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Foreword 

A new generation of reactor designs are being developed that are intended to meet the 
requirements of the 21st century. In the short term, the most important requirement is to overcome 
the relative non-competitiveness of current reactor designs in the deregulated market. For this 
purpose, evolutionary light water reactor (LWR) designs have been maturing and are being promoted 
actively. These are specifically designed to be less expensive to build and operate than the previous 
generation of LWRs, genuinely competitive with alternative forms of generation and at the same time 
establish higher levels of safety. A new generation of modular, small-to-medium integral design 
water-cooled reactors are under development. These are designed to be competitive with nuclear and 
non-nuclear power plants, to have significantly enhanced safety, to be proliferation-resistant and to 
reduce the amount of radioactive waste produced. A different approach to improve competitiveness is 
the re-emergence of high-temperature reactors (HTR) using gas turbine technology to give higher 
thermal efficiencies, low construction and operating costs, inherent safety characteristics, and low 
proliferation risk. 

In the longer term other requirements related to long-term sustainability will emerge. These 
requirements have been outlined in the US DOE Office of Nuclear Energy, Science and Technology’s 
Generation IV nuclear energy systems that offer advantages in the areas of economics, safety and 
reliability, sustainability, and that are commercially deployable by 2030. The Generation IV International 
Forum (GIF) has been formed to advance these goals on an international level combining the research 
and development resources of the participating countries. The need to establish sustainability of the 
fuel cycle to minimise waste has also led to the development of the Advanced Fuel Cycle Initiative in 
the United States and continued research in Europe under the 6th Framework Programme. Under 
these and other programmes, the sustainability of the nuclear option is being developed to ensure 
that it is a viable option for the long term. 

In this context, the purpose of the ARWIF-2005 workshop was to exchange information on R&D 
activities and to identify areas and research tasks where international co-operation can be strengthened. 

With the renewed interest in advanced nuclear systems and advanced fuel cycles, this workshop 
has proved to be very relevant and important for establishing international consensus on research 
programmes. 
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Executive summary 

Motivations, scope and goals 

The ARWIF-2005 workshop was held at Oak Ridge, USA from 16-18 February 2005 and was hosted 
by the Oak Ridge National Laboratory. The purpose of the workshop was to exchange information on 
R&D activities and to identify areas and research tasks where international co-operation can be 
strengthened. It was the third in the Advanced Reactors with Innovative Fuels (ARWIF) series. The 
first workshop, held in October 1998, was hosted by the Paul Scherrer Institute in Villigen, Switzerland, 
and the second, held from 22-24 October 2001, was hosted by British Nuclear Fuels Ltd in Chester, 
United Kingdom. 

The scope comprised reactor physics, fuel performance and fuel material technology, core 
behaviour and fuel cycle of advanced reactors with different types of fuels or fuel lattices. Reactor 
types considered were water-cooled, high temperature gas-cooled and fast spectrum reactors, as well 
as hybrid reactors with fast and thermal neutron spectra. Emphasis was on innovative concepts and 
issues related to the reactor and fuel, in particular Generation IV systems. 

Particular goals of the workshop were to identify research and development needs and the roles 
which can be played by existing experimental facilities, as well as possible needs for new experimental 
facilities. The conclusions of the technical sessions were synthesised and discussed by a round table 
on international co-operation to facilitate the introduction of new reactor systems. The panellists 
were: Kazuhiro Sawa, Japan discussing directions and developments in his paper “Development Need 
and Requirements for HTGR Fuel”, Charles Forsberg, US providing a view onto future directions: 
“Toward Higher Temperature Reactors”, Kevin Hesketh, UK giving the UK perspectives on Gen-IV, and 
Dave Williams, US discussing transmutation: “Evolutionary Strategy”. The meeting ended with a 
summary and final remarks by Daniel Ingersoll, US. 

Workshop organisation 

General Chairman 
David Hill, ORNL 

Local Organising Committee 
Jess Gehin, Dan Ingersoll, Ron Ellis, ORNL 

Scientific Advisory Committee 
D. Hill, ORNL J-K. Kim, U-Hanyang 

J. Gehin, ORNL M. Meyer, ANL-W 
K. Hesketh, BNFL D. Williams, ORNL 

M. Mignanelli, BNFL H. Khalil, ANL 
J. Herczeg, DOE R. Bennet, INEEL 

M. Carelli, Westinghouse M. Salvatores, CEA/ANL 
Y. Fanjas, Framatome ANP M. Anttila, VTT 

P. Finck, ANL-E D. Cacuci, University of Karlsruhe 
R. Konings, EC-ITU K. Weaver, INEEL 

R. Chawla, PSI P. MacDonald, INEEL 
P. D'hondt, SCK-CEN C. Forsberg, ORNL 

M. Delpech, CEA Y. Oka, University of Tokyo 
J. Rouault, CEA K. Pasamehmetoglu, LANL 

P. Alekseev, Kurchatov Institute A. Stanculescu, IAEA 
J.C. Kuijper, NRG-NL E. Sartori, OECD/NEA 
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Participation 

The workshop was attended by 50 participants from 11 countries representing 22 different 
organisations (see Annex 1 for the complete list of participants). 

Technical programme 

The workshop was organised into 7 plenary sessions in which over 32 papers were presented. For 
a copy of the complete workshop’s technical programme, please refer to Annex 2. 

Session summaries and panel discussion 

Opening session – Chair: J. Gehin 
After an introduction by Gordon Michaels and an overview of the workshop by Jess Gehin, Kevin 

Hesketh (BNFL) summarised the status of the Working Party on the Scientific Issues of Reactor 
Systems (WPRS). This comes under the remit of the Nuclear Science Committee and will work in close 
co-operation with the Working Party on the Scientific Issues of the Fuel Cycle (WPFC). The WPRS held 
its first meeting in September 2004. It is a continuation of the WPPR, originally formed in 1993 as the 
Working Party on the Physics of Plutonium Recycle (WPPR), which evolved since its inception to cover 
a much broader range of topics than originally envisaged. In 2004 the NSC approved the formation of 
the WPRS as a replacement for the WPPR and approved its mandate for a 3 year period.  

The mandate of the WPRS is much broader than that of the WPPR and reflects recent developments 
in the field. The mandate now covers reactor physics, the fuel cycle, fuel behaviour, thermal hydraulics, 
dynamics/safety and vessel dosimetry of present and future nuclear power systems. The mandate is 
complementary to that of the WPFC, whose principal interest concerns partition and transmutation 
(P&T) fuel cycles. Previously, the WPPR was principally concerned with reactor physics issues, but 
although its mandate was focused specifically of this aspect, it adopted a pragmatic approach 
encompassing the other disciplines, recognising the difficulty of compartmentalising reactor 
behaviour into separate specialities. Since the WPPR had gradually shifted its focus to innovative 
reactor systems, the NSC decided that a rationalisation was required.  

The area of vessel dosimetry was included in the mandate of the WPRS because there was no 
other working group that covered this area. It fits with other applications of deterministic and Monte 
Carlo transport codes already part of the activities of the WPRS. The WPRS will now also address 
Accelerator Driven Systems (ADS), an area previously covered under the Fuel Cycle area. The WPPR 
previously maintained very close collaboration with the Task Force on Reactor-based Plutonium 
Disposition (TFRPD), which has provided technical inputs to the Russian/US weapons plutonium 
programmes. The WPRS will maintain the same close co-operation. In fact, it is intended to hold 
future meetings of the WPRS, WPFC and TFRPD in conjunction with each other to facilitate close 
co-ordination between them and to avoid duplication of effort.  

The current activities of the WPRS include the continuation of the High Temperature Reactor 
(HTR) physics code benchmark and completion of the PWR control rod ejection benchmark started 
under the former WPPR. A new benchmark was proposed at the first meeting on discharge inventory 
calculations and is being progressed. It is the intention to align future activities with the Gen IV 
programme. 

At the end of the session, Kemal Pasamehmetoglu presented a paper entitled “The Fuels 
Development Program for the Advanced Fuel Cycle Initiative” and a presentation from David Petti, 
“The DOE Advanced Gas Reactor (AGR) Fuel Development and Qualification Program”, concluded  
the session. 

Advanced fuels for minor actinide burning and transmutation – Chair: L. Ott 
Four papers were presented in this session on advanced fuels for the burning and transmutation 

of minor actinides. The general goal is the reduction of the concentrations of key heat-producing 
actinides in nuclear waste; one approach is the recycle of these actinides as fuel in commercial 
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nuclear power plants. Two of these papers focused on inert-matrix fuels. The third presentation dealt 
with the preparation and irradiation of metal alloy fuels in the USDOE AFCI programme. The final 
paper discussed DUPIC fuel, recycled LWR spent fuel refabricated into CANDU fuel elements. 

In the first paper, Won Sik Yang of Argonne National Laboratory discussed the comparison of 
inert-matrix fuels for actinide recycling with the focus on nuclide consumption rates and the 
potential benefits to a geologic repository. One of the primary constraints in the repository design is 
the peak temperature between adjacent storage tunnels; and key contributors to the energy release in 
the fuel are the actinide elements. These inert-matrix fuels (IMFs) essentially replace the depleted 
uranium oxide matrix in MOX with a neutronically-transparent, non-transuranic producing matrix 
material. Three IM fuels were studied, the first was a solid-solution fuel (SSF) with a ZrO2•8.6Y2O3 
matrix, the second type are CERCER dispersion fuels with SiC and ZrH1.6 matrices, and the third type is 
a CERMET dispersion fuel with Zr being the matrix. Fuel volume fractions varied from 0.036 to 0.109 
and calculations were performed with the WIMS8 lattice depletion code. It was concluded that 
(relative to direct disposal of spent LWR fuel) actinide recycling in IMF is beneficial for repository 
loading and is insensitive to the matrix material. These IMF benefits are greater with lower fuel 
volume fractions and higher fuel burn-ups. Some of these matrix materials do have significant 
disadvantages such as low thermal conductivity, decomposition, or reaction with the fuel cladding; 
also, for some of the cases evaluated, the coolant void coefficient is positive. 

Marco Streit presented the results from two experimental IMF fuelled assemblies irradiated in 
the OECD Halden reactor. One assembly contained yttrium stabilised zirconia (YSZ) matrix fuels 
irradiated alongside commercial MOX fuel and the second rig contained calcium stabilised zirconia 
(CSZ) matrix fuels compared with thoria based fuels. The primary objective of both experiments was 
to determine the thermal behaviour of different IMFs under irradiation conditions similar to that in 
current LWRs. Both rigs were of similar design with comparable instrumentation and at the end of the 
sixth irradiation cycle the average assembly burnup for both rigs was approximately the same. All IMF 
rods illustrated higher peak fuel temperatures (by 150-300°C) than the MOX or thoria rods (due to lower 
IMF thermal conductivity); and as a result thereof, the IMF rods showed earlier and higher fission gas 
release than the MOX and thoria rods. Irradiation of these two experimental rigs is continuing. 

As part of the USDOE AFCI programme, metal alloy fuels are being studied. Rory Kennedy (Idaho 
National Laboratory) discussed these activities in the third presentation. Ten alloy compositions (from 
U, Pu, Am, Np, and Zr) have been fabricated with a major concern being the loss during fabrication of 
the higher vapour pressure constituents (specifically Am).A powder metallurgical approach proved 
impractical (powder handling, time and material loss); but an arc-cast procedure produced the desired 
alloys with good retention of Am. These alloy fuels have been quantitatively characterised via XRD, 
SEM, DSC, TMA, LFD, thermal conductivity (laser flash diffusivity measurements, although these 
measurements were performed in an oxidising atmosphere and resulted in degradation of the 
samples), and materials chemical interactions tests. These metallic fuels have been fabricated into 
rodlets which are currently being irradiated in the Advanced Test Reactor (ATR) at INL. Initial PIEs of 
low burnup rodlets show promising results. 

