 2: Schematic diagrams of ERIT and MERIT 

 

Thus, the ERIT ring providing with simultaneous beam acceleration and storage at the orbit 
where a wedge target is placed is most adequate. A new type of ERIT named MERIT 
(Multiplex Energy Recovery Internal Target) for negative muons has been proposed [7]-
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[9]. A schematic diagram of MERIT is shown in Figure 2 compared with ordinary ERIT. 
In this proposal, the projectile particles are protons which are injected at the relatively low 
energy of 500 MeV and accelerated up to approximately 800 MeV by an FFAG ring 
accelerator with fixed frequency rf acceleration. In order to accomplish the fixed frequency 
rf acceleration in FFAG, either serpentine (semi-isochronous) acceleration or static bucket 
acceleration scheme can be applied.  

Figure 3: Schematic layout of MERIT ring for negative muon production 

 

Schematic layout of the MERIT ring for muon production is shown in Figure 3. Table 1 
presents the basic parameters of the ring. A wedge shaped liquid lithium target whose 
thickness gradient is 0 =0.27 g/cm3 is placed at the radial position of R=5.5 m. With this 
target, the effective thickness of the target is 1.35 g/cm2 at the radial position of R=5.55 m, 
therefore the energy loss of proton becomes approximately 2.5MeV, which can be well 
recovered by rf acceleration. 

Table 1: Basic parameters of MERIT ring for muon production  

Ring configuration H-FFAG 
Energy range(MeV) 500-800 
Magnetic rigidity(T.m) 3.633 -4.877 
Lattice FDF 
Average radius(m) 5.044-5.5 
Magnetic field(T):F 1.96-2.41 
Magnetic field(T):D 1.71-2.11 
Number of cell 8 1.71-2.11 
Geometrical field index 2.43 
Cell tune:H 0.212 
Cell tune:V 0.180 
Beta function(m) @SS:H 2.5 
Beta function(m) @SS:V 2.8 
Dispersion function(m) 1.5 

Since the negative pion production cross-section for a 800 MeV proton is approximately 
5 mb, a negative pion(muon) yield of 1016/s can be accomplished in this ring when the 
number of protons stored in the ring is 1.2x1012, which is modest for the space charge 
limited beam intensity. If the injection proton beam current is 2mA, the beam should be 
accumulated and stored at least for more than 600 turns at the circulating orbit where the 
lithium target is placed in the ring. 



310 |   
 

  
  

The longitudinal and transverse emittance grow as a function of beam turn numbers 
circulating around the ring, which are simulated by multi-particle beam tracking including 
the ionisation cooling effect. The growths of transverse beam emittance for both horizontal 
and vertical directions also become suppressed and reach the equilibrium values of 
approximately 700 mm.mrad(rms) in horizontal and 600 mm.mrad(rms) in vertical 
directions, respectively.  

The acceptance of the ring must be large enough to cover the equilibrium emittance during 
beam acceleration and storage. The transverse dynamic apertures for both horizontal and 
vertical directions must be large enough for the beam emittance. The dynamic apertures 
have been estimated numerically by the particle tracking simulations and the results are 
shown in Figure 4. The horizontal dynamic aperture is approximately 0.1m.rad and the 
vertical one is approximately 0.07 m.rad, and both are quite large compared with the beam 
emittance. One of the difficulties in this scheme is how to collect and transport negative 
pions and muons produced at the lithium target to the treatment position of nuclear waste. 
In the present design, negative pions and muons generated at the liquid lithium target are 
swept away from the ring by the bending magnetic field of F-magnet just behind the lithium 
target, and captured and transported by wide aperture and high field solenoid magnets.  

The capture efficiencies were estimated with the G4BL code, at the entrance of the 1 metre 
diameter solenoid magnet for various positions of the lithium target placed at the straight 
section. The capture efficiency is estimated to be approximately 50%, which could still 
satisfy the requirement. 
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Figure 4: Beam emittance growth in horizontal (upper left), vertical (upper right) and 
longitudinal (lower left) directions are shown as a function of number of turns. The figure in 

the lower right presents longitudinal beam behaviours in phase space from injection until 
500 turns 

 

Conclusion 

A new scheme with ERIT is proposed to produce intense negative muons to mitigate long-
lived fission products. The scheme consists of the ERIT (energy recovery internal target) 
ring with a proton beam and lithium target. In this scheme, it is expected that a muon yield 
of 1016µ/s can be obtained with a 800 MeV proton beam. Almost all 135Cs, for example, 
included in 1 ton of spent fuel could be converted within five years to stable Xe isotopes if 
a facility providing negative muons of more than 1016µ/s is available.  
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Impact of impurity in transmutation cycle on 
neutronics design of accelerator-driven system 

T. Suguwara, R. Katano, K. Tsujimoto 
Japan Atomic Energy Agency, Japan 

The Japan Atomic Energy Agency has investigated a lead-bismuth eutectic cooled 
accelerator-driven system (ADS) to transmute minor actinides (MAs) in the transmutation 
cycle. This study aims to investigate the impact of impurities in the transmutation cycle on 
the ADS neutronics design. In the current ADS concept, the fuel would be fabricated by 
mixing PuN, MAN and ZrN. It is supposed that PuN might include U as the impurity 
because Pu is separated from the spent fuel with U at the same time. If the amount of the 
U accompaniment increases, the neutron economy of the core becomes worse because the 
238U capture reaction rate increases. In the reprocessing of the transmutation cycle, 
pyrochemical reprocessing is supposed to reprocess the spent fuel discharged from ADS. 
The rare earth (RE) will accompany MAs because the chemical behaviour of RE is similar 
to Am and Cm. It is supposed that the RE accompaniment deteriorates the neutron economy 
due to the increase of RE nuclide's capture reaction by the RE accompaniment. 

For the uranium from the partitioning process, the accompaniment of 20 wt.% U against 
the Pu weight is acceptable although the MA transmutation amount will be decreased 
slightly. For the RE from the partitioning, the accompaniment of 5 wt.% RE against the 
MA weight is allowable. In the reprocessing, the decontamination factor, DF=10 for RE is 
enough from the viewpoint of the neutronics design. Through these investigations, the 
required conditions for the impurities in the partitioning and the reprocessing processes 
were clarified from the viewpoint of the ADS neutronics design. 
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Reduction and resource recycling of high-level liquid radioactive waste 
through nuclear transmutation: (1) Selective laser ionisation of odd-mass 

number isotopes for the partitioning of long-lived fission products 

T. Kobayashi, T. Fujiwara, K. Midorikawa 
RIKEN Advanced Photonics Center, Japan 

We are developing an efficient selective laser ionisation scheme for the partitioning of 
long-lived fission product elements such as 107Pd and 93Zr. In this presentation, we will 
demonstrate how much we could improve both the selectivity and the ionisation efficiency 
of palladium compared with the original scheme proposed by Hao-Lin Chen in 1980.  

Our development consists of three parts: the use of linearly polarised lasers for high 
selectivity; the resonant transition to autoionising states for high ionisation efficiency; and 
the choice of the excited states of the same ion core configuration with the autoionising 
states again for high ionisation efficiency, all in contrast with the original scheme. Finally, 
we could invent a two-laser selective excitation and ionisation scheme which enables a 
cost-effective realisation of selective ionisation of odd-mass number isotopes of palladium. 
As a result, the ion yield of odd-mass number isotopes of palladium is increased by a factor 
of 104. Our effort on zirconium will be presented in detail separately. 

Introduction 

The safe management of high-level radioactive waste (HLW) is expensive, so reducing the 
waste’s volume is required [1]. Recovering useful elements from HLW would also be 
beneficial to Japan, which is poor in mineral resources. In the ImPACT programme, we 
aim to realise both volume reduction and recovery of useful elements from HLW at the 
same time [2]. 

When we apply selective laser ionisation techniques for odd-mass number isotopes of 
palladium and zirconium, we are able to extract isotopes containing radioactive isotopes 
(105Pd and 107Pd*, 91Zr and 93Zr*) from the mixtures (102,104,105,106,107,108,110Pd and 
90,91,92,93,94,96Zr). The point of the selective laser ionisation technique is that the nuclear spin 
of the odd mass number isotopes is not zero and that of the even mass isotopes is zero. The 
practical application of the method to palladium was proposed by Hao-Lin Chen of the 
Lawrence Livermore Laboratory in 1980 [3] while Shimazaki and Yamazaki of the former 
Power Reactor and Nuclear Fuel Development Corporation reported on its experimental 
verification in 1995 [4]. In the present study, we present a more efficient, selective 
ionisation scheme for palladium. 

Experiment 

The experimental set-up was described in the previous publications. For quantitative 
measurement of the number of ions produced, we have newly introduced a metal plate as a 
collector of ions. The integrated ion signal terminated with 50 Ω is estimated to be 8.0 x 
10-18 Vs/ion. 
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Results and discussions 

In the original ionisation scheme, two circularly-polarised lasers are applied to selectively 
excite odd-mass number isotopes of palladium and a third laser is applied to further excite 
them to ionisation continuum. Because of the nature of non-resonant ionisation, the 
ionisation efficiency is expected to be very low. To solve this problem, we have carried out 
intense spectroscopic investigation of the autoionising Rydberg states of palladium 
(scheme A, B, and C) [5]-[7]. To enhance the transition probability, we choose different 
electronic states with the same ion core with the autoionising states (scheme B and C) [6]. 
Finally, we choose an autoionising state as both the selective excitation and the ionisation 
terminal (scheme C) [7]. The relative efficiencies of all the schemes normalised to that of 
the original scheme are summarised in Figure 1. It must be noted that the relative 
efficiencies have been evaluated below the saturation laser power of each excitation step. 

The number of produced ions via scheme C (2-laser scheme) is plotted against the 
palladium beam intensity in Figure 2. At 10 Å/s, the number of laser-irradiated palladium 
atoms is estimated to 1.0 x 1011 and almost all the atoms are ionised. By introducing a 10-
pass optical configuration, we could finally obtain 1.4 x 1012 ions per laser pulse at 14 Å/s. 
If 10 kHz repetition lasers are available, the number of produced ions amounts to  
0.077 kg/year. The value amounts to approximately 350 times lower than the assumed 
value (27 kg/year) discharged from a nuclear power plant with output of 1 million kilowatts. 
We think that a practical application is within range because of improvements both in laser 
equipment performance and the multi-pass optical system in future. 

Figure 1: Relative yields of the odd-mass number selective ionisation schemes normalised to 
the original scheme 
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Figure 2: Number of produced ions via 2-laser scheme per laser pulse vs. Pd beam intensity 

(A) Single pass, (B) 10-pass 
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Reduction and resource recycling of high-level liquid radioactive waste 
through nuclear transmutation: (2) Recovery process of Se, Zr, Pd and Cs 

from high-level liquid radioactive waste using electrolytic deposition, zeolite 
adsorption and solvent extraction  

Y. Takahashi1, M. Kaneko1, Y.Yamashita1, T. Omori1, S. Kanamura1, E.Murata1, 
K. Asano1, Y. Sasaki2, S. Suzuki2 

1Toshiba Energy Systems & Solutions Corporation, Japan 
2Japan Atomic Energy Agency, Japan 

In high-level liquid radioactive waste (HLLW), there are many kinds of radionuclides. In 
particular, long-lived fission products (LLFP) have a long-lasting environmental burden 
after geological disposal. There have been many studies on methods for separating and 
transmuting LLFPs such as Se-79, Zr-93, Pd-107 and Cs-135, which have very long half-
lives of around 106 years. We previously proposed a conceptional system for recovering 
Se, Zr, Pd and Cs individually and directly from HLLW. In a first separation step, with 
electrolytic deposition, Pd and Se can be collected directly from HLLW. On the other hand, 
Zr and Cs do not deposit on the electrode. In order to recover Cs, zeolite adsorption is used 
in a second step, and the zeolite is recycled after being treated with ammonium salt. To 
recover Zr, solvent extraction is used in a third step. 

In the present study, simulated HLLW was used to propose a proof-of concept system 
design, and through tests were carried put (a combination of the above separation steps 1-
3 in sequential order). In the electrolytic deposition process, on electrolytic potential of 
0 V (vs. Ag/AgCl) was employed. As a result Se, Pd, Ag and Te were found to be deposited. 
In particular, Pd and Ag had high recovery ratios of over 90%. On the other hand, the 
recovery ratio of Se was around 20%. In the zeolite adsorption process, Cs was one of the 
most adsorbed nuclide. The distribution coefficient of Cs was over 10 even in HLLW 
containing a high concentration of Cs. In the solvent extraction process, Zr was separated 
from the HLLW using di-(2-ethylhexyl) phosphoric acid. The recovery ratio of Se, Zr, Pd 
and Cs with the proposed system can be evaluated from the results of the through test.  

Introduction 

There are many kinds of long-lived radionuclides present in high-level liquid radioactive 
waste (HLLW). These long-lived radionuclides have a long-lasting environmental impact 
due to their very long half-lives of around 106 years. Partitioning and transmutation are 
important techniques for dealing with this problem [1]-[3]. Among previous research in 
this field, there have been many studies on minor actinides, such as Am and Cm. After the 
chemical separation, these nuclides will be transmuted using nuclear reactors or 
accelerator-driven systems. On the other hand, there have been relatively few studies on 
the fission products, even though HLLW includes highly radioactive and long-lived 
nuclides. 

Se, Zr, Pd and Cs have very long-lived radionuclides, e.g. Se-79 (T1/2 = 2.95×105 y), Zr-93 
(T1/2 = 1.62×106 y), Pd-107 (T1/2 = 6.5×106 y) and Cs-135 (T1/2 = 2.3×106 y) [4]. These are 



318 |   
 

  
  

the target elements to be recovered from HLLW and transmuted in order to reduce the 
environmental burden. This work is part of a running project named ImPACT (Impulsing 
Paradigm Change through Disruptive Technologies) [5][6]. In our previously reported 
work, Pd and Se were recovered from HLLW by electrolytic deposition [7]-[9], Zr was 
extracted using a phosphine oxide donor extractant, di-(2-ethylhexyl) phosphoric acid 
(HDEHP) [10][11], and Cs showed selective absorption in Zeolite [8][12], which will be 
recycled after being treated with ammonium salt. In the present study, an electrolytic 
deposition-based process was selected for Pd and Se isolation, a chemical method that leads 
to a minimal amount of secondary radioactive waste (Figure 1.) [8]. The proposed 
electrolytic deposition method enables the recovery of Pd and Se directly from HLLW 
without chemical reagents. After Pd and Se separation, solid-liquid and liquid-liquid 
separation methods are selected for Cs and Zr recovery, in this order. In the work described 
here, the recovery ratios of Se, Zr, Pd and Cs for this proposed system were determined 
through tests. 

Figure 1: Proposed system for recovering Se, Zr, Pd and Cs 

 

Experimental 

Overview of the through test 
To carry out the through test of the separation system shown in Figure 1, we investigated 
the behaviour of four metals in simulated HLLW in each process, namely, electrolytic 
deposition, zeolite adsorption and solvent extraction. From the results suitable conditions 
for the through tests were determined. 

Composition of simulated HLLW 
The composition of the simulated HLLW is listed in Table 1. The simulated HLLW was a 
solution of 2 M (mol/dm3) HNO3. MnO2 was substituted for Tc2O7, and CeO2 was used in 
place of Pm2O3 and actinides. The amount of Gd2O3 is the sum of the fission products and 
an addition during the reprocessing process. The simulated HLLW was filtered before use. 
The concentration of the metals in simulated HLLW was measured by inductively coupled 
plasma atomic emission spectrometer (SII SPS5100) and inductively coupled plasma mass 
spectrometry (Agilent 8800). 
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Table 1: Compositions of simulated HLLW (2 M HNO3) 

Element Concentration 
(g/L) Element Concentration 

(g/L) 
SeO2 0.17 Cs2O 5.29 
Rb2O 0.84 BaO 4.15 
SrO 1.99 La2O3 3.01 
Y2O3 1.27 CeO2 15.26 
ZrO2 10.48 Pr6O11 2.83 
MoO3 10.49 Nd2O3 9.97 
MnO 2.47 Sm2O3 1.86 
RuO2 5.90 Eu2O3 0.30 
Rh2O3 1.07 Gd2O3 9.86 
PdO 3.11 P2O5 0.18 
Ag2O 0.15 Cr2O3 0.06 
CdO 0.24 Fe2O3 1.22 
SnO2 0.22 NiO 0.12 
Sb2O3 0.04 Na2O 24.62 
TeO2 1.22 - - 

First separation step, electrolytic deposition 
Electrolytic deposition was carried out from the simulated HLLW using a Pt cathode and 
anode (1 cm × 1 cm) and an Ag/AgCl/saturated KCl reference electrode. Constant-potential 
electrodeposition was carried out for three hours, with potential as a parameter. 

In the through tests, the electrodes were changed to larger cathode and anode electrodes  
(3 cm × 3 cm), and the tests were conducted with two stages of constant-current 
electrodeposition for three hours in each stage. The current densities were 3.2 × 10-2 and 
1.8 × 10-2 A/cm2 for the first and second stages, respectively, from the constant-potential 
electrodeposition at 0 V. The ratio of the anode area to volume of the simulated HLLW 
was fixed to 0.2 cm-1 following the previous experiments. 

Before and after electrolytic deposition, the simulated HLLW was filtered. Filtered 
solutions were used to analyse the concentration of the metals. The anode after the first 
electrolytic deposition step was analysed with Scanning Electron Microscopy – Energy 
Dispersive X-Ray Spectroscopy (SEM-EDS, JEOL JSM-6360LA). 

After this electrolytic deposition process, the solution was introduced into the second step, 
the zeolite adsorption process. 

Second step, zeolite adsorption 
A zeolite adsorption experiment was carried out using the simulated HLLW with a Cs-134 
radioactive tracer. Natural mordenite obtained from Ayashi, Miyagi prefecture (Shin 
Tohoku Chemical Industry Co., Ltd.), was selected in this work. The liquid to adsorbent 
ratio was adjusted to approximately 100 ml/g. The adsorbent and liquid were reacted at  
100 rpm and 25°C. The distribution coefficient, Kd (ml/g), was calculated using: 

Kd = (Ci - Cf)/Cf  × V/M (1) 

where Ci (Bq/ml) is the initial concentration of Cs-134, Cf (Bq/ml) is the concentration of 
Cs-134 after adsorption, V (ml) is the volume of the liquid, and M (g) is the weight of the 
adsorbent. Cs-134 was measured by an NaI scintillation counter (PerkinElmer 2480 
Wizard2). 
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During the through test, solid-liquid separation for Cs recovery using zeolite was repeated 
twice in order to separate Cs effectively; specifically raffinate solution obtained after the 
electrolytic deposition process was contacted twice with zeolite. In the experiment for 
adsorption, the liquid to adsorbent ratio was adjusted to approximately 5 ml/g. In an elution 
experiment, the liquid to adsorbent ratio was set to approximately 100 ml/g. 5 M 
NH4COOH aqueous solution was selected for the eluent. 

After the adsorption and elution experiments were completed, the concentration of Cs in 
these solutions was measured. Afterwards, the raffinate solution was introduced into the 
solvent extraction process in the next step. 

Third step, solvent extraction 
Solvent extraction was carried out using the raffinate solution through the first and second 
separation steps from the simulated HLLW. HDEHP and N,N,N’,N’-tetraoctyl-
diglycolamide (TODGA) are candidates for extracting Zr [11]. 0.5 and 1 M HDEHP or 
TODGA diluted with n-dodecane were selected as extraction solvents. Undiluted simulated 
HLLW or simulated HLLW diluted to 1/4 concentration was used in this method. 

In the through tests, the solvent extraction process consisted of four extraction stages and 
one or two back extraction stages. First, two organic solvents after extraction stages were 
employed for two back extraction stages; and later, two organic solvents were used for one 
back extraction. The number of back extraction stages followed the Zr concentration in the 
organic phase; namely, if the Zr concentration in the organic phase was high, the number 
of back extractions was two, in order to strip Zr more effectively. In this case, 1 M HDEHP 
diluted with n-dodecane was selected for the extraction solvent. 0.7 M (COOH)2 aqueous 
solutions were used for the back extraction. 

The raffinate solution obtained after extraction and the back-extracted solutions were 
collected to analyse the concentrations of the metals. 

Results and discussion 

From the investigation of each process, suitable conditions for the through tests were 
determined. The through tests were carried out using the selected conditions. The recovery 
ratios of Se, Zr, Pd and Cs were obtained from the through tests. 

Electrolytic deposition (first step) 
The recovery ratios of Pd and Se plotted against the electrolytic deposition potential are 
shown in Figure 2. It was found that the recovery ratios of Pd and Se at 0.4 V were low, 
which indicates the difficulty of electrolytic recovery at 0.4 V. At potential lower than  
0.2 V, the recovery ratios of Pd and Se were over 80% and around 20%, respectively 
(Figure 2). Using twice the deposition time, a Pd recovery ratio of over 90% was achieved. 
In the previous work, the recovery ratios of Pd and Se from 2 M HNO3 solutions containing 
these elements were over 90% in one hour [8]. In the present work, we used the simulated 
HLLW having a composition including noble metals. This would cause electrolytic co-
deposition and generate alloys. In addition, since the concentration of Se was so low in the 
simulated HLLW (0.17 g/L), a carrier solution is probably needed. In order to achieve high 
recovery of Se, a negative potential (lower than 0.2 V) for the electrolysis can be selected. 
However, a more-negative potential would result in lower efficiency of electrolytic 
deposition due to H2 generation [8], and higher contamination of noble metals in 
electrolytic deposition. 
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Figure 2: Recovery ratios of Pd and Se against electrolytic deposition potential 

 

The through tests were carried out using the simulated HLLW. In the through tests, the 
electrolysis process is the first separation step, prior to solid-liquid and liquid-liquid 
separations. The recovery ratios of Pd and Se were 80% and 37%. If the scale is increased, 
the recovery ratios will be decreased, because the electrodes are not suitable for larger 
scales. However, considering process planning, a larger-scale electrolytic cell system will 
be designed and investigated. 

From analysis of the anode after metal deposition, cloud shaped depositions were detected 
in an SEM image, and Pd and Se were detected, from the EDS spectrum. There was no 
significant oxygen peak, which suggests that the materials are deposited as metals not 
oxides. The EDS spectrum also showed peaks of Ag and Te (Figure 3). These metals have 
high standard electrode potentials, allowing redox reactions from ions to metals. Te has a 
similar redox potential to Se because of they are homologous elements. 

When Pd and Se are collected at the same time, we should consider a mutual separation 
method after co-deposition. It would be possible to separate them by heating the collected 
sample in the atmosphere. Atmospheric oxygen reacts with Se to generate gaseous SeO2 
(boiling point: 317oC). Pd could be easily collected in the form of a metal, because Pd oxide 
can be reduced to Pd by heating it to a high temperature or by reacting it with CO or H2.  
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Figure 3: Surface of the anode after electrolytic deposition (a) SEM image, (b) EDS spectrum 
after first step 

 

Zeolite adsorption (second step) 
Zeolite adsorption was carried out using an aqueous solution containing radioisotopic Cs-
134 and simulated HLLW. Zeolite is known to be a good Cs adsorbent. The distribution 
coefficients of Cs using zeolite are known to be higher at higher pH. However, from our 
previous work, the distribution coefficients of the zeolite were found to be large enough in 
2 M HNO3 [8]. The concentration of Cs in the simulated HLLW was high, so that it is 
necessary to consider the adsorption at high Cs concentration. The distribution coefficient 
of Cs against the initial concentration of Cs is shown in Figure 4. The distribution 
coefficient of Cs is constant at concentrations lower than 10-4 M. It starts to decrease around 
10-3 M, then decreases with increasing concentration of Cs. At around 10-2 M, the 
concentration is close to that of the simulated HLLW. This suggests the lack of the 
adsorption sites of the adsorbent and low activity of Cs adsorption, so it is important to 
consider the adsorption sites of the adsorbent. 

The through tests were carried out using simulated HLLW. This solid-liquid separation 
process is the second step, followed by the electrolysis separation and prior to liquid-liquid 
separation. 

Based on these results, the conditions for the through tests were selected to supply enough 
adsorption sites of the adsorbent. A higher adsorbent to liquid ratio and repeat adsorption 
experiments were necessary to improve the Cs recovery ratio. From the results of 
distribution of Cs using simulated HLLW, it is possible to separate 90% of Cs with a liquid 
to adsorbent ratio of approximately 5 ml/g and two repetitions. By considering the 
adsorption sites, 95% of the Cs could be separated from the solution at this adsorption stage. 
These recovery ratios are higher than expected, and are thought to be caused by the lower 
concentration in the second adsorption, which improved the distribution coefficient. In the 
elution step, 95% of Cs adsorbed in zeolite was eluted in NH4COOH aqueous solution. In 
this zeolite adsorption process, the recovery ratio of Cs was over 90%. 
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Figure 4: Distribution coefficient of Cs using mordenite against initial Cs concentration 

 

Solvent extraction (third step) 
Solvent extraction was carried out using simulated HLLW. The distribution ratios of Zr by 
HDEHP were 3.55 (at 0.5 M HDEHP and 1/4-diluted simulated HLLW) and 2.36 (at 
1 M HDEHP and undiluted simulated HLLW), and those obtained by TODGA were 0.06 
(at 0.5 M TODGA and 1/4-diluted simulated HLLW) and 0.08 (at 1 M TODGA and 
undiluted simulated HLLW). These low distribution ratios using TODGA were caused by 
a high concentration of Zr in the simulated HLLW, and even TODGA has very a high 
distribution ration of Zr (over 100) under the conditions used, namely, 0.1 M TODGA - 
2 M HNO3 at a low concentration of Zr. It is well known that TODGA is also an effective 
extractant for lanthanide and actinide, so lanthanide would compete with Zr extraction 
using the HLLW. From these results, we selected HDEHP having a high distribution ratio 
and relatively high selectivity for Zr. 

The through tests were carried out using simulated HLLW after electrolysis and zeolite 
adsorption. Almost all of the Zr was extracted into the extraction solvent and could be 
recovered by back extraction. This procedure is the last step, and involves a different 
composition from those of the initial simulated HLLW. Therefore, a careful investigation 
of this step will be necessary in the near future. 

Conclusions 

The present study established a proof-of-concept system design for separating Se, Zr, Pd 
and Cs from simulated HLLW was established. Using the proposed process and through 
tests, we found that 80% of the Pd and 37% of Se were collected by electrolytic deposition, 
more than 90% of Cs was recovered by zeolite adsorption, and almost all of the Zr was 
separated and recovered by extraction and back extraction. In future work, a large-scale 
electrolytic cell will be designed and prepared in order to recover larger amounts of Pd and 
Se. We will investigate the reusability of zeolite for high recovery of Cs. We will also 
design optimised condition for high recovery of Zr and reduction of secondary waste. 

◆ HNO3 solutions
◆ simulated HLLW
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This paper reports on a project for the acquisition of nuclear reaction data for long-lived 
fission products (LLFP), in order to confirm the nuclear reaction path for conversion to 
short-lived or stable nuclides. The nuclear reaction data to be deduced are: (1) cross-
sections of nucleon(s) knockout and nuclear fragmentation reactions by 
neutron/proton/deuteron; (2) photodisintegration cross-sections using Coulomb 
dissociation; (3) neutron capture cross-sections; and (4) quantifying products after 
negative muon capture process. A Low-energy RI beam line (OEDO) has been developed 
and proton/deuteron-induced reactions at 20-30 MeV and the (d,p) reactions have been 
measured.  

Introduction 

As part of the programme “Reduction and resource recycling of high-level radioactive 
waste through nuclear transmutation”, our project aims to obtain nuclear reaction data for 
long-lived fission products (LLFP) for nucleons and deuteron at wide energy range, as well 
as for photo nuclear reactions and muon captures. 

Much of the data for energies of 20-200 MeV per nucleon is measured by using beams of 
LLFPs delivered by BigRIPS separator [1] in the RIKEN Radioactive Isotope Beam 
Factory (RIBF) [2], where in-flight fissions of 238U at 345 MeV per nucleon are utilised. 
At the J-PARC neutron facility, ANNRI [3] is used for neutron capture cross-sections 
below resonance energy region. Negative muon captures are measured at the MuSIC 
facility in Research Center for Nuclear Physics (RCNP), Osaka University, the muon 
facility (MUSE) in the J-PARC and the Rutherford Appleton Laboratory (RAL) in the 
United Kingdom. 

This paper reports on the new subprojects for such nuclear data including developments. 

Subprojects 

Knockout/spallation reaction 
One of the key methods is using inverse kinematics, where the LLFPs are produced as 
beams irradiate proton and deuteron targets. Contrary to conventional measurements of 
proton/deuteron-induced cases ((p,X)/(d,X) reactions), reaction products are measured in 
flight on an event-by-event basis, since almost all the products have similar velocity as the 
LLFP beams. The produced nuclide is identified by using measurements of magnetic 
rigidity, time-of-flight for velocity and energy losses for the atomic number. 
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Cross-sections of various species from 107Pd, 93Zr, 135Cs and 79Se beams on proton and 
deuteron targets have been measured at 100 and 200 MeV per nucleon [4][5]. For 107Pd and 
93Zr, measurements have also been performed at 50 MeV per nucleon. The new results are 
presented by another paper of this workshop [6]. 

Coulomb Dissociation 

Dissociation of an LLFP beam, A→n+(A-1), by a strong Coulomb field from a heavy target 
such as Pb relates to photo-dissociation process A(γ,n)(A-1). The energy spectrum of 
virtual photons produced by Coulomb field depends on the incident energy; the energy of 
the photon extends well above the neutron threshold for incident energy at 200 MeV per 
nucleon. By using virtual photon theory, photodisintegration cross-sections are evaluated 
from Coulomb dissociation cross-sections. 

Since the (γ,n) reaction is time-reversal of the (n,γ) reaction, cross-sections of neutron 
capture process are also estimated by using gamma-strength functions obtained by the (γ,n) 
reaction. The energy of the absorbed photon is deduced from the invariant mass of the 
observed fragment and neutron. Since the energy resolution of the invariant mass is 
estimated to be 100 keV to 1 MeV, this method is suitable for the cross-section data above 
the resonance region. 

Figure 1: Panoramic view of the OEDO system, the target chambers for reaction 
measurements, and the SHARAQ spectrometer along the beam direction from right to left 

 

Source: University of Kyoto 

Development of low-energy RI beam line 
As described above, the RIBF provides LLFP beams by using in-flight fission of 238U at 
345 MeV/nucleon. Since energy of the LLFP beams just after production are typically  
200 MeV per nucleon, it is necessary to reduce energy for low-energy nuclear reaction data. 
Usually, the energy loss of a material is used to reduce energy. However, there are 
inevitable difficulties in degrading the procedure down to 1/10 of the original energy, which 
causes large image sizes and energy spreads due to an increase of phase spaces, charge-
state distribution, and so on. 

For this purpose, we have developed a new ion-optical system named OEDO consisting of 
a mono-energetic wedge-shaped degrader and two sets of quadrupole triplets and an RF 
deflector, details of which are described in reference [7]. The total system was constructed 
in March 2017 followed by commissioning in June 2017 (Figure 1). Proton and deuteron-
induced reactions on 107Pd and 93Zr were measured in the fall of 2017 at 20-30 MeV/u. By 
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using 77,79Se beams at 20 MeV/u were used for measurements of 77,79Se(d,pγ) reactions in 
inverse kinematics as surrogate reactions of the neutron-capture on 77,79Se. 

Neutron capture 
Direct measurements of the neutron capture cross-section for the LLFPs are unique for the 
nuclear data below the resonance region. Since there are already available data [8] for 107Pd 
and 93Zr, measurements for 135Cs and 79Se are anticipated. The ANNRI facility at J-PARC 
is one of the best for the measurements. After consideration of several possibilities for 135Cs 
measurements, we have obtained targets containing the 137Cs and the 135Cs and performed 
measurements. For 79Se, we studied possibilities to produce Se targets from nuclear waste.  

Negative muon capture 
The negative muon (µ−) is a member of elementary particles (leptons). It has a 200 times 
heavier mass than the electron and is considered a “heavyˮ electron. Because of such heavy 
mass, the Bohr radius is 200 times smaller than that of the electron. After stopping in a 
material, µ− is trapped by the Coulomb field from a nucleus. For heavy elements such as 
LLFPs, the trapped µ− is captured by a proton in the nucleus, the elementary process of 
which is µ− + p → νµ + n, with a release of energy of 100 MeV. This capture process 
transmutes a nucleus to one unit less atomic number, for example, 46Pd + µ−→45Rh and 
55Cs + µ−→54Xe. Although a major part of the released energy is carried by a neutrino, the 
remaining kinetic energy of a neutron can excite the daughter nucleus above the neutron 
threshold. 

If there is no neutron emission, the neutron-rich daughter nucleus decays by emitting γ-rays 
to the original mother. Therefore, the neutron multiplicity distribution after the µ− capture 
is important for nuclear transmutation, which has not been studied well so far. In the present 
project, we measure µ− capture to Pd and Zr isotopes to deduce their neutron multiplicity 
distribution. Two kinds of µ− beam, DC and pulsed, have been used. 

A DC muon beam was provided by the MuSIC facility in RCNP. Neutrons after the capture 
were measured by an array of neutron detectors, Seamine. Gamma rays have also been 
measured to identify the granddaughter nucleus after neutron emission. The pulsed muon 
was provided by the MUSE facility in J-PARC and RAL, where slower β-decay products 
after neutron emission have been measured to deduce the distribution of transmuted 
residuals. An analysis of them is ongoing. 

Summary 

The project for nuclear reaction data of LLFPs relevant to nuclear transmutation was 
presented. It included proton/deuteron induced reactions in 20-200 MeV per nucleon, 
Coulomb dissociation to obtain photo-nuclear cross-sections relating to the neutron-capture 
process above the resonance region, attempts to direct measurements of neutron capture of 
135Cs and 79Se below the resonance region, and the negative muon capture process. 

One of key methods is to utilise measurements in inverse kinematics, where reaction 
products are measured event by event regardless of their β-stabilities. A new ion-optical 
system, OEDO, was developed to extend the inverse-kinematics measurements to the lower 
energy region, and the proton/deuteron induced reactions on 107Pd and 93Zr and (d,p) 
reactions on 77,79Se were measured. 
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The nuclear data obtained in this project through theoretical analyses and evaluations are 
expected to be used in designing nuclear transmutation systems. 
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2RIKEN Nishina Center, Japan 

A new nuclear data library, ImPACT/LLFP-2018, has been developed for an innovative 
study on the transmutation of long-lived fission products. Since we are focusing on the 
accelerator-based system, the cross-sections are estimated for incident neutrons and protons 
up to 200 MeV where JENDL-4.0 [1] is adopted for incident neutrons below 20 MeV. Our 
challenge is the prediction of cross-sections for a number of unstable nuclei over a wide 
energy range where the experimental data are scarce. 

A nuclear data evaluation was performed based on the phenomenological models over the 
decades. In this work, we estimated cross-sections based on a nuclear reaction model code 
CCONE [2], reflecting new knowledge on the nuclear structure theory and cross-section 
measurement. For instance, the phenomenological level density parameter was improved 
for the deformed nuclei by reflecting knowledge on the microscopic nuclear theory [3]. The 
pre-equilibrium model parameter, which estimates transition rates between the different 
particle-hole stages, was also optimised based on new experimental data of RIKEN 
Radioactive Isotope Beam Factory (RIBF) [4]. Figure 2 illustrates isotope production 
cross-sections through the 107Pd(p,x) reaction at incident proton energies of 118 and 196 
MeV, in which the present model-based estimations are compared with new experimental 
data and the evaluations from existing nuclear data library. In this example, TENDL-2017 
[5] shows reasonable agreement with measured data at around the target nucleus while the 
situation gets worse for the lower mass region. It should be noted that such a situation was 
certainly improved by our new evaluation approach. 

The present library stores elastic-scattering and isotope production cross-sections for 160 
stable and unstable nuclei covering the long-lived fission products such as 79Se, 93Zr, 107Pd 
and 135Cs. The double-differential cross-sections are also given in the data file for the 
emission of neutrons, protons, deuterons, tritons, helium-3s and alpha-particles. Through a 
comparison with available experimental data taken from the EXFOR database [6] on the 
stable isotopes, it is found that the present data give overall predictions of cross-sections 
better than those from JENDL-4.0/HE [7] and TENDL-2017. The present library employs 
the ENDF format as the original version. We also generated the ACE format file with a 
modified version of NJOY-99 [8]-[9]  for the neutronics study on the transmutation system. 
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Figure 1: Isotope production cross-sections through the 107Pd(p,x) reaction at 118 and 196 
MeV, in which the present model-based estimations are compared with new experimental 

data of RIBF/RIKEN and the TENDL evaluation 
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The R&D programmes of Project 4 in the ImPACT Programme “Reduction and Resource 
Recycling of High-level Radioactive Wastes through Nuclear Transmutation” in Japan are 
introduced. Project 4 aims to propose an accelerator-based transmutation system for long-
lived fission products (LLFP), where LLFPs are converted to stable or short-lived nuclides. 
Compared with nuclear reactors, the accelerator-based system provides a variety of 
particles inducing transmutation reactions. Not only primary beams delivered from an 
accelerator, but also secondary particles produced with the primary beams, such as 
neutrons and muons, are utilised for the transmutation. Project 4 is focused on three 
objectives: (1) to depict an accelerator system with a possible transmutation scenario for 
each LLFP nuclide; (2) to develop essential technologies for a high-power accelerator 
system; and (3) to encourage ideas for new high-power and high-energy-saving 
accelerators and new applications. According to intensive discussions with Projects 2 and 
3, we have chosen deuteron as the primary beam species considering the secondary particle 
production. Its energy ranges from 40 MeV/u to 200 MeV/u. The energy will be optimised 
in terms of reaction types applied for LLFPs, throughput and secondary production of 
LLFPs. Concerning key technologies, a superconducting radio-frequency resonator for 
low-velocity beams, a material-free window-system for vacuum sealing and a liquid-target 
system for production targets have been developed. Project 4 is designing a new type of 
high-power deuteron linear accelerator. In addition, an energy recovery internal target 
system based on an FFAG ring is developed. Relatively small and energy-efficient 
cyclotrons are discussed in parallel, too.  

Introduction 

Project 4 in the ImPACT Programme aims to propose an accelerator-based transmutation 
system for long-lived fission products (LLFPs), where LLFPs are converted to stable or 
short-lived nuclides. In general, compared with nuclear reactors which produce thermal 
neutrons only, the accelerator-based system provides a variety of particles inducing 
transmutation reactions: not only primary beams delivered from an accelerator, but also 
secondary beams produced with the primary beams, such as neutrons and muons, are 
utilised for the transmutation. In designing an accelerator-based system, several key 
ingredients are to be considered; primary beam energy and intensity, target-system, energy-
consumption, construction- and maintenance-cost, etc. These issues are interrelated with 
each other and depend on LLFP nuclides, types of transmutation reactions, and 
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transmutation periods. In such a situation, Project 4 is focused on three objectives: (1) to 
depict an accelerator system with a possible transmutation scenario for each LLFP nuclide, 
(2) to develop essential technologies for a high-power accelerator system, and (3) to 
encourage ideas for new high-power and high-energy-saving accelerators and new 
applications. 

Transmutation reactions for accelerator system 

To depict a possible accelerator system for the transmutation, we first chose nuclear 
reactions, not electromagnetic reactions. In the case of nuclear reactions induced by 
“hadron” particles which interact strongly with LLFP nuclei, several reactions such as 
spallation reaction and knockout reactions are applied with reaction cross-sections of order 
of 1 barn. In the case of electromagnetic reactions, on the other hand, the candidate of the 
reaction is only the photo-absorption process (γ,n), and its cross-section is approximately 
0.2 barns for LLFPs. To induce the (γ,n) reaction, secondary high-energy photons, of which 
energy is more than 10 MeV, should be produced by high-energy electron beams through 
the bremsstrahlung process in a converter material or through inverse Compton process 
with intense laser lights. However, the high-energy photons are wasted to create the 
electron-positron pairs, simply because the cross-section of the pair creation (10 barns) is 
much higher than that of the photo-absorption. Thus, the most of electron-beam energy is 
wasted to create the electron-positron pairs, not to transmute LLFP nuclides significantly. 

Next, several types of the nuclear reactions are considered as the transmutation and are 
categorised with respect to transmutation throughput and reaction controllability. The 
candidate reactions are spallation reaction, neutron knockout reaction such as (n,2n), and 
muon capture reaction. As shown in Figure 1, the spallation reaction induced by high-
energy proton- or deuteron-beams is very promising in terms of throughput but not 
excellent in terms of controllability. When the spallation reaction is applied, the beams are 
irradiated directly to LLFP materials and target thickness is determined from the stopping 
range of the beams. Higher energy beams lead to thicker targets, and hence throughput is 
increased as a function of beam energy. However, according to results obtained in 
Project 2, higher beam energy produces more nuclides as spallation products, because 
higher energy beam deposits higher energy in target nuclei, namely the higher deposited 
energy in the nuclei is used to emit more protons and more neutrons from the nuclei. Thus, 
in the case of the spallation reaction, optimal beam-energy should be carefully considered 
in terms of not only throughput but also costs necessary to treat radioactive nuclides 
produced in LLFP materials after long-term irradiation. 