The final paper in this session was presented by Ho Jin Ryu (KAERI) on the materials properties 
and fuel performance of DUPIC fuel. The DUPIC fuel is remotely fabricated in hot cells from spent LWR 
fuel into CANDU fuel elements. Material properties characterisation was performed for surrogate 
(simulated DUPIC) fuel due to the high radioactivity of the spent fuel. DUPIC has a lower thermal 
conductivity than UO2 but higher thermal expansion coefficient; DUPIC is also harder (less creep) and 
stronger (higher Young’s modulus) than UO2. Sensitivity analyses were performed with the AECL fuel 
performance code ELESTRES (via modifying the material models to represent the DUPIC fuel). The 
effect of thermal conductivity was found to be the most critical factor that would limit the 
performance of the DUPIC fuel; and fuel fabrication parameters such as density, gap, grain size, 
plenum volume would have to be adjusted to provide sufficient operating safety margins to account 
for the property differences between UO2 and DUPIC fuel. An irradiation test of DUPIC fuel has been 
performed in the HANARO reactor at KAERI and there was good agreement between measured and 
calculated fuel centreline temperatures. Continuing research involves the fabrication of three DUPIC 
fuel rods (AECL) and their test irradiation in the Canadian NRU reactor. 
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Advanced fast reactor systems – Chair: K. Weaver 
In Session II, four of the five submitted papers were presented. The first paper, 2.01 – The GEN IV 

Gas Cooled Fast Reactor: Status of Studies, was delivered by Thomas Wei of Argonne National 
Laboratory. In his presentation, Mr. Wei outlined the reference design and the design characteristics 
of this fast reactor concept. The reference design is a helium-cooled, 850°C outlet temperature, direct 
power conversion cycle system. The gas-cooled fast reactor is seen as the next evolutionary step in 
the helium-cooled, very high temperature reactor, and is one of the six advanced nuclear energy 
system concepts chosen for further development under the Generation IV International Forum (GIF). 
Mr. Wei described the work done on safety system design (i.e. systems that would be used to remove 
decay heat, especially during accident conditions), where a complete passive decay heat removal 
system is possible using natural convection of the helium. However, this requires the power density 
not to be greater than 100 MW/cm3, and that a backpressure of >20 bar be maintained in the system. 
The backpressure would be maintained using a “proximate” or “guard” containment. It was 
recognised that a lower backpressure would be more desirable, and Mr. Wei presented work done on a 
combined active/passive system where the backpressure was reduced to 5-7 bar. In this case, gas 
accumulators containing a heavier gas (e.g. N2, CO2, etc.) would be used to inject the heavier gas into 
the proximate containment, and a 10-16 kW blower would be for the first 24 hours of an accident. 
After 24 hours, natural convection of the coolant would be sufficient to remove the decay heat. 

The second paper, 2.02 – A Helium Cooled Particle Fuel Reactor for Fuel Sustainability, was 
presented by Tim Newton of Serco Assurance. In his presentation, Mr. Newton highlighted 
sustainability as the key goal for future reactor systems. In terms of fissile resources, the preferable 
plutonium content in the core should be less than 20 tonnes, and the fuel in all cases was oxide. As 
the coolant was one of the variables in the work presented, both carbon dioxide and helium were used. 
The CO2 cooled core utilised a dispersion fuel in an inert matrix, and a ceramic clad pin. The average 
power density in the core was approximately 200 MW/cm3, the plutonium content was less than  
10 tonnes, and the total thermal power was 3600 MW. Thus the plutonium content goal was achieved. 
Also considered was a helium-cooled, 2400 MWt core using the same geometry as the CO2 cooled case. 
Of particular interest was the ability of the designs to maintain a conversion ratio of less than one, 
while maintaining a negative void coefficient and large negative Doppler coefficient. 

The third paper, 2.03 – SSTAR Lead-Cooled, Small Modular Fast Reactor with Nitride Fuel, was 
presented by James Sienicki of Argonne National Laboratory. This small, long-lived core design would 
be specifically applicable to remote areas, or areas without large transmission capacities, as it would 
supply about 20 MWe. The specific fuel utilised in the study was a N-15 enriched, mono-nitride fuel 
with high smear density. In addition, a large plenum was used for fission gas retention, where the 
active fuel height was 80 cm, while the plenum used was 1.2 m. The power conversion cycle is based 
on a supercritical CO2 Brayton cycle, which gives high efficiency at moderate temperatures. The 
conversion ratio is nearly unity, which results in a core lifetime of approximately 20 years for a single 
load. Of particular interest in this design is the use of natural convection of the primary Pb coolant 
during steady-state operation. 

The fourth paper, 2.04 – Molten Salt Cooled Fast Reactors, was presented by Ehud Greenspan of 
the University of California-Berkeley. This particular design uses the Encapsulated Nuclear Heat 
Source (ENHS) as a basis for design, where the coolant was a liquid salt of the Zr-Na-Be-Li type. The 
fuel was a N-15 enriched mono-nitride of uranium, plutonium, and other minor actinides. Somewhat 
similar to the previously paper on SSTAR, this reactor would also contain a 20-year lifetime core that 
utilises natural convective cooling during steady state operation. Of particular interest was the high 
outlet temperature capability of this design due to the liquid salt coolant, and the large pitch to 
diameter ratio that can be obtained when using high loadings of minor actinides in the fuel. It would 
appear that a liquid salt cooled fast reactor would have the advantage of high outlet temperatures for 
high efficiency electricity (or hydrogen) production, while using a high conductivity, optically 
transparent coolant. 

In summary, the papers presented the current advanced fast reactor designs, including those 
being considered by the Generation IV International Forum. Fast reactors have the ability to extend 
uranium (fuel) resources far beyond what can be utilised in thermal spectrum reactors, and are 
efficient at fissioning the long-lived minor actinides found in spent fuel. Thus for sustainability, fast 
reactors appear to be a solution for longer-term management of nuclear fuel resources and waste. 
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Modelling and experimental evaluation of advanced fuels – Chairs: P. Medvedev, K. Sawa 
Seven papers were presented during Session 3.00 dedicated to modelling and experimental 

evaluation of advanced fuels. Evaluation and modelling of gas-cooled reactor fuels was the subject of 
five papers. Two papers focused on the inert matrix fuel development. Session 3.00 was a truly 
international session with speakers representing institutions from France, Germany, Japan, USA and 
Belgium.  

The scope of the R&D efforts in the area of gas reactor fuels is driven by the attempts to develop 
fuels that can reach higher burnup levels while operating at higher temperatures. The key to success 
in accomplishing these objectives is in improving fuel performance. The latter depends primarily on 
material properties of the fuel which in turn are controlled by the microstructure. Therefore, the 
researchers invest heavily in characterising the microstructure and assessing the properties of  
as-fabricated fuels. Introducing the most advanced and innovative characterisation techniques allows 
obtaining new data that helps to refine fuel fabrication process yielding better performing fuels. The 
data is also used as initial conditions for fuel performance codes. 

Dr. Dugne’s presentation outlined advances made in characterisation of fuel particle coatings for 
High Temperature Reactors. New and existing analytical procedures were used to carry out very 
extensive investigation of the SiC and PyC coatings and PyC/SiC interfaces. Powerful experimental 
techniques available to this group of researchers may provide an opportunity to gain valuable insight 
on growth mechanisms of the coatings and correlate those with the microstructure. 

Dr. Basini’s work was focused on thermal and mechanical characterisation of the fuel particle 
coatings. The authors proposed a highly innovative methodology to perform thermal characterisation 
of fuel particle coatings. This evolving project already produced results confirming feasibility of the 
technique. More data is expected as the researchers plan to determine thermal conductivity of SiC 
and PyC layers for the temperatures up to 1500°C. 

Dr. Somers shared an intriguing approach to fabrication of fuel particles for plutonium disposition 
in gas reactors. The researchers at ITU propose infiltration of porous yttria-stabilised zirconia kernels 
with actinide nitrate solution and consequent calcination and sintering. This innovative technology 
reduces the need for glove box operations during fabrication because the porous kernels can be 
fabricated outside the glove box. Furthermore, it provides an opportunity to introduce burnable 
poisons in fuel kernels, thus improving core neutronics. The authors noted that this type of fuel may 
feature improved performance and reach higher burnup levels. 

Dr. Sawa provided a detailed update on the R&D program of HTGR fuel in Japan. The roadmap of 
this programme covering activities in 2004-2008 includes fuel development work, irradiation tests and 
modelling activities. Special emphasis was made on utilisation of ZrC particle coating as a means of 
extending fuel burnup. The programme foresees extensive international collaborations. 

Dr. Kercher presented computer automated microscope analysis for particle size and shape 
measurement, layer thickness measurement, ellipsometry method for PyC anisotropy measurement, 
new density column procedures and microwave digestion method. New PyC anisotropy measurement 
result comparing traditional methods was discussed. 

Dr. Medvedev presented hydration resistance and thermal conductivity data for ceramics 
containing 40-70 wt.% of zirconia. Analytical estimates showed that the maximum temperatures of 
inert matrix fuel based on magnesia-zirconia ceramics were lower than current LWR temperature. 
Centelles grinding of the inert matrix fuel to meet LWR specifications was addressed. 

Dr. Toury presented the fabrication process, microstructure, chemical behaviour and 
compatibility with the cladding for the cermet with surrogate (CeO2). Thermal properties by analytical 
measurement were also mentioned and the feasibility of the fuel was investigated. 

Advances in thermal reactors systems – Chair: C. De Oliveira 
The session comprised eight papers. The first papers concerned existing PWR technology. In the 

first one a comprehensive study was made to improve the power density of UO2 fuelled cores. It was 
found that an increase in power density of 24% relative to a reference PWR core was possible. The 
next two papers discussed ways of constraining TRU production using a mixture of UO2 and ThO2, and 
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incinerating Pu using hydride fuel. The use of such fuel was further discussed for improving the 
performance of SCWR’s. The overall conclusion was that hydride fuels have good potential for 
actinide control and thus warrant further investigations. The second half of the session was 
concerned with numerical methods for the analysis and design of high-temperature reactors. Among 
the numerical techniques discussed were a coupled neutronics-hydrodynamics model for PBR 
analysis and the calculation of Dancoff factors for heterogeneous cores. A viability study of the core 
physics characteristics for the Advance High-temperature Reactor (AHTR) was also presented. The 
underlying message was that the new generation of thermal reactors should provide new challenges 
in terms of numerical modelling, and that their analysis and design will depend very much on the 
development of new and more sophisticated numerical methodologies. 

Experimental facilities, nuclear data and international programmes – Chair: P. D’hondt 
The session comprised 5 presentations and 3 presenters. The first two papers were presented by 

Vitaly Sobolev from SCK•CEN, MOL Belgium and concerned neutronic and fuel behaviour studies 
performed for the projected experimental ADS called MYRRHA. Indeed, SCK•CEN is performing since 
1998 design studies for MYRRHA which could be a step towards a prototype of an ADS transmuter. 
This project which started as a national programme is nowadays largely embedded within 
IP-EUROTRANS which is a European collaboration on ADS development within the 6th Framework 
Programme of the European Community. 

Vitaly Sobolev inverted the foreseen sequence of his two papers and started with the one on 
neutronic calculations and the modelling of the incineration capabilities of minor actinides in 
MYRRHA. These studies then served as input to his second talk on the modelling of the long term 
performances of MA fuel in MYRRHA. 

In both studies, three inert matrix fuel targets with high content of Pu, AM and Cm were analysed 
during its long term irradiation in various spectrum zones in MYRRHA. The neutronic studies showed 
the transmutation potential but also the limiting factors of MA burning in the different spectral zones 
of MYRRHA. 

The fuel behaviour studies were performed with the house-made fuel performance code 
MACROS-II. In these studies a special attention was paid to the production and release of the rare 
gases: Xe, Kr and He. It was shown that helium, mainly produced by ∀-decay of Cm and Am, can 
affect strongly the fuel properties and the release of the rare gases in the rod plenum. 

The third and fourth papers were presented by Adrien Bidaud from CNRS, France and concerned 
sensitivities studies to nuclear data and uncertainty analysis. 

We know that nuclear data have been largely adjusted based on the information from current 
nuclear reactors. This has as a result that nuclear data that are currently used in nuclear reactors are 
quite well known, especially in thermal spectra, whereas nuclear data such as these for thorium cycle 
or for fast-neutrons spectra for instance still face higher uncertainties. The impact of these 
uncertainties has to be carefully assessed and perturbation theory is a powerful tool to perform 
sensitivity analysis. Furthermore if the uncertainties about the nuclear data are given in the basic 
evaluated files within covariance matrices, one can propagate these uncertainties to the integral 
parameter whose sensitivities are known. 

This approach has been tested on VENUS 2 OECD/NEA benchmark. This study was presented in 
the first talk. The VENUS 2 benchmarks are quite interesting for sensitivity and uncertainty 
techniques testing and learning as both experimental and the calculational results can be compared. 
This study showed that the uncertainty is compatible with the spread of the benchmark participant's 
results. This means that current codes are able to accurately simulate current reactors given the 
uncertainties on basic nuclear data. 

This calculational procedure to estimate the sensitivities of reaction rates in a critical reactor was 
then applied to a Thorium Molten Salt Reactor, in the frame of the French working group on nuclear 
waste management called GEDEPEON and on a HTR benchmark performed within the Working Party 
on Reactor Systems. The outcome was presented in the second paper of Adrien Bidaud. 
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The analysis shows the accuracy of the results that one can expect from the code system by 
providing confidence margins and that sensitivity analysis gives a good insight in the neutronics and 
can point out the most needed nuclear data with the needed precisions on the nuclides, the reactions 
and the neutron spectra. 

The last paper was presented by Hosadu Nawada from the IAEA and concerned the International 
Project on Innovative Nuclear Reactors and Fuel Cycles, better known as INPRO. INPRO provides a 
forum where experts and policy makers from industrialised and developing countries can discuss 
technical, economical, environmental, proliferation resistance and social aspects of nuclear energy 
planning as well as the development and deployment of innovative nuclear energy systems in the  
21st century. 

The first phase of INPRO dealt with the development of a methodology to assess and compare the 
performance of innovative nuclear energy systems. This methodology includes the definition of a set 
of basic principles, user requirements and criteria which need to be met in economics, sustainability 
and environment, safety of nuclear installations, waste management and proliferation resistance. 

In the present phase (1B) of the project, case studies have been carried out in order to validate 
and refine the developed methodology including the set of basic principles, user requirements, criteria 
and the judgement procedure. This phase 1B is a significant step forward in establishing the INPRO 
methodology as a tool for the assessment of innovative nuclear energy systems. 

In the second part of phase (1B) this methodology will be used to perform complete assessments 
of projected innovative nuclear energy systems. This phase will include all stakeholders in nuclear 
energy. In this way INPRO will meet its objective to create a process involving all relevant stakeholders. 

Developments in advanced fuel cycles and actinide burning – Chair: A. Worrall 
The session was originally to contain six papers, but unfortunately had to be reduced to only four 

as the authors of the remaining papers were unable to travel. The presented papers provided an 
interesting insight into a range of time-scales and scenarios for advanced fuel cycles; from the more 
near term realistic challenges facing the transition of the existing French nuclear fleet in the relatively 
near term to a more long term generic assessment of transition scenarios from LWRs to HTRs to  
fast reactors. 

The first paper, “A Scenario for Fast Reactor Deployment over the 21st Century”, discussed a 
100 year scenario for the French nuclear electricity industry and was presented by Simone Massara of 
EdF. The scenario assumed that nuclear power in France would maintain its current capacity of 60 GWe 
with no growth assumed for either the nuclear or any other power sector. This assumption was later 
challenged in the questions and answers session, but as in all scenario analyses there are a range of 
values that could have been assumed and this was a reasonable and valid one for this assessment. 

The scenario involved phasing out current LWRs and introducing a fleet of European Pressurised 
water Reactors (EPRs) with mono-recycling of plutonium over the period 2020 to 2035. This fleet of 
EPRs would account for 30 GWe, i.e. 50% of the nuclear capacity. The remaining 30 GWe required 
would be achieved by phasing in fast reactors from 2035 to 2050. The fast reactors assumed were 
based on the European Fast Reactor (EFR) and it was noted in the discussion of the paper that there 
have been further developments in fast reactor designs since the EFR was conceived, but again this 
was a reasonable assumption for the purposes of this assessment. 

The paper clearly illustrated the applicability and power of scenario analysis tools such as those 
used in this study and it is noted that such tools will be of immense value to some of the Generation IV 
“cross-cutting” working groups. 

The presentation made a statement very infrequently if ever heard in the modern nuclear 
industry; that there is not enough plutonium available for a given fuel cycle. France, unlike the UK 
who we heard from later in the session, has a shortage of Pu and would require a further 
approximately 150 t of separated Pu in order to achieve the scenario presented in the study. 

It was interesting to note that the scenario for the future fast reactor programme in France would 
require approximately 860 t of separated Pu. This perhaps raises the question and challenge for us all 
as to how a fast reactor fleet that needs so much separated Pu for fuel can be seen as a proliferation 
resistant system from the public and political perspective and therefore achieve one of the six key 
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Generation IV objectives. In summary we can see that one of the key objectives or “measures of 
performance” for the future fuel cycle scenarios for France would be to preserve or increase the 
amount of Pu available.  

“Waste Radiotoxicity Minimisation Using Innovative LWR-HTR-GCFR Symbiotic Fuel Cycle”, the 
second paper in the session, considered how the transition from a Generation II to Generation III to 
Generation IV scenario could be best managed in order to optimise the fuel cycle from the perspective 
of radiotoxicity. Therefore, in contrast with the previous paper, this study was looking to reduce the 
amount of separated Pu in the fuel cycle and thus that went in to the final repository. This paper was 
presented by Vincenzo Romanello from the University of Pisa. 

The paper demonstrated that by coupling current LWRs with HTRs and then finally closing the 
fuel cycle by utilising Gas Cooled Fast Reactors (GCFRs) for burning the minor actinides and Pu from 
the LWR/HTRs, the overall radiotoxicity of the fuel cycle could be reduced and the utilisation of 
uranium could be enhanced. 

In addition to the more traditional MOX fuel for Pu utilisation, the paper also considered the use 
of the Thorium fuel cycle for HTRs. The presentation concluded that the use of HTRs and thorium 
could notably reduce the overall radiotoxicity of the fuel cycle; in the case of ultra high burn-up, it was 
noted that curium-244 is the main contributor to radiotoxicity. During the discussion session, the 
presenter also confirmed that although this study had not assessed the feasibility of Th fuel or 
recycling technology, it was believed that sufficient work had been completed around the world to 
demonstrate that the thorium fuel cycle was feasible.  

So, in summary, we can see that from the perspective of this paper, the key objective or 
“measure of performance” of the fuel cycles considered were not the same as in the French scenario 
i.e. destroy the plutonium and therefore reduce the long lived radiotoxicity.  

The next paper, “Radiotoxicity of Thorium Fuel Cycles in PWRs” was presented by Kevin Hesketh 
from BNFL and looked at assessing the application of Thorium as a means of reducing the UK’s Pu 
stockpile in a future PWR scenario and was. It was noted that no attempt was made to optimise the 
fuel designs such as increasing the moderator to fuel ratio. 

The aim of the study was to produce an analysis to put “on the shelf” in the event that future 
questions arose from the UK body “Committee on Radioactive Waste Management” (CoRWM) when 
assessing future options for reducing the UK Pu stockpile. The presenter noted that the UK will have 
approximately 110 t of separated Pu once all of the Magnox reactors are closed and fuel reprocessed 
with no current plans what will ultimately happen to the Pu. It was noted that the UK currently has 
no repository options available. 

It was demonstrated that when considering such scenarios, it is vital to consider the “end game” 
and use finite timescales rather than assuming that the material never comes out of the fuel cycle and 
into the repository; infinite or so called “long term equilibrium” scenarios do not take this into account.  

The paper concluded that in comparison with a more conventional MOX fuel cycle, the Th-Pu 
fuel cycle demonstrated little benefit in terms of radiotoxicity over time periods of approximately 
10 000 years. However, more Pu per TWh electrical is destroyed in the Th-Pu cycle and therefore 
potentially a lower proliferation risk, although this is offset by the generation of another fissile species, 
233U. The self-generated equilibrium 233U-Th and 235U-Th cycle shows only a modest reduction in 
radiotoxicity by a factor of approximately 5 when compared with a once-through standard UO2 cycle. 

In comparison with the previous paper, this paper did not agree that the thorium fuel cycle was 
able to demonstrate a “significant” reduction in radiotoxicity compared with more conventional fuel 
cycles. The paper also raised another interesting measure of performance when assessing and 
comparing fuel cycles in that although radiotoxicity may have been reduced, the proliferation 
resistance of the fuel cycle may have been weakened. 

The final paper in the session was “The Role of Minor Actinide Minimisation Technologies and 
Approaches in Addressing Eco-friendly Advanced Nuclear Fuel Cycles”, presented by Hosadu Nawada 
of the IAEA. The presentation provided a very good overview of the work currently being undertaken 
in the IAEA co-operations in partitioning and transmutation (P&T) activities dating back to the early 
1980s as part of the Co-ordinated Research Programmes and Technical Working Groups. The working 
groups are looking at a range of limitations of the application of P&T including reactor safety, fuel 
manufacturing, separation technologies, etc. 
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It was noted during the presentation and in the subsequent question and answer session that the 
work to date had very much involved industrial partners and it was clear that it was imperative to use 
realistic, achievable values when assessing the various technologies, e.g. separation factors, losses in 
the process, finite scenarios. The presenter made it very clear the importance of a realistic approach 
when assessing technologies and fuel cycle options.  

Therefore, in summary, it was evident from the range of presentations made that not every 
organisation or country will necessarily have the same objectives when establishing which is the best 
fuel cycle option for them, e.g. radiotoxicity, proliferation risk, economics, Pu stockpile, economics are 
all equally valid goals in a given fuel cycle and do not always go hand-in-hand. As an industry, we 
need to be sensitive and aware of the different drivers from the various companies and countries and 
ensure that we do not inadvertently undermine each other's aims and potentially the case for the 
continuation and development of nuclear energy worldwide.  

Panel on directions and needs in advanced reactors and fuels – Chair: D. Ingersoll 
Kevin Hesketh briefly summarised the United Kingdom’s position on advanced reactor research 

and development. 

He mentioned that the present situation in the UK is one in which the existing reactors are 
gradually being closed as they reach the end of their lives, with only the Sizewell B PWR scheduled to 
remain operational after 2023. The UK Government has expressed its commitment to meeting its 
Kyoto obligations and has made progress towards this goal largely fortuitously as a result of coal fired 
plants having been replaced by gas. Although the UK Government has announced a target of 20% of 
electricity generation to be met by renewables by 2020, effectively compensating for the nuclear 
output that will be lost by reactor closures, there is widespread concern that this target may be 
impractical and therefore a danger that the UK’s CO2 emissions may be forced above the Kyoto target.  

The UK government’s formal position is that the decision as to whether to build new reactors in 
the UK is one for the private electricity supply companies to decide on a commercial business. 
However, in the absence of any measures to support the generating companies against the uncertain 
financial risks of new reactor build, progress is unlikely to occur. Indeed, apart from wind turbines, 
investment in new generating plants of any kind has been essentially stagnant in the UK for some 
years, because the market position is currently unfavourable even towards investment in new gas-fired 
plants. Investment in wind turbines has only been possible because of the very significant subsidies 
they receive, with income from subsidies ranging as high as four or five times that from generation. 

There are, however, indications that attitudes to new nuclear build in the UK are changing and 
some very positive signs for possible progress in this direction. In particular, the UK Government has 
recently acknowledged the need to maintain the nuclear expertise and skills base. Evidence for this 
has been the UK’s intention to formally commit to the Gen-IV collaboration (formal signing of the  
Gen-IV agreement actually took place a short time after this presentation). The UK government  
is therefore expected, subject to confirmation, to facilitate financial support for UK involvement in 
Gen-IV primarily as a means of maintaining skills and expertise and also as a vehicle for close 
participation in the latest international developments. The UK government also recognises the benefits 
of international collaboration from the pooling resources and the favourable gearing of research 
spending. Indeed, there is a clear consensus that international collaboration is the only feasible and 
practical approach. 

The UK’s Gen-IV programme is therefore driven by the skills maintenance as its principal 
motivation in the long term. It is hoped that this programme will help the UK maintain the skill base 
needed for it to act as an intelligent buyer for new reactor build in the short to medium term. The 
UK’s programme reflects its priorities, which are VHTR, followed by GFR and SFR. For all these reactor 
types the UK has historic expertise and knowledge that is hoped will provide valuable inputs to Gen-IV. 
The long term vision is seen as new build in the short term, probably LWRs, possibly followed in the 
medium or long by more advanced systems such as HTR or VHTR, with the eventual conversion to a 
fully sustainable system by mid-century. The Gen-IV programme needs to maintain awareness of 
developments in the Gen III+ systems currently being built and of changing utility requirements in the 
increasingly deregulated electricity markets.  
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Abstract 
The Department of Energy has established the Advanced Gas Reactor Fuel Development and 
Qualification Programme to address the following overall goals: 

• Provide a baseline fuel qualification data set in support of the licensing and operation of the 
Next Generation Nuclear Plant (NGNP). Gas-reactor fuel performance demonstration and 
qualification comprise the longest duration research and development (R&D) task for the 
NGNP feasibility. The baseline fuel form is to be demonstrated and qualified for a peak fuel 
centreline temperature of 1250°C. 

• Support near-term deployment of an NGNP by reducing market entry risks posed by technical 
uncertainties associated with fuel production and qualification. 

• Utilise international collaboration mechanisms to extend the value of DOE resources. 

The Advanced Gas Reactor Fuel Development and Qualification Programme consists of five elements: 
fuel manufacture, fuel and materials irradiations, postirradiation examination (PIE) and safety testing, 
fuel performance modelling, and fission product transport and source term evaluation.  