The neutron knockout reaction is induced by high-energy neutrons of which energy is more 
than 8 MeV. In the case of even-odd separated LLFP, especially for the Pd nuclides, the 
neutron knockout reaction has very high reaction controllability. After the even-odd 
separation, 105Pd and 107Pd are left as nuclear waste (105Pd is stable nuclide and 107Pd is 
long-lived one). The (n,2n) reaction produces 104Pd and 106Pd which are both stable, and 
(n,3n) reaction also could be applied to make 103Pd and 105Pd. The 103Pd nuclide is not stable, 
but its half-life is as short as approximately 17 days. The neutron energy range appropriate 
for (n,2n) is 8 – 18 MeV, and giving the cross-section of approximately 2 barns. More 
higher energy neutron beams induce (n,3n), too. The high energy neutron beams could be 
created by high energy deuteron beams via breakup reaction. The broad energy range of 
neutrons is very useful because a wide neutron energy range leads to a high flux neutron 
which is used for transmutation. The target thickness for the neutron knockout reaction is 
determined from mean-free path of the reaction, which is order of 100 g/cm2 in Pd metal.  



334 |   
 

  
  

Figure 1: Transmutation reaction map on reaction controllability and transmutation 
throughput 

 

The other candidate for the reactions is negative muon capture reaction. The negative muon 
capture process has high reaction controllability, too. A negative muon is a unique particle, 
which interacts electromagnetically and weakly, can form a muonic atom, where like an 
electron, the negative muon is trapped by a nucleus. Then, the muon is captured by a proton 
inside the nucleus by weak interaction and the proton is converted to a neutron. The capture 
probability per muon is almost 100% for Z>40 nuclides. Because muon is approximately 
100 times heavier than electron, the energy transfer in the process is rather high and a few 
of neutrons are emitted from the nucleus. Namely, the muon capture has the reaction 
controllability for the proton number and decrements the number by one. This feature of 
the muon capture is very useful for chemical separation. In the case of Pd with atomic 
number of 46, the products are only Rh with atomic number of 45. Although the negative 
muon is very promising, the production of the muon is rather energy consuming. The 
negative muon is created through decay of a negative pion, and pion is created by high-
energy nuclear reaction, for example, proton induced nucleus collision, of which proton 
energy should be higher than 300 MeV. The pion production cross-section highly depends 
on the energy of beams and isospin of beams. Accelerator facilities for muons, such as 
TRIUMF, PSI, RAL and J-PARC, deliver high-energy and intense proton beams with 
energy of more than 500 MeV, and the target thickness is limited to avoid pion capture in 
target. These facilities are not optimised for negative muon productions. Instead of proton 
beams, deuteron beams can produce four times more negative muon than proton beams 
because of isospin effects. In addition, as introduced later, a new acceleration scheme of 
MERIT may make it possible to realise intense muon production with a thin target. In 
addition, muon is useful to produce 14 MeV neutrons via muon catalysed fusion. 

One comment is given to the neutron capture process. The neutron capture cross-section 
for 107Pd is higher than 1 barn at a neutron energy below 100 keV, and 10 barns at 10 eV to 
1 keV. Thus, neutrons produced via spallation reaction are also very useful for the 
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transmutation. In the case of even-odd separation scheme for the Pd nuclides, the neutron 
capture changes 105Pd and 107Pd to be 106Pd and 108Pd, respectively, which are both stable 
nuclides. Thus, combination of the knockout reaction and neutron capture could lead to 
high throughput for transmutation.  

All the above consideration combined, we have decided to design an accelerator system for 
deuteron beams. The deuteron beams are utilised for a variety of applications; spallation 
reaction in direct irradiation as well as spallation neutron production, high energy neutron 
production for the deuteron breakup reaction and efficient production of negative muons. 
According to results and discussions with simulation works in Project 3, the beam energy 
ranges from 40 MeV/u to 200 MeV/u. 

Accelerator system 

Delivering high-energy and intense deuteron beams is essential for the nuclear 
transmutation as described in the previous subsection. The next question is the intensity of 
the deuteron beams. Concerning the existing facilities in operation, the maximum intensity 
of proton beams is in the order of 1 mA. As discussed in the ImPACT project, beam 
intensity necessary for the transmutation is at least 1 A, which is three orders of magnitude 
higher than that of the present facilities. It should be noted that 1 A corresponds to 
approximately 1 mol/day. If all the beams contribute to the transmutation, throughput is 
approximately 100 g/day for the mass number of 100, and 36 kg/year. 

Linear accelerator system ImPACT2017 
To achieve a 1-A deuteron beam, we have made a conceptual design for a linear accelerator 
system called “ImPACT2017” [1]. There are a few key ingredients in ImPACT2017. First, 
the system does not start with a radio-frequency quadrupole (RFQ). Second, the RF cavity 
of the linear accelerator is made as a single cell. The RFQ device is convenient and widely 
employed because one RFQ device has three functions: beam bunching, acceleration and 
focusing. However, a small beam aperture of RFQ (~1 cm) gives a limit of beam current 
due to the space charge effect. Thus, we must develop the other types of the acceleration 
scheme, which is capable for large beam size instead of RFQ. To accelerate a high-intensity 
beam, we must supply high RF power to the cavities. A standard configuration has several 
cells in one cavity, and the RF power is supplied to the cavity through RF couplers. Each 
RF coupler has a limitation of power transmitted, and hence many of RF couplers should 
be attached to the cavity. In this case, multi-cell configuration may cause problems in 
operation. To decrease the number of RF couplers is significant for reasonable operation 
of the linear accelerator, and we have decided to employ a single cell configuration for the 
cavity. 

ImPACT2017 has four sections: ion source and chopper, low beta, medium beta, and high 
beta sections, as shown in Figure 2. At the low beta section, the deuteron beam is 
accelerated up to approximately 5 MeV/u, where single cell cavities with a large aperture 
are sandwiched by focusing magnets. The medium (high) beta section is designed to 
accelerate the beam up to approximately 40 (200) MeV/u. At present, detailed conceptual 
design is being made. 
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Figure 2: Conceptual acceleration scheme of ImPACT2017 model 

 

Cyclotron system 
An alternative way to deliver a 1-A deuteron beam in total is to develop a low-cost 
cyclotron. In general, compared with a linear accelerator, the advantages of a cyclotron are 
space saving and low cost, but one disadvantage is that the maximum beam intensity is 
limited due to the space-charge effect. In the case of a cyclotron which delivers 1-mA 
beams, we need 1 000 cyclotrons to achieve 1-A beams in total. If the total cost of 1 000 
cyclotrons is less than that of ImPACT2017, economically the cyclotron will be promising. 
One of teams in Project 4 challenges in designing such a low-cost cyclotron. Two types of 
cyclotron are considered; ring cyclotron and AVF cyclotron, both with K=400 MeV, which 
corresponds to maximum deuteron energy of 100 MeV/u. A detailed design is being made 
to achieve excellent transmission of more than 99%. 

MERIT system 
A promising accelerator system to realise an energy recovery internal target system for the 
production of intense negative muons is called “MERIT” [2][3][4]. The system has an 
internal target in an FFAG (Fixed Field Alternating Gradient) ring and energy loss at the 
target is recovered by re-acceleration at a radio frequency (RF) cavity installed at the ring. 
The MERIT system is a powerful tool to recycle non-reacted primary beams, and a high 
reaction rate is achieved for transmutation reaction, especially for negative muon 
production with a relatively thin target, because of many turns of charged particles inside 
the ring. A FFAG system in KURNS, Kyoto University has been modified to demonstrate 
the principle of MERIT.  

R&D for key technologies for high-power accelerator systems 

As essential components for high power accelerator systems, a superconducting RF cavity 
for low-velocity charged-particles, a material-free window-system for vacuum sealing and 
a liquid-target system for production targets have been developed by the RIKEN 
accelerator group. 

A superconducting RF cavity is an essential technology to achieve low-power consumption 
and space-saving because high Q and high electric field are both realised in the cavity. 
Compared with protons, deuterons are twice as heavy, and the velocity of deuterons after a 
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given electric potential is 30% lower than protons. That is why the cavity for low velocity 
particle is important. Acceleration of a low velocity particle needs rather low frequency 
acceleration field and the size of cavity becomes large. To avoid the large size, a quarter-
wave type cavity should be designed. In general, quarter-wave type cavities have 
complicated shapes and are rather difficult to fabricate. The resonant frequency is 
determined from the size and shape of the cavity, and due to the high Q of the 
superconducting cavity, the frequency should be very precisely adjusted according to the 
particle velocity and acceleration phase. Thus, dimensions in fabrication should be well 
controlled. Careful treatments for dimension control need time and manpower and hence 
the cost of the cavity is hard to reduce. In this respect, the cavity needs additional frequency 
tuners to change cavity frequency by changing the size or shape of the cavity. A prototype 
of a superconducting quarter-wave type cavity for low velocity deuteron was designed, 
fabricated and tested [5][6]. The cavity was made of a bulk Nb sheet. The resonator was 
successfully cooled down to 4 K with liquid He, and the test was organised and acceptably 
high values of Q (~109) and acceleration electric field (up to 9 MV/m) have been achieved 
[7]. The prototype has the frequency tuner and a test of frequency change is in progress. 
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Reduction and resource recycling of high-level liquid radioactive wastes 
through nuclear transmutation: (6) Disposal for radioactive waste produced 

from separation and transmutation of long-lived fission products 

K. Nishihara*1, M. Kawashima2, R. Fujita2 
1Japan Atomic Energy Agency, Japan; 2Japan Science and Technology Agency, Japan 

The ImPACT project has created the conceptual process of long-lived fission products 
(LLFP) separation and transmutation by full use of accelerator technology. With this 
process, high-level waste (HLW) is transformed into a waste whose major long-life 
nuclides are largely removed and a waste produced after the transmutation process. These 
wastes must be disposed of appropriately. 

In particular, the waste generated by the transmutation process by the accelerator must be 
newly investigated because it contains radionuclides that are not included in the 
conventional high-level waste. 

In this study, the concept of disposal of these wastes was assumed in reference to low-level 
radioactive waste and the scale was estimated. Moreover, the validity of the concept is 
verified by a safety assessment. 
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Reduction and resource recycling of high-level liquid radioactive wastes 
through nuclear transmutation: (7) Estimation of the clearance levels for 
zirconium-93 and palladium-107 in the materials recovered and recycled 

from high-level radioactive wastes 

S. Takahashi1, M. Ikeda1, K. Iwata2, R. Akayama2, S. Tanaka2, 
T. Kubota1, S. Fukutani1, M. Ikegami1, T. Takahashi1 

1Institute for Integrated Radiation and Nuclear Science, Kyoto University, Japan 
2Division of Environmental Science and Technology, Graduate School of Agriculture, 

Kyoto University, Japan 

The lifecycles of palladium and zirconium and the radiation doses from 93Zr and 107Pd 
were investigated to estimate the safety level for releasing them into the environment 
(termed “clearance level”). Statistical data on the use of zirconium and palladium were 
obtained from documents of the government and other organisations. The data on 
environmental behaviour and human exposure were collected from the previous reports 
and proceedings; technical data were also collected from international organisations such 
as the International Atomic Energy Agency (IAEA) and International Commission on 
Radiological Protection (ICRP). Then, by using the collected data, the possible radiation 
doses from the 93Zr and 107Pd contained in commercial products were estimated for 
major exposure pathways and the clearance levels corresponding to a maximum exposure 
of 10 µSv/year were calculated. 

Major exposure to zirconium occurs through the use of zircon or zirconia in heat-resistant 
bricks. When zirconium contains a unit concentration of 93Zr (1 Bq/g) and the dust 
concentration is limited to 2 mg/m3 based on the regulation in Japan, the workers using 
and manufacturing the heat-resistant bricks containing this element may receive a 
maximum radiation dose of 6.9 × 10-5 mSv/y. If this route provided the highest radiation 
doses in all the exposure routes, the clearance level is calculated to be 1.4 × 102 Bq/g. In 
the case of palladium, the highest radiation doses are estimated in the working places 
where palladium products such as those for dental applications are manufactured. 
Assuming the dust concentration to be limited to 2 mg/m3, workers dealing with the 
palladium metal containing 107Pd (1 Bq/g) are estimated to receive a maximum radiation 
dose of 3.17 × 10-6 mSv/y, and the clearance level is 3.16 × 103 Bq/g. These clearance 
levels are relatively higher than those for metal radionuclides such as 60Co, which is 
present in the disposal waste of nuclear power plants; for example, the clearance level for 
60Co in Japan is 0.3 Bq/g 

Introduction 

A research project has been conducted on the recycling and reuse of the rare earth elements 
and platinum group elements recovered from high-level radioactive wastes of the nuclear 
plants in Japan [1]. At present, palladium and zirconium are the target elements for reuse. 
In the recycling process, contamination by a small amount of radioactive nuclides is 
unavoidable. For implementing the reuse process, therefore, it is necessary to determine 
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the safe level of contamination (called the “clearance level”) for the radionuclides in the 
recovered materials. The purpose of the present study is to investigate the life cycle and the 
possible human exposure to these elements in the environment, and to estimate the 
clearance levels for zirconium-93 (93Zr) and palladium-107 (107Pd). A part of this study has 
been reported elsewhere [2]. 

Materials and methods 

Statistical data on the use of zirconium and palladium were obtained from the documents 
of the government documents and other organisations. The data on environmental 
behaviour were collected from the previous reports and proceedings; technical data were 
also collected from international organisations such as the International Atomic Energy 
Agency (IAEA). The parameters related to the human physiology and the dose coefficients 
(conversion factors for ingested or inhaled radioactivity to effective dose) were obtained 
by referring to the publication of the International Commission on Radiological Protection 
(ICRP), the National Health and Nutrition Report of Japan, and the reports of the World 
Health Organisation (WHO). Some parameters, which were not available in the literature 
or needed to be confirmed, were obtained by experiments. These parameters included the 
soil-to-water ratio, dissolution factor in the soil, adsorption ratio in the human gastro-
intestinal organ, and soil-to-plant transfer factor.  

The major exposure pathways were determined based on the above investigations. Then 
the committed effective radiation doses were estimated by using the collected parameters. 
The dose coefficients are those recommended by the ICRP [3]-[5]. The clearance levels 
were defined as the concentrations of radionuclides corresponding to a maximum exposure 
of 10 µSv per year. This is the same value as that used for establishing the clearance levels 
of the waste materials released from the nuclear power plants in Japan. 

Results and discussion 

Lifecycle of zirconium and the committed effective dose and clearance level for 
93Zr 
The total amount of zirconium consumed in Japan was reported to have gradually increased 
from 12 383 to 18 302 tons per year between 2005 and 2014. Approximately 70% was used 
in the manufacture of heat-resistant bricks and electronic devices. In general, zirconium 
was not recycled [6].  

One of the major exposure pathways to radio-zirconium may be the use of zircon or zirconia 
in heat-resistant bricks. When zirconium contains a unit concentration of 93Zr (1 Bq/g) and 
the dust concentration is limited to 2 mg/m3 based on the regulation in Japan, the workers 
exposed to dust or aerosols of heat-resistant bricks containing this element may receive a 
maximum radiation dose of 6.9 × 10-5 mSv/y. If this route provided the highest radiation 
dose, the clearance level (the concentration resulting in an annual dose of 1 × 10-2 µSv) is 
calculated as 1.4 × 102 Bq/g. The parameters used for this estimation are summarised in 
Table 1. The equation used for determining the committed effective dose is 

𝐸𝐸𝑖𝑖𝑜𝑜ℎ,𝑊𝑊𝑙𝑙𝑊𝑊𝑊𝑊 = 𝐶𝐶𝑐𝑐𝑑𝑑𝑠𝑠𝑠𝑠・𝐶𝐶𝑍𝑍𝑊𝑊,𝑐𝑐𝑑𝑑𝑠𝑠𝑠𝑠・𝑉𝑉𝑤𝑤𝑙𝑙𝑊𝑊𝑊𝑊・𝑡𝑡𝑒𝑒,ℎ𝑙𝑙𝑑𝑑𝑊𝑊・𝐶𝐶𝑍𝑍𝑊𝑊,𝐵𝐵𝑒𝑒・𝑒𝑒𝑖𝑖𝑜𝑜ℎ,𝑍𝑍𝑊𝑊 (1) 

Here,  𝐸𝐸𝑖𝑖𝑜𝑜ℎ,𝑊𝑊𝑙𝑙𝑊𝑊𝑊𝑊 : committed effective dose per year, 𝐶𝐶𝑐𝑐𝑑𝑑𝑠𝑠𝑠𝑠 : dust concentration in air, 
𝐶𝐶𝑍𝑍𝑊𝑊,𝑐𝑐𝑑𝑑𝑠𝑠𝑠𝑠: concentration of zirconium in dust, 𝑉𝑉𝑊𝑊𝑙𝑙𝑊𝑊𝑊𝑊: respiratory volume, 𝑡𝑡𝑒𝑒,ℎ𝑙𝑙𝑑𝑑𝑊𝑊: duration 
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of exposure, 𝐶𝐶𝑍𝑍𝑊𝑊,𝐵𝐵𝑒𝑒 : activity concentration of 93Zr, and 𝑒𝑒𝑖𝑖𝑜𝑜ℎ,𝑍𝑍𝑊𝑊 : dose coefficients for 
inhalation of 93Zr. 

Zirconium is also used as a metal, especially for fuel claddings and channel boxes in nuclear 
reactors, and the workers manufacturing these products may be exposed to dust or fumes 
of this metal. Although the total amount used for this application is small (only 180 tons 
annually), workers may receive approximately two times higher dose than that estimated 
above for heat-resistant bricks. In the other scenarios, for example, disposal of heat resistant 
bricks into land, the estimated radiation doses were much smaller than those in the above 
scenario. 

Table 1: Parameters used for estimating the radiation doses in workers dealing with 
zirconium heat resistant bricks 

Parameters Values References and origin 

𝑪𝑪𝒏𝒏𝒅𝒅𝒅𝒅𝒕𝒕 Dust concentration in air 2 mg/m3 Regulation in Japan (Maximum permissible 
concentration) [7] 

𝑪𝑪𝒁𝒁𝒓𝒓,𝒏𝒏𝒅𝒅𝒅𝒅𝒕𝒕 Concentration of zirconium 
in dust 48% Catalogue data of manufacturer 

𝑽𝑽𝑾𝑾𝒎𝒎𝒓𝒓𝒌𝒌 Respiratory volume 1.2 m3/h ICRP Pub 23,Worker [3] 
𝒕𝒕𝒆𝒆,𝒉𝒉𝒎𝒎𝒅𝒅𝒓𝒓 Duration of exposure 2 400 h/y 97 percentile value in Japan 

𝑪𝑪𝒁𝒁𝒓𝒓,𝑩𝑩𝑩𝑩 Activity concentration of 
93Zr 1 Bq/g Unit activity for calculation 

𝒆𝒆𝒊𝒊𝒏𝒏𝒉𝒉,𝒁𝒁𝒓𝒓 Dose coefficients for 
inhalation of 93Zr 

2.5E-08 
Sv/Bq ICRP Pub 119, Class F, 1 m in diameter [4][5] 

Lifecycle of palladium and the committed effective dose and clearance level for 
107Pd 
Approximately 94 tons of palladium are consumed in Japan annually. Palladium is mainly 
used as a catalyst for automobile exhaust gases, dental prostheses, and in jewellery. 
Approximately 50% of palladium is used in Japan for the production of automobile 
catalysts. Its usage in dental prostheses is very common in Japan and presents a specific 
route for palladium ingestion by the Japanese compared to the Europeans.  

The fine palladium particles originating from the exhaust catalyst of automobiles are very 
common sources for public exposure to palladium. When palladium contains a unit 
concentration of 107Pd (1 Bq/g), the public (adult) may receive a maximum dose of 3.27 × 
10-12 mSv/y. The parameters used for this estimation are summarised in Table 1. The 
equation used is as follows: 

𝐸𝐸𝑖𝑖𝑜𝑜ℎ,𝑃𝑃𝑑𝑑𝑏𝑏 = 𝐶𝐶𝑐𝑐𝑑𝑑𝑠𝑠𝑠𝑠・𝑉𝑉𝑃𝑃𝑑𝑑𝑏𝑏・𝑡𝑡𝑒𝑒,ℎ𝑙𝑙𝑑𝑑𝑊𝑊・𝐶𝐶𝑃𝑃𝑐𝑐・𝑒𝑒𝑖𝑖𝑜𝑜ℎ,𝑃𝑃𝑐𝑐 (2) 

Here, 𝐸𝐸𝑖𝑖𝑜𝑜ℎ,𝑃𝑃𝑑𝑑𝑏𝑏 : committed effective dose per year, 𝐶𝐶𝑐𝑐𝑑𝑑𝑠𝑠𝑠𝑠: concentration of palladium in 
air, 𝑉𝑉𝑃𝑃𝑑𝑑𝑏𝑏: respiratory volume,  𝑡𝑡𝑒𝑒,ℎ𝑙𝑙𝑑𝑑𝑊𝑊: duration of exposure, 𝐶𝐶𝑃𝑃𝑐𝑐: activity concentration of 
107Pd, and 𝑒𝑒𝑖𝑖𝑜𝑜ℎ,𝑃𝑃𝑐𝑐: dose coefficients for inhalation of 107Pd. 
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Table 2: Parameters used to estimate radiation doses in public exposed to the aerosol of Pd 
released from automobile exhaust catalysts 

Parameters Values References and origin 

𝑪𝑪𝒏𝒏𝒅𝒅𝒅𝒅𝒕𝒕 Dust concentration in air 683 pg/m3 The highest concentration of Pd in atmosphere 
reported previously [8] 

𝑽𝑽𝒆𝒆𝒅𝒅𝒃𝒃 Respiratory volume 22.2 m3/d ICRP Pub 23, Public adult [3]  
𝒕𝒕𝒆𝒆,𝒉𝒉𝒎𝒎𝒅𝒅𝒓𝒓 Duration of exposure 365 d 97 percentile value in Japan [9] 

𝑪𝑪𝑭𝑭𝒏𝒏 Activity concentration of 
107Pd  1 Bq/g Unit activity for calculation 

𝒆𝒆𝒊𝒊𝒏𝒏𝒉𝒉𝑭𝑭𝒏𝒏 Dose coefficients for 
inhalation of 107Pd 

5.90E-10 
Sv/Bq ICRP Pub 119, Class S, 1  m in diameter [4][5] 

In the four major exposure pathways, the annual committed effective dose and the 
concentration of 107Pd were estimated (Table 3). Oral ingestion of the palladium dissolved 
from dental prostheses is a scenario specific to the Japanese. Since the maximum daily 
intake of palladium through this pathway is reported to be 15 mg/day by the WHO [10], 
the committed effective dose is calculated to be 2.03 × 10-10 mSv/y.  

The highest radiation dose was estimated for the workers manufacturing products such as 
those used in dental applications. Assuming that the dust concentration of palladium in the 
working place is 2 mg/m3 and that it contains 107Pd at the concentration of 1 Bq/g, the 
committed effective doses are calculated to be 3.17 × 10-6 mSv/y and 1.67 × 10-6 mSv/y for 
particles with diameters of 1 µm and 5 µm, respectively. If this route poses the highest 
radiation doses in all the exposer routes, the clearance level is calculated to be 3.16 × 103 
Bq/g. 

Table 3: Highest effective doses for each of the four exposure pathways and concentrations 
of 107Pd (Bq/g) providing a total exposure of 10 µSv/y 

 Highest dose 
(mSv/y) 

Concentration (Bq/g) which may 
give 10 Sv /y Specification 

Automobile catalyst 3.27E-12 3.06E+09 Adult, Public, Class S 
Food and drinking 
water 1.28E-10 7.84E+07 1 year age group 

Dental appliance 2.03E-10 4.94E+07 Adults, Public 
Occupational 
inhalation 3.17E-06 3.16E+03 Adults, Worker, Class S 
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Calculation of deuteron-induced reaction cross-sections for 
nuclear transmutation of long-lived fission products 

S. Nakayama*1, N.Furutachi1, O. Iwamoto1, Y. Watanabe2 
1Japan Atomic Energy Agency, Japan;  

2Department of Advanced Energy Engineering Science, Kyushu University, Japan 

It is important to convert long-lived fission products (LLFP) generated in nuclear reactors 
to stable or short-lived nuclides. Recently, attention has centred on transmuting LLFPs by 
spallation reactions with high energy particles, and some experimental studies revealed 
that spallation reaction cross-sections induced by deuteron are larger than proton-induced 
ones. These results suggest that nuclear transmutation of LLFPs using deuteron beams may 
be more efficient than one using proton beams.  

For a feasibility study of nuclear transmutation with high energy deuteron beams, accurate 
cross-section data of deuteron-induced reactions over a wide range of target mass numbers 
and incident energies are indispensable. However, currently available experimental and 
evaluated data of deuteron-induced reactions are not necessarily sufficient for this.  

On the other hand, we have been developing a code system dedicated for deuteron-induced 
reactions, called DEURACS. DEURACS was originally developed for the design of 
deuteron accelerator neutron sources and was successfully applied to particle emissions 
from deuteron-induced reactions on light and medium nuclei up to 58Ni. In the present 
study, we apply DEURACS to the calculation of deuteron-induced spallation reactions on 
LLFPs (93Zr, 107Pd, etc.). Through a comparison with recent experimental data, the 
applicability of DEURACS will be discussed.  

Introduction 

Hundreds of nuclear power plants have so far been operated and contributed to energy 
supply in the world. Long-lived fission products (LLFP) produced in a nuclear reactor 
require long-term management beyond the history of civilisation and thus it is important to 
convert them into stable or short-lived nuclides. Quite recently, it was proposed to 
transmute several LLFPs by spallation reactions with high energy particles, and some 
experimental studies have revealed that cross-sections of deuteron-induced spallation 
reactions on 93Zr and 107Pd are larger than those of proton-induced ones [1][2]. These results 
suggest that nuclear transmutation of LLFPs using deuteron beams is more efficient than 
one using proton beams. In addition, deuteron-induced reactions are expected to emit more 
secondary neutrons, which can also contribute to further transmutation in a target system. 

For the feasibility study of nuclear transmutation with high energy deuteron beams, 
accurate cross-section data of deuteron-induced reactions over a wide range of target mass 
numbers and incident energies are indispensable. Isotopic production cross-sections of 
residual nuclei are especially important to estimate conversion rates into stable or short-
lived nuclei and production rates of other undesirable long-lived ones. However, currently 
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available experimental and evaluated data of deuteron-induced reactions are not necessarily 
sufficient for this. In such a case, reliable theoretical model calculations play a key role in 
providing the necessary cross-section data. 

With this situation in mind, we have been developing a code system dedicated to deuteron-
induced reactions, which is called DEURACS [3][4]. DEURACS was originally developed 
for the design study of deuteron accelerator neutron sources. It had been mainly applied to 
particle emissions from deuteron-induced reactions on light and medium nuclei up to 58Ni. 
In the present study, we apply DEURACS to the calculation of production cross-sections 
of residual nuclei from deuteron-induced spallation reactions on 93Zr and 107Pd, which are 
typical LLFPs with the half-lives of 1.6 × 106 and 6.5 × 106 years, respectively. Through 
comparison with the recent experimental data reported in references [1] and [2], we discuss 
the applicability of DEURACS to the deuteron-induced spallation reactions on LLFPs. 

Models and methods 

DEURACS consists of several calculation codes based on theoretical models to describe 
the respective reaction mechanism characteristics of deuteron-induced reactions. Deuteron 
breakup processes, namely the elastic breakup and the non-elastic breakup, are calculated 
using the codes based on the continuum-discretised coupled-channels (CDCC) theory [5] 
and the Glauber model [6], respectively. In addition to that, pre-equilibrium and compound 
nucleus processes are calculated by the exciton model and the Hauser-Feshbach statistical 
models implemented in the CCONE code [7], respectively. 

As shown in Figure 1, in deuteron-induced reactions, three types of composite nuclei can 
be formed by the absorption of either a neutron or proton in the incident deuteron, or the 
deuteron itself. In DEURACS, a calculation of residual nucleus production taking these 
effects into account is performed by combining the Glauber model and the subroutines of 
CCONE. As mentioned above, the former is used to calculate the direct processes leading 
to the formation of a highly excited nucleus, namely non-elastic breakup and deuteron 
absorption. Note that elastic breakup does not contribute to formation of an excited nucleus. 
The latter is used to calculate the decay process of the highly excited nucleus. For the 
detailed calculation method, see reference [4]. 

On the other hand, in the conventional codes for nucleon-induced reactions, such as 
CCONE, composite nuclei are formed only from the deuteron absorption because of the 
absence of deuteron breakup processes. Therefore, these computational codes are not 
necessarily adequate for deuteron-induced reactions. 
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Figure 1: Schematic view of residual nucleus production in deuteron-induced reactions 

 

Results and discussion 

Figure 1 shows the calculated and experimental isotopic production cross-sections for the 
93Zr + d reaction at 105 MeV/nucleon. The experimental data are taken from reference [2]. 
For comparison, we also present the calculation results using only the CCONE code, in 
which the deuteron breakup processes are not taken into account. As shown in the figure, 
obvious differences are seen between the two calculations and DEURACS reproduces the 
experimental data well in the wide range of mass number A. These differences are due to 
the explicit treatment of the deuteron breakup processes in DEURACS as discussed in 
reference [4]. 

Figure 2: Isotopic production cross-sections for the 93Zr + d reaction at 105 MeV/nucleon 

  

Next, to investigate the applicability of DEURACS to another target nucleus, the 107Pd + d 
reaction at 118 MeV/nucleon was analysed. The results are presented in Figure 3. The 
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experimental data are taken from reference [1]. From the figure, it can be confirmed that 
DEURACS is applicable to the 107Pd + d reaction to the same extent as the 93Zr + d reactions. 
From these results, it can be said that the framework of DEURACS is applicable to 
deuteron-induced spallation reactions on LLFPs around 100 MeV/nucleon. 

Figure 3: Isotopic production cross-sections for the 107Pd + d reaction at 118 MeV/nucleon 

 
 

Summary and outlook 

We calculated the isotopic production cross-sections of residual nuclei in the 93Zr + d and 
107Pd + d spallation reactions at around 100 MeV/nucleon using the code system called 
DEURACS, in which breakup processes of the incident deuteron are explicitly taken into 
account. The cross-sections calculated with DEURACS reproduced the experimental data 
well over a wide range of mass numbers of residual nuclei. These results have demonstrated 
the applicability of DEURACS to deuteron-induced spallation reactions. As part of our 
future work, we plan to perform further validation of DEURACS for various target nuclei 
and deuteron incident energies. 
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2National Nuclear Laboratory, United Kingdom 
3University of Manchester, School of Mech. Aero. and Civil Eng., United Kingdom 
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The energy trilemma and United Nations development goals are the drivers for the future 
of energy research with a strong and urgent demand for reliable low-carbon technologies 
to fulfil the low-carbon strategies. In 2007, the United Kingdom formally re-introduced 
nuclear power into its overall energy policy, leading to subsequent plans to build light water 
reactors. This decision, along with the closing down of reprocessing, creates a demand for 
novel technologies to deal with spent fuel. The topic of disruptive, advanced system 
development has recently received a strong push by the formation of the Green Frontiers 
Initiative of the International Atomic Energy Agency (IAEA). In addition, the 
internationally leading Generation IV projects Astrid and Proryv have been de facto 
stopped recently – thus the time window to create new, post-Generation IV solutions 
bringing together massive power production and a solution for partitioning and 
transmutation (P&T) is ideal.  

The iMAGINE project forms the basis for a detailed investigation and development of a 
disruptive nuclear energy production technology based on molten salt reactors (MSR) and 
their related fuel cycle (FC) with significantly improved sustainability indices and 
economic performance by : 

• avoiding the major source of eco toxicity and carbon emissions of the front end of 
the FC; 

• avoiding enrichment causing the major energy consumption and reduce risk of 
proliferation; 

• reducing waste production and storage demand by the reuse of spent fuel; 

• eliminating the established reprocessing reducing energy demand and proliferation 
concerns; 

• fulfilling P&T requirements as side effect. 

An improved economic performance is also sought by: 

• avoiding reprocessing as a prior step into a closed FC; 

• replacing traditional reprocessing with a strong demand driven salt clean-up; 

• applying low pressure technology in the primary and secondary power generation 
systems; 
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• avoiding solid fuel production, the major cost of the fast reactor FC. 

Currently, the iMAGINE project with a volume of ~GPB 7m is in the proposal phase.  

The iMAGINE project intends to take a new approach to public engagement by adopting 
contemporary and emerging social science practices. An overview will be given of the 
‘hybrid forum’ methodology in public consultation and how this will be employed within 
iMAGINE. In addition the project will take an ethnographic approach to test how the 
concept of a nuclear ‘green future’ can mobilise interested publics. The presentation will 
explore the concept of ethnography and how we intend to deploy it on iMAGINE.  
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Modelling a fast molten salt reactor with ORION 

E. Davidson14, B. Betzler1, R. Gregg2, A. Worrall1 

1Oak Ridge National Laboratory, United States 
2National Nuclear Laboratory, United Kingdom 

Molten salt reactors (MSR) are being actively pursued by several private companies in the 
United States and elsewhere as a viable technology that can enable a low-carbon future. 
These companies have invested heavily in the design of different types of MSRs. This has 
led to a response from the US Department of Energy (DOE) to provide assistance in 
furthering R&D in this area by fostering collaboration between US national laboratories 
and industry through the Gateway for Accelerated Innovation in Nuclear (GAIN) initiative.  

With the renewed interest in MSRs, the full paper will focus on analysing a single-stage 
MSR in a systems dynamics fuel cycles tool, ORION. Oak Ridge National Laboratory 
(ORNL) has chosen ORION, developed and maintained by the National Nuclear 
Laboratory (NNL) in the United Kingdom, to model fuel cycle scenarios. A single-stage 
MSR was set up in ORION using the ORIGEN reactor library for a fast MSR under 
analysis. The ORION results will be presented in this paper along with the results from the 
reactor physics model to compare the trends in various output of interest. 

The isotopic content of the salt evolves over time in an MSR. Certain MSR designs never 
reach equilibrium and continuously evolve over the entire life of the reactor. During the 
process of setting up the ORION MSR model, several assumptions had to be made to input 
parameters in ORION due to the current inability to account for certain behaviours 
inherent to MSRs. The model, these assumptions, and conclusions will be discussed in 
further detail in the full paper 

Introduction 

Molten salt reactor (MSR) concepts are being developed by several private companies as a 
potential technology to enable a low-carbon future. Large investments of private capital 
into advanced reactor concepts [1] have led to a response from the United States (US) 
Department of Energy (DOE) to provide assistance in furthering R&D in this area by 
fostering collaboration between US national laboratories and industry (e.g. through the 
Gateway for Accelerated Innovation in Nuclear initiative). These collaborations take 
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advantage of the resources available at all the institutions to deploy advanced reactors in 
the near future.  

The isotopic content of the salt evolves over time in an MSR. In the MSR design analysed 
in this work, the isotopic content reaches equilibrium after approximately 20 years of 
operation. Certain MSR designs never reach an equilibrium and continuously evolve over 
the entire life of the reactor. These isotopic variations are difficult to model in current fuel 
cycle codes because they were designed for modelling existing reactors based on batch 
fuelling schemes. The models and assumptions will be discussed in further detail herein. 

This paper focuses on analysing a fast-spectrum MSR (FSMSR) in the systems dynamics 
fuel cycles tool ORION [2] to understand the current capabilities of modelling MSRs and 
to identify potential deficiencies and sources of inaccuracies. A single-stage MSR fuel 
cycle was set up in ORION using an ORIGEN [2] reactor library generated for a specific 
FSMSR [4]. The comparison between ORION and a SCALE-based [5] reactor physics 
model [6] results provide confidence in the ORION MSR fuel cycle simulation capability. 

ORION 

Oak Ridge National Laboratory (ORNL) uses ORION, a systems dynamics fuel cycles 
code developed and maintained by the National Nuclear Laboratory (NNL) in the 
United Kingdom, to model fuel cycle scenarios. It can simulate the full range of nuclear-
related facilities, including storage facilities, fabrication and enrichment plants, 
reprocessing facilities, and reactors. These items can be defined on a canvas and are 
connected to form a fuel cycle model. The code can track over 2 500 nuclides and can 
model decay and in-reactor irradiation. While ORION can track an extremely large number 
of nuclides, it can also follow a much simpler series of decay chains involving any number 
of nuclides or even idealised (or lumped) material types (e.g. fission products, uranium, 
transuranic materials). The simulations defined in ORION are time dependent, so the 
evolution of these quantities can be tracked over time, including transition time from one 
fuel cycle to another. 

ORION calculations use either recipes or cross-sections to generate depleted fuel isotopic 
compositions. Prior to an ORION analysis, detailed lattice physics calculations are 
completed to generate recipes or burn-up-dependent cross-section libraries for ORION. 
Recipes are tabulated isotopic fractions for a given fuel burn-up and are used as transfer 
coefficients in ORION for each reactor and fuel type. The recipe approach to modelling 
spent fuel from a reactor is to precalculate the spent fuel isotopic compositions at a given 
burn-up and for a given fresh fuel composition. Although this approach is suitable for 
modelling fuel cycles with a fixed input composition or fuel cycles already at equilibrium, 
it fails to accurately model more complex scenarios involving multi-reuse or continuously 
recycling fuel. It also fails to model isotopic changes that occur during transition and on 
the approach to equilibrium. 

Cross-sections can be generated using lattice physics models set up in CASMO [7], ECCO-
ERANOS [8], FISPIN [9], or SCALE. With recent ORION developments, there are two 
means of using cross-sections with ORION: the ORION MMEMS Pseudo Reactor (MPR) 
mode or direct coupling to SCALE/ORIGEN. For the ORION MPR mode, stand-alone 
utility codes were developed and used to reformat the one-group cross-sections from 
SCALE into an ORION burn-up-dependent cross-section library format. For direct 
coupling of SCALE/ORIGEN to ORION, cross-section libraries generated from a 
SCALE/TRITON calculation were used to perform fuel inventory calculations using the 
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ORIGEN CRAM solver. Using a method that employs microscopic cross-sections and 
explicit solving of the Bateman Equation offers some flexibility during model development 
when the specifics regarding reactor operations and fresh fuel compositions are not fully 
known.  

A dynamic reactor control functionality in ORION enables automated deployment of 
reactors based on various conditions such as fissile material in store, growth rate of nuclear 
energy, and commissioning or decommissioning profiles of reactors in the model. ORION 
can predict the availability of fissile material and assess which reactor type to build. The 
user can also set stream priorities to favour specific fissile material pathways into a 
reprocessing facility with different fractions of feed from different streams. 

Finally, recent interest in modelling MSRs prompted an effort to include capabilities in 
ORION to simulate the continuous flow of material through MSRs. Recipes cannot be used 
to accurately analyse MSRs in ORION. The latest ORION version providing for coupling 
to SCALE/ORIGEN was used to analyse the single-stage MSR presented herein. When 
using the ORIGEN library, ORION uses ENDF/B-VII.1 data that is available with 
Version 6.2 of the SCALE package. As SCALE/TRITON was used to perform the reactor 
physics calculation, the results from ORION using the ORIGEN library are expected to be 
consistent with the reactor physics calculation. The next section will discuss the MSR 
reactor physics model. 

MSR reactor physics model 

The FSMSR reactor physics analysis is based on a modified design of a molten chloride 
fast breeder reactor (MCFBR) utilising a uranium/plutonium (U/Pu) fuel cycle [10]. This 
MCFBR design is notable for its two-stream system in which one stream circulates within 
the core. The first stream is a PuCl3-NaCl fuel salt located at the centre of the cylindrical 
reactor, and the second stream is the UCl3-NaCl coolant salt located in the annular blanket 
surrounding the core region (axially and radially) [11]. The FSMSR analysed herein is a 
single-fluid design that combines these two salts to be more similar to expected modern 
chloride MSR designs (Table 1).  

Table 1: Important core parameters 

Parameter Value 
Power 2 050 MWt (1 025 MWe) 
Salt composition (Pu,U)Cl3-NaCl  

30.5-69.5  
Salt temperature 1 023 K 
Salt volume 12.35 m3 

 

A Python script known as ChemTriton [6] is used to model the operation of the FSMSR. 
ChemTriton is a tool developed at ORNL that is capable of modelling the changing 
isotopics of a fuel salt during reactor operation. This tool models salt treatment, separations, 
discards and fuelling using single- or multi-zone unit cell models. It iteratively runs 
SCALE/TRITON over small time steps to deplete the fuel salt and collects mass flow 
information at the end of the simulation. ChemTriton builds upon earlier ORNL efforts 
modelling MSRs with SCALE [12][13] by updating to SCALE 6.2 and expanding the 
capabilities offered for MSR models. 
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The simulations for the FSMSR used a single representative zone 2D unit cell model. No 
structural components were represented in these models to simplify the analysis. The 
analysis uses three-day depletion time steps. This time step is sufficient to capture the 
removal rates of the fission products, although a coarser time step could yield accurate 
results for fast systems. The salt treatment and processing cycle times are set to three days 
for all fission products (Table 2) in order to remove them at each time step. In addition to 
these material removals, there is a continuous plutonium removal (2875-day cycle time) 
for the coolant salt. This cycle time was selected following a parametric study to determine 
the Pu removal rate necessary to maintain a near-constant k-eff for the unit cell model.  

Table 2: Cycle times for removals in MCFBR salt treatment and separations 

Processing Type Processing Group Elements Removal Fraction 

Salt treatment 

Volatile gases Xe, Kr 1 

Noble metals Se, Nb, Mo, Tc, Ru, Rh, 
Pd, Ag, Sb, Te 1 

Seminoble metals Zr, Cd, In, Sn 1 
Volatile halides Br, I 1 

Salt processing 
Rare earth elements 

Y, La, Ce, Pr, Nd, Pm, Sm, 
Gd 1 

Eu 1 
Discard Rb, Sr, Cs, Ba 1 
Plutonium Pu 0.00104 

 

The initial salt compositions were determined by material information taken from available 
literature (Table 3 and Table 4). Depleted Uranium (DU) was used as the uranium in the 
initial core and feed. The initial isotopic composition of the Pu in the fuel salt was assumed 
to be Pu from a fast reactor because this isotopic distribution was similar to the Pu generated 
in this fast spectrum.  

Table 3: Depleted uranium isotopic vector for the FSMSR initial core and feed 

Isotope Weight % 
U-234 0.0001 
U-235 0.1224 
U-236 0.0185 
U-238 99.859 

Source: [14] 

Table 4: Plutonium isotopic vector for the FSMSR initial core 

Isotope Weight % 
Pu-238 0.076 
Pu-239 94.289 
Pu-240 5.306 
Pu-241 0.242 
Pu-242 0.087 

Source: [14] 
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ORION MSR model 

A fast spectrum MSR model was set up in ORION using input parameters calculated from 
a reactor physics simulation. 

Figure 1 shows the ORION MSR model for a single reactor. The MSR BOL fuel fabrication 
facility is only active during start-up. It loads the MSR with start-up U/Pu fuel. The fuel 
salt then moves through the MSR Salt Recycle facility where excess Pu and all the fission 
products are removed from the fuel salt. The fuel salt is then divided into two streams. The 
first stream contains only the recycled Pu and moves through the Recycled Pu facility, and 
the second stream contains all other heavy metals (HM) and moves through the Recycled 
Salt without Pu buffer. This set-up is necessary in ORION because there is no mode to 
directly connect a passive plant, e.g. MSR Salt Recycle, to a fabrication plant such as MSR 
Recycle or MOX Top-off Feed. While diverting the fuel salt through these buffers, Recycled 
Pu and Recycled Salt without Pu, the fuel salt experiences a one-time step lag, which in the 
case of this model is 1 year.  

The stream from Recycled Pu will pass through MSR Recycle facility; however, the MSR 
Recycle plant has to be connected to a carrier stream (DU) even though the fissile material 
is not being mixed with any carrier material at this point. It is important to set up a dummy 
carrier stream in ORION because the stream from Recycled Pu is defined as a fissile stream. 
This fissile stream must have a carrier stream defined within the MSR Recycle fuel 
fabrication facility even if there is no material being pulled from the carrier stream.  

Similarly, the remaining fuel salt containing all the HM excluding Pu comes from Recycled 
Salt without Pu and passes through the MOX Top-Off Feed fabrication facility. In order to 
accurately account for the DU top-off feed, the top-off feed from the DU and the salt from 
Recycled Salt without Pu are considered to be “fissile” streams in the MOX Top-Off Feed 
facility. Because both these streams are considered to be fissile streams, ORION requires 
a carrier stream to be defined. For this reason, a dummy Carrier facility is connected to the 
MOX Top-Off Feed fabrication facility even though no material flows through this stream. 
Again, this is to account for the mass flows correctly, and these objects were originally set 
up with the intention of modelling current reactors. Modelling MSRs requires new logic 
and assumptions that would not be typical when modelling other reactors.  

Finally, when the MSR reaches its end of life (EOL), the salt passes through the MSR Final 
Core Path facility where it resides for a few years for cooling before it is sent into storage. 
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Figure1: ORION Equilibrium MSR Model 

 

Input parameters 
The MSR model in ORION was set up using simplifying assumptions to enable 
benchmarking between the reactor physics data and ORION. Table 5 shows the input 
parameters defined in the ORION MSR model. 

Table 5: MSR input parameters 

Heavy metal load (MT) 26.11 
Thermal power (MWth) 2 050 
Thermal efficiency (%) 50 
Electrical power (MWe) 1 025 
Load Factor (%) 100 
Simulation time (years) 20 
Time step (year) 1 
%Pu/HM at start-up 10.298 
Fuel salt density (g/cm3) 2.11458 
Power density (W/gHM) 77.1538 
Pu removal fraction 1.270430E-01 
Pu recycled fraction 8.729570E-01 

 

A simulation time of 20 years was selected in order to be consistent with the simulation 
time of the reactor physics model. This is not necessarily indicative of the designed 
operational lifetimes of FSMSRs. The depletion time steps in the ORION simulation were 
set to one year, whereas those in the reactor physics model were three days. It is not possible 
to have a time step less than one month in ORION. Therefore, all the reactor physics data 
would have to be adjusted from three-day time steps to a time step that can be defined in 



358 |   
 

  
  

ORION (one month, two months, three months, four months, six months, and one year). 
To keep the conversions simple for testing purposes, a one-year time step was chosen. 

The HM load is not a constant value in the reactor physics simulation. The fuelling 
assumption in the reactor physics simulation maintains a constant U-238 loading in time, 
as minor actinides build up in the fuel salt over time, increasing the HM load. In addition, 
fission products build up in the fuel salt over time, acting as poisons and absorb neutrons, 
contributing to negative reactivity in the system. To offset this effect, a larger fissile loading 
is required to add positive reactivity to the system. ORION cannot account for this 
increasing HM load. Thus, it was assumed that the HM load used in the ORION simulation 
would equal the HM load at the beginning of the reactor physics simulation, which is 
26.11 MT. This assumption is the main cause of the differences seen between the results 
from ORION and the reactor physics simulation. 

The Pu content in the reactor also varies over time because U-238 is converted to Pu-239; 
however, a fraction of the Pu is removed after each time step in the ORION simulation. 
The plutonium removal fraction from the salt is 1.04 × 10-3 every three days. When 
converting this to a one-year time step, it is multiplied by a factor of 121.75. Therefore, the 
recycled Pu fraction is 0.873, as shown in Table 5. Thus, the fissile material in the MSR 
varies with time and the %Pu/HM will also vary with time. This variation in fissile material 
as a function of time cannot be defined in ORION as an input parameter. Therefore, the 
start-up %Pu/HM is based on the average %Pu/HM in the simulation over 20 years of the 
reactor physics simulation. 

The increasing HM load and %Pu/HM lead to decreasing specific power over the 
simulation period. Once again, this evolution in the specific power cannot be defined in 
ORION, and the average specific power over the 20-year simulation was used as the input 
parameter. The increasing HM load also affects the fuel density. Because the start-up load 
of 26.11 MT was used as the core load input parameter in ORION, the fuel density was 
also assumed to stay constant and corresponded with the start-up HM.  

The entire simulation was set up using a one-year time step while assuming that 99.71% of 
the core would fully circulate through the loop after a year. In reality, 100% of the fuel salt 
would have passed through the loop at the end of a year, but ORION uses a value of 99.71% 
due to round-off effects in the input parameters specified within ORION. 

Results for single-stage MSR model 

All the plots in this section show the loaded and discharged inventories for various elements 
or isotopes of interest, as simulated in the ORION-ORIGEN calculations. These results are 
compared with the inventories calculated by the reactor physics code, SCALE. In the 
figures presented in this section, RP-data represents the results from the reactor physics 
model, ORION-loaded-origen represents the results from ORION calculated using 
ORIGEN reactor library for fuel salt going into the MSR, and ORION-discharged-origen 
represents the results from ORION calculated using the ORIGEN reactor library for fuel 
salt exiting the MSR. 

Figure 2 shows the total HM loading in the reactor physics model and in the ORION 
models. The results from ORION show that the HM loading stays constant at around 
26.035 MT and is 25.28 MT at discharge. The HM loading in ORION is 26.035 MT instead 
of 26.11 MT at the start of the simulation. These differences result from the model 
constraints and round-off effects described in the previous section.  
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Figure 3 shows the annual Pu mass in the fuel. The average %Pu/HM was defined as the 
input parameter in ORION since the user cannot define the varying %Pu/HM over time as 
an input parameter. All the Pu isotopes in the salt are considered fissile, and thus the %Pu 
in the load is underestimated because the total loading does not increase over time and 
hence reduces the need for any additional fissile material in the fuel salt. 

The Pu loading is slightly underestimated, whereas the Pu discharged agrees well with the 
Pu content in the fuel salt. In the reactor physics model, the Pu removed per time step is 
very small since the time steps are three days. In the ORION model, the one-year time step 
is large in comparison to the reactor physics model, and therefore a larger amount of Pu is 
removed at each time step instead of the gradual change that would be seen with a three-
day time step. Hence, the %Pu/HM is going to be much different and agrees better with the 
fuel salt discharged than the fuel salt loaded in the ORION MSR model.  

Figure 2: Annual heavy metal flow 
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Figure 3: Annual Pu mass flow 

 

Figure 4 shows the Pu removal rate. This rate differs from the adjusted reactor physics data 
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isotopic contents of the fuel salt approach equilibrium towards the end of the simulation, 
the Pu-239 content of the fuel salt is in better agreement with the discharged fuel salt. As 
discussed earlier, this is due to the large time steps in ORION; the discharge isotopic 
composition in the fuel salt is in better agreement with the reactor physics data towards the 
end of the simulation. 
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Figure 4: Pu removal rate 

 

Figure 5: U-238 top-off feed rate 
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Caesium (Cs) is discarded through salt processing from the fuel salt. ORION predicts ~60% 
higher removal rate than the reactor physics calculations, suggesting that there is too much 
Cs being removed in the fuel cycle model as compared with the reactor physics model. 
Iodine (I) is a volatile halide, and ORION predicts a 65% higher removal rate. Ruthenium 
(Ru) is a noble metal, and ORION predicts ~24% lower removal rate than the reactor 
physics calculations. ORION slightly overpredicts xenon (Xe) removal rates by ~9%, 
which is in good agreement with the reactor physics model. ORION slightly underpredicts 
the zirconium (Zr) removal rate by ~5%, which once again is in good agreement with the 
reactor physics model. Figure 13 shows the Nd-148 removal rate. ORION and the reactor 
physics data differ by only ~5%, which is a minor difference, suggesting that the burn-up 
of the system is correct since this isotope is directly correlated to the fission rate in a system. 
This isotope is also a stable isotope, suggesting that stable nuclides can be simulated with 
better agreement with the reactor physics models. Figure 14 shows the Cs-137 removal 
rate. Once again, ORION results are in close agreement with the reactor physics model. 
The half-life of Cs-137 is 30 years, therefore confirming the theory that fission product 
generation of longer lived isotopes between reactor physics and fuel cycle models can be 
easily compared. 

Figure 6: Annual Pu-239 loading and discharge rates  
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Figure 7: Ce removal rate 

 

Figure 8: Cs removal rate 
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Figure 9: I removal rate 

 

Figure 10: Ru removal rate 
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Figure 11: Xe removal rate 

 

Figure 12: Zr removal rate 
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Figure 13: Nd-148 removal rate 

 

Figure 14: Cs-137 removal rate 
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the 148Nd removal rate confirms that the burn-up simulated in ORION is consistent with 
the reactor physics model. 

The fission products generated with ORION and the reactor physics models are going to 
vary depending on the half-lives of the isotopes under analysis as well as the fission yields. 
The higher the yield, and the longer-lived the isotope, the better the agreement will be 
between all the models.  

The results generated in this work emphasise the importance of using consistent data and 
input parameters to analyse fuel cycle models in systems dynamics tools. MSRs have 
potential advantages with regards to resource utilisation due to their physics performance, 
i.e. low excess reactivity, low fissile loads, continuous feed and removal, and removal of 
neutron poisons. Due to the short out of core time for the fuel, this FSMSR design is ideally 
suited for fleet deployment in the case of transition scenarios. This is because all the Pu 
that is bred can be used to build the FSMSR since Pu is not required for refuelling an 
FSMSR of this type. The fuel cycle model developed in this work is valuable and can be 
used to help inform on transition scenarios involving MSRs.  
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Modelling flowsheets for the separation of 238Pu from 237Np 

M.J. Carrott, C.J. Maher, C. Mason, M.J. Sarsfield,R.J. Taylor, T. Tinsley, D. 
Woodhead, D. Whittaker 

National Nuclear Laboratory, United Kindom 

The UK National Nuclear Laboratory has over 30 years’ experience of modelling nuclear 
solvent extraction systems to support the development and operation of reprocessing plants 
at Sellafield. The models employed are usually dynamic models written in a process 
modelling language such as Aspen Custom Modeller or gPROMS, incorporating solvent 
extraction equilibria for all important species and chemical kinetics where these affect the 
behaviour of the system. Typical applications include flowsheet optimisation, 
troubleshooting and maloperation studies to feed into safety cases.  

The models can also be used to support the development of completely new flowsheets. In 
a typical development cycle a model of a proposed flowsheet will be written and sensitivity 
studies will be used to facilitate optimisation of the flowsheet, the normal performance 
metric being purity of the product streams. The flowsheet will then be trialled 
experimentally and the results used to enhance the model which is in turn used to further 
optimise the flowsheet. Modelling studies may also indicate sensitivity to particular aspects 
of the system (e.g. kinetics of a key reaction) that are incompletely understood. In this case 
smaller scale experimental work focused on development of a kinetic expression for an 
important reaction would be indicated. 

The solvent extraction models have recently been applied to the problem of separating 238Pu 
from the 237Np targets in which the plutonium is generated. Historically this has been 
achieved by use of a stripping agent that includes sodium, necessitating an additional ion 
exchange step to remove sodium from the neptunium product. An alternative process has 
been proposed in which hydroxylamine nitrate (HAN) is used to selectively strip 
neptunium, as Np(V), from a tri-butyl phosphate based solvent stream containing Np(VI) 
and Pu(IV), thereby avoiding the addition of sodium to the system. From a modelling 
perspective this process presents particular challenges because its successful operation is 
dependent on exploiting differences in kinetics between the reduction of Np(VI) to Np(V) 
by HAN (fast) and reduction of Pu(IV) to Pu(III) (slow), as opposed to thermodynamics 
which would ultimately give Np(IV) and Pu(III). Additional complications arise due to 
metal re-oxidation by nitrous acid and inter-actinide redox reactions that can be important 
in determination of final product quality. 

This paper will describe modelling work undertaken to optimise the stripping section of the 
flowsheet so that production of almost inextractable Pu(III) in the neptunium product is 
minimised while also minimising the amount of extractable neptunium species (Np(IV) 
and Np(VI)) present in the Pu stripping section thereby facilitating a good Pu / Np 
separation. Comparison of model and experimental results will be discussed along with 
possible further steps for flowsheet improvement.  
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Clustering behaviour of zirconium complexes in a PUREX system –  
A molecular dynamics study 

J. Mu*1, R. Motokawa2, A. J. Masters1 
1School of Chemical Engineering and Analytical Science, The University of Manchester, 

United Kingdom; 2Japan Atomic Enery Agency, Japan 

While the PUREX process for separating uranium and plutonium from spent nuclear fuel 
has been running successfully for the past 60 years or so, it is only in more recent times 
that a combination of small angle X-ray scattering (SAXS), small angle neutron scattering 
(SANS) and molecular simulation has started to shed light on the molecular structures of 
the phases involved in this liquid-liquid extraction process.  

In PUREX, spent nuclear fuel is dissolved in nitric acid. An organic diluent and tri-butyl 
phosphate (TBP) are then added. The TBP acts as a ligand, transferring certain metal 
nitrates from the aqueous phase to the organic phase. In the metal free case, simulation, 
supported by scattering studies, shows that the organic phase has a mesh-like structure 
where the TBP acts as a surfactant, separating polar and non-polar regions [1]. Less work, 
however, has been done on metal-containing systems. Chiarizia [2], on the basis of SANS 
experiments, argues that uranyl nitrate complexes form micellar structures in the organic 
phase. Clustering has also been reported, on the basis of scattering experiments, for Cerium 
[3]. To our knowledge, however, few molecular simulations have been performed to obtain 
a detailed understanding of the sizes and shapes of such metal clusters and of the 
intermolecular interactions that cause such clusters to form. 

To address these issues, we have used molecular dynamics simulations to investigate the 
organic phase of Zr(IV)/tri-n-butyl phosphate (TBP)/n-octane/HNO3/H2O systems. Our 
results reproduce the SANS measurements well [4], giving us confidence in the quality of 
our force-fields [5]. Motokawa et al. have recently analysed their SANS data in terms of a 
hierarchical aggregation process. Zirconium complexes aggregate to form primal clusters 
which, in turn, aggregate to form large aggregates. Our simulation results accord with this 
SANS analysis in so far as system size limitations permit. We go on to analyse the shape 
and size distribution of the clusters and we calculate the potential of mean force between 
primal clusters, permitting us to develop a thermodynamic model of the aggregation 
process. In addition, we analyse the intermolecular interactions that drive the clustering. 
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Simulation of energy transfer to extraction solvent by 
radiation in minor actinides separation process 

T. Toigawa*, Y. Tsubata, T.Matsumura 
Japan Atomic Enery Agency, Japan 

The radiation stability of extraction solvents for minor actinides (MA) separation is one of 
the most important requirements for a safe and efficient MA separation process. The 
radiation stability of the extraction solvent during the process was investigated 
experimentally with radioisotopes and charged particle accelerators. These studies 
provided the degradation data of the extraction ability or the radiation chemical yields, 
which are known as the G-values, as a function of the absorbed dose. To use these 
experimental data to evaluate the radiation effect in the MA separation process, an 
estimation of the absorbed dose in the extraction solvents would be needed in terms of each 
radiation quality because the G-values depend on the linear energy transfer (LET).  

Here, the absorbed dose in the MA separation process was calculated by using a Monte 
Carlo Particle and Heavy Ion Transport code System (PHITS), which was developed by 
the Japan Atomic Energy Agency (JAEA). Radiation permittivity was well described by 
using the PHITS code because it allowed the calculation of the interaction between 
materials in the solvent extraction process and the radiation particles, such as alpha particle, 
electron and photon, with the energy range above 1 keV. The data sets of radioactive 
concentration of each nuclide in high-level radioactive liquid waste (HLLW) were prepared 
from a comparison between build-up and decay calculations with ORIGEN-2 and reported 
assay results of HLLW. Each amount of radioactive nuclides was calculated in a situation 
of 45 GWd/tU burn-up in a PWR and with five years decay. Solubility in nitric acid aqueous 
solution and uranium and plutonium reprocessing steps were considered by comparing with 
the assay results. The behaviours of each nuclide were assumed as the extraction process 
with N,N,N’,N’-tetraoctyldiglycolamide (TODGA) in counter-current mixer-settler 
extractor. 

The maximum dose rate to TODGA containing extraction solvent was estimated to be  
3.16 kGy/h at the settling part of the mixer-settler, of which 2.60 kGy/h was due to energy 
deposition by primary and secondary electrons which corresponded to low LET. It is well 
known that the TODGA also extracts beta-ray emitters such as yittrium and promethium; 
however, the dose rates of 1.07 kGy/h in the mixing part and 0.301 kGy/h in the settling 
part were due to the radiation that came from outside the extraction solvent. In other words, 
the influence of beta- and gamma-rays transmitted from the contacted aqueous solution to 
the extraction solvent could not be disregarded because of their permittivity. It was 
suggested that the design of the mixer-settler extractor should be important in considering 
radiation stability.  
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Minor actinides transmutation in equilibrium cores of next generation FRs 
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Rosatom, Russia 

Russia is developing a number of technologies within the “Proryv” project for closing the 
nuclear fuel cycle utilising mixed (U-Pu-MA) nitride fuel. Key objectives of the project 
include improving fast reactor nuclear safety by minimising reactivity changes during fuel 
operating period and improving radiological and environmental fuel cycle safety through 
Pu multirecycling and minor actinide (MA) transmutation.  

This advanced technology is expected to allow operating the reactor in an equilibrium cycle 
with a breeding ratio equal to approximately 1 with stable reactivity and fuel isotopic 
composition. Nevertheless, to reach this state the reactor must still operate in an initial 
transient state for a lengthy period (over 10 years) of time, which requires implementing 
special measures concerning reactivity control.  

The results obtained from calculations show the possibility of achieving a synergetic effect 
from combining two objectives. Using MAs reprocessed from thermal reactor spent fuel in 
initial fuel loads in fast reactors (FR) ensures a minimal reactivity margin during the entire 
FR fuel operating period, comparable to the levels achieved in equilibrium state with any 
kind of relevant Pu isotopic composition. This should be combined with using reactivity 
compensators in the first fuel micro-campaigns.  

The work presents the findings obtained from modelling the entire life cycle of a 
1 200 MWe FR, the transition to an equilibrium state, and the changes occurring in spent 
nuclear fuel nuclide and isotopic composition. The work also demonstrates the possibility 
of completely utilising MAs from thermal and fast reactor spent fuel in next generation FRs 
without the need of special actinide burners.
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Irradiation behaviour of Am-bearing MOX fuel 

S. Sasaki*, K. Maeda 
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When UO2 fuel is irradiated to a high burn-up in a light water reactor (LWR), americium 
(Am) is generated in the fuel pellets, and its amount continues to increase in the spent fuel 
pellets while they are stored for a long period. Am presents a strong radiological hazard 
to human health. One of the options for lowering Am amounts that must be stored is to mix 
Am with MOX fuel and then annihilate the Am by the irradiation as fuel in a fast reactor. 
The Am-bearing MOX fuel performance when irradiated in a fast reactor is not well known, 
however.  

From this background, a study was undertaken in which Am-bearing MOX fuel was 
irradiated for a short time in the fast reactor Joyo and its fuel performance was examined. 
Four fuel pins which contained 2.4 wt.% americium-doped uranium–plutonium mixed 
oxide (Am, Pu, U) O2-x fuels were used. Pellet-cladding gap width and oxygen-to-metal 
(O/M) molar ratio of oxide fuels were determined as experimental parameters. The 
achieved maximum linear heat rate and local burn-up of the fuel were approximately  
470 W/cm and 451 MWd/t, respectively.  

After the irradiation, post-irradiation examinations were conducted. No deformation of 
fuel pins was observed in the visual examination and profilometry results. The axial 
distribution of gamma intensity was similar to the axial neutron fluence profile. The initial 
filling gas mixture of helium and krypton was detected by a puncture test. In the observation 
of fuel restructuring, the influences of both pellet-cladding gap width and O/M molar ratio 
were confirmed, and no fuel melting was observed. Americium and plutonium were 
similarly redistributed depending on the O/M molar ratio. In the highest O/M molar ratio 
fuel specimen, the difference in contents between americium and plutonium around the 
central void was confirmed. The examination results of the Am-bearing MOX fuel will be 
applied to fuel pin thermal analysis models.  

Introduction 

When UO2 fuel is irradiated to a high burn-up in a light water reactor (LWR), americium 
(Am) is generated in the fuel pellets, and its amount continues to increase in the fuel pellets 
while they are stored for a long period. Am presents a strong radiological hazard to human 
health [1]. As one of the options for decreasing Am content in spent fuel pellets that must 
be stored, it is effective to mix Am with MOX fuel and then annihilate the Am by the 
irradiation as fuel in a fast reactor [2]-[5]. The Am-bearing MOX fuel’s performance when 
irradiated in a fast reactor is not well known, however [6][7].  

From this background, a study was undertaken in which Am-bearing MOX fuel was 
irradiated for a short time in the fast reactor JOYO. After this, post-irradiation examinations 
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(PIE) were carried out in the fuel monitoring facility of the JAEA. In this paper, the PIE 
results are reported focusing on the irradiation behaviour of Am-bearing MOX fuels. 

Experiment procedures 

Specimens 
The MOX (Am, Pu, U) O2-x fuel pellets were fabricated by the conventional method [8]. 
First, UO2 powders were mixed with two kinds of raw PuO2 powders containing Am of 7.6 
or 6.4 wt.%. After this, some amounts of pore former additives for adjusting the fuel density 
were mixed in a ball mill. Secondly, these powders were pelletised at 3 tonne/cm2 and 
subsequently the green pellets were sintered at 1973 K for four hours. Four kinds of pellets 
having different diameters and different O/M molar ratios were prepared by changing the 
H2/H2O ratio in the sintering atmosphere and the grinding procedure for the sintered pellets, 
respectively. The specifications of the pellets fabricated by the above process are shown in 
Table 1. 

Table 1: The pellet specifications 

Pin. No PTM001 PTM002 PTM003 PTM010 
Pu content (wt.%) 31.23 31.23 31.06 31.07 
Am content (wt.%) 2.38 2.39 2.39 2.35 
O/M (-) 1.98 1.98 1.96 2.00 

 

Four kinds of (Am, Pu, U) O2-x fuel pellets were loaded into the 20% cold worked PNC316 
stainless steel cladding together with thermal insulator pellets, a reflector, a spring and a 
sleeve. The outer diameter of the cladding tube and its wall thickness were 6.5 and  
0.47 mm, respectively. Figure 1a shows a diagram of this fuel pin. The gap widths between 
the fuel and cladding before irradiation were 160 μm and 210 μm in the fuel pellets of 5.45 
and 5.40 mm diameters, respectively. The length of the fissile column was 400 mm, which 
was shorter than that of the Joyo driver fuel length (500 mm). The atmosphere inside the 
fuel pins was a mixture of helium (91%) and krypton (9%) gases.  

As shown in Figure 1, four kinds of fuel pins (Figure 1a) were inserted in capsules (Figure 
1b) and subsequently these capsules were loaded in compartments (Figure 1c), and finally 
these compartments were fixed in the irradiation rig (B14, Figure 1d). 
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Figure 1: Schematic drawings of the irradiation rig including fuel pins 

 

 

 

 

Figure 1a : 
Fuel pin 

Figure 1d:  
Irradiation rig 

Figure 1b :  
Capsule 

Figure 1c :  
Compertment 
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Irradiation conditions 
The irradiation rig was loaded into the reactor, Joyo MK-III, and then was irradiated in its 
core centre [8]. Figure 2 shows the irradiation history of reactor power (left ordinate) and 
linear heat rate (right ordinate) in the fuel pins. The fuel pellets were initially irradiated at 
a low linear heat rate to form the central void in the radial centre of the pellets. After 
formation of the central void, the temperature in the fuel pellets can be kept low even if the 
fuel pellets are irradiated at a high linear heat rate.  

Figure 2: The irradiation history of reactor power 

 

Based on the explanation above, the irradiation was performed in two steps. In the first step, 
the reactor power was increased to 92 MW (the maximum linear heat rate 347 W/cm), and 
the reactor power was held for 24 hours. In the next step, the reactor thermal power was 
increased to 102 MW (386 W/cm) and the reactor power was held for another 24 hours. 
After this, the reactor power was rapidly increased to 125 MW (470 W/cm) at the 
maximum power level, the reactor power was held for 10 minutes, and then the reactor was 
rapidly shut down.  

This irradiation test achieved a peak fast neutron fluence of 5.17 ×1020 cm2 (E≧0.1 MeV). 
In addition, the maximum linear heat rate and local burn-up of the fuel achieved were 
approximately 470 W/cm and 451 MWd/t, respectively. 

Post-irradiation examinations 
After the irradiation test, the irradiation rig was transferred to the hot cell laboratory. Non-
destructive examinations for the fuel subassembly were carried out before it was 
disassembled. Next, non-destructive examinations were carried out for all fuel pins. These 
included visual inspection, profilometry of the fuel pin diameter, axial gamma scanning, 
weight measurements, X-ray radiography, and X-ray computer tomography (X-ray CT). 
After the non-destructive examinations, all fuel pins were punctured and sectioned into 
specimens for optical microscopy by FE-SEM/WDX. 

Results and discussion 

Non-destructive examinations  
Figure 3 shows a cross-sectional image of the fuel pins at the axial core centre obtained by 
X-ray CT. There were no indications of fuel melting. Central voids were observed in all 
fuel pins. No deformation of fuel pins was observed in the visual examination.  
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Figure 3: The cross-sectional image of fuel pins at the axial core centre  

 

 

 

 

 

 

 

 

Figure 4 shows the results of fuel pin diameter profilometry of. The diameter change along 
the axial direction was measured. There were no remarkable deformations in the fuel pin 
profilometry results.  

Figure 4: The results of fuel pin profilometry (diameter average) 

 

Figure 5 shows the axial distribution of gamma intensity. These distributions were similar 
to distributions of other fast rector fuel pins. In the puncture test, the initial filling gas 
mixture of helium and krypton was detected. In the non-destructive examinations, nothing 
unexpected regarding the fuel behaviour was recognised from the results. The integrity of 
all fuel pins was confirmed. 
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Figure 5: The axial distribution of gamma intensity 

 

Destructive examinations 
After the non-destructive examinations, all fuel pins were sectioned for ceramography to 
observe the fuel microstructure. Ceramography specimens were taken from two axial 
positions. One specimen was obtained from the middle level where the fuel centreline 
temperature was estimated to be the maximum; the other specimen was obtained from the 
upper axial level of the fissile column. Table 2 shows the specifications of Am-bearing 
MOX fuel specimens and irradiation conditions.  

Table 2: The specifications of Am-bearing MOX fuel specimens and irradiation conditions 

Specimen 
Axial position 
(mm from the 

mid plane) 
O/M (-) Gap (dia.) 

(μm) 
Linear heat 
rate (kW/m) 

Burn-up 
(MWd/t) 

PTM001 +33 1.98 160 47.7 449 
+97 1.98 160 43 450 

PTM002 +27 1.98 210 48.5 450 
+99 1.98 210 42.9 444 

PTM003 +33 1.96 160 47.4 448 
+97 1.96 160 42.9 437 

PTM010 +25 2 210 47.6 451 
+97 2 210 43 445 

 

The fuel microstructure in these ceramography specimens was observed by optical 
microscopy and elemental analysis was carried out by FE-SEM/WDX. In this elemental 
analysis, the quantitative analyses of U, Pu and Am were obtained by measuring the 
intensities of the characteristic X-rays with the calibration curve at many positions along 
the radial direction of the irradiated MA-MOX specimens.  
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Figure 6 shows the ceramography and elemental analysis results. In the observation of fuel 
restructuring, the central void and microstructure change region were observed. There were 
no indications of fuel melting. In the comparison with the same O/M molar ratio specimens 
(PTM001 and PTM002), the central void for the fuel pin having the 210 μm gap width was 
larger than that for the fuel pin having the 160 μm gap width. In comparison between the 
same gap width specimens which had fuel O/M molar ratios of 1.96 and 1.98, the difference 
in the diameter of the central void was almost negligible. On the other hand, for the same 
gap width specimens which had fuel O/M molar ratios of 1.98 and 2.00, the fuel O/M molar 
ratio of 2.00 had more influence on fuel restructuring behaviour than the O/M molar ratio 
of 1.98. 

The concentrations of Pu and Am were higher in the region near the central void than in 
the region near the cladding tube; on the other hand, the concentration of U was lower in 
the region near the central void than in the region near the cladding tube area. The 
maximum concentrations were approximately 40 wt. % (Pu) and 5 wt. % (Am). In the 
comparison with these specimens, Am and Pu were similarly redistributed depending on 
the O/M molar ratio. In the highest O/M molar ratio fuel specimen (see Figures 6g and 6h), 
the difference in contents between Am and Pu around the central void was confirmed. 

Because of pore migration towards the fuel centre due to the steep temperature gradient 
during irradiation, the microstructural changes of fuel pellets and the distribution changes 
of fuel elements occurred in the irradiation pellets [9]-[12]. It might be possible that the 
high vapour pressure derived from the higher O/M value of the fuel would affect the fuel 
restructuring and element redistribution. 

Figure 6: The results of cross-sectional ceramography observation and elemental analysis 

Figure 6a: PTM001 (gap width, 160 μm; O/M, 1.98; +33 mm from the mid plane) 

 

 

 

 

 

 

 

  

1㎜ 



382 |   
 

  
  

Figure 6b: PTM001 (gap width, 160 μm; O/M, 1.98; +97 mm from the mid plane) 

 

 

 

 

 

 

 

Figure 6c: PTM002 (gap width, 210 μm; O/M, 1.98; +27 mm from the mid plane) 

 

 

 

 

 

 

 

Figure 6d: PTM002 (gap width, 210 μm; O/M, 1.98; +99 mm from the mid plane) 

 

 

 

 

 

 

 

Figure 6e: PTM003 (gap width, 160 μm; O/M, 1.96; +33 mm from the mid plane) 
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Figure 6f: PTM003 (gap width, 160 μm; O/M, 1.96; +97 mm from the mid plane) 

 

 

 

 

 

 

 

Figure 6g: PTM010 (gap width, 210 μm; O/M, 2.00; +25 mm from the mid plane) 

 

 

 

 

 

 

 

Figure 6h: PTM010 (gap width, 210μm; O/M, 2.00; +97 mm from the mid plane) 

 

 

 

 

 

 

 

Conclusion 

Am-bearing MOX fuel was irradiated for a short time in the fast reactor Joyo, and its fuel 
performance was examined by PIEs. In non-destructive examinations, nothing unexpected 
regarding the fuel behaviour was recognised from the results. The integrity of all fuel pins 
was confirmed. In destructive examinations, in the observation of fuel restructuring, the 
influences of both pellet-cladding gap width and O/M molar ratio were confirmed, and no 
fuel melting was observed. Am and Pu were similarly redistributed depending on the O/M 
molar ratio. In the highest O/M molar ratio fuel specimen, the difference in contents 
between Am and Pu around the central void was confirmed. The examination results of the 
Am-bearing MOX fuel will be applied to fuel pin thermal analysis models. 
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Post-irradiation examination of the AFC-2C and 
AFC-2D minor actinide MOX irradiation tests 

J. M. Harp*1, F. Cappia1, L. Capriotti1, P. Medvedev1, S. L. Voit2, 
J. T. Dunwood2, S. P. Willson2, K. J. McClellan2, S. L. Hayes1 

1Idaho National Laboratory, United States; 2Los Alamos National Laboratory, 
United States 

The possible incorporation of minor actinides into nuclear fuel for destruction by 
transmutation in fast spectrum reactors requires study into the performance of candidate 
fuel forms after irradiation. One possible fuel form that could be used to transmute minor 
actinides is minor actinide bearing mixed oxide fuel (MA-MOX). The irradiation behaviour 
of uranium–plutonium mixed oxide fuel has been thoroughly studied under a variety of 
conditions. However it is important to understand what changes could occur in fuel 
performance through the addition of minor actinide constituents like neptunium and 
americium. Two MA-MOX irradiations were carried out at the Idaho National Laboratory 
Advanced Test Reactor in Cd-shrouded positions that recreate the radial power profile 
nuclear fuel experience in fast spectrum reactors. Several different MA-MOX compositions 
of solid pellets with different oxygen to metal ratios and with and without Np and Am 
additions were irradiated to two different general burn-up levels. In total, 10 small-scale 
fuel pins were irradiated. The performance of these fuels has primarily been observed by 
engineering scale post irradiation examination techniques but some work by electron 
microscopy has also been performed. Neutron radiography, which reveals central void 
formation and axial swelling, dimensional analysis to detect cladding strain, and gamma 
spectrometry that observes axial fission product redistribution and local burn-up variations 
have all been applied to all the pins. Optical microscopy and chemical analysis has also 
been performed on 8 of the 10 irradiated pins. The microscopy was useful in confirming 
the radial power profile experienced during irradiation and assessing the severity of 
fuel/cladding chemical interactions as a function of the oxygen-to-metal ratios in the fuel. 
Automated image analysis has been applied to the fuel microstructure to better understand 
the distribution of porosity and noble metal precipitates in the fuel. Scanning electron 
microscopy with energy dispersive X-ray spectroscopy has also been used to confirm the 
distribution of different elements in a select number of samples. Based on current 
observations the performance of these MA-MOX fuels does not appear to have been 
significantly impacted by the addition of minor actinides when compared to the expected 
performance of standard MOX fuel.
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Application of SAFT-VRE in the flowsheet simulation of an advanced 
PUREX process 

H.Chen1, A. J. Masters1, R. Taylor2, M. Jobson1, D. Woodhead2 

1School of Chemical Engineering and Analytical Science, The University of Manchester, 
United Kingdom; 2National Nuclear Laboratory, United Kingdom 

SAFT-VRE is an extension of the statistical association fluid theory for potentials of 
variable range (SAFT-VR) that can be used to describe the thermodynamic properties of 
strong-electrolyte solutions. We use SAFT-VRE to develop a new aqueous density model 
and new nitric acid and uranium distribution coefficient models for use in the flowsheet 
simulation of the PUREX process for spent nuclear fuel reprocessing. The results show 
that the SAFT-VRE model can be used in flowsheet simulations with reasonable accuracy, 
compared to established empirical models. This work thus demonstrates that 
thermodynamically-based meso-scale SAFT-VRE models can be coupled with a macro-
scale model of the extract–scrub section of an Advanced PUREX process.  

Introduction 

An Advanced PUREX process is being developed which includes the option to separate 
neptunium from spent nuclear fuel [1][2]. However, due to the significant differences in 
extractability of the various neptunium species and the sensitivity of the neptunium redox 
reaction to nitric acid and nitrous acid concentrations, it is not easy to fully route neptunium 
into a single desired product [3][4]. Hence, models are needed for predicting neptunium 
extraction behaviour, to guide experimental design and to find operating conditions that 
facilitate complete neptunium recovery. Thermodynamic properties such as the equilibrium 
distribution are critical for modelling this process. The complexity of the composition of 
reprocessing solutions and the non-ideal behaviour of the electrolyte solution in the process 
create modelling challenges. This work explores whether a model built on a more robust 
theoretical basis (compared to conventional approaches) using new meso-scale methods 
could bring improvements in solvent extraction modelling capabilities.  

SAFT-VRE [5] is an extension of the statistical association fluid theory [6] for potentials 
of variable range (SAFT-VR) that can be used to describe the thermodynamic properties of 
strong-electrolyte solutions. SAFT-VRE has been used to predict phase equilibria of 
electrolyte solutions such as HI+H2O+I2 mixtures [7]. The parameters required are closely 
related to molecular geometry and the form of intermolecular pair potentials of interaction. 
They thus carry physical meaning, rather than being merely fitting parameters. The hope, 
therefore, is that this approach will be more robust and predictive than other semi-empirical 
methods and that SAFT models can accurately describe many properties of pure 
components and mixtures from limited experimental data.  

Methodology 

In this paper, for the first time, we demonstrate the potential applications of integrating 
SAFT-VRE based models with gPROMS based process models for simulation of an 
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advanced PUREX flowsheet. The SAFT-VRE method is applied to calculations of 
distribution coefficients by a dynamic link library. The gSAFT package in gPROMS is 
used for aqueous phase density calculations. Figure 1 illustrates the integration of SAFT-
VRE in the flowsheet simulation code. 

Our previous work developed and validated a flowsheet simulation code for the simulation 
of an advanced PUREX process and tested it against experimental data [8][9]. The 
distribution coefficients of nitric acid and uranium were calculated using the SEPHIS 
method [10][11] and the aqueous density was calculated by an empirical relationship. In 
this work, the distribution coefficients of uranium and nitric acid are calculated from the 
extraction mechanism proposed by Rozen et al. [12]. Uranium and nitric acid activity 
coefficients and the activity of water are calculated by the SAFT-VRE method [13][5]. The 
parameters of the SAFT-VRE method for the calculation of nitric acid, uranyl nitrate and 
water are obtained from the literature [5][14]. The distribution coefficients of Np(VI), 
Np(V) and nitrous acid are calculated by the same method as in Chen et al. [9]. 

Figure 1: Integrating SAFT-VRE in flowsheet simulation 

 

 

 

 

 

 

 

Source: University of Manchester, 2018. 

Validation of distribution coefficient and aqueous density calculation method by 
SAFT-VRE 

The effective equilibrium constants and activation energies of the extraction reactions of 
nitric acid and uranyl nitrate extraction are regressed from the distribution data listed in the 
“Kfk3080ˮ data set [15]. The calculation results of nitric acid distribution coefficients fit 
the literature data reasonably well, as shown in Figure 2. There are, however, some large 
deviations in the calculation of the distribution coefficient of uranium. The density of the 
aqueous phase is also calculated by the SAFT-VRE method. Figure 3 shows that the 
predictions agree very well with the experimental data. 
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Figure 2: Validation of distribution coefficient calculations: (a) Nitric acid, (b) Uranium (VI) 

  
(a) (b) 

Source: University of Manchester, 2018. 