An underlying theme for the fuel development work is the need to develop a more complete 
fundamental understanding of the relationship between the fuel fabrication process, key fuel 
properties, the irradiation performance of the fuel, and the release and transport of fission products in 
the NGNP primary coolant system. Fuel performance modelling and analysis of the fission product 
behaviour in the primary circuit are important aspects of this work. The performance models are 
considered essential for several reasons, including guidance for the plant designer in establishing the 
core design and operating limits, and demonstration to the licensing authority that the applicant has a 
thorough understanding of the in-service behaviour of the fuel system. The fission product behaviour 
task will also provide primary source term data needed for licensing. An overview of the programme 
and recent progress will be presented. 
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Introduction 

In the coming decades, the United States, the other industrialised countries, and the entire world 
will need energy supplies and an upgraded energy infrastructure to meet growing demands for 
electric power and transportation fuels. The Generation IV project identified reactor system concepts 
for producing electricity that excelled at meeting the goals of superior economics, safety, 
sustainability, proliferation resistance, and physical security. One of these reactor system concepts, 
the Very High Temperature Gas Cooled Reactor System (VHTR), is also uniquely suited for producing 
hydrogen without the consumption of fossil fuels or the emission of greenhouse gases. DOE has 
selected this system for the Next Generation Nuclear Plant (NGNP) Project, a project to demonstrate 
emissions-free nuclear-assisted electricity and hydrogen production by 2015. 

The NGNP reference concept will be a helium-cooled, graphite moderated, thermal neutron 
spectrum reactor with a design goal outlet temperature of 900-1 000°C. The reactor core could be 
either a prismatic graphite block type core or a pebble bed core; the final selection of a reference core 
concept will be made following completion of the pre-conceptual designs for each. The NGNP will be 
able produce both electricity and hydrogen. The process heat for hydrogen production will be 
transferred to the hydrogen plant through an intermediate heat exchanger (IHX). The reactor thermal 
power (about 600 MWt) and core configuration will be designed to assure passive decay heat removal 
without fuel damage during hypothetical accidents. The fuel cycle will be a once-through very high 
burn-up low-enriched uranium fuel cycle.  

The fuel for the NGNP builds on the potential of the TRISO-coated particle fuel design 
demonstrated in high temperature gas-cooled reactors in the UK, US, Germany, and elsewhere. The 
TRISO-coated particle is a spherical-layered composite about 1 mm in diameter. It consists of a kernel 
of uranium dioxide (UO2) or uranium oxycarbide (UCO) surrounded by a porous graphite buffer layer 
that absorbs radiation damage and allows space for fission gases produced during irradiation. 
Surrounding the buffer layer are a layer of dense pyrolytic carbon called the inner pyrolytic carbon 
(IPyC), a silicon carbide (SiC) layer, and a dense outer pyrolytic carbon layer (the OPyC). The pyrolytic 
carbon layers shrink under irradiation and create compressive forces that act to protect the SiC layer, 
which is the primary pressure boundary for the microsphere. The inner pyrolytic carbon layer also 
protects the kernel from corrosive gases present during deposition of the SiC layer. The SiC layer 
provides the primary containment of fission products generated during irradiation and under accident 
conditions. Each microsphere acts as a mini pressure vessel, a feature intended to impart robustness 
to the gas reactor fuel and plant safety system. 

The baseline fuel kernel for the NGNP is low-enriched (about 15% U-235 in the prismatic block 
reactor version of the NGNP and about 8% in the pebble bed version) UCO instead of UO2, owing to 
performance issues associated with the UO2 fuel at high power, temperature, and burn-up. At the high 
power densities expected in the NGNP (>6 W/cm3), the associated large thermal gradients can drive 
kernel migration in UO2-coated particles. Migration of the kernel through the buffer and inner 
pyrocarbon layers and subsequent contact with the SiC layer can result in damage to the SiC layer. 
Furthermore and more importantly, at the high burn-ups proposed for NGNP (15 to 20% FIMA), the CO 
and fission product gas pressure in a UO2 fuel particle can be substantial, resulting in particle failure, 
especially under accident conditions. The high NGNP fuel temperatures (maximum time averaged 
temperature ~1 250˚C) increase the effect of both of these mechanisms. UCO was selected because the 
mixture of carbide and oxide components precludes free oxygen from being released due to fission. As 
a result, no carbon monoxide is generated during irradiation, and little kernel migration (amoeba 
effect) is expected.  Yet, like UO2, the oxycarbide fuel still ties up the lanthanide fission products as 
immobile oxides in the kernel, which gives the fuel added stability under accident conditions. 

For the pebble bed version of a NGNP, the coated particles are over-coated with a graphitic 
powder and binders. These over-coated particles are then mixed with additional graphitic powder and 
binders and then moulded into a 50-mm-diameter sphere. An additional 5-mm fuel free zone layer is 
added to the sphere before isostatic pressing, machining, carbonisation, and heat-treating. 

For the prismatic version of the NGNP, a similar process is envisioned, where the over-coated 
particles are mixed with graphitic powder and binders to form a cylindrical compact about 
50 mm long and 12.5 mm in diameter. After final heat treatment, these compacts are inserted into 
specified holes in the graphite blocks. Figure 2-1 shows a sketch of a TRISO-coated fuel particle and 
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photographs of fuel particles, compacts, and fuel elements (prismatic blocks of graphite with fuel 
compacts and coolant channels) used in the high-temperature gas reactor at Fort St. Vrain. The 
Advanced Gas Reactor Fuel Development and Qualification (AGR) Programme is currently focusing on 
the prismatic fuel form. 

Figure 2-1: Cutaway of TRISO-coated fuel particle and pictures of prismatic  
fuelled high temperature gas reactor fuel particles, compacts, and fuel elements 
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The goals of the programme are: 

• Provide a baseline fuel qualification data set in support of the licensing and operation of the 
NGNP. Gas-reactor fuel performance demonstration and qualification comprise the longest 
duration research and development (R&D) task for NGNP feasibility. The baseline fuel form is 
to be demonstrated and qualified for a peak fuel centreline temperature of 1 250°C. 

• Support near-term deployment of an NGNP by reducing market entry risks posed by technical 
uncertainties associated with fuel production and qualification. 

• Utilise international collaboration mechanisms to extend the value of DOE resources. 

There are five elements in the Advanced Gas Reactor Fuel Development and Qualification 
Programme: fuel manufacture, fuel and materials irradiations, postirradiation examination (PIE) and 
safety testing, fuel performance modelling, and fission product transport and source term evaluation. 
These are discussed in detail in the following sections.  

An underlying theme for the fuel development work is the need to develop a more complete 
fundamental understanding of the relationship between the fuel fabrication process, key fuel 
properties, the irradiation performance of the fuel, and the release and transport of fission products in 
the NGNP primary coolant system. Fuel performance modelling and analysis of the fission product 
behaviour in the primary circuit are important aspects of this work. The performance models are 
considered essential for several reasons, including guidance for the plant designer in establishing the 
core design and operating limits, and demonstration to the licensing authority that the applicant has 
a thorough understanding of the in-service behaviour of the fuel system. The fission product 
behaviour task will also provide primary source term data needed for licensing.  

Advanced Gas Reactor (AGR) Programme justification and need 

A recent review [6] concludes that there has historically been a difference in the quality of US and 
German high temperature gas reactor fuel. This fact is illustrated in Figure 2-2 where the krypton 
release rate to birth rate (R/B) measurements from most of the US and German TRISO coated fuel 
irradiation experiments are plotted versus fast fluence. The US data from individual experiments is 
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shown as lines whereas the yellow band in Figure 2-2 shows the range of the German data. This 
difference has been traced to technical differences in the fabrication processes used in Germany and 
the United States, as well as differences in the irradiation and testing programmes in the two 
countries. Review of the fabrication processes used in Germany and the United States to make coated 
particle fuel indicates that the scale of fuel fabrication and development efforts in the last 25 years 
have been quite different. German fabrication was at an industrial/production scale supporting the 
German AVR and THTR reactors and providing an established infrastructure for additional production of 
high quality fuel in support of HTR-Modul development. Only about 100 defects were measured in the 
German high quality fuel among 3.3 million particles produced in support of HTR-Modul development. 
The post-Fort St. Vrain US programme has been a mixture of laboratory- and larger-scale fabrication. 
The initial defect levels varied greatly and were much greater than those produced in Germany. Also, 
the US programme was scattered and disjointed, and multiple variables were “attacked” in each 
irradiation experiment, leading to a situation where it was not always possible to isolate the cause for 
poor results.  

Figure 2-2: Krypton release to birth ratios versus fast fluence from a variety of US  
and German fuel irradiation experiments showing the better performance of the German fuel 
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Figure 2-3: Irradiation-induced strains in PyC as a function of PyC coating rate 
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Comparison of the US and German fabrication processes has revealed many differences. Three 
specific technical differences in the TRISO fuel coating layers produced by the respective 
fabrication processes have important impacts in terms of performance under irradiation and 
accident conditions: pyrocarbon anisotropy and density, IPyC/SiC interface structure, and  
SiC microstructure. 

Pyrocarbon coating rate 
The density and anisotropy of the pyrocarbon layers of the TRISO fuel particle is determined by 

the conditions in the coater [4]. The German pyrocarbon was deposited at a higher coating gas 
concentration, which in turn results in a higher coating rate (~4-6 µm/minute) than generally used in 
the US The German pyrocarbon was very isotropic and thus survived irradiation quite well. However, 
the German fabrication conditions appear to lead to somewhat greater surface porosity than in US 
pyrocarbon, possibly leading to increased permeability to chlorine gas during the SiC coating process, 
and reaction with the UCO kernel. US pyrocarbon has been coated under a variety of conditions. In 
many cases, it was coated at very low coating gas concentrations, which results in a lower coating rate 
(2-4 µm/minute), and leads not only to a very dense and impermeable IPyC layer, which is important 
to preventing attack of the kernel by chlorine during deposition of the SiC layer, but also to excessive 
anisotropy, which can cause cracking of the pyrocarbon under irradiation.  

A plot of the irradiation-induced strain as a function of coating rate is shown in Figure 2-3. This 
plot indicates that strains induced in irradiated pyrocarbon are much greater for pyrocarbon coated at 
very low coating rates. Post-irradiation examination of many of the US capsules indicate shrinkage 
cracks in the inner pyrocarbon layer, which has been shown [1, 5, 3] to lead to stress concentrations in 
the SiC layer and subsequent failure of the SiC layer. Furthermore, anisotropy measurements on 
pyrocarbon have not adequately correlated processing parameters to pyrocarbon isotropy, and have 
not yet proven to be a reliable predictor of in-reactor pyrocarbon failure. More reliable methods of 
anisotropy characterisation are needed to ensure a link between acceptable coating processing 
parameters and satisfactory pyrocarbon in-reactor behaviour. 

Nature of the OPyC/ SiC interface 
Differences in the microstructure and surface porosity between the German and US IPyC also led 

to differences in the nature of the bond that existed between the layers. Photomicrographs of the 
IPyC/SiC interface in German and US fuel are shown in Figure 2-4. The figure shows that the interface 
in German fuel is more tightly bonded because the SiC was deposited into the IPyC, which has 
apparently greater surface porosity. The US fuel’s denser, less porous IPyC surface resulted in a 
smoother interface, having a lower strength bond. The TRISO coating on the German fuel never 
exhibited debonding under irradiation, whereas irradiation results indicated that the TRISO coating  
on the US fuel debonded frequently. The debonding is believed to be related to the strength of the 
IPyC/ SiC interface and can lead to stress intensification in the SiC layer, which may cause failure. 

Figure 2-4: Comparison of SiC/IPyC interface in German (left) and US fuel 
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Figure 2-5: Comparison of the structure of German (left) and US (right) produced SiC 

  
 

SiC microstructure 
The microstructures of German and US SiC were different, as illustrated in Figure 2-5. The 

German process resulted in small equiaxed grains, whereas the US process produced larger columnar 
(sometimes thru-wall) grained SiC. This difference in microstructure is believed to be primarily a 
function of the temperature used during the SiC coating phase in the coaters, with the US coater 
producing SiC at a higher temperature in some or all regions of the coater compared to the German 
process. These differences are important from a performance perspective because the smaller-grained 
German SiC, with its higher tortuosity, should in principle retain metallic fission products better than 
the large thru-wall columnar US SiC with more direct grain boundary pathways through the layer. 

Irradiation testing 
Review of the US and German irradiation programmes over the last 25 years indicates that the 

irradiation programmes were implemented differently, with vastly different results. The focus of the 
German programme was on UO2-TRISO fuel for the pebble bed reactors AVR and THTR and all future 
pebble bed reactor designs, such as the HTR Module design. The US programme examined many 
different variants (different coatings, different kernels) with apparently few lessons learned from one 
irradiation to the next or feedback to the fabrication process. The most striking is that the on-line gas 
release measurements indicated that the German fuel exhibits about a factor of 1 000 less fission gas 
release under irradiation than the US fuel under a broad range of irradiation conditions (temperature, 
burn-up, fluence; see Figure 2-6). Furthermore, the post-irradiation examination of the US fuel 
confirmed the more extensive gas release data. 

In summary, the German fuel was excellent. Of about 340 000 particles tested, there were no 
in-pile failures and only a few “damaged” particles from experimental anomalies. The fission gas 
release that did occur was attributed only to as-manufactured defects and heavy metal contamination. 
The US fuel did not perform very well. There were relatively high numbers of failures of individual 
layers of the TRISO coated U. S. fuel and, in many cases, a significant fraction (~1 to 10 per cent) of the 
total particles completely failed, (see Figure 2-7, note that individual layer failure fractions are plotted, 
not TRISO coated particle failure fractions). A variety of failure mechanisms were noted relating to 
effects of accelerated irradiation and attributes of the fabrication process. 