Figure 3: Validation of the density of nitric acid-uranyl nitrate aqueous solution  

 

Source: University of Manchester, 2018. 

 

Flowsheet simulation results  

The aqueous phase density model and the distribution coefficient model for nitric acid and 
uranium based on SAFT-VRE then replaced the aqueous density and distribution 
coefficient models which were used in the previous flowsheet simulation code [8][9]. The 
modified simulation code is used to simulate the single-stage and multi-stage neptunium 
extraction processes investigated experimentally by Taylor et al. [4].  

Figure 4 compares the results of simulations of single-stage experiments – both the new 
approach and the previous method – and the experimental results of Taylor et al. [4]. Chen 
et al. [9] used the SEPHIS model [10][11] to calculate the distribution coefficients of nitric 
acid and uranium. For the relative Np (V) concentrations in aqueous stream, the average 
absolute deviations (AAD) are similar in the two approaches. Note that the neptunium 
distribution coefficient is not modelled using the SAFT-VRE method; however, the Np 
concentration is affected by the predicted nitric acid concentration, via the redox reaction. 

Figure 5 shows the deviations between the multi-stage simulation results and the 
corresponding experimental results published in Taylor, et al. [4]. It may be seen that the 
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SAFT-VRE method predicts the nitric acid concentration profile more accurately than the 
more empirical method, but predicts the uranium concentration profile calculation less 
accurately. As the neptunium (VI) distribution coefficient is dependent on the aqueous 
phase concentrations of nitric acid and uranium, the error in the aqueous phase neptunium 
concentration profile is slightly reduced, while the organic-phase error is slightly increased. 
Overall, the simulation results of the single-stage extraction experiments and a multi-stage 
flowsheet test are in reasonable agreement with experimental results.  

Figure 4: Validation of predicted relative Np(V) aqueous phase concentrations against 
single-stage experimental results of Taylor et al. [4] 

Experiment numbers are as in [4]. 

  

Source: University of Manchester, 2018.  

Figure 5: Validation of predicted stream concentrations against multi-stage experimental 
results of Taylor et al. [4] 

 
Source: University of Manchester, 2018.  

Conclusions 

The potential application of integrating SAFT-VRE based models with gPROMS-based 
process models for simulation of PUREX solvent extraction flowsheets is demonstrated for 
the first time, as far as we are aware. Distribution coefficients and aqueous phase density 
predictions using SAFT-VRE have been validated. Single-stage and multi-stage flowsheet 
simulations with this method are shown to be in reasonable agreement with previously 
published experimental and modelling results. Using a meso-scale method, such as SAFT-
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VRE, is thus shown to be promising for calculating certain parameters that would otherwise 
be estimated in process models through correlations regressed against experimental data. It 
is anticipated that the accuracy of the models could be improved if more species were 
included in the meso-scale models and more accurate intermolecular interaction 
descriptions. 
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Development of an advanced PUREX process 

K. George*1, M. Sarsfield2, C. Sharrad1, R. Taylor2, D. Whittaker2 
1University of Manchester, United Kingdom; 2National Nuclear Laboratory, 

United Kingdom 

The UK government has implemented a five-year integrated Nuclear Innovation 
Programme (NIP) that includes R&D on nuclear fuel recycling and waste management to 
demonstrate by the early-mid 2020s radical improvements in economics, proliferation 
resistance, waste generation and environmental impacts of spent fuel recycling, compared 
to current recycling and waste management strategies. The initial phase of this integrated 
R&D programme is focused on advanced aqueous recycling of light water reactor (LWR) 
fuels, led by the National Nuclear Laboratory (NNL) and partnered with the universities of 
Manchester, Leeds and Lancaster. The aim of this programme is to develop an Advanced 
PUREX process for spent LWR fuel which will offer step changes in simplicity, flexibility 
and proliferation resistance relative to current reprocessing technologies such as the 
THORP (Thermal Oxide Reprocessing Plant) flowsheet currently implemented in the 
United Kingdom. Options for minor actinide partitioning are included in the programme. 

We will present the results of laboratory scale liquid-liquid extractions of U, Tc and Zr 
from nitric acid with tri-butyl phosphate in odourless kerosene (TBP/OK) to support the 
development of the proposed Advanced PUREX flowsheet. Extractions have been 
conducted across a range of element concentrations, temperatures and acidities. In addition, 
we have studied the effects of irradiation on the physico-chemical properties of the aqueous 
and organic phases, as well as the effect of irradiation on the distribution coefficients. These 
results are used to feed into the model used for flowsheet development, with identified 
optimum conditions used in rig trials at NNL. We will also discuss the challenges 
encountered in obtaining reproducible results on a small scale.  

                                                      
*Corresponding author 
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Development of a database of ligands investigated for 
future aqueous actinide separation processes 

M. Chimes*1,2, S. Cornet2, K. Greenough3, S. Bourg4, R. Taylor2,3 
1Engineering Department, Lancaster University, United Kingdom; 

2 OECD Nuclear Energy Agency, France; 3National Nuclear Laboratory, 
United Kingdom; 

4CEA, France 

National and international R&D programmes have investigated many organic ligands with 
regards to their complexing properties for actinide ions. A great focus has specifically been 
placed on ligands that show selectivity for trivalent actinide ions for future partitioning and 
transmutation fuel cycles. While most ligands investigated have been proposed as 
extractants (that is, soluble in the organic phase) there is also a growing body of aqueous 
phase (hydrophilic) ligands under development that enable the selective stripping of 
actinides from an organic phase back into the aqueous nitric acid phase. Large amounts of 
data have been gathered on many ligands and their essential properties (for example 
distribution ratios, separation factors, solubility, stability, and synthesis) and not all of these 
data are published in easily searchable or retrievable literature – particularly if the ligand 
was found to be unsuitable for further development towards an actual separation process. 
Following on from initial work undertaken as part of the European 7th Framework 
Programme “SACSESS” project, a new database project has started at the OECD/NEA. 
The aim of this project is to develop and populate a database of ligands that can, in time, 
become a valuable source of basic data accessible to the wider actinide separations 
community managed under the auspices of the NEA Nuclear Science Committee. Here we 
report on the first stages of this project. 

                                                      
*Corresponding author 
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Rapid photochemical reduction of U(VI) for the development 
of new mixed metal oxide fuel production processes 

M.A. Bromley*1, C. Boxall1, R. Taylor2, M.Sarsfield2, C. Maher2 
1Lancaster University, Engineering, United Kingdom; 2National Nuclear Laboratory, 

United Kingdom  

Nuclear fuel recycling processes are well established and the recovery of U and Pu for the 
fabrication of new fuel has been successfully operated over several decades. However, the 
increasing usage of mixed metal oxide (MOX) fuels in light water reactors (LWR) across 
Europe and Japan, combined with the need to reduce the volume of waste arising from 
spent nuclear fuel, continues to drive the need for cleaner, more efficient reprocessing 
plants and routes to manufacturer for MOX fuel pellets.  

Within the UK Nuclear Innovation Programme, work has begun on the development of 
high Pu content MOX fuel fabrication processes which aim to reduce the heavy metal 
throughput of reprocessing plants while maintaining a level of proliferation resistance with 
the use of U / Pu co-treatment stages throughout. As a contribution to this, a rapid and clean 
photochemical process for the reduction of U(VI) and co-reduction of U(VI) / Ce(IV) (as a 
Pu surrogate) is under development at Lancaster University.  

By directly utilising the advantageous photochemistry of U, with isopropanol as a 
reductant, we report the convenient photoexcitation and chemical reduction of U(VI) upon 
exposure to 407 nm light energy. Using a purpose built laboratory scale photo reactor,  
407 nm light is delivered by an ultra-bright 5 600 mW LED array within an integrating 
sphere for highly efficient energy transfer to the U solution. The effect of illumination is 
immediate with the successful conversion of 12 g/dm3 U(VI) in 2 mol / dm3 nitric acid 
demonstrated within 90 seconds. With the addition of hydroxylamine nitrate as a stabilising 
agent / nitrous acid scavenger, this results in the rapid generation of a stable U(IV) product 
solution.  

Through a combination of direct photochemical reduction and the indirect chemical 
reduction of Pu(IV) by photo-generated U(IV), we believe this method is promising as a 
viable co-reduction process suitable for use prior to oxalate precipitation and subsequent 
calcination as a homogeneous mixed metal oxide fuel. Furthermore, with no requirements 
for non-CHON reagents and the elimination of hazardous substances, such as hydrazine 
and hydrogen gas as used in more traditional methods, the photochemical reduction process 
is compatible with existing reprocessing conditions and the need to improve process safety.  

                                                      
*Corresponding author 
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The effects of nitric acid on the extraction properties of 
TODGA during fission product management  

M.A. Bromley*, C. Boxall 
Lancaster University, Engineering, United Kingdom 

Nuclear power is of great importance to the future of low-carbon energy production and 
the ability to separate and recover the actinide elements from spent fuel is a key requirement 
for a sustainable nuclear fuel cycle. While the extraction of U and Pu for the fabrication of 
new fuel is well established with the PUREX process, recovery of the actinides, and their 
separation from the chemically similar lanthanides, remains challenging.  

A range of new organic extractant molecules, such as N,N,N’,N’’ tetraoctyl diglycolamide 
(TODGA), have been developed for the recovery of trivalent actinides through solvent 
extraction processes and it is important that they be well characterised and the associated 
chemical extraction mechanisms and kinetics understood. As such, studies of the interfacial 
and mass transport kinetics of cerium extraction by TODGA have been conducted at 
Lancaster University using a rotating diffusion cell (RDC).  

Findings to date reveal significant insights into the Ce(III)/TODGA extraction system, an 
interesting dependency on local hydrodynamics at the solution phase boundary indicates 
that the key complexation reaction occurs within the aqueous phase and a decrease in the 
rate of cerium extraction by TODGA is observed as organic phase acidity increases. The 
latter effect has been identified both as a consequence of pre-contacting of the organic 
solution phase with an acidic aqueous phase, and from the increase in organic phase acidity 
due to simultaneous extraction of HNO3 by TODGA within the RDC.  

Investigation into the influence of HNO3 reveals an increase in organic phase viscosity with 
increasing organic phase acidity, suggesting HNO3-driven aggregation of the TODGA into 
reverse micelles. Such aggregation may be inhibitive of the transition of the extractant 
molecule into the aqueous phase where complexation has been shown to take place, thus 
reducing the rate of fission product extraction.  

Given the acidic environments associated with solvent extraction processes, these findings 
are of consequence to the use of such molecules in separation and reprocessing and the 
effects of organic phase HNO3 concentration on the extraction properties of TODGA 
remain the subject of further investigation.  

                                                      
*Corresponding author 
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The effects of solids on extraction stage efficiencies in centrifugal contactors 

B.C. Hanson, A. Baker 
University of Leeds, School of Chemical and Process Engineering, United Kingdom 

Historical experience in the United States and France has shown that centrifugal 
contactors can be employed in reprocessing plants. This work has examined this further in 
a modern setting. 

An experimental 100 L pilot plant employing a bank of three centrifugal contactors was 
constructed in the Uranics Lab in the Nuclear Leeds group. Trials were conducted on the 
effects of solids during the extraction of uranium from spent nuclear fuel to underpin the 
preferred use of centrifugal contactors in an advanced PUREX flowsheet.  

The outcome of solid nuclear simulants on the extraction stage efficiencies will be 
presented. In addition, bed formation of the solids on the walls of the contactors and 
resultant effect on the hydrodynamics and entrainment will be shown. Finally, the effect of 
solids on rates of homogeneous extraction and the effect of kinetics across scales will be 
discussed. 

Introduction 

Liquid-liquid (or solvent) extraction processes have been widely used in the metal 
processing industry, including uranium, since the early 20th century. Since the first 
reprocessing plants came on stream in the mid-20th century, it has been the predominant 
process. More recently, liquid-liquid extraction has been adopted by the pharmaceutical 
industry for applications such as antibiotic extraction. 

The common feature of typical liquid-liquid extraction is that two immiscible liquids, one 
aqueous based, the other organic, are brought into contact with each other so that the species 
of interest, a metal or antibiotic molecule, transfers into the other phase, leaving behind 
impurities. This occurs during the mixing phase and the efficiency of the transfer is closely 
related to the droplet size created. Once mixing (and transfer) is complete the two phases 
need to be separated. Most commonly gravity is used, as there is a significant density 
difference between the aqueous and organic liquids. This produces a single interface from 
which each phase can be removed discretely. 

Combining these two steps into a single unit creates a mixer-settler and this was the 
technology used by the metal processing industry in the first half of the 20th Century. A 
later development, the pulsed column, uses pneumatic mixing to provide a higher efficiency 
extraction, but it is still based on separation by gravity. It is the gravity separation that tends 
to be the limiting factor in the operation of liquid-liquid technology and drives the sizing 
of the equipment.  

In the 1930s, centrifugal contactors were developed for liquid-liquid extraction processes. 
The main feature of a centrifugal contactor, as compared to conventional liquid-liquid 
extraction technologies, is that they have a high shear, high efficiency mixing zone and an 
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enhanced separation zone, as they are able to replace gravity with centripetal force. This 
leads to a more compact design compared to mixer settlers and pulsed columns.  

The University of Leeds has started a study of the technology and engineering associated 
with the use of centrifugal contactors in a future UK recycle facility. This is part of a new 
UK national-level programme in nuclear fuel recycle and waste management, led by the 
National Nuclear Laboratory in association with the Universities of Manchester and 
Lancaster. 

The study initially focuses on the installation and commissioning of an engineering scale 
centrifugal contactor rig that can be used throughout the programme as the key test bed for 
separation technology development and assessing the robustness of the contactors to solids 
and options for maintenance in an active environment should blockages occur. In addition, 
the rig will also be able to reverse strip and wash organic feed. 

This paper describes the progress to date. 

Description of experimental facilities 

The experimental rig is installed in the newly commissioning active engineering laboratory 
at the School of Chemical and Process Engineering, in Leeds. The rig is built around three 
Rousselet Robatel BXP040 mono-stage centrifuges, each with a rotor diameter of 40 mm 
and a working volume of 0.11 L. The maximum rotor speed is 50 Hz (3 000 rpm) and the 
nominal combined flow rate through the contactors is 50 L/h, depending on the liquid 
properties of the feeds. Table 1 provides a summary of the operating parameters of the rig. 

The rig consists of a feed and product system, comprising four 50 L vessels with various 
ports (and spare ports for potential modifications) for instrumentation. Figure 1 shows an 
as built process flow diagram of the rig (Figure 2 is a recent photo of the rig in situ). The 
two feed tanks for aqueous and organic phases are labelled VA and VB respectively, and 
the two aqueous and organic product tanks are labelled VC and VD. 

An additional vessel has been included in the design (VE) for washing of solvent to allow 
recycle and reduce waste. In the course of operation, the phases will be regenerated using 
this washing vessel, allowing for the acid and solvent to then be fed to the respective feed 
tanks.  

The feed fluids for both phases are pumped through two identical Omega PHP-800 Series 
Chemical Diaphragm Metering Pumps, which can provide a maximum flowrate of up to 
74 L/h, which is more than adequate for the operating range of 6 – 60 L/h of the centrifugal 
contactors. Two centrifugal pumps are used for the recirculation of liquids from VC and 
VD to the respective feed vessels VA and VB, and the transfer of liquid from VC and VD 
to the wash vessel VE. 
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Figure 1: As built process flow diagram of the Leeds centrifugal contactor rig 
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Figure 2: Photograph of the Leeds centrifugal contactor rig 
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Table 1: Operating parameters for the Leeds centrifugal contactor rig 

Plant item Composition 

Vessels 

• 1x 50 L agitated feed tank 
• 1x 50 L feed tank 
• 2x 50 L receipt tanks 
• 1x 100 L agitated wash tank 

Pumps 
• 2x Omega PHP-800 Series chemical diaphragm metering pumps (for 

handling solids) 
• 2x centrifugal return pumps 

Capacity • 6-60 L/h 
Temperature of operation • Up to 60 oC on acid feed 

Testing and commissioning of the rig 

After completing construction of the rig, a series of tests were carried out to ensure full 
operational capability. These consisted of hydraulic testing with water and hydraulic testing 
with a solvent: aqueous system of odourless kerosene: water in a 1:1 feed ratio to 
demonstrate phase separation. After hydraulic testing, an initial extraction test using the 
well-known ligand: metal couple, copper (II) with salicylaldoxime (LIX), dissolved in ethyl 
acetate was performed. A final test consisting of adding solids to a water/ odourless 
kerosene mix followed. The solids used were barium sulphate (barytes), which have a 
density similar to insoluble fission products and are commonly used in the United Kingdom 
as a simulant for fuel sludges. 

For the initial Cu(II) extraction, the following conditions were used: 

• 2:1 aqueous: organic solvent ratio; 

• CuSO4 (0.25 M) in water (6 L/h); 

• LIX (0.10 M) in ethyl acetate (3 L/h); 

• no observed carryover between phases; 

• campaign of 4 samples run over 20 mins; 

• estimated 81% extraction efficiency.  

It was observed that some of the Cu dropped out of solution and collected in the outlet of 
the C1 contactor as a solid precipitate (see Figure 3). 

For the solids test, barytes with an upper size range of 5µm in two feed concentrations of 
0.1%v/v and 1.5%v/v was used. Rheology testing of the mixtures had determined they 
would be shear thinning. The size range of 5µm represented the highest particle size that 
could be expected to be present in any feed from a dissolution process involving fuel 
shearing. Solids were recovered by draining the contactors, flushing via the vent and finally 
dismantling, flush and filter. 

Tables 2 and 3 provide information on the recovered solids. Most of the solids fed into the 
contactors were held up in the C1 contactor (see Figure 4). This was expected, as the size 
of the solids compared to the estimated g-force within the centrifuge would have given 
good separation. While the solids were tested as shear thinning, it was found that reducing 
the centrifuge rotation speed to minimum (<1 000 rpm) and increasing the aqueous 
flowrate to maximum, did not re-suspend any of the accumulated solids.  
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Figure 3: Cu complex recovered from the C1 outlet after extraction tests with LIX 

 

Figure 4: Barytes solids collected in the C1 contactor 

 

Table 2: Solids recovered from the centrifuge bowl after dismantling 

 C1 C2 C3 Total 
Mass of barytes recovered (g) 166 10 Trace 176 

Table 3: Solids recovered from the contactor mixing zone by draining and flushing via vents 

Sample Mass of solids  
after flush and filter (g) 

Combined trial outlet collection 4.4 
C1 drain after trial 2 22.5 
C2 drain after trial 2 1.8 
C3 drain after trial 2 0.4 
Combined contactor flush via vents after trial 2 20.8 
Combined contactor flush via vents after 24 hours 13 
Total 62.9 

Description of extraction experiments 

The overall aim of the experimental programme planned for the rig is to determine the 
effects of solids on extraction stage efficiency. The first stage is to determine the extraction 
stage efficiency, without solids. This was planned as a two-step process, with nitric acid 
extraction in tri-butyl phosphate in odourless kerosene (TBP/OK) first, followed by 
surrogate metal extraction into TBP/OK. A decision was taken to use Zr (IV) as the 
surrogate. 

Table 4 provides information on the variables and their boundaries that were included in 
the experimental plan for the rig. 
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Table 4: The boundary conditions for all the experimental factors considered for the rig 

Factor Min Mid Max Unit 
HNO3 concentration  0.1 3.5 6 M 
Metal concentration 10 50 100 g/L 
TBP concentration 30vol% 
Solvent: Aqueous ratio 1:2 1:1 2:1 - 
Rotor speed 1 000 2 000 3 000 rpm 
Feed Temp 16 35 55 oC 
Total Flow rate 6 30 60 L/h 

Aqueous Feed Residence 
time* 200 20 10 sec 

Weir height 24 25 26 mm 
Rotor type 4 vein bowl and 8 fin mixer 

Note: *based on an solvent: aqueous ratio of 1:1. 

The experimental plan for nitric acid extraction was designed as a linear, one variable step 
change. The first extractions were with 1.1 M nitric acid, increasing to 3.4 M. 

For extraction of Zr, a four variable, four factor statistical matrix was designed to determine 
the % recovery and extraction stage efficiency. This resulted in a 10 experiment campaign.  

Results so far 

Minimum rotation speed to achieve phase separation 
The minimum rotation speed possible was not reported in the factory specification. A 
simple experiment was required to deduce the lowest rotor speed required to separate to 
the solvent and aqueous liquids and generate a single interface and so confirm the lower 
boundary for rotation speed (see Table 4). The experiment was performed at room 
temperature, using water as the heavy aqueous phase and 30 vol% TBP in odourless 
kerosene as the light organic phase. The solvent:aqueous feed ratio of 1:1 at 6 L/h for both 
feeds, a total flow rate of 12 L/h. 

The results showed that 2 000 rpm was the lowest possible rotor speed to achieve complete 
quantitative separation without any visible aqueous entrainment. Heavy phase carry 
over/entrainment was observed with a rotation speed of 1 500 rpm. The light phase outlet 
contained 50% aqueous phase even after 60 minutes of operation, shown in the figure 
below. The factory provided a correlation between G-Force and rpm, and our current 
solvent system does not appear to separate with G-Forces lower than 80 m/s2, however this 
could be further optimised or overcome using an alternative solvent:aqueous feed ratio. 
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Figure 5: Effect of RPM on solvent:aqueous phase volumetric fraction (left plot) and G-
Force vs. rpm correlation for BXP 040 centrifugal contactor (right plot) 

 

Nitric acid extraction 
The first set of experiments on the rig examined nitric acid extraction from the heavy 
aqueous phase into a light phase mixture of 30 vol% TBP in D-80 solvent. The only 
parameter varied was the nitric acid concentration in the aqueous feed. The reaction was 
performed at room temperature, with a solvent:aqueous feed ratio of 1:1, rotor speed of 
3 000 rpm and a total flow rate of 30 L/h. 

Figures 6 provides results from the two test runs (1.1 M and 3.4 M) and Table 5 provides 
data for the 1.1 M run. The results from the experiments show the greatest extraction occurs 
in the third contactor. The disturbance in the 3.4 M data was likely caused by sampling 
from the mixing zone during the experiment. The percentage extraction into the organic 
phase was 21.8% and 25.7% for 1.1 M and 3.4 M respectively. Data for the C3 contactor 
presented in Table 5 shows an unusually high extraction stage efficiency, probably due to 
disturbances caused by the sampling method. 
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Figure 6: Measured nitric acid concentrations across the three contactors (left plot ) 1.1 M, 
(right plot) 3.4 M 

 

Table 5: Extraction stage efficiency (%) data for the extraction of nitric acid (1.1 M) 

Time (min) SE C1 SE C2 SE C3 SE battery 
15 14 45 133* 9 
30 7 35 98 2 
45 5 27 100* 27 

Note: *data for SE C3 show higher than expected extraction stage efficiency. 

Future work  

Work on Zr extraction is still ongoing and the planned matrix of 10 experiments is 
incomplete. Figure 7 shows the statistical model for the experiments and was produced 
using judgement based on literature. The top left plot (low flow rate and high rotation 
speed) shows a “hot spot” that indicates the conditions that should produce the best 
extraction stage efficiency. Work through the list of experiments will continue over the 
next months, with repeat runs, using an alternative sampling method to ensure realistic 
extraction stage efficiencies are measured (cf issue with SE C3 data above). Once a full 
data set is completed, the statistical model will be re-run, replacing prediction with data to 
establish the best conditions for high extraction stage efficiency. 

The final step of the experimental programme will be to repeat the metal extraction 
campaign, in the presence of solids. As this introduces another key variable, the statistical 
model will be modified and a new experimental plan produced. 

Completion of all experiments is expected by the end of 2018. 
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Figure 7: Plot of the 4 variable 4 factor experimental matrix 
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Plate-type coalescers for improved separation of liquid-liquid dispersions 

C. Parrington*, T. Charpentier, B.Hanson  
University of Leeds, School of Chemical and Process Engineering, United Kingdom 

With microfluidic equipment being favoured for laboratory processes due to their simple 
design and efficient processing, the question arises: to what extent can microfluidic devices 
be applied into an industrial environment? 

The thin plate coalescer, shown in Figure 1, is a microfluidic device designed to separate 
liquid dispersions in a narrow channel. High efficient separation occurs by taking 
advantage of different fluid interactions the aqueous and organic phases have with 
hydrophobic and hydrophilic materials. The thin plate coalescer was first developed in 
2004 and has since been proved to separate liquid-liquid dispersions in 20 seconds in 
comparison to upwards of 30 minutes for traditional gravitational separation methods 
[1][2]. Researchers have explored the effects of altering the physical geometry and 
materials of construction of the device, reporting the highest separation efficiencies for 
configurations of equal plate spacing to dispersion droplet size and when materials of 
construction are polytetrafluroethylene (PTFE) and stainless steel [1]–[4]. 

Figure 1: Thin plate coalescer actual (a) and schematic with camera placement (b) showing 
the four plates: light blue, PMMA; purple, stainless steel gasket to provide the plate spacing; 
yellow, mirror finish stainless steel lower plate; dark grey, supportive metal back plate. The 

purple arrow denotes the inlet and green arrows the outlets. 

     

This research has focused on pushing the separation efficiency boundaries of the thin plate 
coalescer by varying plate spacing, volumetric flow rates and separation plate textures to 
find the most efficient design for the separation of heavy metal ion loaded TBP/dodecane 
– nitric acid emulsions. 
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Study on mass transfer kinetics in solvent extraction systems for minor 
actinides  

Y. Sano, K. Kawanobe, A. Sakamoto, H. Kofuji, M. Takeuchi, 
H. Suzuki, T. Matsumura 

Japan Atomic Energy Agency, Japan 

The Japan Atomic Energy Agency (JAEA) has developed several new extractants which 
are significantly effective in trivalent minor actinides (MA(III)) recovery from high acidic 
media such as high level liquid waste (HLLW). In order to design an efficient MA(III) 
recovery process using these new extractants, it is important to obtain their kinetic data as 
well as equilibrium ones in the solvent extraction system. In this study, mass transfer 
coefficients of trivalent lanthanides (Ln(III)), which are surrogates of MA(III), between 
HNO3 solution and tetra dodecyl diglycol amide (TDdDGA) or hexa octyl nitrilo triacetic 
amide (HONTA)/n-dodecane solvent were evaluated by the single drop technique and 
Nitsch cell tests.  

The mass transfer coefficients of Ln(III) back-extraction in a HNO3/TDdDGA system were 
relatively smaller than those in the extraction step, but they could be improved by the 
addition of 2-ethyl-1-hexanol into the TDdDGA/n-dodecane solvent. The mass transfer of 
Ln(III) between HNO3 solution and HONTA/n-dodecane solvent was considerably slower 
than that between HNO3 solution and TDdDGA/n-dodecane solvent. Based on the mass 
transfer coefficients obtained in these evaluations, process conditions for MA(III) recovery 
using mixer-settlers and centrifugal contactors were discussed. 

Introduction 

New extractants for recovering trivalent minor actinides (MA(III)) from high acidic media 
such as high level liquid waste (HLLW) have been developed in various countries around 
the world. The Japan Atomic Energy Agency (JAEA) has also synthesised several new 
extractants, such as tetradodecyl-diglycolamide (TDdDGA) and hexa octyl nitrilo triacetic 
amide (HONTA) (Figure 1), which have been designed based on the CHON principle and 
have superior performance for recovering MA(III). The previous studies have reported 
some equilibrium data in the solvent extraction system using these extractants [1][2]. In 
addition, it is important for designing an efficient MA(III) recovery process to assess the 
kinetic behaviour of these extractants. Several methods for investigating mass transfer 
kinetics have been reported [3]. In this study, we focused on the techniques using the single 
drop method and the Nitsch cell, and evaluated the mass transfer efficiencies of trivalent 
lanthanides (Ln(III)), which are surrogates of MA(III), between HNO3 solution and 
TDdDGA or HONTA/n-dodecane solvent. Based on the mass transfer efficiencies obtained 
in these experiments, process conditions for MA(III) recovery using mixer-settlers and 
centrifugal contactors were discussed. 
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Figure 1: Molecular structure of TDdDGA and HONTA 

   
tetradodecyl-diglycolamide (TDdDGA)  hexa-octylnitrilo-triacetamide (HONTA) 

Experimental 

Single drop method 
The experimental set-up for the single drop method is shown in Figure 2. The extraction 
column was made of a Pyrex glass tube with a 30 mm inner diameter. The column had a 
water jacket for controlling the temperature in the column. The column height was changed 
from 115 mm to 500 mm by adjusting the nozzle position in the column, which gave the 
variation of the drop travelling time. The mass transfer coefficients between dispersed and 
continuous phases were assessed by changing the drop travelling time for avoiding the end-
effects (mass transfer during the drop formation and drop coalescence) during the organic 
drops rising in the aqueous phase. 

Figure 2: Experimental apparatus 

 
On the assumption that the mass transfer in the single drop method follows the double film 
theory and that the second Fick’s law is held, the mass transfer coefficients in the extraction 
and back-extraction can be represented by the following equations: 

Extraction: 𝒌𝒌𝒆𝒆𝒙𝒙 = 𝟏𝟏
𝑨𝑨𝒕𝒕
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Back-Extraction: 𝒌𝒌𝒃𝒃𝒆𝒆𝒙𝒙 = − 𝟏𝟏
𝑨𝑨𝒕𝒕

𝒎𝒎𝒏𝒏 �𝑪𝑪𝒎𝒎𝒇𝒇

𝑪𝑪𝒎𝒎𝒊𝒊
� (2) 

where 𝒌𝒌𝒆𝒆𝒙𝒙  and 𝒌𝒌𝒃𝒃𝒆𝒆𝒙𝒙  are the mass transfer coefficient (m/s) in the extraction and back 
extraction respectively, t is the travelling time (s), 𝑫𝑫𝒎𝒎 is the distribution ratio, 𝑪𝑪𝒓𝒓 is the 
solute concentration in the aqueous phase (mol/m3), which is assumed to be constant during 
the experiment, 𝑪𝑪𝒎𝒎𝒊𝒊 and 𝑪𝑪𝒎𝒎𝒇𝒇 are the solute concentrations in the organic phase (mol/m3) 
before and after the drop rising, respectively, and A is the specific surface area of the droplet 
(m2/m3), which is defined by the following equation with the droplet diameter, 𝑫𝑫𝒆𝒆 (m). 

𝑨𝑨 =
𝟔𝟔

𝑫𝑫𝒆𝒆
 (3) 

𝑫𝑫𝒆𝒆 was calculated from the number of drops and the volume of injected organic phase, 
assuming the drops to be perfect spheres. The travelling time t is assumed to be the interval 
from when the drop breaks free to its coalescence in the column.  

In the extraction experiments, 3 or 2 mol/dm3 HNO3 with 1 mmol/dm3 Nd was filled into 
the column. After adjusting the temperature of aqueous solution to be 25°C, the organic 
phase of 0.1 mol/dm3 TDdDGA – n-dodecane or 0.1 mol/dm3 TDdDGA – 20 vol% 2-ethyl-
1-hexanol – n-dodecane was injected as droplets (𝑫𝑫𝒆𝒆 ≈ 2.5 mm) from the nozzle. In the 
back-extraction experiments, 0.05 or 0.02 mol/dm3 HNO3 solution was used as the aqueous 
phase and 0.1 mol/dm3 TDdDGA – n-dodecane or 0.1 mol/dm3 TDdDGA – 20 vol% 2-
ethyl-1-hexanol – n-dodecane, which loaded 1 mmol/dm3 Nd, was used as the organic 
phase. Nd was transferred between the aqueous phase and the organic droplet for four 
different travelling times by changing the column height (115, 200, 300, 500 mm). Nd 
concentration in each phase was measured by ICP-AES. 

Nitsch cell 
The experimental set-up for the Nitsch method is shown in Figure 3. The aqueous and 
organic phases (30 cm3 each) were filled into the stirred cell with a water jacket. Each phase 
was stirred independently by a paddle under the condition to obtain a planar interface. 
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Figure 3: Experimental apparatus 

 
Mass transfer coefficient, k, can be calculated by the following equation [4]: 
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                                     with    𝜺𝜺 = 𝑽𝑽𝒎𝒎𝑫𝑫𝒎𝒎
𝑽𝑽𝒓𝒓

 

(4) 

where 𝑪𝑪𝒓𝒓 and 𝑪𝑪𝒎𝒎 are the solute concentration in the aqueous and organic phases (mol/m3) 
respectively,“ini” and “eq” in the superscript mean the initial and equilibrium states 
respectively, A is the interface area (m2) between the aqueous and organic phases, 𝑽𝑽𝒓𝒓 and 
𝑽𝑽𝒎𝒎 are the aqueous and organic volumes (m3) respectively, 𝑫𝑫𝒎𝒎 is the distribution ratio, and 
t is the stirring time. 

In the extraction experiments, 30 cm3 of 0.07 mol/dm3 HNO3 solution with 2 mmol/dm3 
Nd or 1 mmol/dm3 La and 30 cm3 of 0.05 mol/dm3 HONTA – n-dodecane were filled into 
the stirred cell. After adjusting the temperature of each phase to be 25°C, each phase was 
stirred independently at 120 and 150 min-1. During the experiments, each phase was 
sampled periodically, and Nd or La concentration in each phase was measured by ICP-AES. 
In the back-extraction, 4 mol/dm3 HNO3 solution was used as the aqueous phase and  
0.05 mol/dm3 HONTA – n-dodecane, which loaded 1 mmol/dm3 Nd or 0.1 mmol/dm3 La, 
was used as the organic phase. 

Results and discussion 

Single drop method 
Table 1 summarises the mass transfer coefficients obtained in Nd extraction and back-
extraction in HNO3/ TDdDGA – n-dodecane systems. The order of magnitude of these 
mass transfer coefficients is 10-6 – 10-5, which is smaller than that in U(VI)/TBP – n-
dodecane systems [5]. In the Nd extraction (system (1) and (2)), it seems to be increased 
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by increasing aqueous HNO3 concentration. The mass transfer coefficient in the Nd back-
extraction (system (3) and (4)) will be improved by the decrease of aqueous HNO3 
concentration and the addition of 2-ethyl-1-hexanol into the organic phase.  

Table 1: Mass transfer coefficients of Nd extraction and back-extraction in HNO3 / TDdDGA 
– n-dodecane systems 

 System Mass transfer 
coefficient (m/s) 

(1) 
Aq.: 1 mmol/dm3 Nd  – 3 mol/dm3 HNO3 
Org.: 0.1 mol/dm3 TDdDGA – n-dodecane (6.0±0.4)×10-5 

(2) 
Aq.: 1 mmol/dm3 Nd  – 2 mol/dm3 HNO3 
Org.: 0.1 mol/dm3 TDdDGA – 20 vol% 2-ethyl-1-hexanol – n-dodecane (8.1±2.8)×10-6 

(3) 
Aq.: 0.05 mol/dm3 HNO3 
Org.: 1 mmol/dm3 Nd – 0.1 mol/dm3 TDdDGA – n-dodecane (7.8±3.2)×10-6 

(4) 
Aq.: 0.02 mol/dm3 HNO3 
Org.: 1 mmol/dm3 Nd – 0.1 mol/dm3 TDdDGA – 20 vol% 2-ethyl-1-hexanol – n-dodecane (1.1±0.1)×10-5 

Nitsch cell 
Table 2 summarises the mass transfer coefficients obtained in the Nd or La extraction and 
back-extraction. The mass transfer coefficients are smaller than those in HNO3/ TDdDGA 
– n-dodecane systems, especially in the extraction (system (5) and (6)). The increase of the 
stirring speed seems to increase the mass transfer coefficients, which suggests the kinetics 
is under diffusional control. 

Table 2: Mass transfer coefficients of Nd or La extraction and back-extraction in HNO3 / 
HONTA– n-dodecane systems 

 System Mass transfer coefficient (m/s) 
120 min-1 150 min-1 

(5) 
Aq.: 2 mmol/dm3 Nd  – 0.07 mol/dm3 HNO3 
Org.: 0.05 mol/dm3 HONTA – n-dodecane (4.8±0.2)×10-7 (5.2±0.2)×10-7 

(6) 
Aq.: 1 mmol/dm3 La  – 0.07 mol/dm3 HNO3 
Org.: 0.05 mol/dm3 HONTA – n-dodecane (1.8±0.1)×10-7 (2.7±0.3)×10-7 

(7) 
Aq.: 4 mol/dm3 HNO3 
Org.: 1 mmol/dm3 Nd – 0.05 mol/dm3 HONTA – n-
dodecane 

(2.1±0.2)×10-6 (2.8±0.1)×10-6 

(8) 
Aq.: 4 mol/dm3 HNO3 
Org.: 0.1 mmol/dm3 La – 0.05 mol/dm3 HONTA – n-
dodecane 

(1.1±0.1)×10-6 (1.7±0.2)×10-6 

Simulation study for MA(III) recovery 
Based on the mass transfer coefficients obtained in the experiments, Nd behaviours in the 
counter-current extraction and back-extraction using mixer-settlers (MS) and centrifugal 
contactors (CC) were estimated by simple calculation. It was carried out under the 
condition as shown in Table 3 and 4 considering our previous experiments [6]. The transfer 
of Nd between aqueous and organic phases in each stage is assumed to follow the next 
equation: 
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𝒏𝒏𝑪𝑪𝒎𝒎

𝒏𝒏𝒕𝒕
= 𝒌𝒌𝑨𝑨(𝑫𝑫𝒎𝒎𝑪𝑪𝒓𝒓 − 𝑪𝑪𝒎𝒎) (5) 

where 𝑪𝑪𝒓𝒓 and 𝑪𝑪𝒎𝒎 are the Nd concentration in the aqueous and organic phases respectively, 
k is the mass transfer efficient obtained by the single drop method (shown in Table 1), A is 
the specific surface area of dispersion phase, and 𝑫𝑫𝒎𝒎 is the distribution ratio of Nd(III). 

Table 3: Calculation condition (HNO3/ TDdDGA – n-dodecane system) 

 Extraction Back-extraction 
Aq. phase 10 mmol/dm3 Nd  – 3 mol/dm3 HNO3 0.05 mol/dm3 HNO3 

Org. phase 0.1 mol/dm3 TDdDGA – n-dodecane 10 mmol/dm3 Nd – 0.1 mol/dm3 TDdDGA – n-
dodecane 

Extractor MS CC MS CC 
No. of stages 8 8 12 12 
Aq. flowrate 0.1 dm3/h 1 dm3/h 0.08 dm3/h 0.8 dm3/h 
Org. flowrate 0.1 dm3/h 1 dm3/h 0.14 dm3/h 1.4 dm3/h 

Table 4: Calculation condition (HNO3/ TDdDGA – 2-ethyl-1-hexanol – n-dodecane system) 

 Extraction Back-extraction 
Aq. phase 10 mol/dm3 Nd  – 2 mol/dm3 HNO3 0.02 mol/dm3 HNO3 

Org. phase 0.1 mol/dm3 TDdDGA – 20 vol% 2-ethyl-1-
hexanol – n-dodecane 

10 mol/dm3 Nd – 0.1 mol/dm3 TDdDGA – 20 
vol% 2-ethyl-1-hexanol – n-dodecane 

Extractor MS CC MS CC 
No. of stages 8 8 16 16 
Aq. flowrate 0.1 dm3/h 1 dm3/h 0.1 dm3/h 1 dm3/h 
Org. flowrate 0.1 dm3/h 1 dm3/h 0.1 dm3/h 1 dm3/h 

The changes of Nd concentration in the aqueous and organic phases in each stage were 
calculated considering the counter-current flow of each phase between the stages as well 
as the transfer of Nd between these phases in each stage.  

The calculated profiles of Nd concentration in the aqueous phase after reaching the steady 
state are shown in Figures 4 and 5. In any cases, the transfer of Nd between the aqueous 
and organic phases proceeds more efficiently in the MS, especially in the back-extraction 
in HNO3/ TDdDGA – n-dodecane system where the mass transfer efficiency is relatively 
small. This would be due to the longer residence time in the MS than in the CC. Under the 
condition with large mass transfer coefficients, however, Nd can be extracted and back-
extracted sufficiently even by the CC. This is clearly shown in the back-extraction in 
HNO3/TDdDGA – 2-ethyl-1-hexanol – n-dodecane system where the mass transfer 
coefficient was improved significantly by the decrease of aqueous HNO3 concentration and 
the addition of 2-ethyl-1-hexanol into the organic phase. These tendencies obtained in the 
calculation have a good agreement with our previous experimental results [7]. 
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Figure 4: Nd concentration profiles (calculation results in HNO3/ TDdDGA – n-dodecane 
systems) 

 
Extraction                                                                                  Back-Extraction 

Figure 5: Nd concentration profiles (calculation results in HNO3/ TDdDGA – 2-ethyl-1-
hexanol – n-dodecane system) 

 
Extraction                                                                                 Back-Extraction 

Conclusion 

Mass transfer coefficients of Ln(III), which are surrogates of MA(III), between HNO3 
solution and TDdDGA or HONTA / n-dodecane solvent were evaluated by the single drop 
technique and Nitsch cell tests. The mass transfer coefficients of Ln(III) back-extraction in 
HNO3 / TDdDGA system were relatively smaller than those in the extraction step, but they 
could be improved by the decrease of aqueous HNO3 concentration and the addition of 2-
ethyl-1-hexanol into the organic phase. The mass transfer of Ln(III) in HNO3 / HONTA 
system was considerably slower than that in HNO3 / TDdDGA system. 

Mass transfer kinetics of MA(III) in these systems will be investigated by the same methods 
in the near future, and the obtained data will be useful for designing an efficient MA(III) 
recovery process using the new extractants. 
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SANS study of hierarchical structure assembled by 
co-ordination species in biphasic solvent extraction 

R. Motokawa*1, J. Mu2, A.J. Masters2 

1Japan Atomic Energy Agency, Japan; 
2School of Chemical Engineering and Analytical Science, The University of Manchester, 

United Kingdom 

We present a hierarchical aggregate model of the organic phase containing the co-
ordination species as a fundamental building unit for essential comprehension of the 
microscopic structure and phase separation in ionic separation and recovery systems during 
solvent extraction. Tri-butyl phosphate (TBP) is an important extractant for separating 
hexavalent uranium and tetravalent plutonium from used nuclear fuel by solvent extraction. 
In such solvent extractions, the organic phase occasionally separates into two organic 
phases, namely light and heavy organic phases. The heavy organic phase in particular is 
called the third phase, which contains high concentrations of uranium and plutonium, and 
TBP. In essence, the third phase is induced by growth of the aggregation due to a lot of 
extracted co-ordination species, where the third phase formation in the extraction process 
could lead to a criticality accident and hinder the safe and stable operation of used fuel 
reprocessing facilities. Understanding the mechanism of third phase formation, in 
conjunction with the microscopic structure of aggregation, is therefore important. Through 
small-angle neutron scattering observations of the organic phase before and after extraction 
of the zirconium ions, Zr(IV), this work contributes to a contemporary knowledge of third 
phase formation mechanisms as well as to clarifying the microscopic structure of the 
hierarchical aggregates in the organic phases.  

                                                      
*Corresponding author 
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Extraction and separation of zirconium from simulated 
high-level liquid waste using the novel extractant, DDdHAA 

K Morita, H Suzuki, T. Matsumura 
Japan Atomic Energy Agency, Japan 

The Japan Atomic Energy Agency (JAEA) has been studying partitioning and 
transmutation systems. In this study, we develop a technology for separating long-lived 
nuclides from high-level liquid waste (HLLW). Zirconium (Zr) includes the long-lived 
radionuclide 93Zr. Efficient separation of Zr is essential to develop a method to treat HLLW. 
N,N-didodecylhydroxyacetamide (DDdHAA), a new reagent with a simple structure, is 
synthesised to extract and separate Zr. The structure of DDdHAA is shown in Figure 1. It 
is a bidentate ligand with one hydroxy group and one amide C=O donor group on the central 
frame. Furthermore, it contains two dodecyl hydrophobic alkyl chains and is expected to 
be highly soluble in non-polar solvents. 

DDdHAA, an electrically neutral extractant, showed extraction of Zr(IV) from highly 
acidic media (e.g. [HNO3] ≈ 3 M in HLLW). DDdHAA exhibited high solubility in 
aliphatic solvents, such as n-dodecane, a diluent widely used in reprocessing plants. 
DDdHAA satisfies the CHON principle, i.e. it contains only C, H, O, and N atoms, and can 
consequently be incinerated at the end of its lifecycle. In this manner, the volume of 
secondary waste can be reduced. Furthermore, DDdHAA exhibited high extraction 
capacity, clear and fast phase separation, fast extraction kinetics, and ease of synthesis. 

In this study, DDdHAA was tested to separate Zr(IV) from simulated HLLW. 

This work was funded by the ImPACT Programme of Council for Science, Technology 
and Innovation (Cabinet Office, Government of Japan). 

Figure 1: Structure of DDdHAA employed in the present study 
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Influence radiation effect on solvent extraction 
gram-amount of Am in TODGA-F3 system 

V.L. Vidanov*1,3, L.I. Tkachenko2, M.G. Dmitriev4, V.E. Davidov4, A.Yu. Shadrin1,3 
1Institution Innovation and Technology Center by “PRORYV” Project, Russia; 

2JSC «VG Khlopin Radium Institute», Russia; 3A.A. Bochvar High-technology Research 
Institute of Inorganic Materials, Russia; 

4JSC State Scientific Center - Research Institute of Atomic Reactors, Russia 

Liquid-liquid extraction is one of the known and proven methods for minor actinides (Am, 
Cm) separation from PUREX raffinates. One of the well-known ligands for the removal of 
rare earth elements (REE) and actinides (III) is N,N,N’,N’-tetraoctyl-diglycolamide 
(TODGA). We have developed a process using a solvent based on TODGA in polar diluent 
meta-nitrobenzotriflourite (F-3). In a dynamic test with Am in trace-amounts, high 
recovery and purification of Am was achieved [1]. 

During reprocessing of high level waste, solvents are exposed to significant radiation. The 
forming degradation products may have an influence on the main solvents’ properties, such 
as distribution ratios, separation factors, extraction kinetics, density, viscosity and capacity. 
Resistance to radiation damage is one of the main criteria for a system use. 

In this work, extraction system 0.1 mol/l TODGA in F3 was irradiated by β-particles. 
Extraction of PUREX raffinate key elements (Am, REE, Zr, Pd and other) was tested after 
irradiation. A similar solution to PUREX raffinate, containing more than 0.6 g/l Am, was 
used for the test. 

It was shown that it only slightly changes the extraction properties of the system until the 
solvent was absorbed at a dose of 50 kGy. For absorbed doses of more than 50 kGy, the 
extraction changes were more significant.  

Distribution ratios were decreased with the dose when Am was extracted from the aqueous 
3.0 mol/l nitric acid. When Am was extracted from weak acid (pH=2) we observed the 
opposite correlation from the absorbed dose. Inversion of the system extraction properties 
in the pH region may be due to the influence of TODGA degradation acid-containing 
products. 

References 

[1] Tkachenko, L. et al. (2017), “Dynamic test of extraction process for americium 
partitioning from the purex raffinate”, International Conference on Fast Reactors and 
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The effect of preliminary irradiation on the dynamics of gas evolution 
under thermal oxidation of the diamides-based extractant in the diluent F-3 

I.V. Skvortsov, E.V. Belova, A.V. Rodin 
Russian Academy of Sciences A.N. Frumkin Institute of Physical chemistry and 

Electrochemistry RAS, Russia 

Investigating the causes of accidents that can lead to explosions and fires at nuclear 
facilities is an important part of ensuring nuclear and radiation safety because of the 
significant impact of such accidents on the personnel, population and environment. Among 
the large number of nuclear facilities, the most dangerous are spent nuclear fuel (SNF) 
reprocessing plants, which are currently using processes such as PUREX and UNEX, which 
consist in the extraction/back-extraction of target components by organic solutions from 
nitric acid media. This combination of organic reductant and nitric oxidant poses a potential 
danger of uncontrolled exothermic chemical reactions that more than once led to explosions 
at radiochemical enterprises in Russia and elsewhere. 

The aim of this work was to study the explosiveness and radiation stability of extraction 
mixtures: di(N-ethyl-4-fluoroanilide)-2,6-pyridinedicarboxylic acid (Et(pFPh)DPA), di(N-
ethyl-4-ethylanilide)-2,2'-bipyridine-6,6'-dicarboxylic acid (DYP-9) and di(N-ethyl-4-
hexylanilide)-2,2'-bipyridine-6,6'-dicarboxylic acid (DYP-7) in the diluent F-3. The 
ionising radiation of radionuclides was simulated by irradiating samples on a linear electron 
accelerator UELV-10-10 S70 with a vertical scanning electron beam with an energy of  
8 MeV. The average dose of 4.68 kGy was absorbed by the sample, passing through an 
electron beam with a fixed velocity of 1.65 cm/s at a current of 500 μA. The number of 
passes provided the required total absorbed dose: 0.1, 0.5 and 1 MGy. The thermolysis of 
the irradiated samples in contact with aqueous nitric acid solutions was carried out in an 
apparatus for studying the parameters of a thermal explosion at an elevated pressure. This 
apparatus contains a thermostat where autoclave with volume of 300 cm3 was placed with 
a sample. The volume of the samples was 30 ml. The error in the pressure measurements 
was less than 0.5%. The thermolysis duration in all the experiments was five hours. The 
temperature of the autoclave during these experiments was 170 and 200°C. 

The following results were obtained when the irradiated samples were heated in the closed 
autoclave containing extraction mixtures irradiated to doses from 0 to 1 MGy and 14 mol/L 
nitric acid solution: 

• pressure values were from 18 to 23 atm; 

• the highest pressure values were close for all the studied extraction systems with 
the diluent F-3; 

• the rate of pressure increase, as in the case of the diluent FS-13, varied almost in 
the same interval: from 0.014 to 0.019 atm./s; 

• the rate of pressure increase was almost independent on the absorbed dose; 

• insignificant exothermic effects were detected; 

• the maximum increase in temperature (self-heating) of the samples as a result of 
exothermic processes was from 4 to 10°C. 
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It can be concluded from the results that under the closed volume conditions, all the 
investigated irradiated extraction mixtures with the diluent F-3 in contact with 14 mol/L 
nitric acid solutions are suitable for practical application thermal stability under heating up 
to 170 C. 

This study was supported by the Russian Science Foundation (project 16-19-00191). 
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Explosion safety of Am and Cm partitioning by chromatography method 

A. Rodin1, V. Vidanov2 

1Scientific and Engineering Centre for Nuclear and Radiation Safety, Russia; 
2 A.A. Bochvar High-technology Research Institute of Inorganic Materials, Russia 

For the partitioning of Am and Cm during reprocessing of fast reactor BREST-OD-300 
SNF, it has been proposed to use the liquid chromatography method on sulphocathionites 
[1][2]. To ensure the necessary productivity and minimise the amount of spent sorbent, it 
has been proposed to use equipment under pressure. Since the used solutions of 
radionuclides have a high specific heat generation it is possible to dry out the sorbent and 
initiate runaway reactions if the equipment is depressurised and the process is stopped. In 
order to assess the safety of the chromatographic partitioning process of Am and Cm, the 
thermal stability of process media formed in normal operation and during disturbances in 
the operation of sorption equipment was investigated.  

The investigation methods are differential scanning calorimetry (DSC), thermogravimetry 
(TG) and simulation by finite elements methods. 

Based on the data, DSC analysis models of oxidation processes that occur in technology 
medias were developed. These models were used in the safety assessments of 
chromatography partitioning of Am and Cm, including assessments of the possibility of 
explosion in emergency modes (single and multiple failures). 

The results of the study showed: 

• for resin КУ-2*8 in hydrogen form in open equipment (in case of depressurisation): 
there are no observable exothermic effects up to temperatures of 300-350°С. At 
temperatures below 300°C, endothermic effects are observed that are associated 
with loss of water and decomposition of the resin. These effects can be ignored 
when performing thermal calculations for the purpose of conservative safety 
assessment. 

• for resin KU-2*8 containing neodymium nitrate (as model salt of rare-earth 
elements, which are major nitrates in solution): exothermic processes of resin 
oxidation can occur in the case of dehumidification if a solution that is contained 
in the pores and intergranular space has a concentration of more than 20 g per l (for 
metal) of neodymium nitrate. When a heat source with a power of 10 watt per l is 
present in the resin, the time to maximum rate (TMR) at heat exchange conditions 
(constant temperature of the column walls of 70°C) is 5.3 hours (for the 
concentration 50 g per l of neodymium nitrate). 

• for monodisperse sulphocathion resin that makes contact with 4 mol per l nitric acid 
under closed equipment conditions (normal operation during Am and Cm 
partitioning): TMR at heat exchange conditions (constant temperature of the 
column walls of 100°C) is approximately one hour; when a heat source (by fission 
of radionuclides) is present in the resin TMR at heat exchange conditions decreases, 
so when the heat source is 1 watt per l and the temperature of the column walls is 
70°C and 100°С it is 3.7 and 0.7 hours respectively. 
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Conclusion: In the case of multiple failures in Am and Cm chromatography partitioning it 
is possible to achieve conditions under which a runaway reaction occur. The estimated 
values of the time to maximum rate should be used in developing measures to bring the 
sorption system to a safe state. 
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Test of the liquid chromatography unit in continuous extract purifying mode 

L. Podrezova*, V. Volk, K. Dvoeglazov. 
A.A. Bochvar High-technology Research Institute of Inorganic Materials, Russia 

The liquid chromatography (LC) process is proposed as an alternative to washing 
operations in the extraction technology of spent nuclear fuel reprocessing (PUREX-
process). In the conventional PUREX-process, all mass-transfer interactions are carried out 
using equipment that provides mixing of a large volume of aqueous solutions, which 
subsequently become a liquid radioactive waste (LRW). The advantage of the LC process 
is the possibility of a significant increase in the aqueous solution/ extractant ratio and as a 
result a decrease in the LRW volume [1]. 

In 2017, a test of the LC-unit consisting of two mass-transfer columns [2] was carried out. 
The test was performed in continuous extract purification mode with periodic column 
regeneration. The test was carried out in order to adjust the initial data of the technical 
design of (U-Pu)N spent fuel reprocessing module developed within the framework of the 
project “PRORYV”.  

During the test, three cycles of the model uranium extract purification from technetium 
were performed. The concentration in the initial extract was [U] = 35 g/l, [Tc] = 14.4 mg/l, 
[HNO3] = 0.038 mol/l.  

The concentration of technetium in the output extracted from the LC-unit during the 
purification process was equal to 20 μg Tc/g U. Trouble-free operation of the automated 
monitoring and control system and the ability of the extract to purify in the continuous 
mode was confirmed. Recommendations to optimise liquid chromatography units 
operation were issued.  
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Radiation chemistry research and capabilities at INL 

J.D. Law, B.J. Mincher, G.P. Horne, P.R. Zalupski 
Idaho National Laboratory, United States 

Providing R&D in radiation chemistry to support the nuclear fuel cycle is key for the Fuel 
Cycle Science and Technology Division at Idaho National Laboratory (INL). Radiation 
chemistry research has primarily focused on solvent extraction processes being developed 
to support advanced aqueous recycling of spent nuclear fuel. This research is supported 
through a Co-60 Gamma irradiator and a radiolysis/hydrolysis test loop developed to 
support evaluation of the radiation chemistry of aqueous and organic phases while 
intimately mixed. Recently, research has expanded, through the Center for Radiation 
Chemistry Research, to include other areas of radiation chemistry such as solid phase 
adsorption, spent nuclear fuel, radiation kinetics modelling, and formic acid degradation. 
Research advances will be detailed along with capabilities at INL as well as other 
institutions with which INL collaborates.  
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Aqueous plutonium and americium purification  
at Los Alamos National Laboratory 

B.E. Skidmore, K.D. Abney 
Los Alamos National Laboratory, United States 

The plutonium facility at Los Alamos National Laboratory (LANL) in the United States 
has performed aqueous plutonium purification and recycle for many years. This involves 
recovering plutonium from processing residues and purifying it using either a hydrochloric 
acid or nitric acid-based flowsheet. For most of this time, the americium-241 that grows 
into the plutonium as a result of beta decay of plutonium-241 has been treated as waste and 
discarded. However, lack of supply of americium-241 and demand from industrial 
customers has made americium-241 oxide an attractive product. 

Consequently, in 2012, the Office of Science of the United States Department of Energy 
initiated a project at LANL to establish an americium oxide production capability. In 2017 
LANL completed all construction activities and required readiness assessments, and then 
produced the first batch of purified americium oxide, meeting all technical specifications. 
In 2018, a second batch of americium-241 oxide meeting the specification was produced. 

The LANL process to recover americium-241 from pyrochemical plutonium processing 
residues involves: (1) crushing of the residues to increase surface area; (2) dissolution in 
hydrochloric acid; (3) ion exchange or solvent extraction to recover plutonium; (4) 
extraction chromatography to recover americium; (5) oxalate precipitation of both the 
plutonium and the americium, separately; (6) calcination of the plutonium and americium 
oxalate cakes to produce plutonium and americium oxide; and (7) hydroxide precipitation 
of remaining solutions to prepare waste for discard. 

The first two qualifying batches of americium-241 oxide were produced to the following 
specification:  

Table 1: Specifications of qualifying batches of americium-241 

Attribute Specification Batch 1 (17g) Batch 2 (23g) Measurement 
Method 

Am-241 isotopic 
purity 

>99 wt% 99.998% 100.00% TIMS 

Am-241 oxide 
chemical purity 

>95 wt% 97.17% 96.33% TIMS, assumes all 
Am-241 is present 
as AmO2 

Plutonium impurity <1 wt% 0.0983% 0.3174% TIMS 
Any individual trace 
metal impurity 

<0.5 wt% All below 0.086% All below 0.37% ICP-AES and ICP-
MS 

 

Additional batches are underway, with the goal of establishing routine production and 
making americium-241 oxide available through the United States National Isotope 
Development Center.  
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Uranium and thorium mixed oxide characterisation studies 

J. Holt*, M. Sarsfield, D. Whittaker, R. Orr, R.Taylor 

National Nuclear Laboratory, United Kingdom 

Current reprocessing plants use the PUREX (Plutonium Uranium Redox EXtraction) 
process to separate spent nuclear fuel into separate plutonium, uranium and 
fission/activation product fractions. Modern advances in fuel reprocessing aim to perform 
co-conversion and co-processing of the uranium and plutonium into a mixed product. Most 
research has been directed towards using oxalate co-precipitation to create a product of 
uniform distribution at a molecular level. This solid can be thermally treated to form the 
mixed oxide (MOX) which can subsequently be manufactured into MOX fuel. The 
advantages of this approach are that the co-conversion method gives a product that is 
homogeneous at the molecular scale, avoids the use of separated plutonium and can help 
simplify the overall finishing and fuel manufacturing processes. 

Recent work has investigated the behaviour of uranium during the process of co-
precipitation. This has initially been performed using redox stable thorium. To undertake 
this investigation a set of uranium and thorium oxalate samples were precipitated at 25, 40 
and 60°C. The experimental series varied from 0/100% uranium/thorium to 100/0% 
thorium/uranium. The presented work aims to understand the effect of the calcination 
regime on these mixed oxalates and examine the oxide by Raman spectroscopy and the 
crystal structure by X-Ray Diffraction (XRD) making it possible to analyse how the 
changes in uranium content affects the interaction with oxygen within the molecule, 
specifically the degree of oxidation of UO2 to U3O8 [1]. Figure 1 shows an example of the 
change in the Raman spectrum upon calcination. 

Current studies are extending this work to plutonium-uranium solids which will allow for 
the behaviour of plutonium to be characterised as well. Ultimately this work will allow the 
design of a process to produce a high quality MOX product in fewer steps with a much 
improved homogeneity, increasing the safety during plant operations. 
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Figure 1: Comparison of a 10% uranium sample before and after calcination 

 
Source: NNL. 

Note: Blue series shows the Raman spectrum of the 10% uranium oxalate and the red series shows the same 
sample after it has been calcined at 900°C for 4 hours under an argon atmosphere. 
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Understanding the effect of γ on next generation 
reprocessing solvents for Generation IV fuel cycles 

D. Whittaker* 
National Nuclear Laboratory, United Kingdom 

The radiolytic degradation of organic extractants is an undesirable facet of aqueous 
separation technologies. It leads to changes in the action of the extractants. In the simplest 
case this can lead to a loss in efficiency, while in the worst cases it can result in third phase 
(criticality concerns) and hydrogen atmospheres (explosion concerns). 

In the PUREX process, the radiolytic degradation of tri-butyl phosphate (TBP) is relatively 
well understood and the clean-up of the organic phase to remove the acidic degradation 
products is a routine procedure. This is not the case with processes designed for 
reprocessing for a Generation IV fuel cycle. In advanced fuel cycles, the minor actinides 
Am and Cm are proposed to be isolated alongside the U, Np and Pu to be used as fuel in a 
fast (neutron spectrum) reactor. In order to isolate the minor actinides, new processes have 
been developed using new extractants. The current European standard process uses 
N,N,N’,N’-tetraoctyldiglycolamide (TODGA) in an organic diluent to extract the minor 
actinides and lanthanides post removal of the bulk of the uranium. This may be in 
conjunction with the removal of Pu and Np in a Grouped ActiNide EXtraction (GANEX) 
style process or separately in a Selective ActiNide EXtraction (SANEX) style process. 

Before a process can be implemented, the effect of radiolysis on the TODGA-containing 
solvent must be understood. This work will present the results of γ irradiation on idealised 
solvents proposed for next generation separation processes. H2 generation measurements 
will be used to provide information on the expected rate of generation in a radiation field 
alongside the effect this has on 241Am extraction, as shown in Figure 1 for an i-SANEX 
type solvent (0.2 M TODGA/5 v/v.% 1-octanol/n-dodecane) after fixed, batch-wise 
irradiation. 
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Figure 1. DAm data for “freshˮ 0.2 M TODGA/n-dodecane (blue diamonds) and 0.2 M 
TODGA/5 v/v.% 1-octanol/n-dodecane after γ irradiation 

 

Source: NNL (unpublished). 
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The effect of radiolysis on the extraction properties 
of TODGA in the fluorinated diluent F-3 

L. Tkachenko1, V. Vidanov2,3, E. Kenf1, A. Shadrin2,3, A. Murzin1 

1Khlopin Radium Institute, Russia; 
2Innovation and Technology Center for the «PRORYV» project, Russia;  

3A.A. Bochvar High-technology Research Institute of Inorganic Materials, Russia 

Diglycolamides (DGAs) are one of the most application-ready extractants for partitioning 
of long-lived minor actinides from high-level liquid waste (HLLW). The most known 
among the DGAs is N,N,N’,N’-tetraoctyldiglycolamide (TODGA). 

We have proposed a solvent based on TODGA in polar fluorinated diluent meta-
benzotrifluoride (F-3) [1]. F-3 provides excellent capacity and hydrodynamic properties as 
a solvent. 

A solvent is degraded under high radiation burden during reprocessing of HLLW. 
Radiolysis of the extractant and diluent certainly influence the key element distribution.  

This work examined the effect of α- and γ-irradiation of the TODGA-F-3 solvent on the 
extraction of americium and rare earth elements (REE). It also determined the G-value of 
fluoride ions after radiolysis of F-3 and investigated the absorbed dose interval up to 500 
kGy. 

The distribution ratios of metals and the capacity of the solvent decrease with the increasing 
absorbed dose when extracted in strongly acid media (3 M HNO3), but a significant 
deterioration in the extraction properties of the solvent was not observed. The increasing 
distribution ratios of americium with increasing absorbed dose when extracted in weak acid 
media (рН ≈ 2) was noticed. This may indicate the formation of acidic hydrophobic 
products of radiolysis TODGA. Their influence on extraction is significant only in weak 
acid media. As the stripping of transplutonium elements (TPE) is carried out at pH 2, the 
presence of acidic radiolysis products is a rather serious problem.  

Also during the work it was noticed that the extraction properties of the solvent, which was 
loaded during irradiation, are different from the properties of one irradiated in free form.  

G-value of fluoride ions was not critical, approximately 0.7 F-/100eV for γ-irradiation and 
2.0 F-/100eV for α-irradiation. 
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The removal of the minor actinides americium(III) and curium(III) from spent nuclear fuel 
is being studied worldwide as part of an ongoing strategy to reduce the spent fuel’s long-
term heat load and radiotoxicity. This strategy aims to close the back end of the nuclear 
fuel cycle and ultimately increase the safety and sustainability of civil nuclear energy. 
Within the framework of several EU research programmes, promising solvent extraction 
processes have been developed that involve the selective extraction of the trivalent minor 
actinides from the lanthanides from aqueous nitric acid into an organic diluent containing 
a hydrophobic bis-triazinyl pyridine (BTP), bis-triazinyl bipyridine (BTBP) or bis-triazinyl 
phenanthroline (BTPhen) ligand. Recent studies have focused on modified ligands 
containing electron donating or withdrawing substituents attached to the aromatic rings of 
these ligands, and their effects on minor actinide extraction performance and 
actinide/lanthanide selectivity.  

In contrast, less emphasis has been placed on modifying the aliphatic part of these ligands. 
In this poster, we present our recent studies on the novel bis-1,2,4-triazine ligands BTP 1, 
BTBP 2 and BTPhen 3 (Figure 1) containing 5-membered aliphatic rings appended to the 
outer triazine rings, instead of 6-membered aliphatic rings, and the effects of this subtle 
modification on minor actinide extraction performance and actinide/lanthanide selectivity. 
In solvent extraction experiments, each of the ligands 1–3 gave comparable actinide-
lanthanide extraction selectivities to those of their respective analogues 4–6 (Figure 1) 
containing 6-membered aliphatic rings, with BTPhen 3 showing the highest extraction 
affinities and actinide-lanthanide selectivities. However, in each case the distribution ratios 
for Am(III) and Eu(III) were approximately one order of magnitude lower than those of the 
slightly more hydrophobic ligands 4–6 under comparable conditions.  

NMR titrations of BTBP 2 and BTPhen 3 with trivalent lanthanide ions showed the 
formation of the expected 1:2 complexes [M(L)2(NO3)]2+ as the major solution species, 
with minor amounts of the 1:1 complex [M(L)(NO3)3] also being observed (L = 2 or 3). 
However, when comparing the relative ratios of 1:1 and 1:2 complexes formed by ligands 
2 and 3 with those formed by the analogous ligands 5 and 6, significant differences in metal 
ion speciation were observed. The less hydrophobic ligands 2 and 3 formed significantly 
lower ratios of the 1:2 complexes than 5 and 6 for a given metal ion.  

Time-resolved laser-induced fluorescence spectroscopy (TRLFS) measurements on the 
complexation of BTPhen 3 with Cm(III) and Eu(III) under both mono- and biphasic 
conditions showed the formation of the heteroleptic complexes [Cm(3)2(NO3)]2+ and 
[Eu(3)2(NO3)]2+, in agreement with previous studies on BTPhen 6. However, the stability 
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constants for the Cm(III) and Eu(III) complexes of BTPhen 3 were approximately one order 
of magnitude lower than those of BTPhen 6.  

Taken together, our results suggest that tuning the aliphatic ring size and hence 
hydrophobicity of bis-1,2,4-triazine ligands can lead to subtle changes in the metal ion 
speciation and thermodynamic stabilities of the formed metal complexes, allowing for the 
metal ion extraction affinity of these ligands to be fine-tuned.  

Figure 1: Structures of novel ligands 1–3 and known ligands 4–6 
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Improving the durability of microelectrode sensors suitable 
for online monitoring in nuclear pyroprocessing 

H. Levene*1, E. Blair2, J. Elliott1, S. Reeves1, 
I. Schmueser2, A. Walton2, A. Mount1 

1School of Chemistry, The University of Edinburgh, United Kingdom 
2Institute for Integrated Micro and Nano Systems, School of Engineering,  

The University of Edinburgh, United Kingdom 

Molten salts are considered a highly beneficial medium for the recycling of waste nuclear 
fuel through pyroprocessing. Electrochemistry enables the monitoring of species during the 
reprocessing of spent fuel, which is essential to maintain safety and efficiency within the 
procedure. Harnessing the advantages of microelectrodes, such as the high signal to noise 
ratio and reduced sensitivity to convection, would be of great benefit to quantitative 
electroanalytical monitoring within an operational reprocessing system. For 
pyroprocessing, the high temperatures and presence of corrosive species creates a large 
materials challenge for the production of viable sensors. This poster will focus on the 
systematic improvement of microelectrodes to increase the longevity of these devices. This 
was achieved through analysis of failure mechanisms and subsequent materials 
development. It will also discuss how this will enable a pathway towards the development 
of other electrode systems to further enhance fundamental measurements relevant to 
pyroprocessing.  
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Adsorption behaviour of HONTA/SiO2-P for selective MA(III) partitioning 

M. Takeuchi*, S. Watanabe, H. Kofuji, H. Suzuki, T. Matsumura 
Japan Atomic Energy Agency, Japan 

The JAEA has been developing an extraction chromatography technology for trivalent 
minor actinides (MA(III): Am(III) and Cm(III)) partitioning from high-level liquid waste. 
It can selectively recover the target elements through column operation based on the same 
principle as solvent extraction and apply various extractants as adsorbents. A new reagent, 
N,N,N’,N’,N’’,N’’-hexa-octylnitrilo-triacetamide, also called HONTA, has been 
developed for the separation of MA(III) and lanthanides. This extractant includes both hard 
O and soft N donors and satisfies the CHON principle. Solvent extraction tests showed 
good performance of selective MA(III) extraction over lanthanides from diluted HNO3. 

The application of the new extractant to extraction chromatography was discussed in this 
study. The flowsheet for selective MA(III) partitioning from high-level liquid waste has 
two steps, MA(III) and lanthanides co-recovery and MA(III) partitioning from lanthanides. 
In our current flowsheet, CMPO for the first step and HDEHP for the second step are 
promising as extractants in the adsorbents, but a large amount of complexing agent is 
required for selective MA(III) stripping from the second column. 

We expect that the HONTA can improve the inefficiency in the current flowsheet because 
of its acidity sensitive extraction behaviour. In this study, a HONTA impregnated adsorbent 
was prepared, and the applicability of the extractant for the extraction chromatography 
process was examined not only by adsorption/elution performances but also by resistance 
against heat and irradiation.  

The ignition and flash points of the adsorbent were more than 373 K and approximately 
733 K, respectively. These data will not have an influence on the current risk management 
for the column separation operation from the viewpoint of preventing a fire and explosion. 
Resistance against γ-ray irradiation was also shown to be excellent, as much as that of the 
CMPO impregnated adsorbent. The distribution coefficients of Am and Cm onto the 
HONTA adsorbent depended on the acidity as seen in the solvent extraction system and 
were higher than those of lanthanides, in the range of 0.01 < [HNO3] < 1M. The adsorbed 
MA(III) were adequately eluted into a concentrated nitric acid solution. Based on these 
results, an appropriate operational condition for a column separation experiment was 
designed. Optimisation in the flowsheet for the operation is currently underway through 
experiments on simulated high-level liquid waste.  

                                                      
*Corresponding author 
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Recent activities on pyroprocessing in CRIEPI for 
enhancement of performance and acceptability 

T. Murakami*, K. Uozumi, M. Iizuka, Y. Sakamura 
Central Research Institute of Electric Power Industry, Japan 

Pyroprocessing has been attracting attention worldwide as a promising method to process 
spent metal fuels. The Central Research Institute of Electric Power Industry (CRIEPI) has 
been developing the technology of pyroprocessing, bringing it from laboratory research to 
applications in engineering. It has, for example, worked on the fundamental 
electrochemical properties of actinides and lanthanides in molten chloride salts and 
developed engineering scale tests using unirradiated uranium fuels (5 kg-U/batch scale) to 
accumulate equipment design data.  

Recently, electrorefining tests using irradiated metallic fuels of ~2.5 at% and ~7 at% burn-
ups were carried out to investigate the detailed material distribution of actinides (U, Pu, 
Am, Np and Cm) and fission products (rare earths, alkali, alkaline earth and noble metals). 
Actinides were anodically dissolved in the molten chlorides, while U was selectively 
deposited on an inert solid cathode and transuranics (TRU) were recovered in a liquid Cd 
cathode with U. Noble metal fission products were stayed in the fuel residues and the 
dissolved rare earth, alkali and alkaline earth fission products accumulated in the melts. 
No significant impact of the burn-up on the behaviours of actinides and fission products 
was observed. 

CRIEPI is proposing a novel pyroprocessing concept. The concept uses a liquid Ga as 
electrode material. CRIEPI showed the basic electrochemical properties of actinides and 
lanthanides on a liquid Ga electrode. The results indicated that actinides were separated 
from lanthanides more efficiently by using the liquid Ga cathode than a liquid Cd cathode, 
which is used in the conventional pyroprocess. The high separation efficiency is required, 
especially in the partitioning and transmutation scenario. The development of the liquid 
Ga electrode is being investigated, in particular its behaviour under practical conditions 
and its effect of agitation on the liquid Ga electrode behaviour.  

Development of the liquid Ga electrode continues in order to investigate, for example, its 
behaviour under practical conditions and the effect of agitation on the liquid Ga electrode 
behaviour.  

In addition, great effort is being devoted to developing a treatment of spent electrorefiner 
salt, such as the optimisation of the conditions for producing the stable ceramic (or glass-
bonded sodalite) waste form.  

Introduction 

The metal fuel cycle, which is composed of the metal fuel fast reactor, injection casting 
fuel fabrication and pyroprocessing, has received a lot of attention as a promising concept 
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in partitioning and transmutation (P&T), meant to reduce the burden of nuclear waste on 
the environment [1][2]. The high heavy metal density of the metal fuel and high energy 
neutron spectrum of the metal fuel fast reactor lead to effective burning of minor actinides. 
The remotely operated injection casting accepts active materials with a higher 
concentration of minor actinides. In addition, pyroprocessing is a suitable method to 
process the metal fuel. The Central Research Institute of Electric Power Industry (CRIEPI) 
has been developing the technology of pyroprocessing, which involves understanding the 
fundamental properties of actinides and lanthanides in the molten chloride salts/liquid 
metals systems; demonstration tests using irradiated fuels; non-irradiated fuels and 
simulants to confirm the feasibility of the pyroprocessing; engineering scale tests with 
unirradiated uranium fuels; waste treatment such as actinides recovery from the fuel 
residues; fission products absorption in zeolite to recycle spent molten salts; glass-bonded 
sodalite fabrication as a stable form of the zeolite, and so on.  

This paper summarises some of the recent activities in the aforementioned areas, including 
the actinides recovery from irradiated metallic fuels, pyroprocessing utilising a high 
separation efficiency of liquid Ga electrode, and optimisation of fabrication condition of 
glass-bonded sodalite. 

Actinides recovery from irradiated metallic fuels [3]-[5] 

Electrorefining is the main step in pyroprocessing. As seen in the schematic drawing of its 
concept (Figure 1), actinides are separated from fission products (rare earths, alkali metals, 
alkaline earth metals and noble metals) by using electrochemical reactions in molten salts 
at around 773 K. An anode is a metallic basket loaded with spent metallic fuel pins. At the 
anode, actinides (An) contained in the fuel pins are electrochemically oxidised to form their 
cations in the melt, 

An → An3+ + 3e-  (An: U, Pu, minor actinides (MA)) (1) 

Two kinds of cathode are used in the electrorefining, a solid iron cathode and a liquid 
cadmium cathode. According to the redox potentials of actinides different between on the 
solid iron and liquid cadmium cathodes, U metal is selectively deposited on the solid iron 
cathode in a dendritic form (reaction 2), while U, Pu and minor actinides are simultaneously 
recovered in the liquid cadmium (reaction 3). 

U3+ + 3e- → U (2) 

(U3+, Pu3+ or MA3+) + 3e- → (U, Pu or MA) in Cd (3) 

Rare earths, alkali metals and alkaline earth metal fission products dissolve to form their 
cations and accumulate in the melt. Because Zr and noble metals fission products have a 
higher redox potential than actinides, they are not electrochemically oxidised to be anode 
residues in the basket.  

Characteristic phase structures are induced in the metallic fuels by irradiation [6]: the 
irradiation swelling causes radial cracks and pores in the fuel, and fuel matrix components 
(U, Pu and Zr) are redistributed according to the temperature gradient inside the fuel (higher 
at the centre and lower at the periphery). This structure changes with increase of burn-up: 
the radial cracks formed at the initial stage of irradiation close at the later stage owing to 
an increase of the fission gas volume along with burn-up. Thus, it is required to carry out 
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electrorefining tests using irradiated metallic fuels of different burn-ups to design the 
electrorefining process and to evaluate its practicality. 

The CRIEPI recently demonstrated electrorefining of irradiated metallic fuels with ~2.5 
at% and ~7 at% of burn-ups under the collaboration programme with the Joint Researcgh 
Centre (JRC) Karlsruhe. The approximate composition (wt%) of the metallic fuel before 
the irradiation was 67-U, 20-Pu, 9-Zr, 2-MA (1.2-Np, 0.7-Am and 0.2-Cm) and 2-RE (1.3-
Nd, 0.1-Y, 0.2-Ce and 0.2-Gd). It was confirmed that actinides and lanthanides in the 
irradiated metallic fuel segments were dissolved in the LiCl-KCl melt while Zr and noble 
metals remained to be anode residues. U was selectively deposited on the solid iron 
cathode. Actinides were successfully recovered in liquid Cd cathode with their separation 
factors (SFM) similar to those obtained at the cold experiments, 

SFM = (XM in melts)/(XU in melts)/(XM in Cd)×(XU in Cd) (4) 

where XM in Cd and XU in Cd are the concentrations of element M and 238U in the liquid Cd, 
respectively, and XM in salt and XU in salt are the concentrations of element M and 238U in the 
melt, respectively. The ICP-MS analysis of the melt suggested that alkali and alkaline earth 
metals in the fuel segments were dissolved by a chemical reaction with U3+ in the melt 
(reactions 5 and 6), and the dissolved alkali and alkaline earth metals accumulated in the 
melt. 

3AL + U3+ → 3AL+ + U (5) 

3ALE + 2U3+ → 3ALE2+ + 2U (6) 

It was noticed that the behaviours of actinides and fission products at electrorefining of ~7 
at% burn-up fuel were similar to those at electrorefining of ~2.5 at% burn-up fuel. This 
indicated that the changes induced in the fuel by increasing burn-up from ~2.5 at% to ~7 
at% had no significant effect on electrorefining.  

Figure 1: Concept of electrorefining 

    
Note: MA: minor actinides, RE: rare earths fission products, AL: alkali metal fission products, ALE: alkaline 
earth metal fission products, NM: noble metal fission products. 
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Pyroprocessing utilising the high separation efficiency of liquid Ga electrode 

The authors reported that separation factors of Pu and Am over lanthanides at a liquid Ga 
cathode were around ten times higher than those at the conventional liquid Cd cathode [7] 
and confirmed the feasibility of a liquid Ga as the cathode material for the recovery of 
actinides in the electrorefining process. Adoption of a liquid Ga cathode in the 
pyroprocessing enables us to propose a highly flexible fuel cycle technology which can 
introduce a higher Ln/MA ratio source (high level liquid waste) and recycle fuels of higher 
MA content.  

To explore the practicality of the liquid Ga electrode, studies are in progress at CRIEPI on 
many aspects, including: (1) stable materials for a crucible to hold liquid Ga and an 
electrical lead; (2) methods and devices to enhance the processing rate; (3) actinides and 
lanthanides recovery in liquid Ga exceeding their solubility; (4) evaluation of separation 
factors of Np and Cm; and (5) engineering design of larger scale equipment. Among these 
studies, (3) and (4) are being performed in collaboration with the JAEA and JRC-Karlsruhe, 
respectively. Concerning topic (2), the smaller overpotential for Ce deposition in liquid Ga 
cathode was observed at the higher stirring rate of the liquid Ga, while the stirring of the 
LiCl-KCl eutectic melt showed no effects on the Ce deposition rate. Figure 2 shows the 
electrorefining apparatus fabricated for planned engineering scale tests using larger liquid 
Ga electrode assembly (approximately 2 kg of liquid Ga) and approximately 7 kg of LiCl-
KCl eutectic melt [8].  

Figure 2: Pictures of engineering scale (a) liquid Ga electrode assembly, (b) counter electrode 
basket assembly and (c) electrolyser, and (d) drawing of the electrolyser assembling with 

both electrodes 

 

Source: [8] 

Optimisation of fabrication condition of glass-bonded sodalite 

As seen in Figure 1, during the electrorefining process, rare earths, alkalis and alkaline 
earths fission products in spent fuels dissolve and accumulate in the molten chloride melt 
in the form of their cations. Type-A zeolite, a synthetic zeolite Na12[(AlO2)12(SiO2)12], is 
one of the suitable zeolites to remove these fission products from the melt. The fission 
product cations exchange with cations in the zeolite according to their affinities to be 
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absorbed in the structure of the zeolite. The zeolite after the exchange reactions is then 
heated with glass to be the glass-bonded sodalite (Figure 3), which is a stable and suitable 
form for disposal.  