This comparison strongly supports the need for process improvement studies for fuel 
manufactured using traditional US methods and potential scoping irradiations to demonstrate the 
effectiveness of any changes in the process. 
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Figure 2-6: Comparison of end-of-life Kr-85m R/B from historic German and US irradiations 
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Figure 2-7: Individual layer failures observed during post-irradiation  
examination of US-coated particle fuel over the past 25 years 
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Advanced Gas Reactor Programme structure 

Development and qualification of TRISO-coated low-enriched uranium fuel is a key R&D activity 
associated with the NGNP Programme. The work is being conducted in accordance with the Technical 
Programme Plan for the Advanced Gas Reactor Fuel Development and Qualification Programme [2]. The 
AGR Programme includes work on improving the kernel fabrication, coating, and compacting 
technologies, irradiation and accident testing of fuel specimens, and fuel performance and fission 
product transport modelling. The primary goal of these activities is to successfully demonstrate that 
TRISO-coated fuel can be fabricated to withstand the high temperatures, burn-up, and power density 
requirements of a prismatic block type NGNP with an acceptable failure fraction. It is assumed that 
TRISO fuel that is successful in a block reactor will also be successful in a pebble-bed reactor since  
the particle packing fraction and the fuel temperatures are somewhat lower in pebble-bed reactors 
than in block reactors. In addition, commercialisation of the fuel fabrication process, to achieve a  
cost-competitive fuel manufacturing capability that will reduce entry-level risks, is a secondary 
goal of the project.  

The project is co-managed by the Idaho National Laboratory and the Oak Ridge National 
Laboratory (ORNL) against a resource loaded, critical path schedule with three levels of key milestones. 
This schedule clearly defines the activities and deliverables required and determined feasible through 
early schedule and cost analysis.  
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Implementation of the quality assurance requirements delineated in the Technical Programme 
Plan will be in accordance with DOE quality assurance requirements specified in 10 CFR 830 “Nuclear 
Safety Management,” Subpart A, “Quality Assurance Requirements” and in DOE Order 414.1B, “Quality 
Assurance.” In addition, all activities that have direct input to irradiation test specimen fabrication 
and irradiation campaigns will be conducted in accordance with the national consensus standard 
ASME NQA-1-2000, “Quality Assurance Requirements for Nuclear Facility Applications,” published by 
the American Society of Mechanical Engineers (ASME).  

Fuel manufacture 
This programme element addresses the work necessary to produce coated-particle fuel that 

meets fuel performance specifications and includes process development for kernels, coatings, and 
compacting; material characterisation and quality control methods development; scale-up analyses; 
and process documentation needed for technology transfer. The effort will produce fuel and material 
samples for characterisation, irradiation, and accident testing as necessary to meet the overall goals. 
There will also eventually be work to develop automated fuel fabrication technology suitable for mass 
production of coated-particle fuel at an acceptable cost; that work will be conducted during the later 
stages of the programme in conjunction with cosponsoring industrial partners. Fuel manufacture 
development is guided by a detailed fuel product specification established based on historical US and 
international experience. 

Near-term activities focus on production of UCO kernels, coating of particles in a continuous 
process using a small (2-inch) laboratory-scale coater, production of fuel compacts, and 
characterisation of the resulting materials. The goal of the kernel studies is to better define the 
operating window that will produce kernels meeting all specifications. For example, studies in early 
2005 demonstrated carbon dispersion parameters that would result in adequate sintered kernel 
density. Following fabrication of the AGR-1 kernels, additional kernel development studies are needed 
to further define the operating envelop for both broth and sintering parameters relative to the fuel 
specification and other properties such as kernel strength and friability, and surface reactivity. 

The goal of the initial coating studies is to produce coatings like those produced by the German 
programme in the late 1980s. All three layers were coated in a continuous manner in the German 
process, whereas in the US process, the fuel particles were unloaded after each coating layer to 
perform quality measurements. Additional coating variants are planned that will confirm 
understanding of the historical coating fabrication database and enhance the prospects for one or 
more successful outcomes, and the baseline and selected variants will then be irradiated in the first 
irradiation test, AGR-1. Recommended coating rates and temperatures for the coating variant 
candidates planned for the AGR-1 fuel fabrication campaign are listed in Table 2-1 (these conditions 
may be adjusted based on understanding gained from early fuel production and characterisation).  

Table 2-1: Candidate coating variants for AGR-1 

Variant IPyC Conditions SiC Conditions Comment 
1 1300 ºC; 4.5 μm/min 1510 ºC; 0.2-0.25 μm/min German baseline 
2 1300 ºC; 4.5 μm/min 1580 ºC; 0.2-0.25 μm/min Higher SiC deposition temperature 
3 1300 ºC; 3.0 μm/min 1510 ºC; 0.2-0.25 μm/min Low IPyC coating rate (anisotropic) 
4 1300 ºC; 3.0 μm/min 1580 ºC; 0.2-0.25 μm/min Low IPyC coating rate (anisotropic) 
5 1300 ºC; 6 μm/min 1510 ºC; 0.2-0.25 μm/min High IPyC coating rate 
6 1300 ºC; 6 μm/min 1580 ºC; 0.2-0.25 μm/min Higher SiC deposition temperature 
7 1300 ºC; 4.5 μm/min 1510 ºC; 0.2-0.25 μm/min Interrupted variant of Case 1 
8 1300 ºC; 4.5 μm/min ~1300 ºC with Argon  

 

Coating conditions are planned that span the range from producing highly anisotropic/high 
density PyC to highly isotropic/low density PyC. Two different SiC coating temperatures are planned 
to determine an acceptable window for producing the desired fine-grained SiC. An interrupted run is 
also planned to more quantitatively characterise fuel produced in both interrupted and uninterrupted 
modes. In addition, a variant in which argon gas is used during SiC coating is planned, since the UK 
Dragon project and current microelectronics production has demonstrated that good SiC can be 
produced at much lower temperatures when this gas is used. 
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The second phase of coating development involves scaleup of the continuous coating process to 
production size (e.g. 6-inch) coaters. The goal is to produce high quality coatings for performance 
demonstration and, ultimately, qualification.  

The laboratory scale coating development work includes the development of an extensive 
coating process model to support small coater process development and the transition from 
laboratory scale coaters to production scale coaters. A major challenge is to account for the effects of 
the turbulent gas-solids interactions in the fluidised bed reactor on the rate controlling processes and 
the final product quality of the chemical vapour deposition. The modelling team will make use of the 
latest computational fluid dynamics computer codes and correlations available for simulating the 
hydrodynamics, heat and mass transfer, and chemical reaction kinetics on the particle surfaces. In 
addition, experimental validation will be needed at each stage of development to ensure that the 
model predictions are consistent with the actual physics and chemistry. The latter is critical to the 
implementation of successful scale-up from the laboratory to production prototype.  

Coated particles will then be over-coated and moulded into cylindrical compacts using a matrix 
of graphite flour and carbonised resin. The thermosetting resin based matrix and warm pressing 
compacting process selected for the programme is similar to processes used in Germany and Japan, 
and a substantial departure from the thermoplastic matrix injection process used previously in  
the US Development work is required to adapt the process to the US fuel compact specifications. 
Although the matrix is similar to the German matrix, the ratio of matrix to particles is quite different, 
approximately 72:28 versus 90:10 for the Germans. Also, the German pebbles were isostatically 
pressed into spheres while the AGR compacts will be compression moulded (via the warm pressing 
step) into cylindrical compacts. Being that the fuel particles are non-compressible, this reduction  
in amount of matrix and change in moulding technique requires a consistent particle overcoat 
thickness and careful pressing of the particles into compacts. A primary objective of the  
compacting development is to limit particle damage to the very low levels required by the fuel  
product specifications, with allowance for a low level of defects in the coated particles used to form  
the compacts.  

Parameters needed to establish a uniform overcoat have been optimised using surrogates, and 
compacts have been warm pressed and carbonised (see Figure 2-8). Future plans include optimising 
the final heat treatment and compacting uranium bearing coated particles. 

In parallel with the fuel fabrication, additional effort is being expended in the area of fuel 
characterisation, with the goal of providing feedback to fabrication process development, 
demonstrating compliance with product specifications, and establishing more advanced and more 
robust techniques to measure key attributes of the fuel that can be integrated into a continuous 
production-scale coating process. Initial activities focus on re-establishing conventional 
characterisation procedures and developing improved anisotropy and optical image measurement 
and analysis techniques. Advanced tomography techniques to measure layer thickness and densities 
are also planned and ORNL is acquiring a high resolution (1-2μm) x-ray inspection system to support 
this effort.  

Figure 2-8: Compacts produced using ORNL thermosetting resin process 
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Computer controlled sample positioning and digital imaging plus ORNL-developed image 
analysis software is used to quickly and easily analyse 1 000’s of particles for size and shape with  
a 2-µm resolution. The system is also capable of quickly and easily analysing 100’s of particle 
cross-sections with a 1-µm resolution and providing copious data from which particle dimensions, 
layer thickness and particle shape can be obtained. Figure 2-9 displays results from the computer 
automated optical characterisation equipment developed at ORNL.  

Figure 2-9: Example information from the ORNL computer automated optical  
characterisation system. An IPyC histogram is shown on the right. 
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ORNL has also developed an advanced optical method to measure pyrocarbon anisotropy. The 
degree and direction of pyrocarbon crystallite orientation is measured by a scanning ellipsometry 
technique called the 2-MGEM (2-modulator generalised ellipsometry microscope). Figure 2-10 shows 
typical results from that equipment. Recent data indicates a 2 μm spot size has been achieved 
providing new information on the variation in pyrocarbon properties within a layer for both archived 
US and German fuel as well as material produced by the Programme.  

Fuels and materials irradiation 
The fuel and materials irradiation activities will produce data on fuel performance under 

irradiation as necessary to support fuel process development, to qualify fuel for normal operating 
conditions, and to support development and validation of fuel performance and fission product 
transport models and codes. The irradiations will also produce irradiated fuel and materials as 
necessary for post-irradiation examination and ex-core high-temperature furnace safety testing.  

A total of eight irradiation capsules will be used to obtain the necessary data and sample 
materials. Details on each irradiation are listed in Table 2-2. The purpose of AGR-1 is to shakedown 
the new multi-cell capsule design, fabrication, and operation to reduce the chances of capsule failures 
in subsequent irradiation tests. If successfully taken to a substantial fraction of design burn-up and 
fast fluence, the test will yield key irradiation performance data from a number of early fuel variants 
produced under different processing conditions from laboratory-scale coating equipment,  
as discussed above. AGR-2 will be a performance demonstration irradiation with fuel fabricated from 
a production-scale coater. Feedback to the fabrication process is expected following both AGR-1  
and AGR-2. AGR-3 is devoted to obtaining data on fission gases and fission metals under  
normal irradiation conditions. AGR-4 will study fission product behaviour in fuel compact matrix and 
graphite materials. 

Given the statistical nature of coated particle fuel, a large number of fuel specimens are needed 
to fully qualify the fuel and demonstrate compliance with the fuel failure specification. AGR-5 and 
AGR-6 are identical irradiations that will be used to qualify the fuel for the NGNP. AGR-7 and AGR-8 
are irradiations designed to provide data with which to verify and validate fuel performance and 
fission product transport models.  

A schematic of the test train to be used for AGR-1 is shown in Figure 2-11. Each AGR capsule will 
be a highly instrumented multi-cell capsule capable of irradiating six different fuel forms with 
different thermal conditions, if required. Flux wires will be used to measure the thermal and fast 
neutron fluences. Thermocouples in graphite bodies surrounding the fuel will be used to monitor 
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temperatures during the irradiation. The graphite bodies may contain boron carbide to control power 
generation during the irradiation and prevent large power swings historically experienced when 
irradiating fuel to high burn-up. A low flow of inert sweep gas is used during irradiation to provide the 
correct thermal conductance to allow the fuel to be irradiated at the proper temperature. Usually, 
most of the sweep/thermal control gas is helium. Small amounts of neon are used to change the 
overall conductance to compensate for depletion of uranium due to burn-up and still keep the fuel at 
the required temperature. 