The CRIEPI recently investigated the effects of heating conditions, such as maximum 
temperature, duration and weight load for pressing, on the ratio of volatilised salt during 
the heating and the properties of the formed glass-bonded sodalite (density, free salt ratio 
and leachability) [9]. The lower volatilised salt ratio during the heating and the free salt 
ratio in the product were observed at the lower maximum temperature for heating. At the 
longer heating duration and higher pressure, the higher apparent density of the product was 
obtained. The leaching tests showed that the normalised releasing rates of the selected 
elements, Si, Al, Cl, Na, K, Li, Cs, Sr, Nd and I, were not affected by modifying the heating 
conditions. It was noticed that the normalised release rate of Si of the formed glass-bonded 
sodalite was lower than the standard release rate from the glass waste (1×10-3 g m-2 day at 
60℃). 

Figure 3: Cross-sectional view of the formed glass-bonded sodalite 
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An alternative solvent extraction flowsheet for separating 238Pu from 237Np 

M.J. Carrott, C.J. Maher, C. Mason, M.J. Sarsfield, 
R.J. Taylor, T. Tinsley, D. Woodhead, D. Whittaker 

National Nuclear Laboratory, United Kingdom 

In the United Kingdom, a strategy of reprocessing spent nuclear fuel has led to a detailed 
understanding of solvent extraction technology to separate the uranium and plutonium from 
highly radioactive fission products using the well-established Plutonium Uranium Redox 
Extraction (PUREX) process. One of the troublesome elements in PUREX is neptunium, 
which can be distributed throughout the various products and waste streams because of the 
complicated oxidation/reduction chemistry. Such behaviour requires the use of additional 
purification cycles to remove neptunium from the uranium and plutonium products, at 
considerable cost and increased volumes of waste. Over the last two decades the National 
Nuclear Laboratory (NNL) has compiled a large body of experimental data to help 
understand the kinetics and thermodynamics of neptunium species under conditions of 
relevance to the PUREX process. 

This expertise has recently been applied to the issue of separating neptunium from 
plutonium in the production of 238Pu heat source material at the Oak Ridge National 
Laboratory hotcells. Targets of 237Np are irradiated in the High Flux Isotope Reactor to give 
238Pu, unreacted 237Np and fission products. Data published by NNL has been utilised in 
defining a solvent extraction process where all of the neptunium and plutonium is extracted 
and separated from radioactive fission products. Neptunium is then selectively removed 
from the solvent to give an aqueous phase product leaving the plutonium, which is stripped 
separately from the solvent. The neptunium is then purified and recycled into new targets 
for 238Pu production and the plutonium is further purified before fabricating into heat source 
pellets. 

While this process has been demonstrated successfully on real irradiated materials, the 
amounts of neptunium in the plutonium product can be improved. Also, the stripping 
reagent for the separation of neptunium adds sodium to the neptunium product, which needs 
to be removed using ion exchange columns. NNL have proposed an alternative flowsheet 
that will provide pure products, without any sodium, by taking advantage of the difference 
in the kinetics of reduction between Pu(IV) and Np(VI) when using hydroxylamine nitrate 
(HAN). 

This paper will detail some of the experimental work that has been performed to underpin 
this flowsheet and detail the chemical modelling results that have been used to guide the 
flowsheet design. Batch tests have been performed to demonstrate the selective reduction 
of Np(VI) over Pu(IV) by HAN, with good separation factors over a range of acidities. The 
flowsheet chemical models will be discussed together with some preliminary results form 
a flowsheet trial using centrifugal contactors.  
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Mathematical modelling of the extraction of actinides 
during liquid-liquid plug flow in small scale channels 

M.Pineda1, D. Tsaoulidis1, P. Angeli1, T.Tsukahara2, E.Fraga1 
1Department of Chemical Engineering, University College London, United Kingdom; 

2Laboratory for Advanced Nuclear Energy, Tokyo Institute of Technology, Japan 

This paper presents progress made in the development of a new approach in analysis based 
on extraction separation in microfluidic devices and the online measurements of the 
separated actinides using thermal lens microscope (TLM). Separations in microchannels 
are efficient and require very small sample volumes. A mathematical model to simulate the 
extraction of key actinides in two-phase systems during plug flow in a small scale channel 
is presented. In the model, the hydrodynamics of the system are determined by solving the 
velocity field and the pressure for the two liquid phases using Navier-Stokes and continuity 
equations. The resulting convection-diffusion equation is solved in both phases. For the 
real analysis, it is required to have continuous and multiple separations of individual 
metals contained in the waste. To achieve this, an extension of this hydrodynamic 
framework is discussed. The long-term aim is to use the model in an automated 
optimisation-based procedure for the design of the microfluidic devices. This design 
procedure will aim to generate and evaluate alternative channel layouts and identify those 
that have the best performance in identification and extraction.  

Introduction 

Developing innovative separation technologies for actinides or long-lived radionuclides in 
radioactive waste has been important to reduce the quantity of high- and medium-level 
radioactive liquid waste and to prevent the discharge of radioactive materials into the 
environment during the decommissioning of nuclear power plants. The process of 
decommissioning the Fukushima Daiichi Nuclear Power Plant is a paramount example of 
how large amounts of radioactive waste, such as fuel debris, structural materials, rubble, 
soil and adsorbents for treating contaminated water, have been and continue to be 
generated.  

Normally, the analysis of radionuclides present in radioactive waste is carried out according 
to operating protocols including many separation/purification steps. However, such 
analytical procedures are long, complex and difficult to implement. In the frame of studies 
aiming to improve these protocols, microfluidic tools have attracted much attention, and 
micrototal analysis systems (µTAS) have been advocated [1][2]. Generally, in the µTAS, 
solvent mixing, reaction, separation and detection are integrated onto a microfluidic chip. 
Separations in microflow channels are efficient and require very small, simple volume. 
Another attractive feature of microfluidic devices is that the well-defined flow patterns and 
the laminar flow fields allow precise modelling and characterisation of such units. 
Microchemical systems that implement two or more liquid streams flowing laminarly in a 
microchannel have been in development for some specific radiochemical applications. 
These studies include the extraction of uranium U(VI) by ionic liquids (IL) or tri-butyl 
phosphate (TBP) in dodecane [3][4], the extraction of Eu, Y La or Nd, Pr, Sm from nitric 
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acid by 2-ethylhexyl phosphonic acid mono-2-ethyhexyl ester (PC-88A) diluted in toluene 
[5][6] or in kerosene [7], the extraction of Am(III) by n-octyl(phenyl)-N,N-
diisobutylcarbamoylmethylphosphine oxide (CMPO) [8], and the mass transfer of 
radionuclides in the systems Eu(III)/HNO2/DMDBTDMA and UV(VI)/HCL/Aliquat® 336 
[9]. More recently, the extraction of Eu(III) using ionic liquids was also studied [10]. In 
most of these cases, the characteristics of the microsystem used are not the same from one 
study to another. For industrial applications of these techniques, however, it is imperative 
to have continuous and multiple separations of individual metal elements occurring in the 
same microtool.  

Despite the growing interest in the experimental characterisation of these systems, 
researchers typically do not have large amounts of time and money to build and test several 
prototypes in order to optimise performance. To reduce the number of iterations of 
prototyping, it is imperative to develop the best design-forecasting methods [9]. With the 
aim to improve these forecasting methods, in this work, we developed a mathematical 
model that simulates the extraction of {UO2}2+ ions from nitric acid solutions into TBP/IL 
mixtures. The hydrodynamics of the system are determined by solving the velocity field 
and the pressure for the two liquid phases using the Navier-Stokes and continuity equations. 
The resulting convection-diffusion equation is solved for the two phases. The long-term 
aim is to use the model with an optimisation-based design procedure. This design procedure 
will aim to generate and evaluate alternative channel layouts and identify those that have 
the best performance in identification and extraction. 

Commonly, U(VI) is recovered from nitric acid solutions with mixtures of organic solvents 
with TBP as extractant. However, organics solvents suffer from radiolysis, and are volatile 
and flammable, thus posing important problems. Ionic liquids are therefore considered an 
alternative to conventional organic solvents. Ionic liquids have negligible vapour pressure 
and high thermal stability in normal operation conditions. They also have a high resistance 
to radiation. The production of ionic liquids is expensive though, and this prevents their 
use in large-scale extraction systems. However, the reduced amount of solvent expected on 
microchips would make economically viable the use of ionic liquids. Therefore, we propose 
for our mathematical modelling IL instead or organic solvents.  

In the following section we present the model. Then, we proceed to show some preliminary 
results. We conclude with a discussion about perspectives and possible extensions. 

The model 

For the chemical system, we assume that the two phases are immiscible solutions, 
i.e. HNO3/U(VI) and 30% v/v TBP/ionic liquid. We assume a liquid solution prepared by 
using TBP and an ionic liquid 1-methyl-3-butyl-imidazolium bistriflimide, 
i.e. [C4MIM][NTf2] [3]. Atmospheric pressure and room temperature are also assumed. 
The initial concentration in the aqueous nitric acid solution was set to 3 M, while the 
concentration of {UO2}2+ in nitric acid was 0.05 M. For all simulation conditions, a plug 
flow with the TBP/IL phase flowing as non-continuous (dispersed) plugs within a 
continuous aqueous phase (HNO3 solution) in contact to the channel wall, was assumed. 
We consider a partition coefficient of K=3.16. In the current case, where TBP is used as 
extractant, and the nitric acid concentration is 3 M, the extraction proceeds via an anion 
exchange mechanism 

UO2
2+ + 3NO3

− + 2TBP + Tf2N− ↔ [UO2(NO3)3(TBP)2]2− + Tf2N− (1) 
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For the simulation, we consider a unit cell consisting of one disperse phase plug and one 
continuous phase slug. All simulations are performed assuming 2-D axisymmetric 
cylindrical co-ordinates. The concentration profiles and two-phase flow are considered 
symmetric over the channel axis, and only half of the unit cell is simulated (see Figure 1). 

Figure 1: Schematic picture of the geometry and boundaries of the unit cell used in the 
computational simulations of mass transfer in liquid-liquid plug flow with Comsol 

Muliphysics 5.3a 

 

Source: reproduced from [3]. 

We assume that both liquids are Newtonian, viscous and the flow is incompressible. 
Surface tension gradients and gravity are neglected, as expected for microchannels. As a 
simplification, it is also assumed that mass transfer does not affect the shape and volume 
of the unit cell. The domain considered for the computational simulations is presented in 
Figure 1. First, the hydrodynamics of the system are determined by solving the velocity 
field, u, and the pressure for the two liquid phases using the Navier-Stokes equation and 
the continuity equation at steady state conditions. These equations are given by: 

ρ(u ∙  ∇)u = ∇ ∙ [−pI + μ(∇u + (∇u)𝑇𝑇)] + F, (2) 

ρ∇ ∙ u = 0, (3) 

where 𝛒𝛒 is the fluid density of each phase, 𝛍𝛍 is the fluid dynamic viscosity of each phase, 
p is the related to the pressure acting on the fluids, and 𝐈𝐈 is the identity matrix. The term 
that multiplies the viscosity represents the viscous forces. F represents the external forces 
applied to the fluid. To mimic the motion of the plug, we assume that the wall of the channel 
is moving with a constant velocity equal to desired velocity, up, of the plug, but with a 
direction opposite to the flow. We apply the following boundary conditions to the flow:  
(1) no-slip boundary conditions at the channel wall; (2) radial and axial velocity of the 
channel wall equal to ur=0 and uz=-up, respectively; and (3) equal stresses at the interface 
between the two phases. 

Subsequently, the convection-diffusion equation given by: 

∂ci

∂t
+ ∇ ∙ (Di∇ci + uci) = 0, (4) 
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was solved transiently to mimic mass transfer between the two phases. For these equations 
a boundary condition was applied to satisfy the flux continuity, where zero flux was set at 
the channel wall. Finally, periodic boundary conditions are used at the front and the back 
of the unit domain for the pressure, the velocity and the concentrations. To solve the 
equations, a free triangular mesh was implemented with the commercial finite element 
software Comsol Multiphysics 5.3a. In the following section, we present the results 
obtained from the simulations. 

Results  

For the simulations, we assume that the length of the unit cell is LUC=4.7 mm, the length of 
the plug is Lp=3.6 mm, the film thickness is 𝜹𝜹 = 𝟎𝟎. 𝟒𝟒𝟒𝟒 𝐦𝐦𝐦𝐦, and the internal diameter of 
the microchannel is ID=0.5 mm. The speed of the plug is up=0.0051 m/s. For TBP/IL (30%, 
v/v), we assume that the viscosity is 𝛍𝛍 = 𝟎𝟎. 𝟎𝟎𝟐𝟐𝟒𝟒 𝐤𝐤𝐤𝐤 𝐦𝐦−𝟏𝟏𝐬𝐬−𝟏𝟏 , the density is 𝛒𝛒 =
𝟏𝟏𝟐𝟐𝟐𝟐𝟔𝟔 𝐤𝐤𝐤𝐤 𝐦𝐦−𝟑𝟑, and the diffusion coefficient of {UO2}2+ is 𝐃𝐃𝐓𝐓𝐓𝐓𝐓𝐓 = 𝟒𝟒 ∙ 𝟏𝟏𝟎𝟎−𝟏𝟏𝟏𝟏 𝐦𝐦𝟐𝟐𝒅𝒅−𝟏𝟏. For 
HNO3(3 M), we assume that the viscosity is 𝛍𝛍 = 𝟎𝟎. 𝟎𝟎𝟎𝟎𝟏𝟏 𝐤𝐤𝐤𝐤 𝐦𝐦−𝟏𝟏𝐬𝐬−𝟏𝟏, the density is 𝛒𝛒 =
𝟏𝟏𝟎𝟎𝟒𝟒𝟎𝟎 𝐤𝐤𝐤𝐤 𝐦𝐦−𝟑𝟑, and the diffusion coefficient of {UO2}2+ is 𝐃𝐃𝐇𝐇𝐇𝐇𝐇𝐇𝟑𝟑 = 𝟒𝟒 ∙ 𝟏𝟏𝟎𝟎−𝟏𝟏𝟎𝟎𝐦𝐦𝟐𝟐 𝐬𝐬−𝟏𝟏. 
These parameters were selected based on literature [3][11][12].  

Figure 2: Overall concentration in moles inside the plug (or droplet) and the flow (or slug) 

 

Source: this figure was obtained using Comsol Multiphysics 5.3a. 
 
Note: The figure also shows the total concetration. This overall concentration is the concentration per unit 
volumen integrated over the corresponding plug or slug volume. Note as the overall {UO2}2+ concentration in 
the plug or droplet (flow or slug) increases (decreases). 
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In Figure 2, we show the temporal evolution of the overall concentration (in moles) of 
{UO2}2+ ions inside the plug and the slug. We also plot the total overall concentration 
resulting after adding individual concentrations. The figure shows that the concentration 
inside the plug or droplet (slug) increases (decreases) from zero (to zero). In this case, as 
expected, the mass transfer effectively occurs from the slug (aqueous phase) to the plug 
(organic phase). The constancy of the total overall concentration ensures mass conservation 
within the computational framework. 

Figure 3: Spatio-temporal evolution of the concentration profile of {UO2}2+ within the 
aqueous phase slug 

 

 

 

Source: this figure was obtained using Comsol Multiphysics 5.3a. 
 
Note: In this case, one must omit the internal region or plug. Thus, in the colour bar, white corresponds to a 
high concentration in the slug. Time runs from left to right and top to bottom. As time increases, the 
concentraion decreases. 
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Figure 3 shows the spatio-temporal evolution of the {UO2}2+ concentration inside the slug 
or aqueous phase corresponding to Figure 2. It can be seen that almost half of the mass 
transfer has already occurred within a few seconds. After the profile develops changes are 
not so pronounced (not shown in figure). The corresponding spatio-temporal evolution of 
the concentration profile inside the plug or organic phase is presented in Figure 4. As 
expected the profile increases with time until saturation. 

Figure 4: Spatio-temporal evolution of the concentration of {UO2}2+ within the organic phase 

 

 

 

Source: this figure was obtained using Comsol Multiphysics 5.3a. 
 
Note: In this case, one must omit the external region or slug. Thus, in the colour bar, white corresponds to high 
concentration in the plug. Time runs from left to right and top to bottom. As time increases, the concentration 
increases. 
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Conclusions and perspectives 

We presented a mathematical model for the extraction of {UO2}2+ ions from nitric acid 
solutions into tributylphosphate/ionic liquid mixtures in a microchannel. In contrast to 
previous studies (see reference [3]), we considered a single unit cell consisting of one 
disperse phase plug containing the tributylphosphate/ionic liquid mixture and one 
continues phase slug containing the aqueous phase. As expected, the simulation results 
show a mass transfer from the slug to the plug. However, for industrial applications of this 
technique, it is imperative to have continuous and multiple separations of individual metal 
elements contained in real and/or simulated waste. To achieve this, we are planning to 
characterise and quantify the kinetics of the process of several important metal ions, as well 
as to model and optimise parameters such as shape, flow rate, plug size, aqueous/organic 
contact time, and detection time. The main aim is to develop a novel continuous analysis 
system based on microfluidics and on-line measurement to detect actinides and lanthanides 
in nuclear waste. For the on-line detection, we will implement thermal lens microscope 
(TLM). A conceptual diagram of the microfluidic device proposed is presented in  
Figure 5. Initially, instead of ionic liquids, we are planning to consider organic solvents.  

Figure 5: Conceptual diagram of the 𝛍𝛍𝐓𝐓𝛍𝛍𝛍𝛍 microchemical analysis system proposed 

 

Note: To facilitate the removal of the organic phase through the hydrophobic channel, the organic liquid must 
flow as a disperse phase plug. 
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LLFP recovery from simulated vitrified waste by reductive decomposition of 
glass structure in molten salt 
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For the reduction and resource recycling of high-level radioactive waste through nuclear 
transmutation, it is necessary to recover long-lived fission products (LLFPs), such as 107Pd, 
93Zr, 79Se and 135Cs stabilised in vitrified waste mainly composed of borosilicate glass. We 
have developed an LLFP recovery process consisting of a reductive decomposition method 
for breaking the glass structure in molten salt and a pyrometallurgical method, such as 
molten salt electrolysis or volatile separation. In the reductive decomposition method, 
metallothermic reduction or electrochemical reduction is conducted to break the SiO2 
frame. After the reduction, trapped components are released from the glass structure, and 
they dissolve as ions or remain as metals or oxides, depending on their chemical 
characteristics. The released elements are more accessible and easier to adapt to several 
recovery techniques than those inside the glass structure. To investigate the feasibility of 
our process, we carried out Ca reduction tests on simulated vitrified waste and investigated 
the chemical behaviour of Pd, Zr, Se and Cs through the reduction. More than 90 mass% 
of SiO2 in the glass was reduced to metal in the form of calcium silicide in molten CaCl2 at 
850°C. More than 99 mass% of Se and Cs added to the glass dissolved into the molten salt 
as Se2- and Cs+ after the reduction. In contrast, the dissolution ratios of Se and Cs were 29 
and 6.9 mass%, respectively, after immersion into the molten salt. These results show that 
the glass structure was broken, and that soluble components, such as alkaline metals, 
alkaline earth metals and chalcogens, were released from the structure and dissolved. 
These ions could be recovered as metals or compounds by electrodeposition, volatile 
separation, cementation and so on. Palladium and zirconium were reduced from their 
oxides to metal forms and remained in the solid phase with other reduced components. 
Each component in the remains was separable by electrorefining, depending on its redox 
potential. Reduced product materials obtained by Ca reduction of simulated vitrified 
wastes were electrorefined in eutectic molten LiCl-KCl at 450°C. Zirconium in the products 
dissolved into the melts when keeping the potential at 2.5 V vs. Li+/Li, whereas Pd metal 
did not dissolve and remained as anode slime. Thus, the usefulness of the combination of 
reductive decomposition and electrorefining in molten salt for recovery of LLFPs from 
vitrified waste was confirmed.  

Introduction 

The disposal of high level waste from nuclear power facilities such as reprocessing plants 
generates vitrified radioactive waste, which is mainly composed of borosilicate glass. In 
the vitrified waste, there are many kinds of long-lived fission products (LLFP), which have 
a big impact on the global environment due to their long half-life of around 106 years. A 
solution to the LLFP problem is a partitioning and transmutation technique being developed 
in the ImPACT programme [1]. In this programme, new methods for recovering LLFPs, 
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for example 107Pd, 93Zr, 79Se and 135Cs, from vitrified radioactive waste has been developed 
in order to carry out nuclear transmutation. We have proposed an LLFP recovery process 
consisting of a reductive decomposition method for breaking the glass structure in molten 
salt and a pyrometallurgical method, such as molten salt electrolysis or volatile separation 
(Figure 1). In the reductive decomposition method, metallothermic reduction or 
electrochemical reduction is conducted to break the SiO2 frame [2]-[4], as shown in 
equations (1) and (2).  

Metallothermic reduction (with Ca metal): 2Ca + SiO2 = Si + 2CaO (1) 

Electrochemical reduction (cathode reaction): SiO2 + 4e- = Si + 2O2- (2) 

After the reduction, trapped components are released from the glass structure, and they 
dissolve as ions or remain as metals or oxides, depending on their chemical characteristics. 
According to Katasho et al., Cs and Se dissolve into molten salts as ions, and Pd and Zr 
remain in the reduced products as solid compounds [3]. Soluble species could be recovered 
from the melt by deposition or vapourisation reactions. Insoluble species could be separated 
from each other by electrorefining. Thus, these released elements would be more accessible 
and easier to adapt to several recovery techniques than those inside the glass structure. 

Figure 1: LLFP recovery process from vitrified waste with pyrochemical methods 

 

In this study, we carried out Ca reduction tests on different types of simulated vitrified 
waste containing 34 elements and investigated the chemical behaviour of Pd, Zr, Se and Cs 
through the Ca reduction. Moreover, molten salt electrolysis tests on the reduced products 
were conducted for the purpose of evaluating the feasibility of our process. 

Ca reduction of simulated vitrified waste 

Experimental 
Simulated vitrified waste samples provided in form of cullet by the Japan Science and 
Technology Agency (JST) were used as specimens in Ca reduction tests. Their target 
compositions and analysed compositions are listed in Table 1. The analysed compositions 
showed good agreement with the target compositions. Here, the target compositions are set 
based on actual vitrified waste compositions. As the reductant for the simulated vitrified 
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waste, Ca metal (99 wt%) was used. Twenty grams of CaCl2 (99.9 wt%) and 1 g of the 
simulated vitrified waste, which were dried under vacuum at 200°C for more than 48 hours 
in advance, were put into MgO crucibles (98.5 wt%) with or without the Ca metal. The 
amount of added Ca metal was two-times the equivalent moles for the reduction reactions 
of oxides composed of simulated vitrified waste except CaO. The crucibles were heated up 
to 850°C with an electric furnace placed in an Ar atmosphere glove box and kept for three 
hours. The MgO crucibles were removed from the furnace after their temperature decreased 
to room temperature. Whole salts in the crucibles were dissolved into ethylene glycol  
(99.5 wt%). Then the concentrations of metal elements in the organic solvents were 
analysed with ICP-MS and ICP-AES. Residues after dissolving salts were washed with 
ethanol (99.5 wt%) to remove ethylene glycol and dried under vacuum at room temperature. 
By using XRD, XRF, ICP-MS and ICP-AES, compound identification and composition 
analysis of the residues were conducted. 

Results and discussion 
An XRD pattern of the residue after the Ca reduction test is shown in Figure 2. The main 
components of the residue were Ca-Si alloys, such as CaSi and Ca5Si3, and some rare earth 
element compounds were also contained. The XRD result suggests that SiO2 or other oxides 
consisting of borosilicate glasses did not exist in the residues, and these oxides were 
reduced to the metal form or other compounds. In other words, SiO2 frames in the glasses 
were completely broken by the addition of Ca metals. Figure 3 shows the transition ratios 
of LLFP elements to molten salt and solid phases for: (a) a test without Ca metal addition; 
and (b) a test with Ca metal addition. Here, the transition ratio 𝜶𝜶𝒅𝒅𝒓𝒓𝒎𝒎𝒕𝒕

𝒊𝒊  of element i in the 
molten salt and 𝜶𝜶𝒅𝒅𝒎𝒎𝒎𝒎𝒊𝒊𝒏𝒏

𝒊𝒊  of element i in the solid are defined as: 

𝛼𝛼𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠
𝑖𝑖 =

𝑤𝑤𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠
𝑖𝑖

𝑤𝑤𝑖𝑖𝑜𝑜𝑖𝑖𝑠𝑠
𝑖𝑖 × 100 (%) (3) 

𝛼𝛼𝑠𝑠𝑙𝑙𝑙𝑙𝑖𝑖𝑐𝑐
𝑖𝑖 = 100 − 𝛼𝛼𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠

𝑖𝑖  (%) (4) 

where 𝒘𝒘𝒊𝒊𝒏𝒏𝒊𝒊𝒕𝒕
𝒊𝒊  is the weight of element i in the initial simulated vitrified glass, and 𝒘𝒘𝒅𝒅𝒓𝒓𝒎𝒎𝒕𝒕

𝒊𝒊  is 
the weight of element i in the molten salt calculated from the ICP-MS analysis results for 
dissolved salt into ethylene glycol. According to thermodynamic calculations [5], alkali 
metals and chalcogens are stable as ions in CaCl2 melt. However, a remarkable level of 
release of Cs and Se from the simulated vitrified waste to molten CaCl2 was not observed 
by only immersing the waste in the melt. In contrast, more than 99% of Cs and Se dissolved 
into the melts with the addition of Ca metal. These results suggest that Cs and Se were 
trapped in relatively strong SiO2 frames; therefore, Cs and Se could not dissolve into the 
melt despite the fact that the dissolution reaction could proceed thermodynamically. The 
dissolution reactions were accelerated by breaking the SiO2 frames with the Ca reduction. 
Most of Pd and Zr remained in the residues with or without Ca metal addition. The 
transition ratios to solid phases of Pd and Zr after Ca reduction were 99.5% and 90.8%, 
respectively. Thermodynamically, Pd would exist as metal, and Zr would exist as ZrB2, 
although these compounds were not detected by XRD and were not identified because the 
amounts of them were too small for XRD analysis. 

  



454 |   
 

  
  

Table 1: Composition of simulated vitrified waste 

Element Target value / wt% Analysis value / wt% 
SeO2 0.02 0.020 
Rb2O 0.11 0.10 
SrO 0.27 0.27 
Y2O3 0.17 0.18 
ZrO2 1.31 1.1 
MoO3 1.36 1.3 
MnO 0.34 0.35 
RuO2 0.7 0.53 
Rh2O3 0.12 0.13 
PdO 0.37 0.25 
Ag2O 0.02 0.022 
SnO2 0.03 0.030 
TeO2 0.13 0.14 
Cs2O 0.71 0.63 
BaO 0.54 0.52 
La2O3 0.33 0.36 
CeO2 1.94 2.0 
Pr6O11 0.35 0.36 
Nd2O3 1.09 1.1 
Sm2O3 0.21 0.23 
Eu2O3 0.03 0.032 
Gd2O3 1.24 1.3 
P2O5 0.03 0.018 
Cr2O3 0.01 0.011 
Fe2O3 0.21 0.24 
NiO 0.02 0.021 
Na2O 9.24 9.8 
SiO2 50.5 49 
B2O3 13.6 15 
CaO 3.08 3.0 
Al2O3 5.47 5.9 
ZnO 3.21 3.7 
Li2O 3.06 3.2 

Figure 2: XRD pattern of residue after Ca reduction test 
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Figure 3: Transition ratios of LLFP elements (a) without Ca  
addition and (b) with Ca addition 

 

Molten salt electrolysis of reduced products after Ca reduction 

Experimental 
The residues obtained after Ca reduction tests (hereinafter called reduced products) were 
used in molten salt electrolysis tests to confirm the electrochemical behaviours of the LLFP 
elements. Cyclic voltammetry and potentiostatic electrolysis were conducted using a three-
electrode method and an electrochemical measurement system. The working electrode was 
a graphite crucible containing the reduced products, which were in the form of pellets  
(8 mm diameter) formed by compression moulding at room temperature. In order to remove 
the organic solvent remains derived from salt dissolution operations, the pellets were 
calcined at 450°C under an Ar atmosphere before the electrolysis tests. The counter 
electrode was an Al wire (1 mm diameter, 99.99 wt%) and the reference electrode was an 
Ag+/Ag electrode prepared by immersing a silver wire (1 mm diameter, 99.99 wt%) in 
fused eutectic LiCl-KCl containing 1 wt% AgCl (99.99 wt%) in a borosilicate glass tube. 
These electrodes were immersed into a eutectic LiCl-KCl melt in an Al2O3 crucible  
(99.6 wt%) which was kept at 450°C. The potential was calibrated by the metal Li 
deposition/dissolution potential measured with a W electrode in the LiCl-KCl melt. All 
electrolysis tests were performed in the Ar atmosphere glove box mentioned earlier. During 
the tests, parts of the melts were sampled with silica tubes regularly. The samples were 
dissolved into acidic solutions, and their compositions were analysed with ICP-MS and 
ICP-AES. 

Results and discussion 
Figure 4 shows cyclic voltammograms for the W rod and reduced product electrode in the 
molten eutectic LiCl-KCl at 450°C. A sharp rise of the anodic current was observed around 
4 V vs. Li+/Li for the W rod electrode. The current corresponds to Cl2 gas evolution derived 
from the salt decomposition reaction. For the W rod electrode, no other remarkable anodic 
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current was observed. In contrast, a steady increase of the anodic current appeared between 
0.7 and 3.3 V vs. Li+/Li, which could be attributed to Ca dissolution from calcium silicide. 
The results show that the reduced product had electrical conductivity, and some elements 
dissolved into the molten salt by electrolysis. Based on the cyclic voltammograms, 
potentiostatic electrolysis was conducted at 2.5 V vs. Li+/Li where Cl2 gas evolution did 
not occur for one hour. The weights of the Pd and Zr in the molten salt before and after the 
electrolysis, which were calculated from ICP-MS analysis, are shown in Figure 5. 
Zirconium dissolved into the LiCl-KCl melt partially without electrolysis, and palladium 
was almost insoluble in the melt before electrolysis. The weight of Zr in the melt increased 
from 99 to 466 μg, whereas the weight of Pd did not change after potentiostatic electrolysis 
at 2.5 V vs. Li+/Li where the anodic current flowed. Standard Redox potentials in the 
eutectic LiCl-KCl melt at 450°C for Pd2+/Pd and Zr4+/Zr are 3.196 and 1.55 V vs. Li+/Li, 
respectively [6]. Therefore, the observed electrochemical behaviours for Pd and Zr are 
reasonable. 

Figure 4: Cyclic voltammograms in molten eutectic LiCl-KCl at 450°C for (a) W rod as 
comparison and (b) reduced product. Scan rate: 100 mV/s 

 

Figure 5: Comparison of weights of Pd and Zr in LiCl-KCl salt before and after electrolysis 
at 2.5 V vs. Li+/Li at 450°C 
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Conclusions 

In order to investigate a new LLFP recovery process consisting of metallothermic reduction 
of vitrified radioactive waste and pyrochemical separation of LLFPs, Ca reduction tests 
were conducted on simulated vitrified waste, and molten salt electrolysis tests were 
conducted on the reduced products. In the Ca reduction tests, SiO2, which is a major 
component of simulated vitrified waste, was reduced to calcium silicide in molten CaCl2 at 
850°C. By the reaction, more than 99 wt% of Cs and Se were released into the molten salts 
as ions, and Pd and Zr stayed in the reduced products as solid compounds. In electrorefining 
tests on the reduced products, separation of Pa and Zr from each other was achieved by 
keeping the potential of the reduced products at 2.5 V vs. Li+/Li in the eutectic LiCl-KCl 
melt at 450°C. Thus, the usefulness of a combination of reductive decomposition and 
electrorefining in molten salt for the recovery of LLFPs from vitrified waste was confirmed. 
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Stabilisation of actinide bearing spent salts by  
an oxidation and distillation process 

B. Claux1, S. Faure1, O. Lemoine1, G. Bourgès1 

1CEA, France 

Spent salts coming from pyrochemical processing are composed of mixtures of NaCl, KCl 
and CaCl2 with various actinides species, depending on the process used and the storage 
time and conditions. 

In order to stabilise these materials, a pyrochemical treatment has been developed by the 
Commissariat à l’énergie atomique et aux énergies alternatives (CEA) Valduc. It consists 
in carrying out two steps: a pyro-oxidation and a distillation. 

The pyro-oxidation, also known as oxidation-chlorination, allows oxidising actinides 
species into stable oxides: AnO2. End-products are composed of a clean salt phase and a 
precipitate which contains nearly all the actinides. In order to separate the remaining salt 
from the actinides oxides, a distillation phase is carried out. The distillation is performed 
with a dedicated apparatus at temperatures as high as 1 200°C. The vapourised salt is then 
recovered on one side of the apparatus whereas actinides oxides remain on the other side. 
The salt contains a very low level of actinides concentration, typically few ppm, which can 
meet the radiological requirements for low level waste discard. The actinide oxides are 
suitable for long-term interim storage. 

Introduction 

Pyrochemical separations using molten salts and liquid metals as solvents, mainly with 
liquid/liquid extraction or electrolysis processes, are developed for spent nuclear fuel 
reprocessing [1]. Such techniques have been used for decades to prepare and to purify 
metallic plutonium [2]. Both applications use chlorides as salt media, and generate waste 
salts that need to be managed.  

In the frame of pyrometallurgical reprocessing of spent nuclear fuels, spent salts containing 
minor actinides (MA) and fission products (FP) are recycled or are converted into long-
term repository waste form. Salt recycling requires MA and FP separation before reuse. 
For this purpose, molten salt precipitation appears to be easy to implement. It consists of 
converting the solute actinide and FP chlorides into insoluble chemical species. Phosphate 
precipitation has been studied to decontaminate molten equimolar NaCl-KCl mixture [3]. 
Oxide precipitation has been performed using O2- ions donor addition such as oxides (Li2O, 
BaO) [4] and oxygen sparging in LiCl-KCl [5]. Carbonate precipitation has also been 
investigated to recover alkaline earth fission product elements from LiCl- KCl 
electrorefining spent salt [6]. For these applications, the precipitation of the solubilised 
elements results from an increase of the O2-, CO3

2-, PO4
3- ions concentration in the molten 

salt leading to insoluble FP or actinide compounds spread into the chloride solvent matrix. 
Actinide oxides precipitation in molten LiCl-CaCl2 at 973 K using wet argon has been 
studied [7]. H2O acts as an oxidant and Pu(III) is converted into PuO2 according to a redox 
reaction leading to hydrogen release. 
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The preparation of metallic plutonium has generated spent salts which were not recycled 
or discarded and as a consequence these products are disposed of in nuclear facilities. The 
salts consist of chlorides  ̶ equimolar NaCl-KCl mixture and mixtures with CaCl2  ̶ 
containing various plutonium and americium (An) species with oxidation degree varying 
from 0 to 4 (metal, chlorides, oxichlorides and oxides) resulting from process operating 
conditions and from interim storage environment. The development of a pyrochemical 
treatment was initiated at the end of the 90s by CEA Valduc centre in the frame of waste 
and residue management programmes. The goal of the treatment is to obtain a chloride-free 
AnO2 residue suitable for long-term interim storage and a clean chloride salt suitable for 
low level waste discard [8]. 

The main features of the treatment are: 

1. Conversion of the actinide species into oxides via a pyro-oxidation process in 
molten salt using sodium carbonate and chlorine gas as reagents. A two-phase 
product is obtained as a result of insoluble actinide oxides decantation: a top clean 
product consisting of chloride solvent salt and a bottom precipitate that contains 
almost all of the actinides as oxides particles.  

2. As the gangue of the precipitate consists of alkali or alkali earth chlorides, an 
additional separation process is necessary. Based on the difference of vapour 
pressures between oxides and chlorides, vacuum distillation has been demonstrated 
to be convenient for such the removal of chlorides. 

Experimental 

All experiments are carried out in glove boxes under continuous flow of N2 in order to keep 
low levels of water and oxygen. The salts used are composed of NaCl (99.5%), KCl 
(99.5%) and CaCl2 (98%) provided by Merck. Sodium carbonate (99.6%) is supplied by 
Acros Organics.  

Pyro-oxidation set-up and principle 
According to the amount of An measured in the melt, sodium carbonate is added. The 
amount of sodium carbonate is calculated as if An is only present as AnCl3 which is the 
considered An species that consumes the most sodium carbonate (see equation (1)). The 
stoichiometry is then always expressed according to these hypotheses. 

𝐴𝐴𝑛𝑛𝐶𝐶𝑙𝑙3 + 3
2� 𝑁𝑁𝑁𝑁2𝐶𝐶𝐶𝐶3

          
�⎯� 𝐴𝐴𝑛𝑛𝐶𝐶2 + 3𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙 + 𝐶𝐶𝐶𝐶2(𝑔𝑔) + 1

2� 𝐶𝐶𝐶𝐶(𝑔𝑔) (1) 

𝐴𝐴𝑛𝑛𝐶𝐶𝐶𝐶𝑙𝑙 + 1
2� 𝑁𝑁𝑁𝑁2𝐶𝐶𝐶𝐶3

          
�⎯� 𝐴𝐴𝑛𝑛𝐶𝐶2 + 𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙 + 1

2� 𝐶𝐶𝐶𝐶(𝑔𝑔) (2) 

𝐴𝐴𝑛𝑛(0) + 2
3� 𝑁𝑁𝑁𝑁2𝐶𝐶𝐶𝐶3

          
�⎯� 𝐴𝐴𝑛𝑛𝐶𝐶2 + 4

3� 𝑁𝑁𝑁𝑁(0) + 2
3� 𝐶𝐶 (3) 

The spent salt and sodium carbonate are mixed in a ceramic crucible and heated up to 870°C 
according to the salt mixture. The oxidation reaction is followed by visually checking the 
gas bubbles evolution in the melt coming from reactions (1) to (3). As soon as no bubbles 
are observed, a ceramic tube is dipped into the salt and an Ar bubbling is started to stir the 
melt for at least one hour. 

Then, the chlorination is done through the same tube by bubbling an equimolar mixture of 
Ar and Cl2 gases. When Cl2 is detected in the furnace atmosphere, the chlorine line is closed 
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and only pure Ar is passed through for at least 2 hours to remove any chlorine from the 
melt and to homogenise it. 

Finally, the set-up is left 24 hours for oxides settling before cooling down. The crucible is 
broken and two phases are recovered: a black phase at the bottom, containing most of the 
actinides, and a white phase composed mostly of salt (see Figure 1). 

Figure 1: Picture of the black and white phases after pyro-oxidation 

 

Distillation set-up and principle 
The distillation apparatus consists in a high temperature furnace with the ability to heat as 
high as 1 200°C (for NaCl-CaCl2 salts, 900°C for NaCl-KCl salts) with a pressure as low 
as 10-3 mbar. The set-up and its basic principle are shown in Figure 2. The high temperature 
zone is heated up to 1 200°C under 10-3 mbar to vapourise all the salts which condensate 
in a colder zone of the equipment. After cooling down, the recovery part of the equipment 
is heated up to 700°C under 0.5-0.8 mbar Ar. The condensates liquefy and drop down to a 
colder recovery crucible. 

Figure 2: Longitudinal cut of the distillation set-up: 1) distillation-condensation phase;  
2) pouring phase 

 

Thermodynamic considerations for the distillation of chloride salts 
In order to distillate quantitatively the spent salt, the temperature must be as high as 
possible. Calculations were made with HSC software [9] to obtain pressure-temperature 
diagrammes of the salts studied. They are shown in Figure 3 and suggest temperatures 
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higher than 600°C for NaCl-KCl and 800°C for NaCl-CaCl2 at 10-3 mbar. However, these 
are just thermodynamic calculations which do not take into account the rate of distillation. 

Figure 3: Pressure-temperature diagram for the salts studied (in full line) and the individual 
salt (in dotted lines, from top to bottom: KCl, NaCl and CaCl2) 

 

 

A mathematical equation has been established by Hertz and then Langmuir connecting the 
mass loss to the saturation vapour pressure [10]. This has been used by Wang et al. to 
connect the kinetics of the mass loss to the temperature through the following equation 
[11], valid in absolute vacuum: 

 𝐺𝐺 = 𝛼𝛼𝑃𝑃𝑣𝑣𝑣𝑣𝑣𝑣�𝑀𝑀𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠

√2𝜋𝜋𝐼𝐼𝑇𝑇
 (1) 

Where G is the rate of salt distillation (in kg.m-2.s-1), α an experimental factor varying from 
0 to 1, Pvap the saturation vapour pressure of the salt (in Pa), Msalt its molar mass (in kg.mol-

1), R the molar gas constant (8.314 J.mol-1.K-1) and T the temperature (in K). 

This formula can help to determine the best operating conditions (temperature and pressure) 
for obtaining a significant rate of salt distillation. This formula uses an experimental factor 
to take into account the real pressure, retrodiffusion phenomena, etc. This formula has been 
used to draw Figure 4 for the salt mixtures studied and individual salts. Experimental points 
from literature were used to show the difference between ideal rates and experimental ones 
by fitting the α coefficient in Equation (1). In order to obtain a distillation rate similar to 
calculations, an increase of at least 100°C can be expected. That is why the chosen 
temperatures in this study were 900°C for NaCl-KCl and 1 200°C for NaCl-CaCl2. 