Figure 2-10: Typical results from the ORNL 
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Table 2-2: Planned AGR irradiation capsules 

Capsule Task 
AGR-1 Shakedown and early fuel 
AGR-2 Performance test fuel 
AGR-3 Fission product transport -1 
AGR-4 Fission product transport -2 
AGR-5 Fuel qualification -1 
AGR-6 Fuel qualification -2 
AGR-7 Fuel performance model validation 
AGR-8 Fission product transport -3 

 

Planned AGR-1 irradiation conditions are a peak burn-up of 18 to 20% FIMA, a volume average 
time average temperature of 1150°C, a time average peak temperature of 1 250°C, and a fast neutron 
fluence of 5 × 1025 n/m2 (E > 0.18 MeV). The capsules will be irradiated in one of the large B positions at 
the Advanced Test Reactor at the Idaho National Laboratory. The large B position has a neutron 
spectrum very similar to that expected in a gas reactor. Preliminary calculations suggest that each 
capsule will be irradiated for 2.5 years to meet the requirements stated above, which will simulate a 
three to four year irradiation in the NGNP.  
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Figure 2-11: Schematic of AGR-1 multicell capsule 

 

 

An important objective of the irradiation is to measure the fission gas release from the fuel and 
correlate it to the operating parameters in the irradiation. The sweep gas from each cell containing 
fuel specimens will be “sniffed” for fission gas. The sweep gas also transports any fission gases 
released from the fuel to a location outside of the reactor, where an ion chamber with enough 
sensitivity to indicate a single fuel particle failure (evident by a spike in its signal) will measure gross 
radiation in the line. The isotopic content of the gas in the line will be monitored on line using the 
state-of-the-art fission product monitoring system shown in Figure 2-12. This system consists of a 
gamma spectrometer for continuous measurement of the concentration of the various fission gas 
isotopes in the sweep gas. With this instrumentation, particle failures can be monitored and 
correlated to conditions in the cell. The isotope concentration data will be used to calculate the  
R/B ratio for various fission products, a key measure of fission product retention and fuel performance.  

Figure 2-12: INL fission product monitoring system 
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Post-irradiation examination and safety testing 

Data from the post-irradiation examination and safety testing will supplement the in-reactor 
measurements (primarily fission gas release-to-birth ratio measurements) as necessary to 
demonstrate compliance with the fuel performance requirements and support development and 
validation of the computation fuel performance models. This work will also support the fuel 
manufacture with feedback on the performance of kernels, coatings, and compacts. 

Post-irradiation examination  

Post-irradiation examination is a collection of non-destructive and destructive techniques that can 
be used to characterise the state of the fuel either after irradiation or after safety testing. The different 
types of analyses or measurements that will likely be performed, the purposed of the measurements, 
and their value to the overall fuel qualification plan are discussed in the next few paragraphs. 

Following removal of the irradiation test train from the reactor to the hot cell, a gamma scan of the 
entire test train will be performed. A collimated gamma spectrometer in the hot cell will traverse the 
capsule and record the gamma activity as a function of axial length. Such a measurement is generally 
qualitative and will provide information to determine whether any fuel compacts have broken or if a 
significant number of fission products have been released and moved within the capsule.  

Following capsule disassembly and removal of the fuel element, the general condition of the fuel 
will be noted, specimens will be weighed, and dimensional measurements of the specimens will be 
performed to characterise the shrinkage or swelling that occurred during irradiation.  

Figure 2-13: Photomicrograph of German AVR fuel after irradiation 

 

To examine the physical characteristics of irradiated fuel particle coatings, optical metallography 
will be performed on cross-sections of the fuel pebble or fuel compact. These high magnification 
examinations offer excellent visual evidence of the condition of the fuel following testing. This 
technique will be used to investigate layer integrity, possible layer debonding, densification of layers 
(e.g. buffer) the degree of void formation due to fission gas, the extent of kernel migration and 
swelling, and the nature and extent of the fission product attack on the SiC. Use of bright field and 
polarised light and etching are useful techniques to reveal the microstructure of the SiC layer. With 
proper etching techniques, SiC grain orientation and sizes can be determined. Figure 2-13 is  
a photograph of optical metallography performed on German fuel following irradiation in the AVR. 
Development of a nondestructive tomographic x-ray inspection technique is also under consideration. 
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Gamma-scanning of capsule components (e.g. graphite bodies) or leaching and gamma counting 
of capsule components will be used to determine the identity, migration, and distribution of fission 
products following irradiation. 

To identify where the fission products are located within irradiated fuel particles, the fuel 
element will be deconsolidated to obtain individual particles for examination by electron microscopy 
to reduce the radiation background. The radiation background is the issue here, not damage to 
particles or the release of fission products. The reduced background radiation from a single fuel 
particle is usually required for good measurements by electron microprobe, where one is looking for 
x-rays characteristic of specific fission products (measured by energy dispersive or wave length 
diffraction techniques). This technique looks for evidence of fission product accumulation at the 
IPyC/SiC interface, fission product attack of the SiC, and fission products outside the fuel particles. 

For irradiations of fuel compacts or pebbles, there will be a need to measure fuel particle failure 
fraction independently of the on-line R/B measurements, due to the uncertainty in the R/B 
measurement for a few particle failures and the inability to measure metallic releases. The most 
useful technique for fuel particle failure measurements, when the on-line R/B measurements suggest 
a failure fraction well under 1%, is leach-burn-leach. In this technique, the fuel compact or pebble is 
leached with acid to remove any fission metals (e.g. caesium) released from defective fuel particles 
and heavy metal contamination. The fuel element is then burned in air to remove all carbon matrix 
material, the OPyC layers, and also the IPyC/Buffer layers of any particles with failed SiC. Particles that 
remain are then leached with an acid solution to remove any exposed uranium that had been 
enclosed by an intact pyrocarbon layer. The measurement of the free uranium is then converted to a 
SiC defect fraction.  

Another technique performed on coated particle fuel is the irradiated microsphere gamma 
analyser (IMGA) developed at ORNL. With this technique, fuel particles following deconsolidation are 
analysed individually by a gamma spectrometer and catalogued based on the ratio of mobile and 
immobile fission products measured in the particle. A histogram of such ratios is developed based on 
all the particles in a sphere or compact and compared to a normal distribution. Variations from 
normal can easily be seen with such a technique. Metallography following IMGA on the particles that 
depart from normal can be valuable to tie the microstructure of the anomalous particles to the fission 
product release. For high-quality fuel with low gas release, this technique may not be required, but for 
intermediate failure fractions of 10–4 to 10–2, deconsolidation followed by IMGA is useful. 

Traditional burn-up analysis is also performed as part of the series of post-irradiation examinations. 
Following deconsolidation, a few particles can be sent for destructive radiochemical assay to determine 
the concentration of transuranics and minor actinides, from which burn-up can be assessed.  

Safety testing 

An important goal of this programme is to determine the performance of the fuel under  
high-temperature accident conditions, since integrity of the coated particle to high temperature is a 
crucial part of the safety case for the NGNP. In particular, three environments are of interest: helium, 
air, and steam. The irradiated TRISO fuel will be exposed to these environments for up to 500 hours. 
The exact composition of these environments have not yet been defined, but assumptions are that 
the test will be run at atmospheric pressure, and steam and air concentrations will be in the range of 
10 000 ppm. Some of the early German data of this type is plotted in Figure 2-14, which shows krypton 
fractional releases as a function of heating time at 1 600°C and burn-up. Note that the lower 
burn-up fuel (8-10% FIMA) had little release, but the higher burn-up fuel, typical of the burn-up 
expected in NGNP, had much higher releases. Although this data is not directly applicable to the 
NGNP because of differences in fabrication and particle size, it is illustrative of the need to test fuel at 
a variety of burn-up levels.  

The maximum temperature, including a 100°C uncertainty, predicted for a core conduction 
cooldown accident in small modular gas cooled reactors is 1 600°C and is reached within  
~50 to 100 hours after initiation of the event. Temperatures remain at ~1 600°C for about 25 to 50 hr, 
followed by a long, slow (hundreds of hours) cooldown. Traditionally, post-irradiation isothermal 
annealing at temperatures of 1 600, 1 700, and 1 800°C have been performed for several hundred hours, 
with continuous collection of released fission products. 
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Isothermal tests are generally considered to be conservative relative to heat-up transient tests, 
which follow more closely the time-temperature profiles calculated to occur in a core conduction 
cooldown transient, because more time is spent at the highest temperatures. Thermal gradients are 
not expected to be significant. Isothermal tests are also easier to analyse than transient tests and, 
given the long thermal time constant associated with the transients, there is little new information  
to be gained by conducting transient tests. The experimental facility will consist of a furnace to 
maintain a fuel specimen at specified temperatures with a cold finger to trap the condensable fission 
products and a cold trap for trapping fission gases. The cold finger and cold traps are analysed using 
traditional gamma spectroscopy. The data needed from safety testing are fission product release, 
TRISO coating layer integrity, and fission product distribution within fuel particles (corrosion 
likelihood) and fuel compacts. 

The release behaviour of the fission products is somewhat different than in other nuclear fuels. 
Silver (Ag-110m) is released first because of its greater mobility through the SiC coating on TRISO 
particle fuel. This is followed by Cs-134 and Cs-137, which can diffuse through the PyC and SiC layers 
after long times at these temperatures. Lastly, the fission gases Kr-85 are released.  

Figure 2-14: Krypton 85 fraction release data versus heating  
time at 1600°C and fuel burn-up from German heating tests 

 

Post-heating test activities include characterisation of the TRISO coating layer integrity by optical 
metallography including looking for evidence of SiC layer thinning and decomposition, chemical 
attack of the SiC, and the mechanical condition and microstructures of the SiC and PyC layers.  
Other procedures discussed earlier for irradiated fuel may also be applied. Detailed test matrices will  
be developed as the programme evolves. Non-destructive x-ray tomography (if developed) will  
also be applicable. 
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Fuel performance modelling 
The high temperature gas reactor TRISO coated fuel performance computer codes and models 

will be further developed and validated as necessary to support the fuel fabrication process 
development and the NGNP design and licensing activities. The fuel performance modelling  
will address the structural, thermal, and chemical processes that can lead to coated-particle failures. 
The models will address the release of fission products from the fuel particle and the effects  
of fission product chemical interactions with the coatings, which can lead to degradation of the 
coated-particle properties.  

Compared to light water reactor and liquid metal reactor fuel forms, the behaviour of 
coated-particle fuel is inherently more multidimensional. Moreover, modelling of fuel behaviour is 
made more difficult because of statistical variations in fuel physical dimensions and component 
properties, from particle to particle and around the circumference of any given particle due to the 
nature of the chemical vapour deposition fabrication process. Previous attempts to model this fuel 
form have attacked different aspects of the problem. Simple one-dimensional models exist to describe 
the structural response of the fuel particle. Models or correlations exist to describe the fission product 
behaviour in the fuel, though the database may not be complete owing to the changes in fuel design 
that have occurred over the last 25 years. Significant effort has gone into modelling the statistical 
nature of fuel particles. However, under pressure to perform over one million simulations with the 
computing power available in the 1970s and 1980s, the structural response of the particle was 
simplified to improve speed of calculation.  

Figure 2-15: Effect of particle asphericity on failure probability 
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New models are currently being developed in the United States that represent  
a first-principles-based mechanistic, integrated, thermal-mechanical-physio-chemical-irradiation 
performance model for particle fuel, which has the proper dimensionality yet captures the statistical 
nature and loading of the fuel. The mechanistic model for coated-particle fuel considers both 
structural and physio-chemical behaviour of a particle-coated fuel system during irradiation. The INL 
model, called PARFUME, includes the following important phenomena: 

• anisotropic response of the pyrolytic carbon layers to irradiation (shrinkage, swelling, and 
creep that are functions of temperature, fluence, and orientation/direction in the carbon); 

• failure of a SiC ceramic in the coating system (using the classic Weibull formulation for  
a brittle material), either by traditional pressure vessel failure or by mechanisms such  
as particle asphericity (see Figure 2-15), or pyrocarbon layer cracking (see Figure 2-16),  
or debonding and subsequent stress concentrations in the SiC layer; 

• chemical changes of the fuel kernel during irradiation (changes in carbon/oxygen, 
carbon/metal and/or oxygen/metal ratios, depending on the kernel fuel type, and production 
of CO/CO2 gas) and its influence on fission product and/or kernel attack on the particle 
coatings; 

• thermo-mechanical response of the kernel and buffer as a result of buffer densification, 
kernel swelling, and gas generation (fission gases and CO), including development of gaps 
between the buffer and the TRISO-coating layers as a function of burn-up, fast fluence, and 
temperature; 

• attack of the SiC layer by Pd and other fission products, and by kernel migration; 

• transport of key fission products (Kr, Ag, Sr, Cs) from the kernel and through each layer of the 
particle; 

• statistical variations of key properties of the particle associated with the production process, 
requiring Monte Carlo analysis of a very large number of particles to understand the aggregate 
behaviour. Fabricated particles will exhibit statistical distributions for not only the physical 
dimensions of the individual coatings but also for the mechanical properties.  