NaCl-CaCl2 NaCl-KCl 
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Figure 4: Rate of salt distillation for the salt used (dark full lines) and individual salts (from 
left to right: KCl, NaCl and CaCl2) 

 

Source: adapted from [12][8]. 
 
Note: Dark dotted lines represent the correction of the rate of pure NaCl and pure CaCl2 distillation by using 
experimental points (squares from [12] and rounds from [8]). 

Results and discussion 

Hereunder are described the results of the experiment obtained with NaCl-KCl equimolar 
or NaCl-CaCl2 eutectic salts containing actinides chlorides in various concentrations. Ten 
runs have been conducted, seven in NaCl-KCl and three in NaCl-CaCl2. 

Pyro-oxydation step 
The experimental conditions and results are shown in Table 1. To ensure full oxidation of 
actinides into AnO2, an excess of sodium carbonate was added in some experiments, up to 
50% excess down to stoichiometric value. XRD results show that all of the actinides are 
present as AnO2 whatever the excess of carbonate used. When a high excess of sodium 
carbonate was used, several hours of Cl2 bubbling were needed to remove unreacted 
carbonate. Calculating the Cl2 consumption by the melt, all experiments proved that the 
carbonate amount needed is always well below the stoichiometry, especially when the salts 
are treated after a long period of interim storage. A decontamination factor of the salt from 
An can be calculated as an indicator of the pyro-oxidation step. It is the ratio of the total 
amount of An in the salt before the pyro-oxidation on the amount of An in the salt after the 
treatment. 

NaCl-CaCl2 

NaCl-KCl 
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Table 1: Experimental conditions and results (average values) obtained for the pyro-
oxidation of chloride salts containing actinides 

Salts (number of runs) NaCl-KCl (7) NaCl-CaCl2 (3) 

Initial wt% An 15% 14% 
%stoichiometry Na2CO3 100-140% 100-150% 

Final 
White phase (wt%) 47% 47% 
An concentration (ppm) 52 1 620 
Salt decontamination factor 6 011 197 

Distillation step 
Table 2 presents distillations of white phases carried out exhibited similar, which resulted 
in An final concentrations in the salt. 

Table 2: Results of the distillation of the black phases from  
the pyro-oxidation (average values) 

Black phases (number of runs) NaCl-KCl (7) NaCl-CaCl2 (3) 

Salt An concentration (ppm) 8 22 
Salt decontamination factor 83 857 21 314 

Oxide %recovery An 101% 95% 
An decontamination factor 7 348 4 247 

Distillation provides a clean salt as one end-product with an average concentration of 
actinides of 8 ppm making it compatible with low-level waste regulations [13].  

The second end-product is the AnO2. It was identified by XRD measurements. Elemental 
Cl analysis has been performed on some AnO2 recovered after distillation by 
pyrohydrolysis method: high temperature distillation of the sample and ionic 
chromatography analysis of the condensate. This method is expected to recover the entire 
salt still present in the oxide [14][15]. It showed that the Cl concentration in the product is 
below 700 ppm. The decontamination factor of the AnO2 powder by the salt is also 
calculated after the distillation step and represents the ratio of the amount of salt before any 
treatment on the amount of salt remaining in the oxide. This was only done on NaCl-CaCl2 
salt as it is the hardest to distillate. The process was efficient in separating the salt from the 
oxide with decontamination factors of the oxide greater than 103. 

The amount of An in the oxide is measured by the mean of gamma spectrometry and 
calorimetry with an uncertainty of 6%. Some oxide remains attached to the container 
despite it being scratched but are found in the next experiment. Part of the mass recovered 
is not AnO2 but can be due to remaining ceramic pieces from the pyro-oxidation phase 
(from the crucible which produces small pieces when broken). Ongoing XRD analyses will 
help to fully characterise the product.  

Apart from the oxide attached to the container, no significant retention of An was measured 
in the equipment. To make sure, yearly measurements of the full equipment are made 
thanks to a mobile gamma spectroscopy system. 

Conclusions 

The combination of pyro-oxidation with distillation proved to be a suitable process to 
stabilise actinides from spent salts but also to reduce the waste inventory by separating 
them from waste salts. This gives a salt waste with low level of actinide contamination 



464 |   
 

  
  

(ppm levels) and an oxide phase that can be safely stored. No loss of actinides by 
vapourisation has occurred during the distillation phase.  
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Selective photoionisation of odd-mass zirconium isotope: 
Towards application to separation of radioactive waste 

T. Fujiwara, T. Kobayashi, C. R. Locke, K. Midorikawa 
RIKEN Center for Advanced Photonics, Japan 

We employed a laser photoionisation technique that provides an alternative approach using 
intermediate-state alignment for isotope-selective laser excitation of atoms, which exploits 
the angular momentum selection rules for the absorption of polarised light. We here have 
demonstrated that the odd-mass isotope (Zr-91) in the natural substance was selectively 
photoionised while the photoions of the even-mass isotopes were significantly suppressed 
by polarised, broadband pulsed lasers. In our four-step photoexcitation (J =2–1–1–0) 
scheme with newly-found third intermediates, we obtained as high ionisation efficiency as 
ca. 30 and high selectivity (separation coefficient for Zr-91: >2 400). The spectroscopic 
properties of each intermediate and the applications to advances in laser even/odd-mass 
isotope separation are provided and discussed. 

Introduction 

Isotope separation methods are crucial to numerous scientific and industrial processes. 
Enriched fuels are used in nuclear power plants producing a various  radioactive isotopes 
in spent fuel, which should be separated for disposal. The odd-mass zirconium isotopes (93 
and 95) are among the products of radioactive fission. Notably, the Zr-95 isotope, with a 
long half-life of 1.5×106 years, is one of the seven major long-lived fission products 
(LLFPs). Separation of those high-level radioactive isotopes from non-radioactive ones 
may help contribute to waste disposal and recycling. In this study, we have conducted basic 
research on the selective photoionisation technique for the odd-mass Zr isotopes, using 
multiple laser irradiation. The laser technique may still play an important role in reducing 
a significant amount of high-level radioactive waste as a pre-treatment prior to undergoing 
a nuclear transmutation process that controls nuclear reactions and eliminates radioactivity. 

In the past decades, an atomic vapour laser isotope separation (AVLIS) method has been 
proposed and employed successfully for other major isotopes such as uranium [1][2]. 
However, 91Zr is relatively difficult since it shows small optical isotope-shifts 
(100-200 MHz), and a fairly narrow-band laser tuned to a specific group of hyperfine 
transitions that is slightly shifted from the even-mass isotope transitions is needed. In 
addition to that requirement, the Doppler line broadening, associated with vapourisation 
temperatures (>2 200 K), must be decreased to improve its selectivity, and often utilises 
supersonic expansion of the vapour through a nozzle. Furthermore, little is known about 
the highly radioactive 93,95Zr isotopes hyperfine transitions to date, which apparently cause 
a problem for practical applications in the future. 

We employed an alternative approach using intermediate-state alignment for isotope-
selective laser excitation of atoms, which exploits the angular momentum selection rules 
for the absorption of polarised light [3]. Linearly polarised, pulsed dye lasers are used to 
prepare aligned states from which further excitation of the even-mass isotopes is prohibited 
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by selection rules. Hyperfine interactions in the odd-mass isotopes (91,93,95Zr), on the other 
hand, lead to population redistributions upon photoexcitation, which makes selective 
excitation followed by ionisation of these odd-mass isotopes [4]. The method does not 
require the use of narrow-band lasers, nor does it demand a particular pulse shape or 
duration. It is also applicable to the use of thermally distributed atomic vapour as a beam 
source. 

In this paper, along with the foregoing study in Palladium isotopes separation [5], we 
revisited the three-step resonant photoionisation of Zr vapour and examined the selectivity 
for 91Zr separation from other natural-occurring isotopes. A representative scheme 
employed in the present investigation is illustrated in Figure 1(a), which also demonstrates 
higher isotopic selectivity and ionisation efficiency than the previously reported [4][6]. 

Figure 1: Representative scheme for the investigation   

 
Note: a) An energy level and transition diagram of an excitation path (J =2-1-1-0 excitation scheme). (b) The 
mass-resolved, resonant photoionisation spectra of Zr, a newly-found third excited-state level, having J = 0 
character, shows the highest efficiency and the best isotopic selectivity. (c) The separation coefficient for 91Zr 
over the even-mass isotopes has achieved to be >2 400. 

Theory of selective photoexcitation 

Figure 2 schematically shows the magnetic sublevels (𝑴𝑴𝑱𝑱) associated with the energy states 
through which the even-mass isotopes are excited via J =2-1-1-0 excitation path. The 
linearly polarised first laser (𝝎𝝎𝟏𝟏) makes the electronic angular momentum of the atoms 
quantised along with the electric field axis. Zr has the lowest ground-state of J =2 with 5 
magnetic sublevels 𝑴𝑴𝑱𝑱 = ±𝟐𝟐, ±𝟏𝟏, and 0. The population distribution in the sublevels of 
even mass Zr atoms is isotropic. With the first photon tuned to the first excited level, a 
resonant electric dipole transition to the 𝑱𝑱 = 𝟏𝟏 intermediate energy state will take place. 
The excited-state populations 𝑭𝑭(𝑱𝑱, 𝑴𝑴) , prepared by resonant transitions with linearly 
polarised light, are described as applied in the Wigner-Eckart theorem [7] by: 

P(J, M) ∝ ��dMm
J (θ)�

2
� j 1 J

−m 0 M�
2

P(j, m)
m

 (1) 
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where the initial population is 𝑭𝑭(𝒋𝒋, 𝒎𝒎), and the 𝟑𝟑𝒋𝒋 symbol determines the relative line 
strengths, and the reduced rotation matrix elements, 𝒏𝒏𝑴𝑴𝒎𝒎

𝑱𝑱 (𝜽𝜽), that transform the present 
alignment onto the electric-field axis of the probe light. Equation 1 rules the transition 
selections of 𝜟𝜟𝑱𝑱 = 𝟎𝟎, ± 𝟏𝟏, and 𝜟𝜟𝑴𝑴𝑱𝑱 = 𝟎𝟎 and the resultant population of even mass Zr 
atoms in the 𝑱𝑱 = 𝟏𝟏 first intermediate state is distributed in a ratio of 𝟑𝟑/𝟒𝟒, 𝟏𝟏, and 𝟑𝟑/𝟒𝟒 for 
the −𝟏𝟏, 𝟎𝟎 and +𝟏𝟏 magnetic sublevels. 

The second photon induces a resonant transition to the 𝑱𝑱 = 𝟏𝟏 second intermediate state, and 
𝜟𝜟𝑴𝑴𝑱𝑱 = 𝟎𝟎 and 𝑴𝑴 = 𝟎𝟎 ↮  𝟎𝟎 hold, since the transition strengths depend on 𝒎𝒎𝟐𝟐. Thus, for the 
transition from the 𝑱𝑱 = 𝟏𝟏 first intermediate state to the 𝑱𝑱 = 𝟏𝟏 second intermediate state, the 
𝑴𝑴 = ±𝟏𝟏 even mass Zr populations will be transmitted equally but the 𝑴𝑴 = 𝟎𝟎 sublevel 
population will be excluded. The result is the preparation of an aligned state for which even 
mass Zr population in the 𝒎𝒎 = 𝟎𝟎 sublevel is absent. In Figure 2(a), the population of even 
mass Zr atoms in the 𝑱𝑱 = 𝟏𝟏 second intermediate mediate state is distributed in a ratio of 1, 
0 and 1 for the 𝑴𝑴𝑱𝑱 = −𝟏𝟏, 𝟎𝟎 and +𝟏𝟏, respectively.  

The third photon induces a resonant transition to the 𝑱𝑱 = 𝟎𝟎 third intermediate state. Since 
the 𝑱𝑱 = 𝟏𝟏  second intermediate state has zero population, the resulting the 𝑱𝑱 = 𝟎𝟎  third 
intermediate state will be lacking in 𝑴𝑴 = 𝟎𝟎 magnetic sublevel when linearly polarised light 
(𝝎𝝎𝟑𝟑) is parallel to the second light (𝝎𝝎𝟐𝟐). Figure 2(b) depicts the case that 𝑱𝑱 = 𝟎𝟎 third 
intermediate state will gain its population by the transition from the 𝑱𝑱 = 𝟏𝟏  second 
intermediate state with 𝑴𝑴𝑱𝑱 = 𝟎𝟎 when polarisations of both lasers are perpendicular to each 
other (𝜽𝜽𝟐𝟐𝟑𝟑 = 𝟒𝟒𝟎𝟎∘). 

Figure 2(c) shows a schematic representation of |𝑰𝑰𝑱𝑱𝑭𝑭𝑴𝑴⟩ basis, as appropriate, in which the 
sublevels are coupled with the nuclear spin (𝑰𝑰 = 𝟓𝟓

𝟐𝟐
) for the odd mass Zr atoms.  

Figure 2: Energy level an and transition diagrams  

 

Note: An energy level and transition diagram applicable to (a) the even-mass isotope in which the 𝑱𝑱𝑴𝑴 basis is 
suitable with a lack of nuclear spin (𝑰𝑰 = 𝟎𝟎), and (b) changing optical alignment of polarised light causes its 
selection rules. (c) The 1st and 2nd intermediate levels described by 𝑰𝑰𝑱𝑱𝑭𝑭𝑴𝑴 basis for the odd-mass Zr isotope 
(𝑰𝑰 = 𝟓𝟓

𝟐𝟐
). 

Such hyperfine interactions yield a population of odd-mass Zr atoms distributed over 18 
sublevels in the 𝑱𝑱 = 𝟏𝟏 first intermediate state and the 𝑱𝑱 = 𝟏𝟏 second intermediate state. The 
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many cross-linkages between the 𝑱𝑱 = 𝟏𝟏  first intermediate state and the 𝑱𝑱 = 𝟏𝟏  second 
intermediate state leave no sublevel of either state inaccessible. Therefore, the odd mass Zr 
isotopes does not obey the selection rules dictated in |𝑱𝑱𝑴𝑴⟩ basis, which makes the selective 
photoionisation of the even/odd mass isotopes feasible [3][4]. 

To interrogate the isotopic selectivity in the selective photoionisation scheme for the odd-
mass rigorously, we adapt the normalised separation coefficient (𝜷𝜷) for 91Zr isotope defined 
by : 

β91 = �
∫ I||( Zr91 )

∑ ∫ I||( Zrm )m≠91
� �

∫ I⊥( Zr91 )
∑ ∫ I⊥( Zrm )m≠91

��  (2) 

where 𝑰𝑰∥ and 𝑰𝑰⊥ are photoion currents at the parallel and perpendicular polarisations (𝜽𝜽𝟐𝟐𝟑𝟑), 
respectively. Since the natural occurring odd-mass isotope of Zr is 91 only and the rest of 
the even mass (90, 92, 94, 96) are observed, we hereafter focus on Equation 2 for an 
evaluation of the even/odd mass isotopic selectivity. The larger 𝜷𝜷 becomes, the more 
selectively the odd-mass Zr isotope is photoionised. 

Experimental 

An electron beam gun was employed to vapourise Zr atoms that are collimated and then 
interacts with synchronous three (or plus one) laser pulses (bandwidths 6-8 GHz, duration 
<10 ns, and repetition rate 10 Hz) for resonant multi-step photoionisation. We employed 
three dye lasers, two of which were pumped by two separate Nd:YAG lasers (second or 
third harmonics), respectively, and the fourth pulse carried a YAG fundamental (1.06 𝝁𝝁m) 
partially extracted from the harmonic mixing. Photoions were perpendicularly accelerated 
via a set of three pulsed-charged grids, and the cations were detected as a function of the 
arrival time by a microchannel plate (MCP), composed of a Wiley-McLaren-type time-of-
flight (TOF) mass spectrometer. So-obtained photocurrents were then fed to a transient 
digitiser (2.5 GS/s) for signal processes with multiple time-gate integrations on each mass 
channel of interest. 

Results and discussion 

(Three + one) step photoionisation scheme 
As shown in Figure 1(c) depicting the TOF mass spectra of Zr with the two different 
polarisation configurations, photoions of all even-mass Zr isotopes are considerably 
suppressed while that of the odd-mass Zr-91 isotope remains intact. The obtained 
separation coefficient 𝜷𝜷 for Zr-91 has been reached to be as large as 2 460. It indeed 
indicates the largest separation of the odd-mass Zr isotopes that have ever been reported 
[4][6][8]. In what follows, we present more detailed aspects in newly-found third 
intermediate states as well as the first and second intermediate states mostly implemented 
in so-called 𝑱𝑱 =2-1-1-0 scheme. 
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Table 1: Excited-state intermediate state employed in three-step photoionisation scheme 

Level (cm-1) Term Cross-Section (J/cm2) Lifetime (ns) 
17 429.86 𝐳𝐳 𝟑𝟑𝐃𝐃𝟏𝟏

∘  𝟔𝟔. 𝟒𝟒 × 𝟏𝟏𝟎𝟎−𝟏𝟏𝟓𝟓 <300 
35 046.95 𝐞𝐞 𝟓𝟓𝐅𝐅𝟏𝟏 𝟓𝟓. 𝟏𝟏 × 𝟏𝟏𝟎𝟎−𝟏𝟏𝟒𝟒 𝟒𝟒. 𝟑𝟑 ± 𝟎𝟎. 𝟓𝟓 
52 604.47 J = 0 𝟐𝟐. 𝟐𝟐 × 𝟏𝟏𝟎𝟎−𝟏𝟏𝟔𝟔 𝟏𝟏𝟒𝟒𝟓𝟓𝟎𝟎 ± 𝟓𝟓𝟎𝟎 

The lowest level in the ground state of Zr is the triplet 𝒓𝒓 𝟑𝟑𝑭𝑭𝟐𝟐 having 𝑱𝑱′′ = 𝟐𝟐. In the heated 
sample (>2 200 K), the neighbouring 𝒓𝒓 𝟑𝟑𝑭𝑭𝟑𝟑  (+570.41 cm-1) and 𝒓𝒓 𝟑𝟑𝑭𝑭𝟒𝟒  (+1 240.84 cm-1) 
levels may be thermally populated [9] but their contributions are strictly excluded by the 
stepwise photoexcitation. The first intermediate state 𝒛𝒛 𝟑𝟑𝑫𝑫𝟏𝟏

∘  was tuned by the first laser 𝝎𝝎𝟏𝟏 
while monitoring its emission to the ground electronic state (𝒛𝒛 𝟑𝟑𝑫𝑫𝟏𝟏

∘ → 𝒓𝒓 𝟑𝟑𝑭𝑭𝟐𝟐), Figure 1(a). 
The lifetime of the first intermediate state was also estimated by emission to the ground 
state. Since typical transition probability between the singlet-triplet states is small, the first 
intermediate state (17 429.86 cm-1) is long-lived (<300 ns), consistent with the previous 
report [10]. The lifetime of the second intermediate state was obtained by the pump-probe 
time delay in which the firing of 𝝎𝝎𝟑𝟑,𝟒𝟒  pulses with respect to those of 𝝎𝝎𝟏𝟏,𝟐𝟐  was 
electronically controlled to change during recording the photoion current. By the fit with a 
deconvolution procedure to its observed profile, the lifetime of the second excited-state 
intermediate, 𝒆𝒆 𝟓𝟓𝑭𝑭𝟏𝟏 (+35 046.95 cm-1), is evaluated (7.3±0.5 ns) within an accuracy of the 
pertinent pulse widths. 

With the required optical alignment (𝜽𝜽𝟐𝟐𝟑𝟑 = 𝟎𝟎∘), the adequate transition, 𝒆𝒆 𝟓𝟓𝑭𝑭𝟏𝟏 ← 𝒛𝒛 𝟑𝟑𝑫𝑫𝟏𝟏
∘  

renders the odd-mass Zr isotope selectively excited by 𝝎𝝎𝟐𝟐 𝒃𝒃𝒆𝒆𝒄𝒄𝒓𝒓𝒅𝒅𝒅𝒅𝒆𝒆 𝑴𝑴𝑱𝑱 = 𝟎𝟎 in 𝑱𝑱 = 𝟏𝟏 ←
𝟏𝟏 transition will not allow for the even-mass isotopes. Thus, the subsequent excitation by 
𝝎𝝎𝟑𝟑 to the third intermediate state (𝑱𝑱 = 𝟎𝟎 character) is feasible only for the odd-mass Zr 
isotope due to its hyperfine sublevel structures. The final step with non-resonant transition 
from the third intermediate to the ionisation continuum (I.P. = 53 506.0 cm-1 [11]) was done 
by an infrared laser (IR, 1 064 nm). 

Green and co-workers [4] first proposed the three-step plus one excitation scheme and 
demonstrated the isotope selectivity (> 𝟏𝟏𝟎𝟎) for Zr-91, and later Niki and co-workers 
[6][12] revisited the same J=2-1-1-0 scheme and obtained 𝜷𝜷𝟒𝟒𝟏𝟏 ∼ 𝟒𝟒𝟎𝟎. Our result with the 
same third intermediate, on the other hand, indeed attained 𝜷𝜷𝟒𝟒𝟏𝟏 ∼ 𝟐𝟐𝟔𝟔𝟔𝟔. Three intermediate 
stats used in the J=2-1-1-0 scheme are in Table 1 alongside its terms, lifetimes and cross-
sections. Such an improvement is responsible for rigorous optical alignments to each step 
transition and for a necessary and enough fluence input, which reasonably prevents a power 
saturation and reserves the selection rules or alignments properly. As the study progressed, 
we found several favoured third intermediate states that show not only higher degrees of 
the isotope selectivity, but high photoionisation efficiency. It should be noted that the 
photoionisation efficiency significantly enhances as approximately large as 30, as 
compared to the previously report. Table 2 lists such newly-found third intermediate states, 
which possess noticeable significance to the odd-mass selective photoionisation. Relevant 
properties such as 𝜷𝜷, ion yields, lifetimes and cross-sections (vide infra) are also itemised. 
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Figure 3: (a) Relative isotope ratios to the odd-mass isotope Zr-91 as a function 
of relative polarisation angles of 𝜽𝜽𝟐𝟐𝟑𝟑. (b) The polarisation angle dependence of 

the separation coefficient 𝜷𝜷, fitted by Eq. 2 

 

Optical alignment of intermediate state 

Optical alignment among the intermediate states is crucial to attaining the best selectivity. 
It is desirable that the linearly polarised three lasers in each step transition are not only set 
parallel to one another, but also need a high degree of polarisation. In our optical set-up, 
the first and second beams and the third (and fourth IR) beam, either of which was rectified 
to have a high degree of linearly polarisability (> 𝟒𝟒𝟒𝟒. 𝟒𝟒𝟒𝟒%) by a polariser, are counter-
propagating to each other and interact with Zr vapour. The polarisation angle between the 
two bunched beams, denoted by 𝜽𝜽𝟐𝟐𝟑𝟑, was adjusted by rotations of the polariser mounted 
on a motorised rotational stage. 

Figure 3(a) shows the polarisation angle dependence of each isotope ratio to 91Zr, and each 
trace was fitted by a function of 𝒅𝒅𝒊𝒊𝒏𝒏𝟐𝟐(𝜽𝜽𝟐𝟐𝟑𝟑). At 𝜽𝜽𝟐𝟐𝟑𝟑 = 𝟎𝟎, 𝟏𝟏𝟐𝟐𝟎𝟎, and 𝟑𝟑𝟔𝟔𝟎𝟎∘ Zr-91 isotope is 
selectively photoionised whereas the other even-mass isotopes (Zr-90, etc.) were 
suppressed nearly to zero. At the angles of 90 and 𝟐𝟐𝟒𝟒𝟎𝟎∘, on the other hand, the appearing 
90,92,94,96Zr ratios to 91Zr attain 4.45(2), 1.52(1), 1.54(1), and 0.242(2), respectively, which 
are in accord with the natural abundance ratios (4.585, 1.528, 1.549, and 0.250, 
respectively) [13]. This implies that our laser configurations are free from an undesirable 
saturation effect that compromises the odd-mass selectivity predicted from the selection 
rules. The separation coefficient 𝜷𝜷𝟒𝟒𝟏𝟏  as a function of the relative polarisation angle of 𝜽𝜽𝟐𝟐𝟑𝟑 
in Figure 3(b) apparently shows a sharp response in such a narrow range where the 
selectivity drastically changes in three to four orders of magnitudes. Hence, we repeatedly 
checked the criteria of the polarisation alignment in the hunt of favoured intermediates or 
a reliable evaluation of 𝜷𝜷. 

Absorption cross-section for intermediate state 

Figure 4 shows the response curves of photoion signals vs. laser fluence in the J=2-1-1-0 
scheme. Each panel depicts: (a) the first intermediate state (𝒛𝒛 𝟑𝟑𝑫𝑫𝟏𝟏

∘ ← 𝒓𝒓 𝟑𝟑𝑭𝑭𝟐𝟐); (b) the second 
intermediate ( 𝒆𝒆 𝟓𝟓𝑭𝑭𝟏𝟏 ← 𝒛𝒛 𝟑𝟑𝑫𝑫𝟏𝟏

∘ ); and (c) the third intermediate ( 𝑱𝑱′ = 𝟎𝟎 ← 𝒆𝒆 𝟓𝟓𝑭𝑭𝟏𝟏 ) at 
51 848 cm-1. In the measurements, the input fluence of other lasers except for the one to 
the target transition was somewhat increased, but they did not produce ions themselves. 
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Thus, a fluence of the target transition was varied by a circular, continuous neutral density 
filter, which was controlled by rotations with a stepper motor.  

Figure 4: Response curves of photoion signals vs input laser fluence  
in the J=2-1-1-0 excitation scheme 

 

Absorption cross-sections for transitions into these three intermediates were determined by 
fitting the observed saturation of the excited-state transition by Equation 3 from a simple 
rate-equation model [4][8], and the intensity of the populating photoions is: 

 𝑰𝑰/𝑰𝑰𝒅𝒅 = 𝟏𝟏 − 𝒆𝒆𝒙𝒙𝒆𝒆 �− 𝝈𝝈𝑭𝑭
𝒉𝒉𝒉𝒉

�, (3) 

where 𝑰𝑰𝒅𝒅  is an asymptotic intensity in 𝑰𝑰 reaching a plateau as an input laser fluence 𝑭𝑭 
(J/cm2) is increased. The cross-section 𝝈𝝈 of the excited-state intermediate can be obtained 
as a fitting parameter by the fit. A nominal saturation fluence, where the photoion intensity 
𝑰𝑰 reaches to 𝟏𝟏 − 𝟏𝟏/e of 𝑰𝑰𝒅𝒅, is also expressed with 𝑭𝑭𝒅𝒅 ≡ 𝒉𝒉𝒉𝒉/𝝈𝝈. The obtained parameters are 
listed in Table 1. 

The first intermediate state is prone to be saturated at nominal fluence of 50 𝝁𝝁J/cm2, 
whereas the third intermediate shows less likely saturated up to 0.68 mJ/cm2. In contrast, 
the second intermediate is most likely saturated against the fluence of 7𝝁𝝁J/cm2, in which 
the optical alignment and the angular momentum selection rules need critically impose and 
thus forbid the unfavoured sublevel transitions in the even-mass isotopes. Table 2 lists the 
obtained cross-sections in the measurements. Their cross-sections are inversely 
proportional to the saturation fluence; the second intermediate has the largest (∼ 𝟓𝟓 ×
𝟏𝟏𝟎𝟎−𝟏𝟏𝟒𝟒) compared to the first (∼ 𝟒𝟒 × 𝟏𝟏𝟎𝟎−𝟏𝟏𝟓𝟓) and the third (∼ 𝟓𝟓 × 𝟏𝟏𝟎𝟎−𝟏𝟏𝟔𝟔 cm2). Page et al. 
[8] also measured the cross-section for some autoionising Rydberg states beyond the I.P 
limit of Zr I atoms, and the orders (𝝈𝝈 ∼ 𝟏𝟏𝟎𝟎−𝟏𝟏𝟔𝟔 cm2) obtained are consistent with what we 
measured. It is reasonable that typical bound to bound absorption cross-sections are at least 
two orders of magnitude greater than the ionisation cross-section. 
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Table 2: Comparison of ion yield and isotopic selectivity for the third intermediate states in 
the J=2-1-1-0 scheme and the lifetime and cross-section obtained 

3rd Intermediate 91β 91Zr yield Lifetime (ns) Cross-section 
(cm2) 

52 605.01 266 1 1 450(50) 𝟏𝟏. 𝟐𝟐 × 𝟏𝟏𝟎𝟎−𝟏𝟏𝟔𝟔 
52 343.66 310 3.8 174(5) ≪ 𝟐𝟐. 𝟒𝟒 × 𝟏𝟏𝟎𝟎−𝟏𝟏𝟒𝟒 
51 848.17 575 30 182(5) 𝟒𝟒. 𝟒𝟒 × 𝟏𝟏𝟎𝟎−𝟏𝟏𝟔𝟔 
51 801.65 490 4.2 885(20) 𝟒𝟒. 𝟐𝟐 × 𝟏𝟏𝟎𝟎−𝟏𝟏𝟔𝟔 
51 154.00 1 480 16.6 110(2) 𝟏𝟏. 𝟐𝟐 × 𝟏𝟏𝟎𝟎−𝟏𝟏𝟔𝟔 
49 551.31 2 460 17.1 86.7(14) 𝟑𝟑. 𝟒𝟒 × 𝟏𝟏𝟎𝟎−𝟏𝟏𝟔𝟔 
49 136.64 1 630 17.2 450(10) 𝟏𝟏. 𝟒𝟒 × 𝟏𝟏𝟎𝟎−𝟏𝟏𝟓𝟓 

Summary and outlook 

Three-photon resonant, stepwise photoionisation in zirconium vapour is still a very 
advantageous and efficient technique for selecting the odd-mass isotopes, although 
alternatively suitable autoionising Rydberg states, which potentially enhance the ionisation 
efficiency and isotopic selectivity altogether, have not been detected through search up to 
58 000 cm-1 in a study which is not presented in the paper. These observations may reflect 
that zirconium has a complex energy level structure as compared to closed shell atoms such 
as palladium [5]. In the J=2-1-1-0 excitation scheme, however, we found several third 
excited-state intermediates, where there were no previous assignments, and show both a 
significant isotopic selectivity and a high photoionisation efficiency for the odd-mass Zr 
isotope. The fundamental knowledge, such as obtained cross-section, radiative lifetime, 
and separation coefficient information, is essential in scaling up the multi-step laser isotope 
separation for a practical operation or estimation in a factory set-up. We believe the 
parameters reported here would suffice for a possible strategy towards a primary 
application to laser separation of radioactive isotopes. 
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Current Japanese high-level waste (HLW) treatments to produce vitrified glass including 
minor actinides (MA) are difficult to apply to MA partitioning and transmutation (P&T) 
technology. Our group is proposing a flexible HLW management system. In the system, the 
high-level liquid waste (HLLW) from the current reprocessing system is dehydrated, 
calcined and densified to produce soluble HLW granules, which are packed in a canister 
and stored until MA P&T technology is implemented. This paper describes the research 
plan and current status of the practical flexible management system R&D project, which 
started in September 2016 for four years and was entrusted to the Nippon Nuclear Fuel 
Development Co. Ltd. by the Ministry of Education, Culture, Sports, Science and 
Technology of Japan (MEXT). 

The possibility for radiotoxicity reduction was investigated and compared with current 
waste management systems. The results showed that the flexible system can reduce 
radiotoxicity by approximately 76%. The level of reduction is highly affected by the amount 
of time before the waste is introduced into the flexible waste management (FWM) system. 
In the early part of the system, a rotary kiln is employed as the production device due to 
experience of using it in the first stage of the French commercial AVH (Atelier de 
Vitrification de la Hague). 

Simulated HLLW containing insoluble residue is dehydrated, calcined, mixed and 
granulated in a simple rotary kiln. The granules are controlled in a slightly spherical form 
with a diameter of approximately 0.1~1 mm. The maximum temperature in the kiln 
determines the nitrate and oxide ratio of the granule, which affects the chemical stability 
and re-dissolution behaviour. Where the maximum temperature of the granule production 
was 300 oC, easy re-dissolution to the nitric acid was shown while the granule showed a 
slight NOx gas generation by γ-ray induced radiolysis. In contrast, in the case of a 
maximum temperature of 900oC, no NOx gas generation was shown, while application of 
the alkali dissolution method to the re-dissolution residue was necessary to dissolve Nd 
(simulating Am and Cm) from the granules. 

Introduction 

Minor actinide (MA) partitioning and transmutation (P&T) technology is currently being 
researched and developed worldwide. However, it is estimated that it will require a 
considerable amount of time, around 50 years, until MA P&T facilities start to be operated 
[1][2]. In Japan, spent nuclear fuel from light water reactors is vitrified soon after being 
reprocessed in the Rokkasho reprocessing plant and the vitrified high level waste (HLW) 
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is subsequently stored in the plant in the ground for around 50 years, waiting to be disposed 
of geologically. This Rokkasho reprocessing plant is built and can be operated soon. 
Although MA P&T technology is established, it will be hard to partition MA from the 
vitrified HLW, because vitrified HLW is highly stable. Therefore, it will be difficult to 
apply MA P&T technology to the vitrified HLW produced at the Rokkasho reprocessing 
plant. In order to apply the technology to the HLW, we are proposing a flexible waste 
management (FWM) system [3][4]. In this FWM system, the reprocessed high level liquid 
waste (HLLW) will not be vitrified but will be calcined to be stored for 50 years before the 
MA P&T technology can be applied to the HLLW obtained by dissolving the calcined 
HLW in the nitrate. As Figure 1 shows, the FWM system will be applied to the HLLW 
from the Rokkasho reprocessing plant and will supply the HLLW to the MA P&T facility 
after storage for around 50 years. The HLW granules manufactured by a rotary kiln system 
will be stored in a canister at the Rokkasho reprocessing plant with the already vitrified 
HLW for around 50 years, until MA P&T technology is developed. Then, the HLW granule 
will be dissolved in nitric acid and turned into HLLW. In this way, we will be able to apply 
the MA P&T technology to the HLW produced through the lifetime of the Rokkasho 
reprocessing plant. The goal of the FWM system is to drastically reduce the potential 
hazard after 1 000 years compared to the present waste management system in Japan. Since 
2016, we have been developing the FWM system in a four-year programme entrusted to 
the Nippon Nuclear Fuel Development Co. Ltd. by the Ministry of Education, Culture, 
Sports, Science and Technology of Japan (MEXT). In this paper, we report the 
effectiveness of the FWM system on reduction of the environmental burden, the reason 
why we have chosen the granule as the storage form of the HLW, the practical method to 
manufacture the granule, and the plan and status of the R&D of the FWM system. 

Figure 1: Schematic image of the flexible waste management system 

 

  

Vitrification with FP and MA

Flexible management systemCurrent reprocessing MA P&T Technology

difficult to apply MA P&T Technology…
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Effectiveness of the FWM system on the reduction of the environmental burden 

In this chapter, we evaluate the environmental burden by using the potential radio toxicity 
of both the current waste management system and the FWM system and confirm the 
effectiveness of the FWM system. The potential radio toxicity is determined as the exposed 
dose by the ingestion of radionuclides in a unit amount of spent fuel.  

Before the FWM system starts to be operated, the vitrified HLW which contains fission 
products (FP) and MA will be produced in the Rokkasho reprocessing plant. But after 
introducing the FWM system, the vitrified HLW without MA will be produced after MA 
partitioning. Therefore, the potential radiotoxicity of the vitrified HLW which the FWM 
system applied to is calculated as: 

Potential radiotoxicity = F1×Y1+F2×Y2 (1) 

where, 

• F1: the ratio of the vitrified HLW with MA which will be produced in the current 
WM system until the FWM system is introduced; 

• Y1: the potential radiotoxicity of the vitrified HLW with MA which will be 
produced in the current WM system until the FWM system is introduced; 

• F2: the ratio of the vitrified HLW without MA which is produced after storage in 
the FWM system and MA partitioning; 

• Y2: the potential radiotoxicity of the vitrified HLW without MA which is produced 
after storage in the FWM system and MA partitioning.  

According to the latest operating plan of the Rokkasho reprocessing plant, it takes five 
years to reach the rated reprocessing amount of HLW of 800 tonnes per year [5]. Therefore, 
F2 is 19.75 and 32.25% when it takes 10 and 15 years to introduce the FWM system, 
respectively.  

The factors that affect the effectiveness of the FWM system on the reduction of the 
environmental burden are the ratio of MA partitioned from HLLW (hereinafter called “MA 
partitioning ratio”), the time before establishing the FWM system, the burn-up of the spent 
nuclear fuel, the reprocessing amount and the cooling time of the spent nuclear fuel before 
reprocessing. The goal of the MA partitioning ratio in Japan is 99%. In this study, we 
calculated the potential radiotoxicity as a function of the MA partitioning ratio of 95-99%, 
and the time before introducing the FWM system of 10 and 15 years. The other calculation 
conditions are set as follows: 

• Reactor type: PWR 

• Burn-up of the spent nuclear fuel: 45 GWd/t 

• Cooling time: 20 years 

Figures 2 and 3 show the calculation results of the potential radiotoxicity at 1 000 years 
after defueling of spent fuel from the reactor. As shown in Figure 2, in the case of MA 
partitioning ratios of 99, 97, and 95% and 10 years of time before introducing the FWM 
system, the potential radiotoxicity when applied the FWM system drastically reduced to 
21, 22, and 24% compared to the current waste management system, respectively. This 
means it enables the reduction of more than 76% of the potential radiotoxicity by 
introducing the FWM system. When the time before introducing the FWM system 
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increased 15 years from 10 years, the calculation results in Figure 3 show the potential 
radiotoxicity increases to 36, 35, and 33% in the case of the MA partitioning ratios of 99, 
97, 95%, respectively. That is to say, increasing the time before introducing the FWM 
system leads to a reduction in the effectiveness of the FWM system. Therefore, it is 
important to establish and introduce the FWM system as soon as possible.  

Figure 2: Effect of the MA partitioning ratio when 10 years is taken  
to introduce the FWM system 

 

Figure 3: Effect of the MA partitioning ratio when 15 years is taken  
to introduce the FWM system 
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Storage form of HLW in the FWM system 

In the FWM system, the HLW is stored for around 50 years. The storage form should meet 
the requirements of chemical stability, uniform decay heat production, decay heat 
removability, large storage density, ease of developing the storage technology, and 
dissolubility after storage. The candidates of the storage form are vitrified, liquid and 
calcined.  

Storage of the vitrified HLW has been already established and is superior in terms of the 
chemical stability and uniformity. However, in order to apply the MA P&T technology to 
the vitrified HLW, all the vitrified HLW should be dissolved and MA should be extracted 
and condensed from the solution. The vitrified HLW is highly stable and these operations 
should be extremely difficult. Therefore, storage as vitrified HLW is unsuited for the 
storage form for the FWM system which needs to dissolve the HLW after storage.  

In a case where the HLW is stored as a nitric acid solution, a high MA partitioning ratio is 
expected. On the other hand, it is expected to have many physical and chemical problems 
such as boiling by decay heat, leakage, and hydrogen production by radiation 
decomposition. Therefore, it is too risky to store the HLW as a liquid.  

To calcine the HLLW is a good way prevent it from leaking and to make it easy to preserve 
the HLW. The chemical stability of the HLW calcine is inferior to the vitrified HLW but 
is much better than the HLLW. It is estimated that the HLW calcine is stable enough to 
store for 50 years. The entire HLW calcine was not dissolved into the nitric acid and some 
insoluble residue was generated. However, most of the HLW calcine was dissolved. 
Therefore, the MA partitioning ratio should be high. In addition to these merits, the storage 
density of the HLW calcine is larger than the vitrified HLW because the HLW calcine does 
not need glass for vitrification. However, the HLW calcine has some segregated regions 
within itself. Therefore, the HLW calcine will not produce decay heat uniformly in the 
granule. According to the calcination temperature, the HLW calcine is a mixture of the 
oxide and the nitrate. Generally, the nitrate melts at a lower temperature than the oxide. If 
the decay heat is not removed properly, the nitrate-dominant-region, which has a low 
melting point, will melt. It is therefore necessary to uniformly distribute the elements in the 
calcine. To do this, it is possible to calcine the HLW through grinding. However, it is 
dangerous for fine HLW calcine powders to become airborne. Therefore, it is necessary to 
granulate the HLW calcine powders. This HLW granule is the most promising storage form 
of the HLW for the FWM system. We define the HLW granule as a particle that is attached 
to other HLW calcine powders and larger than 10 µm. Generally, a binder is necessary in 
granulation. In granulation of the HLW calcine powders, it is expected that melted nitrate 
acts as the binder.  

The size distribution of the HLW granule may lead to the distribution of the packing density 
in the canister, and then the inhomogeneous heat distribution in the canister will occur. In 
this case, the HLW granule should be pressed and densely formed. When the pressing is 
applied to the HLW granule, the pressing temperature should be lower than the melting 
temperature of the low-melting-point nitrates to prevent segregation of the elements in the 
HLW. This will affect the manufacturing, but there is an advantage that pressing make it 
possible to reduce the packing volume and the storage area.  

As stated above, storing the HLW as a granule or a pressed granule for 50 years is the most 
promising storage form for the FWM system, although we have to develop the 
manufacturing method and investigate the chemical stability, the heat removability and the 
MA partitioning property of the HLW granule.  



  | 479 
 

  
  

The rotary kiln system is a promising way to manufacture the HLW granule as the elements 
are distributed uniformly because it calcines the HLLW dynamically. Figure 4 represents 
a schematic image of the rotary kiln system that we are considering as the method to 
manufacture the granule. The rotary kiln is a cylindrical vessel, inclined horizontally and 
rotated about its axis. The rotary kiln contains a grinding rod for stirring and making the 
calcine fine. The rotary kiln has been proven as a method of calcining HLW before being 
vitrified at the Atelier Vitrification Marcoule (AVM) in France [6]-[8]. The rotary kiln of 
the AVM method is operated at a maximum temperature of 600°C. Therefore, not all the 
elements are oxide and some of them remain nitrate. It will be possible to manufacture the 
HLW granules, which are attached to each other through calcine powders, by using the 
remaining melt nitrate as the binder.  

Figure 4: Schematic image of the rotary kiln system 

 

Plan and status of the R&D of the FWM system 

In the previous chapter, it was revealed that the earlier the FWM system is introduced the 
greater the effectiveness in reducing the environmental burden. Therefore, the FWM 
system should be established early by available technologies. Table 1 shows the plan of the 
R&D of the FWM system. In order to confirm the feasibility of the FWM system, we tried 
to experiment with the manufacturing, dissolving and radiation decomposition of the 
simulated HLW granule. 

R&D of the manufacturing method 
The test manufacturing of the HLW granule using the simulated HLLW was conducted 
using the batch type rotary kiln, as shown in Figure 5. The tube furnace of this batch type 
rotary kiln is set horizontally, not inclined. The composition of the metallic elements in the 
simulated HLLW is described in Figure 6. A nitrate solution that contains the listed 
elements simulates the HLLW after being reprocessed at the Rokkasho reprocessing plant 
in Japan [4]. The HLLW that we are targeting contains Na from the alkali cleaning solvent, 
Fe as the corrosion product, and insoluble residues. In the simulated HLLW, U and Np 
were simulated by Ce; Pu, Am, Cm, and Pm were simulated by Nd; and Rb was simulated 
by Cs. The simulated HLLW was prepared by dissolving nitrates of these elements in three 
molar nitric acid. This simulated HLLW was loaded in the tube furnace and then dried at 
300oC for 60 minutes in the tube rotating at a speed of 2 rpm. After drying, stainless balls 
of 2 mm phai were put into the tube for grinding and mixing. The granulation was 
conducted at 500oC for 30 minutes at a speed of 7 rpm. Figure 7 shows the back scattered 
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electron images of the obtained particles. Particles of 0.1~1 mm in size were obtained. We 
can say that we obtained the simulated HLW granule in this experiment. 

Table 1: Plan of the R&D of the FWM system 

R&D point 2016 2017 2018 2019 
Granule 
Manufacturing 
Technology 

Optimisation of Single Process Manufacturing Process Design 

Granule Pressing 
Technology Optimisation of Pressing Process Evaluation of Pressing Technology 

Granule Dissolving 
Technology Optimisation of Dissolving Process Evaluation of Dissolubility with MA 

Granule Storage 
Technology 

Evaluation of Radiation Decomposition Evaluation of Chemical Stability 
Evaluation of Canister Corrosion Evaluation of Canister Stability 

Entire FWM System 
Construction Evaluation of Element Technologies Evaluation of 

Feasibility 
Design of Concept 
Specification 

Figure 5: Batch type rotary kiln 

 

Figure 6: Composition of the simulated HLLW 
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Figure 7: BSE images of the obtained particles 

 

R&D of the technology to dissolve the HLW granule 
In order to partition MA from the liquid solution that dissolved the HLW granule, the 
solution should be similar to that of the HLLW because the R&D of the MA P&T 
technology in Japan has been aimed at the HLLW produced at the Rokkasho reprocessing 
plant. MA in the insoluble residue will be vitrified with FP and will crucially affect the 
potential radiotoxicity of the vitrified HLW. Therefore, it is important to evaluate the 
amount of MA in the residue. If amount of MA in the residue is small enough, it is not 
necessary to dissolve the entire residue. If not, we have to develop a method to dissolve the 
residue. 

We conducted the trial test of dissolving the simulated HLW calcined at 300oC. The 
simulated HLW calcine was dissolved into 3 molar nitric acid at 200oC for 12 hours. The 
obtained solution including the residue was filtrated and separated into the solution and the 
residue. Next, the residue was put into ammonium hydrogen sulphate and melted together 
at 400oC for 30 minutes. Then, this was dissolved into pure water and concentrated nitric 
acid at 200oC for 90 minutes. Through this operation, the entire residue was dissolved. 
Then, the amount of the metal elements in this residue-dissolving-solution was measured 
by ICP-MS and ICP-AES. The transfer rate of elements from the simulated HLLW to the 
residue is shown in Table 2. The transfer rate of Nd, which simulates Am and Cm, was less 
than 1.0%. That of Ce, which simulates Np, was contained at less than 1.0%. In this result, 
we can expect that the amount of MA in the residue is small enough.  

Evaluation of the chemical stability of the HLW granule while in storage 
The issue of storage is how to maintain the strength of the canister that has suffered from 
corrosion on the inner surface, which interfaces with the HLW granule, and has also 
suffered from an increase of internal pressure due to radiation decomposition of the HLW 
granule. 

The dominant ray emitted by HLW will be α-ray from 241Am in a long time span, after 300 
years to 2000 years. But when considering storage for 50 years in the FWM system, the 
dominant ray is β-ray and γ-ray from 137Cs and 90Sr. Therefore, it is necessary to evaluate 
the radiation decomposition of these low linear energy transfer rays. To investigate the 
influence of the radiation decomposition during storage, we irradiated the simulated HLW 
calcined at 300 and 900oC with approximately 430 kGy γ-ray from 60Co using Rabbit11 at 
Osaka University. Then we measured the NOx released from the calcine powders using a 
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NOx analyser based on the principle of chemiluminescence. The slight amount of released 
NOx from the simulated HLW calcined at 300oC, was measured (the one at 900oC was 
undetectable). If considering only the radiation decomposition, it is suitable for the storage 
of the HLW granule to calcine the HLLW at a high temperature. 

Table 2: the composition of the residue-dissolving-solution 

Element Composition in the 
simulated HLLW mol% 

Transfer 
rate % Element Composition in the 

simulated HLLW 
Transfer 
rate % 

Na 53.6 0.48 Pd 2.2 0.19 
Fe 6.8 0.24 Cs 3.5 N/A 
Sr 1.4 0.03 Ba 2.1 0.23 
Zr 5.6 3.3 La 2.1 0.01 
Mo 5.0 21 Ce 5.4 0.6 
Ru 3.4 N/A Nd 6.8 0.02 
Rh 0.6 1.02 - - - 

Summary 

We have been researching and developing the FWM system to increase the effectiveness 
of the MA P&T technology. In this FWM system, the HLLW, after being reprocessed at 
the Rokkasho reprocessing plant, will be granulated and stored for 50 years until the MA 
P&T technology is established. After the storage, the HLW granule is dissolved and turned 
to HLLW. Therefore, MA P&T technology can be applied to the present HLW. By 
introducing the FWM system, the environmental burden can be drastically reduced. In 
order to manufacture the HLW granule, we selected the rotary kiln system that has been 
used as a HLW calcining technology in France. We have to investigate the dissolvability 
of the HLW granule. The transfer rate of MA to the insoluble residue directly affects the 
potential radiotoxicity of the vitrified HLW after MA P&T technology is applied. It is 
important to maintain the strength of the canister while storing the HLW granule. We have 
confirmed the basic feasibility of the FWM system through test-manufacturing, test-
dissolving and test-irradiation using the simulated HLW. We will now be investigating the 
experiment and constructing and optimising the whole system. 
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Separation of LLFPs from HLW by the fluoride volatility method 

Y. Kani, D. Watanabe, S. Fukui 
Hitachi Ltd. Research & Development Group, Japan 

As part of the ImPACT Programme, the Reduction and Resource Recycling of High-level 
Radioactive Waste through Nuclear Transmutation Programme is being undertaken to 
make proposals for the separation of long-lived fission products (LLFPs) such as Zr, Cs, 
Pd and Se, from high-level radioactive waste (HLW). In this study, we proposed a new 
LLFP separation system using the Fluoride Volatility Method (FVM) based on the 
difference of vapour pressure of fluorides. The feasibility of the proposed separation system 
was investigated by the volatilisation-condensation test using simulated fluorides and the 
calculation of the volatilisation-condensation behaviour of the fluorides. The 
volatilisation-condensation test was carried out using fluoride reagents of Zr, Cs and Sn. 
Fluoride reagents were individually set in a SUS tube in the test equipment and heated 
under a N2 gas flow; the SUS tube had a temperature gradient from 900˚C at its entrance 
to 400˚C at its exit. The distribution of each metallic element deposited on the tube inner 
surface was measured to determine the condensation temperature of the fluorides. A 
simulation model was made to estimate the volatilisation-condensation behaviour of the 
fluorides. In the model, the test conditions such as temperatures in the tube, the vapour 
pressure of fluorides, and the partial pressure of fluorides in the tube were taken into 
consideration. In the volatilisation-condensation test, the fluoride that has a higher vapour 
pressure showed the condensation peak at a lower temperature. The condensation 
temperatures of Zr and Cs calculated by the simulation model are in good agreement with 
the test results at the individual conditions. This showed that the volatilisation-
condensation behaviour of the fluorides is determined by temperature, vapour pressure, 
and partial pressure of the fluorides. The results of the test and simulation led us to 
conclude that the concept of the proposed LLFP separation system using the Fluoride 
Volatility Method is feasible. 

Introduction 

In the ImPACT (Impulsing Paradigm Change through Disruptive Technologies) 
programme, a project called “the Reduction and Resource Recycling of High-level 
Radioactive Waste through Nuclear Transmutation Programme” has been undertaken to 
establish the separation and transmutation methods for long-lived fission products (LLFP) 
such as Zr, Cs, Pd and Se from high-level radioactive waste.  

For the purpose of the project, we have proposed a new LLFP separation system using the 
Fluoride Volatility Method. The Fluoride Volatility Method is one of the dry processing 
methods in which a target material reacts with F2 gas to become a fluoride compound that 
can then be separated from other material components based on the vapour pressure 
difference of the fluorides. This method has been developed for the reprocessing of spent 
nuclear fuels to recover uranium and plutonium [1][2].  

Figure 1 shows a schematic drawing of the proposed LLFP separation system. High-level 
liquid radioactive waste (HLLW) is first solidified by evaporation, for example, and then 
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reacted with F2 gas in the fluorination process. Most of the elements included in HLLW 
react with F2 to form fluorides [3]. Metal fluorides formed in the process are categorised 
based on their boiling points as shown in Table 1. The four target elements of this ImPACT 
programme belong to group 2 (Zr, Cs and Pd) and group 4 (Se). When the temperature of 
the fluorination process is kept at 300˚C, for example, the elements belonging to groups 3 
and 4 will volatilise and will be removed from the process as vapour. The metal fluorides 
in group 3 can be removed from the vapour stream by such methods as adsorption and 
condensation, then Se is obtained by passing the vapour through the scrub solution. After 
the removal of groups 3 and 4 elements, the temperature of the process is increased to 
1 000˚C, for example, to volatilise group 2 elements. The vapour stream with group 2 
elements is taken to the condensation equipment where the condensation process is carried 
out. The condensation equipment has a temperature gradient from e.g. 900˚C at the entrance 
to e.g. 400˚C at its exit. In the process, the elements with a higher boiling point or lower 
vapour pressure will be condensed at a place in the equipment having a higher temperature.  

Figure 2 shows the variation of vapour pressure with temperature for fluorides of Zr, Cs 
and Sn calculated by MALT2 [4]. Since the vapour pressure of Cs fluoride is the lowest 
among the three metal fluorides at an arbitrary temperature over 500˚C, Cs fluoride will be 
condensed at the place having the highest temperature in the condensation process if it is 
assumed that the three fluorides have similar partial pressures in the process. This 
“volatilisation and condensation of fluorides” is the basic concept of our proposed 
separation system. 

In this study we investigated the feasibility of the proposed separation system by the 
volatilisation-condensation test using simulated fluorides and the calculation of the 
volatilisation-condensation behaviour of the fluorides. 

Figure 1: Proposed LLFP separation system using Fluoride Volatility Method 

 

Table 1: Boiling point of metal fluorides included in HLLW 

Group Boiling point Element 
1 > 1 500˚C Sr, Ba, Y, Rare Earth, Am, Cm, Zn, 

Cd, Cr, Ni, Na, Li, Ca 
2 600 to 1 200˚C Zr, Cs, Pd, Sn, Ag, Rb, Fe 
3 30 to 300˚C U, Pu, Np, Ru, Rh, Tc, Mo, Sb 
4 < -30˚C Se, Te, Si, B 
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Figure 2: Vapour pressure of the fluorides plotted against temperature 

 

Experimental 

Volatilisation-condensation test 
The volatilisation-condensation test was carried out using fluoride reagents of Zr, Cs and 
Sn. An isotope of Sn is one of the LLFPs but not a target element of the ImPACT 
programme. This Sn fluoride has a slight higher vapour pressure than Zr fluoride  
(Figure 2) and it was selected to verify the separation of fluorides based on the difference 
of vapour pressure.  

Figure 3 shows the equipment used for the volatilisation-condensation test. The equipment 
consists of four electric furnaces connected in series, and a quartz tube with a SUS tube set 
inside the quartz tube. The SUS tube was used as an inner tube to prevent reaction between 
fluoride reagents and quartz during the test. The quartz tube was connected to a N2 gas 
supply. Furnace temperatures were set as 900˚C, 800˚C, 600˚C and 400˚C from left to right 
in Figure 3 to apply a temperature gradient in the SUS tube. Fluoride reagents were 
individually put in a Ni boat that was set in the SUS tube in the test equipment at a place 
where the temperature was around 850˚C. The fluorides were heated for three hours under 
the N2 gas flow, then the SUS tube was removed from the set-up. The SUS tube was cut 
into 10 pieces; those were immersed in acid solution to dissolve the fluorides deposited on 
the inner surface. The metallic element concentration in the acid solutions was measured 
using ICP-AES or ICP-MS to determine the distribution of each metallic element on the 
tube inner surface for evaluation of the condensation temperature of the fluorides.  
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Figure 3: Equipment used for the volatilisation-condensation test 

(a) Schematic drawing of the test equipment 

 

(b)  Photo of the inner part of the test equipment 

 

Table 1: Conditions of the volatilisation-condensation test 

Item Condition 
Reagent ZrF4, CsF, SnF2 
Temperatures in the furnace series 900 – 800 – 600 – 400 ºC 
Gas flow N2 (200 mL/min) 
Test period 3 hours 

Calculation of volatilisation-condensation behaviour of fluorides 
A simulation model was made to estimate the volatilisation-condensation behaviour of the 
fluorides. Figure 4 shows a schematic drawing of the simulation model. The reaction tube 
was divided into 10 cells and the temperature for each cell was set based on the temperature 
measured in the volatilisation-condensation test. By assuming that the fluoride in the cell 
reaches equilibrium between the solid-vapour phases, we compared the partial pressure of 
the fluoride (pM) calculated using the amount of fluoride in the cell with the vapour pressure 
of the fluoride (PM) calculated from the cell temperature. If pM is larger than PM, then the 
amount of fluoride corresponding to the difference between pM and PM is calculated to have 
deposited in the cell and the remainder flows to the next cell. If pM is smaller than PM, then 
the fluoride does not deposit in the cell and it flows to the next cell. The same calculation 
is done for each cell to evaluate the distribution of solid fluoride in the reaction tube during 
the test. 

  



488 |   
 

  
  

Figure 4: Schematic drawing of the simulation model 

 

Results and discussion 

Volatilisation-condensation test 
The distribution of Zr, Cs and Sn on the inner surface of the SUS tube is shown in Figure 
5. The X-axis corresponds to the inner temperature of the SUS tube during the test. The Y-
axis shows the percentage of each element deposited on the inner surface of each cell to 
the total amount of the element collected from 10 cells. The temperature of the 
condensation peak is approximately 650˚C for Zr, 700˚C for Cs and 500-600˚C for Sn. 
Caesium shows the highest peak at 850˚C where the sample boat was set. The X-ray 
diffraction analysis of the condensed (that is, deposited) materials indicates the existence 
of CsFeF4 and Cs2CrO4, suggesting that the vapourised CsF and constituent elements of the 
SUS tube reacted with each other. 

As shown in Figure 2, the vapour pressure of each fluoride at the same temperature is in 
the order of Sn > Zr > Cs. The test results indicate that the fluoride, having a higher vapour 
pressure, condenses at a lower temperature, which means the concept of our proposed 
LLFP separation system using the vapour pressure difference of fluorides is feasible. 
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Figure 5: Distribution of Zr, Cs and Sn on the inner surface of SUS tube 

 

Comparison of the test results with simulation model results 
Figure 6 compares the test results with the simulation model results. In Figure 6(b), the 
peak at 850˚C observed for Cs (Figure 5(b)) is excluded because the peak would not be the 
result of volatilisation-condensation of CsF. The temperatures of the condensation peak for 
Zr (Figure 6 (a)) and Cs (Figure 6 (b)) calculated by the simulation model show good 
agreement with the test results. This indicates that the volatilisation-condensation 
behaviour of the fluorides is determined by temperature, vapour pressure and partial 
pressure of the fluorides. In the case of Sn (Figure 6(c)), the condensation peak observed 
in the test is at a slight higher temperature than that calculated by the simulation model. It 
is necessary to examine the reaction of SnF2 with SUS tube materials during the 
volatilisation-condensation test. 
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Figure 6: Comparison of test results with simulation model results 

 

Conclusion 

The volatilisation-condensation test results and related simulation model results showed 
that metal fluorides could be separated from each other based on their vapour pressure 
difference. This result demonstrated the feasibility of the concept of our proposed 
separation system using the Fluoride Volatility Method. Further investigations are needed 
to optimise the process conditions to get a higher yield and higher purity of the target 
elements in this system using (simulated) HLLW. 



  | 491 
 

  
  

Acknowledgements 

The results of the test and simulation led us to conclude that the concept of the proposed 
LLFP separation system using Fluoride Volatility Method is feasible. 

This work was funded by the ImPACT Programme of the Council for Science, Technology 
and Innovation (Cabinet Office, Government of Japan). 

References 

[1] Amano, O. et al. (2002), “New reprocessing Technology, FLUOREX, for LWR fuel 
cycle - Hybrid Process of Fluoride Volatility and Solvent Extraction”, Paper No 015, 
GLOBAL 2001, Paris, https://inis.iaea.org/search/search.aspx?orig_q=RN:37001917. 

[2] Kani, Y. et al. (2009), “New reprocessing system for spent nuclear reactor fuel using 
fluoride volatility method”, J. Fluor. Chem., Vol. 130, pp. 74-82, 
https://doi.org/10.1016/j.jfluchem.2008.07.006. 

[3] Watanabe, D. et al. (2016), “Experimental study on elemental behaviours in fluorination 
of nuclear spent fuel with flame reactor”, J. Nucl. Sci. Technol., Vol. 53[4], pp. 513-
520, https://doi.org/10.1080/00223131.2015.1060141. 

[4] MALT group (2005), Thermodynamic Database MALT for Windows, Kagaku Gijutsu-
Sha, Japan (www.kagaku.com/malt/). 

 

  

https://inis.iaea.org/search/search.aspx?orig_q=RN:37001917
https://doi.org/10.1016/j.jfluchem.2008.07.006
https://doi.org/10.1080/00223131.2015.1060141
http://www.kagaku.com/malt/


492 |   
 

  
  

Impact of partitioning and transmutation on the back end of the fuel cycle 

M. Atz, M. Fratoni 

Department of Nuclear Engineering, University of California, Berkeley, United States 

Fuel cycles that incorporate partitioning and transmutation (P&T) can reduce the 
inventory of actinides requiring permanent disposal but typically they also generate 
multiple waste forms and higher heat loads due to the concentration of relatively short-
lived fission products. In a generic repository with direct contact emplacement, the 
temperature of the engineered and/or natural barriers must be maintained below a certain 
limit to avoid compromising their performance. In order to comply with such limits, three 
strategies can be implemented: (1) reduce the amount of waste loaded in a waste package; 
(2) increase the spacing between waste packages; (3) increase the surface storage time. 
The goal of this study is to explore the impact of P&T, as implemented in various fuel 
cycles, on waste disposal strategies, and in particular on the required repository footprint 
versus surface storage time. 

In this preliminary effort, two options for P&T are considered: (1) a limited-recycle fuel 
cycle in which uranium and plutonium recovered from light water reactor (LWR) used 
nuclear fuel (UNF) are recycled in LWRs as mixed oxide (MOX); (2) a continuous-recycle 
fuel cycle in which transuranic (TRU) from LWR UNF is used as makeup fuel for sodium-
cooled fast reactors (SFR). In addition, waste from an LWR once-through fuel cycle is used 
as the reference case. The repository temperature constraints are evaluated using 
analytical solutions for conductive heat transfer to inform the required spacing between 
waste packages. In this analysis, the waste package loading is assumed constant, and waste 
volumes are normalised to the electricity generated. The corresponding repository 
footprint is determined as a function of waste form, surface storage time and host rock. 
Three generic repository geological environments – granite, clay and salt – are considered. 

It is found that despite producing the greatest number of waste packages, the continuous-
recycle fuel cycle has the smallest repository footprint in all repository environments. 
Conversely, though the limited recycle fuel cycle produces the fewest packages, MOX UNF 
is shown to pose a unique disposal problem, primarily due to the build-up of heat-
generating actinides. Due to favourable heat transfer characteristics and lenient 
temperature constraints, the generic salt repository is most flexible to accept heat 
generating waste with less surface storage time than other repository environments. 
However, in salt, the improvement in the repository footprint of continuous-recycle over 
the once-through LWR fuel cycle decreases with surface storage time, indicating a 
diminishing incentive to pursue P&T for waste destined for a salt repository. Analysis of 
additional fuel cycles is underway and ultimately, these results are meant to inform the 
symbiotic development of the fuel cycle strategy and repository design. 

Introduction 

Waste generated as a result of the utilisation of nuclear energy requires disposal in deep 
geological repository. Identification of a suitable location, ad hoc research and 
development, site construction, licensing and general consent are all processes necessary 



  | 493 
 

  
  

for the deployment of a nuclear waste repository. Each of those steps is expected to be 
lengthy, costly and of unpredictable outcome. For these reasons, it is preferable to 
maximise the amount of waste disposed of a single repository. The primary factor 
governing the utilisation of space in a repository is the decay heat loaded in each waste 
form. Thermal limits are imposed throughout the repository design to minimise negative 
effects of heat on engineered barriers and prevent the occurrence of thermally driven 
processes that affect repository performance. The magnitudes of those limits are governed 
by aspects of the repository geology and design, such as the properties of the host rock and 
the engineered barrier system (EBS) materials, and identified features, events and processes 
(FEPs) of the repository system that are negatively affected by heat.  

Because they change the amount and decay heat characteristics of the waste requiring 
disposal, fuel cycle strategies such as partitioning and transmutation (P&T) have the 
potential to impact the size of a geological repository. P&T reduces the amount of long-
lived actinides in the waste, which can result in fewer waste packages that require disposal 
in a repository. However, due to the separation processes required to recover those 
actinides, these fuel cycles may produce multiple waste streams in which short-lived fission 
products are concentrated. As a result, this waste has a higher heat load in the near term. It 
has been shown that reduction of disposal drift length by a factor of 3-6 (depending on the 
considered cooling time) for repositories in multiple geological environments can be 
foreseen by transuranic (TRU) transmutation in comparison with direct disposal [1][2]. 

For any fuel cycle, three waste management strategies can be implemented to comply with 
repository thermal limits: (1) reduce the amount of waste loaded in a waste package; (2) 
increase the spacing in between waste packages; (3) increase the surface storage time. The 
benefit of implementing one of these strategies can depend on the characteristics of the 
waste, because trade-offs exist among these options. For example, increasing surface 
storage time can enable closer emplacement of waste. 

This work explores the impact of P&T, as implemented in selected fuel cycles, on waste 
disposal strategies. In particular, the goal of this work is to assess the required repository 
footprint versus surface storage time. Where previous research has focused on repositories 
relevant to specific national programmes, this work considers generic repositories in 
different disposal environments with the same model, allowing for careful comparison of 
the combinations of repository design and fuel cycle. To that end, this work applies an 
analytical heat transfer model to evaluate temperature constraints and inform the spacing 
of waste packages from three fuel cycles in direct-contact emplacement repositories in three 
geologies. 

Repository heat transfer model 

In a repository with direct-contact emplacement, no air gaps exist between the waste 
packages, the EBS and the host rock; therefore, the heat transfer will occur by conduction. 
The temperature constraint is taken to be the waste package surface, because EBS materials 
in direct contact with the package may be sensitive to temperature. Additionally, because 
the temperatures adjacent to the package are the highest, temperatures elsewhere in the 
repository can be limited by limiting the waste package surface temperature. The 
temperature constraint is evaluated at the centre of a symmetrical waste package array, 
where the contribution of heat from other packages is greatest. The temperature constraint 
calculation method is independent of emplacement mode (i.e. vertical borehole vs. 
horizontal drift). 
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Calculation of heat contribution from adjacent packages 
The calculation of the temperature constraint occurs in two steps. First, the contribution of 
heat from adjacent waste packages containing time-varying heat sources is accounted for 
by the superimposition of analytical solutions for heat conduction in infinite, homogeneous 
media. Previous works have utilised this method [3], which is derived from the solutions 
presented in [4].  

In this model, the thermal properties of the host rock are time- and temperature-invariant, 
isotropic, and uniform in space. In most materials, increasing temperature results in 
decreasing thermal conductivity. To avoid the complexity of accounting for temperature 
dependence, rock properties are evaluated at the waste package surface temperature 
constraint. Because this temperature is the maximum allowable temperature that may be 
experienced by the host rock, this is considered to be conservative. Waste packages (heat 
sources) are modelled as finite lines or points, depending on their proximity to the centre 
of the array. The thermal properties of the EBS and waste packages are neglected such that 
each source is modelled as being surrounded by continuous rock.  

In an NxN array of waste packages, the waste package at the centre of the array is modelled 
as a finite line source with length Lwp, shown in Equation 1. The remaining N-1 packages 
in the central drift and the N packages in the N-1 adjacent drifts are represented as equally 
spaced point sources, given by Equation 2. The heat generation rate depends on the number 
of waste forms per package, nwf. 

 
(1) 

 (2) 

N is taken to be odd so the number of adjacent packages on either side of the central package 
is equal. Figure 1 shows an example of the layout of heat sources in the hypothetical 
repository array. The size of the array is determined by the centre-to-centre package spacing 
within drifts, sp and centre-to-centre spacing between drifts, sd. 

Figure 1: Layout of repository array heat sources used for footprint calculation 

 

For a given disposal concept, the change in temperature at some distance r and time t due 
to the heat from a finite line source of length Lwp is given in Equation 3. Similarly, the 
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temperature increase at some distance r and time t due to the heat from a point source is 
given in Equation 4. For all times, the contributions from all heat sources are superimposed 
at the interface between the EBS and host rock near the central package, which occupies 
the centre of the array. The ambient temperature is assumed to be 27.5˚C in all cases. 

 
(3) 

 

(4) 

Calculation of temperature history in the EBS 
The temperature history at the interface of the EBS and host rock is imposed as the outer 
boundary condition for a steady-stage conduction calculation to determine the temperature 
across the cylindrical shells that represent layers of the EBS (exemplified in Figure 2). The 
magnitude of temperature difference across each shell is affected by the shell material’s 
thermal resistance to conduction, which in turn is dependent on thickness and thermal 
conductivity. The steady-state assumption is due to the fact that EBS components have a 
low thermal mass relative to that of the host rock, so the heat transfer in the EBS should 
occur quickly relative to the heat transfer through the host rock. 

Figure 2: Illustration and terminology for a generic engineered barrier system 

 

Calculation of repository footprint 
With fixed values for the drift radius rd and the package length Lwp, the repository area is 
defined by the drift (sd) and package spacing (sp), as shown in Figure 1. The minimum value 
for sd is 2rd, as if two drifts were located immediately next to each other. The minimum 
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value of sp is Lwp, as if two packages were placed end-to-end. The area of the NxN array is 
calculated as the product of the array length and width, shown in Equations 5 and 6, 
respectively. 

 
(5) 

 
(6) 

The NxN array represents just one unit-cell of a larger repository—additional packages 
would be located beyond the evaluated array. The calculation of the array footprint yields 
a value for the area required per package, which is then scaled by the number of packages 
requiring disposal to find the repository footprint. In order to account for the fact that the 
repository is larger than the NxN array considered, the calculation for footprint is repeated 
by increasing N until the sensitivity of the peak temperature to the inclusion of heat from 
packages immediately outside the array is less than 5.0%. 

Generic repositories 

This study uses the generic repository designs and fuel cycle data reported in [3], which 
were based on a comprehensive literature review. Two designs, corresponding to disposal 
of used nuclear fuel (UNF) or high-level waste (HLW) are proposed for repositories in 
three geologies: granite, clay and salt. 

Table 1: Generic repository dimensions and thermal properties 

Rock (constraint) 
thermal properties Waste EBS layer Material Outer radius 

(m) 
Thermal 

conductivity k 
(W/m-K) 

Clay (100˚C) 
k = 1.75 W/m-K 
α = 6.45e-7 m2/s 

UNF Package --- 0.49 --- 
Buffer Bentonite (dry) 1.29 0.60 
Envelope Carbon steel 1.296 53.0 
Liner Steel 1.321 46.0 

HLW Package --- 0.36 --- 
Liner Steel 0.37 46.0 

Granite (100˚C) 
k = 2.50 W/m-K 
α = 1.31e-7 m2/s 

UNF Package --- 0.49 --- 
Buffer Bentonite (dry) 0.83 0.60 

HLW Package --- 0.36 --- 
Buffer Bentonite (dry) 0.83 0.60 

Salt (200˚C) 
k = 3.25 W/m-K 
α = 1.60e-7 m2/s 

UNF Package --- 0.41 --- 
Backfill 75% intact salt 4.0 3.15 

HLW Package --- 0.305 --- 
Backfill 75% intact salt 4.0 3.15 

Source: Hardin et al., 2011.  

The EBS design for each generic repository is described by Table 1. Thermal properties of 
the rock and EBS materials are evaluated at the value of the peak temperature constraint. 
The salt repository is a special case in that it utilises alcove emplacement with crushed salt 
backfill. The heat transfer properties of crushed salt are much more resistive than those for 
intact salt. During the period of peak waste package temperature, the crushed salt will 
reconsolidate into intact salt. However, the timing of this evolution is uncertain. Therefore, 
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the design considers that the wall and floor in the back of the alcoves will be milled away 
to increase the contact area between the package and the intact salt. Conservatively, only 
heat transfer through intact salt is accounted for, which is assumed to occur over 75% of 
the area of the package. 

Fuel cycles and waste packages 

In this analysis, two fuel cycles that implement P&T strategies are considered:  

1. A limited-recycle fuel cycle in which uranium and plutonium recovered from LWR 
used nuclear fuel (UNF) via the aqueous co-extraction (COEX) process are 
recycled in LWRs as mixed-oxide (MOX) fuel. 

2. A continuous-recycle fuel cycle in which TRUs from LWR UNF, recovered via the 
aqueous new-extraction (NUEX) process, are used as makeup fuel for sodium-
cooled fast reactors (SFR), which is itself reprocessed by electrochemical (e-chem) 
reprocessing. 

In addition, uranium oxide (UOX) UNF from a LWR once-through fuel cycle is used as 
the reference case. All have total energy production normalised to 100 GWe-y. The 
characteristics of these fuel cycles and their waste are summarised in Table 2. For LWR 
UNF (UOX and MOX) disposal, it is assumed that each waste package holds four 
assemblies, each with heavy metal mass of 460 kg [5]. The waste packages for HLW hold 
2 900 kg, with the exception of the electrochemical metal waste, for which the package 
holds 3 600 kg [3]. Due to its relatively low activity, recovered uranium is not considered 
as waste in this work. 

Table 2: Fuel cycle and waste properties 

Fuel 
cycle Stage Reactor Burn-up 

(GWd/t) 
Thermal 

eff. 
Energy 
(GWe-y) 

Waste 
stream 

Mass 
(t) 

Waste per 
pkg 

Num. 
pkgs 

Once-
through 1 LWR 60 0.33 100 UOX 

UNF 1 843 4 asm. 1 002 

Limited-
recycle 

1 LWR 51 0.33 90.4 COEX 
glass 1 053 2 900 kg 

HLW 364 

2 LWR 50 0.33 9.6 MOX 
UNF 213.4 4 asm. 116 

Cont. -
recycle 

1 LWR 51 0.33 38.7 NUEX 
glass 266.8 2 900 kg 

HLW 92 

2 SFR 99 0.4 61.3 

E-chem 
ceramic 1 485 2 900 kg 

HLW 512 

E-chem 
metal 2 477 3 600 kg 

HLW 688 

Table 2 demonstrates how P&T can affect the amount of waste requiring disposal. 
Reprocessing LWR fuel for a once-through pass in a second stage as MOX fuel greatly 
decreases the number of packages requiring disposal relative to the once-through fuel cycle, 
in part because the co-extraction process of UOX UNF achieves significant waste volume 
reduction. Conversely, the continuous-recycle fuel cycle generates the greatest number of 
packages because the electrochemical separations process produces relatively dilute waste 
forms. The concentration of activity in waste forms is reflected in the decay heat load for 
each waste package, as shown in Figure 3 [3]. The MOX UNF has the highest activity due 
to the accumulation of higher actinides, specifically Pu-238 and Am-241. The HLW 
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produced from reprocessing LWR UNF has relatively high initial heat load, but it decreases 
rapidly due to the decay of short- and intermediate-lived fission products. 

Figure 3: Decay heat (kW) per package for fuel cycle waste 

 

Source: Hardin et al., 2011. 

Results 

The area per package (m2) required for disposal of each is reported for each type of waste 
in each host rock. Figure 4 shows the area per package (m2) required for disposal of 
different waste in granite, clay and salt repositories, plotted as a function of surface storage 
time. Waste that emits more heat requires greater repository area per package, so area per 
package decreases with increased surface storage time because the waste is cooler upon 
emplacement. When the decay heat from an isolated single package is such to violate the 
repository temperature constraint, no solution is possible and no points are plotted in  
Figure 4. Because of this, disposal waste with higher heat loads (e.g. UOX UNF packages) 
is limited to larger surface storage times. In fact, the MOX 4-assembly packages cannot be 
disposed of in any of the generic repositories with surface storage time less than 100 years. 
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Figure 4: Area per waste package for wastes produced in the three fuel cycles 

 

The area required per package is also affected by the thermal properties of the rock and 
EBS materials and the value of the temperature constraint. In the clay repository, which 
has the most thermally resistive host rock and uses a low-conductivity bentonite buffer for 
the UNF design, only HLW can be emplaced before 100 years of surface storage time. The 
disposal concept for the granite repository containing HLW includes the bentonite buffer, 
so the HLW area per package is greater in granite. However, due to the greater conductivity 
of the host rock, UOX 4-assembly packages can be disposed after 70 years of surface 
storage. 

The salt repository has the most favourable thermal properties and the least restrictive 
temperature constraint; therefore, the area required per package for each waste is much less 
in salt than in the other repositories, and even reaches a minimum for some waste packages 
as surface storage time approaches 100 years. Because waste can be emplaced in the salt 
repository with shorter surface storage time, salt offers a more flexible waste management 
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solution than other repository geologies. In other words, a salt repository could better 
accommodate a waste management strategy that prioritises rapid disposal to remove the 
waste from the biosphere. 

The minimum repository footprint per 100 GWe-yr for combinations of repository and fuel 
cycle for which disposal is possible is plotted against waste surface storage time in  
Figure 5. The once-through fuel cycle waste disposed in granite requires the largest disposal 
area at all possible times due to the high heat emission from the waste and the use of low-
conductivity bentonite in the disposal concept. Despite producing the fewest waste 
packages, the limited-recycle fuel cycle waste cannot be disposed in any repository concept 
with surface storage times less than 100 years due to the high heat load from MOX UNF 
unless packages containing less than four assemblies are considered.  

The only waste disposable in the clay repository is that from the fully closed fuel cycle, 
which has a similar footprint to a granite repository for fully closed fuel cycle waste. After 
70 years of surface storage, both of these repositories have a smaller footprint than the salt 
repository for fully closed fuel cycle waste. The EBS dimensions in salt are greater than 
those in clay or granite, and by this point, the salt repository for fully closed fuel cycle 
waste is approaching its minimum possible size. 

Figure 5: Minimum repository footprint required for disposal of fuel cycle waste 

 

By 90 years of surface storage, all possible combinations of fuel cycle and repository host 
rock require less than 0.2 km2 of area for disposal. This area is comparable to disposal 
concepts put forth by national repository programmes. The Swedish design concept for the 
repository at Forsmark assigns each package an area of 105.8 m2 [3]. For the equivalent 
amount of Swedish LWR UNF (average burn-up = 36 GWd/t) required to generate  
100 GWe-y, a disposal area of 0.18 km2 is required. In the Total System Performance 
Assessment [6] for Yucca Mountain in the United States, a footprint of 4.6 km2 was 
assumed for an inventory of 63 000 metric tonnes of LWR UNF. Normalising for energy 
production, the equivalent area is 0.22 km2. 
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Discussion 

Depending on the repository design, increasing surface storage time can decrease the area 
required per package, potentially making later emplacement more favourable. However, 
the surface storage time also impacts the relative improvement in repository footprint that 
can be achieved by implementing P&T. Figure 6 plots the ratio of repository area between 
continuous-recycle and once-through fuel cycles in granite and salt. In the granite 
repository, neither the UOX UNF 4-assembly packages nor the packages for NUEX HLW 
can be emplaced before 70 years of surface storage. After that time, the repository footprint 
for the continuous-recycle fuel cycle is approximately 10 times smaller than that for the 
once-through fuel cycle. This improvement is sustained through 100 years of surface 
storage time.  

Figure 6: Ratio of continuous-recycle and once-through fuel cycle salt repository areas 

 

In the salt repository, UOX UNF 4-assembly packages from the once-through fuel cycle 
can be emplaced after as few as 10 years of surface storage. Due to the initially high heat 
load from the NUEX HLW, the waste from the continuous-recycle fuel cycle cannot be 
emplaced until 20 years of surface storage. At that point, the repository footprint of the 
continuous-recycle fuel cycle is approximately 0.7 times that of the once-through fuel 
cycle. The further improvement in benefit between 20 and 30 years of surface storage time 
is due to the rapid decrease in decay heat of the NUEX HLW glass. However, after this 
point, the benefit begins to shrink. This is because the area of the salt repository for the 
continuous-recycle fuel cycle waste is roughly constant whereas the area for the once-
through fuel cycle waste steadily falls. Eventually, after approximately 100 years of surface 
storage time, the area of the salt repository is approximately the same for both fuel cycles. 
This demonstrates that the benefits of P&T on repository area may be time-dependent 
depending on the repository system. 
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Conclusions and future work 

Implementation of P&T will cause changes to the amount and composition of waste 
produced by the generation of nuclear energy and will therefore affect their management. 
In this work, the effects of P&T on the nuclear waste disposal strategy have been 
investigated from the perspective of repository footprint and surface storage time. Waste 
from three fuel cycles, two of which featured different implementations of P&T, were 
considered. The repository footprint was determined based on thermal constraints for 
disposal concepts for UNF and HLW in granite, clay, and salt geologies. It was shown that 
the fuel cycle featuring continuous recycling of TRU achieved the smallest repository 
footprint despite producing the greatest number of waste packages. The limited-recycle 
option is shown to have distinct disadvantage in that the used MOX fuel packages are too 
hot to load in any repository concept within 100 years of surface storage. Salt is shown to 
be the most flexible repository geology due to its favourable heat transfer properties, but 
this flexibility results in diminishing returns for P&T over a once-through fuel cycle in 
terms of repository footprint as surface storage time is increased. 

Work in this area is ongoing, and future analysis will focus on the fuel cycles studied in the 
2014 US Department of Energy Fuel Cycle Evaluation and Screening study [7]. 
Additionally, the impact of waste package loading should be explored. Decreasing waste 
package loading can make possible the disposal of high-heat waste, whereas increasing 
package loading can result in lower costs for the transportation and disposal of low-heat 
waste.  
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