These models have had some success in predicting fuel failure mechanisms and rates in the US 
fuel tested over the last decade, thereby facilitating a better understanding of TRISO coated fuel 
behaviour. Such a tool can be very useful for both pre-test and post-test predictions for any experiment 
performed in this programme. In addition, sensitivity studies with the model can be used to 
identify critical materials properties data and constitutive relations whose uncertainty needs to be 
reduced because they drive the predicted performance of the coated fuel particle. Furthermore, use  
of piggyback cells (small encapsulated fuel samples outside the compacts) in the irradiation capsules 
can be used to study those key individual phenomena in coated particles that have high uncertainty  
(e.g. shrinkage and swelling of pyrocarbon, fission product release behaviour in a purposely defective 
or initially failed particle). 

Moreover, some of the post-irradiation examination techniques can provide maps of fission 
products through the particle, which can be compared with model predictions of fission product 
transport through the coatings. All of this type of data will eventually be needed to validate the overall 
TRISO coated fuel performance model. Such fuel performance models will eventually be needed  
to provide some understanding of fuel behaviour inside the operations and safety envelope defined  
by the irradiation and safety testing (i.e. interpolation) and outside these envelopes where the 
margins of failure of the fuel may be approached (i.e. extrapolation). Finally, a validated fuel 
performance model can be used to help evaluate and guide potential future changes in the 
next-generation coated particle fuel. 

The importance of fuel performance modelling has been recognised internationally. The United 
States is part of the IAEA Co-ordinated Research Project on coated particle fuel technology. A key task 
is associated with benchmarking coated particle fuel performance models under both normal and 
off-normal conditions. The fuel behaviour models under development by the AGR programme are part 
of the international benchmark. 
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Fission product transport and source term modelling 
Transport of fission products produced within the coated particles will be modelled to obtain a 

technical basis for source terms for advanced gas reactors under normal and accidental conditions. 
The design methods (computer models) will be validated by experimental data as necessary to 
support plant design and licensing. 

The NRC will require validated computer models that accurately predict the following phenomena: 

• fission product release from the kernel; 

• transport through failed coatings; 

• deposition fraction of the released fission products in the compact or sphere matrix; 

• deposition fraction of what gets through the compact on fuel element graphite (prismatic 
variant only); 

• deposition fraction of what gets out of the fuel element onto graphite dust and metallic 
surfaces in the primary circuit; 

• re-entrainment of deposited fission products during an elevated temperature accident,  
or depressurisation event; 

• transport of fission products on dust particles, and subsequent release to the environment  
if the primary circuit is breached. 

Each of the phenomena listed above is complex and difficult to model. It is also difficult to design 
and conduct experiments that can cover the multitude of variables that affect the physical situation. 
The AGR programme has developed a research and development plan that, when the work is 
successfully completed, will produce a technical basis for source terms under normal and accident 
conditions for advanced gas-cooled reactors. The programme consists of irradiations to provide data 
on fission gas and fission metal release from the kernel and transport through failed coatings (AGR-3), 
fission product transport behaviour in the fuel element matrix and graphite block (AGR-4), out of pile 
experiments to characterise plateout, and re-entrainment of fission products during accident 
conditions. The programme also contains an irradiation (AGR-8) that will be used to validate computer 
models that describe the in-vessel gas reactor source term.  

Summary and conclusions 

The DOE NGNP AGR Fuel Development and Qualification Programme consists of five elements:  

• fuel manufacture; 

• fuel and materials irradiations; 

• safety testing and post-irradiation examinations; 

• fuel performance modelling; and  

• fission product transport and source term modelling.  

The goal is to qualify the fuel form for use in the NGNP to the following:1  

• burn-up of 15-20% FIMA; 

• volume average time average temperature of 1 150°C; 

• time average peak temperature of 1 250°C; and  

• fast neutron fluence of 5 × 1025 n/m2 (E>0.18 mev) ;  

• high fission product retentiveness for hundreds of hours at 1 600°C.  

                                                      
1. Specific fuel service conditions subject to change as the NGNP core design advances. 
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Figure 2-16: Cracked inner pyrolytic carbon layers could lead to SiC layer failure 

 

 

The fuel form is based on reference UCO, SiC TRISO particles bonded by a matrix of graphite flour 
and carbonised thermosetting resin, incorporating past German fabrication experience.  

An underlying theme for the fuel development work is the need to develop a more complete 
fundamental understanding of the relationship between the fuel fabrication process, key fuel 
properties, the irradiation performance of the fuel, and the release and transport of fission products  
in the NGNP primary coolant system during both normal operation and any conceivable accident.  
The logic of the programme is structured such that there are multiple feedback loops and 
opportunities for improvement in the fabrication process based on early results. The fuel performance 
modelling and analysis of the fission product behaviour in the primary circuit are important aspects 
of this work. The performance models are considered essential for several reasons, including 
guidance for the plant designer in establishing the core design and operating limits, and 
demonstration to the licensing authority that the applicant has a thorough understanding of the in-
service behaviour of the fuel system. The fission product behaviour task will also provide primary 
source term data needed for licensing.  
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Abstract 
Reducing the concentrations of key heat-producing actinides in nuclear waste, like Am-241 and 
Pu-241, will reduce the waste management burden associated with commercial nuclear power and 
enhance the future growth of the nuclear power sector. Technologies that enable actinide recycling in 
commercial nuclear power reactors in a manner that is safe and efficient are one means to achieve this 
goal. In this study, a systematic comparison of various dispersion and solid-solution inert-matrix fuels 
was performed. The particular focus of the comparison was on nuclide consumption rates and the 
potential benefits to a geologic repository if a “once-through then out” recycling strategy is employed. 
Fuel design parameters (e.g. fuel pin radius, pitch) similar to those in a typical PWR assembly were 
assumed.  Additionally, the fuel reactivity response to fuel temperature and coolant void perturbations 
was evaluated. 
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Introduction 

Nuclear fuel cycle technologies that are capable of reducing the waste management burden 
associated with commercial nuclear power will enhance the future growth of the nuclear power sector. 
In particular, reducing the concentrations of key heat-producing actinides in nuclear waste, like 
Am-241 and Pu-241, will enable an increase in the Yucca Mountain repository capacity and could 
circumvent the need for a second permanent waste disposal facility. If technologies can be developed 
that enable actinide recycling in commercial nuclear power reactors in a manner that is safe and 
efficient, a net consumption of Am-241 + Pu-241 in existing spent fuel stockpiles can be realised. The 
purpose of this work was to investigate the employment of inert-matrix fuels (IMF) as a means for 
actinide recycling in light-water reactors (LWR). 

Several international nuclear programmes have considered recycling as a means for actinide 
management, including the Advanced Fuel Cycle Initiative of the US DOE. While still under 
consideration in the US nuclear programme, mixed-oxide fuels (MOX, (U,Pu)O2) are presently 
employed in European (particularly, France) and Japanese nuclear programmes for plutonium 
recycling. While there is ongoing plutonium production from U-238 conversion during irradiation of a 
MOX fuel assembly, MOX fuels yield a net consumption of ~60 kgPu/TWhre. In IMF, the production of 
additional plutonium and other transuranics is eliminated by dispersing the fissile plutonium (or Pu 
plus minor actinides) in an “inert” (non-uranium) matrix material. In this case, the plutonium 
consumption rate reaches 125 kg/TWhre.  

Description of work 

The work was divided into two phases. The first involved a systematic comparison of various 
solid-solution and dispersion inert-matrix fuel forms for actinide recycling. In solid solution fuels, the 
actinides form a single phase with the matrix, while in dispersion fuels the actinide phase is 
dispersed as heterogeneous coated particles in the matrix. The particular focus of the comparison was 
on nuclide consumption rates in the fuel cycle and the potential benefits of actinide recycling to the 
repository. Since decay heat from the so-called Am-241 chain in spent UO2 (Pu-241 + Am-241) 
effectively limits the repository loading due to temperature constraints [1], recycling plutonium and 
americium harvested from spent UO2 was considered. The isotopic distribution of the recycled 
actinides was derived from WIMS8 [2] depletion analysis of spent UO2 (4.3 wt.% U-235, 51 GWd/MT) 
followed by 5 years post-irradiation cooling. It was presumed that the other transuranics  
(e.g. neptunium and curium) would be placed in interim storage, pending development of fuel forms 
or systems (e.g. fast reactors) that would facilitate their destruction. In the second phase of the work, 
the fuel reactivity response to fuel temperature and coolant void perturbations was evaluated.  

Table 1: Comparison of features for candidate inert-matrix fuel types 

Fuel Type Matrix Material Advantages Disadvantages 

Dispersion Fuel 
(CERCERs and 

CERMETs) 

SiC • Good thermal conductivity 
• Particle volume fraction  

<30% for all dispersion fuels
•  SiC reaction with Zircalloy 

ZrH1.6 
• Additional moderation softens spectrum  
• Good thermal conductivity 

• Decomposition at  
temperatures >600oC 

Zr 
• Excellent thermal conductivity 
• Better FP retention 
• Pyrochemical-process recycle potential 

• Limited experimental work  
on Zr-matrix CERMETs 

Solid-Solution Fuel (SSF) ZrO2 - 8.6Y2O3 • Easier fabrication 
• Low thermal conductivity 
• Poor aqueous recycle 

potential 
 

Discussions with fuels and nuclear systems modelling experts helped identify candidate fuel 
matrix and particle coating materials and fabrication parameters. The relative advantages  
and disadvantages of the candidate fuel forms are summarised in Table 1. Dispersion fuels with SiC, 
ZrH1.6, and Zr-metal matrices were selected. Each of these matrix materials has a higher thermal 
conductivity than UO2, which will lower fuel temperatures and the stored energy in the fuel for 
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accident scenarios. The ZrH matrix has the advantage of additional neutron moderation which will 
increase soluble boron and control rod worth relative to other transuranic-bearing fuels, while the 
Zr-metal matrix offers superior fission product retention and pyrochemical-process recycle potential. 
The fuel kernel for the actinide phase was 500 μm in diameter, with a particle coating of either 100 μm 
SiC or 10 μm Nb. The particle volume fraction in the matrix was limited to 30%.  A solid-solution fuel 
with an yttria-stabilised zirconia matrix (8.6 wt.% Y2O3 in ZrO2) was also selected. Solid-solution fuels 
are easier to fabricate, but this matrix material does have the disadvantage of a lower thermal 
conductivity and poor recycle potential. 

Neutronics modelling 

Pin cell neutronics calculations for inert-matrix fuel pins were performed using the WIMS8 lattice 
analysis/depletion code [2]; the pin-cell model is illustrated in Figure 1. Fuel design parameters  
(e.g. fuel pin radii, pitch) similar to those in a typical PWR assembly were assumed for this study. To 
simplify the comparison of IMF forms, the details of a specific core loading with multiple batches and 
possibly multiple fuel types (e.g. UO2, IMF) were neglected. Previous analyses had demonstrated that 
the depletion characteristics of IMF pins with burn-up are relatively insensitive to the composition of 
neighbouring pins.  

Figure 1: Schematic of inert-matrix fuel pin with dispersion fuel 
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Fuel Rod Coated Fuel Particle
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The neutron transport equations can be solved in WIMS using a collision probability method, and 
the collision probabilities can be calculated for geometries involving small, spherical particles as in 
dispersion fuels. This is particularly important for capturing the heterogeneity effect (self-shielding)  
of particulate fuels. The fine group structure of the 172 neutron energy-group library (based on  
JEF2.2 data) is important for neutron resonance modelling of plutonium and americium isotopes.  

Physical properties for the fuel kernel, coating, and matrix materials were collected from various 
references [3-5], and are summarised in Table 2. Values in bold-face are preferred values used for the 
present study. The effective thermal conductivity of the dispersion fuels was calculated using the 
so-called Maxwell-Euken equation (3), 

 ,
)KK(VKK

)KK(VKK
KK
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pmppm
mf −++

−−+
=
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22
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where Kf, Km, and Kp are the thermal conductivity values for the dispersion, matrix material, and 
particle kernel, respectively, and Vp is the particle volume fraction in the dispersion. While the 
thermal conductivity for oxide (ceramic) nuclear fuel is typically about 3 W/m°K, it is noted that the 
conductivity values for the dispersion fuels considered here are much higher, so that lower fuel 
temperatures are expected. 

Fuel Pin Cell 
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Table 2: Thermo-physical properties of inert-matrix fuel materials 

Material Theoretical Density, 
g/cc 

Tmelt, 

°K 
Thermal Conductivity,  

w/m/°K (°K) 
SiC 3.21 2550 20 (300) 
Nb 8.57 2750 54  

Zr 6.5 2128

21 (500) 
20.9 (700) 
22.6 (900) 
24.8 (1100) 
28.2 (1500) 

ZrH1.6 5.66  18  
(ZrO2) 0.914 - (Y2O3)0.086 6.05 2900 ~1.8  

Zircalloy 6.56  16.5 (600) 

UO2 10.96 3100

6 (600) 
4 (1000) 

3.5 (1200) 
2.5 (1500) 

PuO2 11.464 2673 3.3 (800) 
2.6 (1000) 

 

Equations for calculating the temperature distribution in cylindrical and spherical fuel elements 
with a uniform heat source are available in standard engineering textbooks. Cladding, matrix, coating, 
and fuel kernel temperatures were calculated for dispersion and solid-solution fuel pins. 
Table 3 provides temperatures calculated for a dispersion fuel pin (SiC matrix material) operating at 
nominal power in a typical PWR. The bulk coolant temperature (581°K) was assumed to be the same 
as in a typical PWR. These temperatures must be used in the WIMS8 calculations to properly model 
Doppler broadening of neutron absorption resonances at the operating fuel temperature. It is noted 
that the average fuel temperature is about 250°K lower than typical UO2 or MOX fuel due to the higher 
thermal conductivity of the matrix material.  

Table 3: Basic design data and temperatures for dispersion fuel pin, SiC matrix 

Fuel pin linear power (kW/m) 16.1 
Fuel volumetric heat rate (MW/m3) 294 
Clad inner radius (cm) 0.4178 
Clad outer radius (cm) 0.4750 
Fuel pin pitch (cm) 1.26 
Fuel kernel diameter (μm) 500 
Fuel particle coating thickness (μm) 100 
Particle volume fraction in fabricated fuel pellet 10% 20% 30% 
Fuel volume fraction in fabricated fuel pellet 3.64% 7.29% 10.93% 
Heavy Metal (transuranic) mass per pin (g) 67.5 135.0 202.5 
Specific power (MW/MTHM) 872.4 436.2 290.8 
Average power/fuel particle (W) 0.549 0.274 0.183 
Thermal conductivity of SiC dispersion fuel (W/m°K) 17.77 15.70 13.78 
Thermal conductivity of (Pu,Am)O2 fuel kernel (W/m°K) 3.3 3.3 3.3 
Thermal conductivity of SiC particle coating (W/m°K) 20 20 20 
Thermal conductivity of Zircaloy-4 cladding (W/m°K) 16.5 16.5 16.5 
Heat transfer coefficient from clad to coolant (W/m2°K) 34 000 34 000 34 000 
Bulk coolant temperature (°K) 581 581 581 
Peak fuel kernel temperature(°K) 718 713 719 
Average clad temperature (°K) 606 606 606 
Average fuel matrix temperature (°K) 653 658 663 
Average fuel temperature (°K) 666 664 668 

 

The heterogeneity effect associated with dispersion fuels was evaluated by comparing 
heterogeneous (collision probabilities determined for dispersed fuel particles) and homogeneous 
(smeared actinides, particle coating, and matrix) cases. As shown in Table 4, the heterogeneity effect 
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ranges from +3% to + 1%Δk for particle volume fractions of 10% and 30%, respectively, and is primarily 
due to self-shielding of the Pu-240 capture resonance in the fuel kernel. The effect decreases with 
increasing particle fraction, as the fuel appears more homogeneous. At the beginning of the fuel cycle 
for a reactor loaded with inert-matrix fuel, 1% Δk is equivalent to the reactivity control provided by about 
300 ppm soluble boron. At end-of-cycle, 1% Δk is equivalent to about 30 days of reactivity-limited reactor 
operation. Furthermore, since the homogeneous model over predicts the Pu-240 capture rate, the mass 
of Pu-241 + Am-241 in the IMF pin is over predicted during fuel irradiation, by as much as 15%. Thus, 
the heterogeneous modelling of dispersion fuels is important for accurate nuclide transmutation 
results.  

Table 4: Heterogeneity effect in dispersion fuels (SiC matrix, SiC coating) 

Particle volume 
fraction 

Fuel volume  
fraction in pellet 

k∞Het (Heterogeneous 
fuel model) 

k∞Hom (Homogeneous 
fuel model) 

Heterogeneity effect, 
%Δk(kHet/kHom-1) 

10% 3.64% 1.3787 1.3407 2.84 
20% 7.29% 1.3369 1.3147 1.68 
30% 10.93% 1.3290 1.3164 0.96 

 

The heterogeneous and homogeneous pin-cell models were initially set up conserving the 
water-to-fuel (volume) ratio of the fuel pin cell. The pin cell model was utilised due to its simplicity for 
evaluating the broad range of cases performed here. For the typical assembly design data provided in 
Table 3, the water-to-fuel volume ratio in the pin cell is 1.67, while the PWR fuel assembly has a 
water-to-fuel ratio of 1.95 due to the presence of water holes (control rod guide tubes) and the 
inter-assembly gap. Consequently, it would be expected that the pin-cell model would under predict 
the k∞ relative to a full assembly model. Separate calculations comparing the eigenvalue for a 
homogenised pin-cell and an assembly layout with homogenised fuel pins revealed that this 
difference is 1.7%Δk. 

Figure 2: Am-241 chain depletion in dispersion fuel pin, 10% particle loading fraction  

SiC matrix material, SiC particle coating, (Pu,Am)O2 fuel kernel. 
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Figure 2 shows the burn-up-dependent Am-241 chain mass (g/MTIHM) in a dispersion fuel pin 
predicted by four different WIMS8 models. The results from the pin-cell models which conserve the 
water-to-fuel ratio in the fuel pin cell differ significantly, again indicating the importance of modelling 
the heterogeneity of the fuel particles in the WIMS8 analysis. The results also indicate the importance 
of conserving the fuel assembly water-to-fuel ratio if one wants to preserve the effect of irradiating 
the dispersion-fuel pin in a typical assembly environment. For all fuel depletion calculations, the 
coolant radius in the pin-cell model was adjusted to conserve the assembly water-to-fuel volume ratio. 

Fuel cycle analysis 

Depletion calculations were performed for all candidate fuel forms, and with fuel particle volume 
fractions up to 30% (or equivalent fuel volume fraction for solid-solution fuel). All depletion 
calculations were normalised to a linear power rating of 16.1 kW/m, similar to that generated by a 
typical UO2 fuel rod; the fuel specific power ranged from 291 to 872 W/gHM, depending on the fuel 
loading. The fuel was irradiated at nominal power for up to 1 500 days.  

Figure 3 illustrates the fuel k∞ letdown due to burn-up (and full-power day’s irradiation) for IMF 
with a fuel volume fraction of 7.29%. For comparison purposes, the letdown curve for typical UO2 fuel 
is plotted as a function of full-power day’s irradiation. The solid-solution fuel (SSF) has the smallest 
burn-up reactivity loss, suggesting that lower control requirements will be needed for this fuel for 
power peaking or beginning-of-cycle reactivity control. The reactivity letdown for all fuels is similar to 
that of UO2 through 1 000 full-power day’s irradiation, followed by a more rapid decrease in reactivity 
after that. Consequently, if the IMF is deeply-burned in cores partially loaded with UO2 and IMF 
assemblies, power sharing between the two assembly types will be uneven. One solution to this 
problem would be to limit the IMF core residence time relative to the UO2. 

Figure 3: k∞ Letdown for dispersion and solid-solution inert-matrix fuels: 7.29% fuel  
volume fraction in matrix. SiC particle coating employed for all dispersion fuels. 
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A performance comparison of the IMF fuels is provided in Table 5; only data for the SiC coating 
are presented as the coating material had virtually no effect on the results. The discharge/charge 
masses of Pu-238, Pu-239, Pu-240, and Pu-241 + Am-241 are compared for each case to evaluate the 
transmutation potential of the fuel form. The Pu-239 consumption after an IMF burn-up of 
436 GWd/MTHM is nearly 85%; plutonium recycling in IMF significantly degrades the fissile content of 
the material, and may preclude further recycling. The consumption of more than 20% of the 
Pu-241 + Am-241 will reduce the long-term waste decay heat which limits the repository loading. On 
the other hand, there is more than 50% increase in Pu-238 mass, which results from the chain 
Am-241 + n → Am-242 → Cm-242+β –→ Pu-238 + α. 
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Table 5: Performance comparison of dispersion and solid-solution inert-matrix fuels 

(Pu,Am)O2 
Volume fraction 

Matrix 
materiala 

Mass, relative to charge 
Mass (436 GWd/MT)/ 

Mass (0 GWd/MT) 

Repository 
loading of 

direct-disposed 
spent IMF at 
436 GWd/MT, 

relative to UO2

Fuel 
temperature 
coefficientb 

(pcm/°K) 

Coolant void 
coefficientc 

(pcm/%void) 

Pu238 Pu239 Pu240 Pu241 + Am241
20% 

Coolant 
voiding 

99% 
Coolant 
voiding

4.3 wt.% U235 UO2     1d -1.88 -22.1 -567.5 

3.64% 
(10% particle 

volume fraction) 

SiC 1.572 0.154 0.852 0.682 1.503 -0.60 +18.7 +39.5 
Zr 1.571 0.155 0.854 0.680 1.506 -0.53 +8.2 -103.8 

ZrH1.6 1.540 0.140 0.917 0.639 1.555 -1.11 +57.1 +13.3 
ZrO2 

(Sol. Sol'n) 1.618 0.162 0.770 0.765 1.411 -0.76 -27.0 -83.6 

7.29% 
(20% particle 

volume fraction) 

SiC 1.681 0.175 0.768 0.748 1.418 -0.71 -24.2 +117.7
Zr 1.679 0.175 0.772 0.743 1.424 -0.65 -31.4 +84.1 

ZrH1.6 1.657 0.161 0.813 0.725 1.442 -1.58 -6.8 -32.7 
ZrO2 

(Sol. Sol'n) 1.717 0.174 0.718 0.790 1.377 -0.71 -44.2 +63.0 

10.93% 
(30% particle 

volume fraction) 

SiC 1.758 0.182 0.727 0.755 1.409 -0.73 -15.6 +163.8
Zr 1.754 0.183 0.731 0.749 1.416 -0.69 -20.8 +162.2

ZrH1.6 1.761 0.169 0.746 0.758 1.404 -1.51 -22.1 -13.1 
ZrO2 

(Sol. Sol'n) 1.785 0.184 0.699 0.784 1.377 -0.65 -26.3 +135.9

a SiC particle coating used in all dispersion fuel cases. 
b 0 ppm soluble boron. 
c Fresh fuel, 1500 ppm soluble boron. 
d Reference case is direct disposal of spent UO2 burned to 51 GWd/MT. 

Figure 4: Estimated geologic repository loading benefit from “once-through then out” strategy 
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Self-shielding of the Pu-240 capture resonance inhibits Pu-241 production, so the net 
consumption of the Am-241 chain is better in dispersion fuels. Among the dispersion fuels, 
Pu-241 production is slightly lower for the ZrH matrix because the hydrogen in the matrix softens the 
neutron spectrum and increases the neutron fraction below the Pu-240 capture resonance at 1 eV. 
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Furthermore, decreasing the fuel volume fraction increases the net Am-241 chain consumption  
for a given fuel burn-up, again due to softening of the neutron spectrum which accompanies lower 
actinide loadings. 

Because of the relatively high Pu-239 consumption level achieved in IMF and the difficulty in 
reprocessing some of the candidate fuel forms, a “once-through then out” (OTTO) strategy has been 
considered with the spent IMF pins being directly disposed in the waste repository after a single 
recycle. In Table 5, the waste loading which meets the current repository thermal criteria relative to 
the reference case of direct disposal of 51 GWd/MT spent UO2 was estimated by comparing the 
integrated decay heat per energy produced. The time interval from 100 to 1 250 years after discharge 
was used in evaluating the integrated decay heat, since the drift wall temperature of the repository 
reaches its peak value around 1 100 years after disposal.  

Relative to the reference case, the OTTO strategy provides a 56% increase in the waste loading for 
Pu+Am recycling in dispersion fuels with a ZrH matrix and a 10% particle volume fraction. Solid-solution 
fuel provides the least benefit for the equivalent fuel loading (41%), and increasing the fuel (particle) 
loading reduces the loading benefit at a given burn-up for all cases. By comparison, however, the 
waste loading increase realised from a single recycle of Pu + Am in mixed-oxide fuel is <15%.  

As shown in Figure 4, the loading benefit rises sharply as Pu-238 consumption begins to occur 
with increasing discharge burn-up. For a fuel burn-up of 650 GWd/MT, the waste loading is a factor of 
3.3 greater than that of direct-disposed UO2. However, the rapidly decreasing reactivity of IMF with 
increasing burn-up (see Figure 3) may prevent the fuel from reaching these high burn-up levels in a 
core environment. Consequently, the higher benefit levels may not be achievable in a single recycle. 

Fuel reactivity coefficients 

The reactivity response of the candidate inert-matrix fuel forms to thermal-hydraulic 
perturbations was evaluated. Over-power conditions result in a nearly immediate increase in fuel 
temperature. A negative fuel temperature coefficient (FTC) arising from Doppler broadening of capture 
resonances is imperative for safe accident response. As seen in Table 5, the FTC is negative for all  
IMF candidates evaluated here, but the magnitude is about a factor of 3 lower than that of UO2.  
The addition of burnable poisons with resonance properties (e.g. erbium) has been proposed as a 
means of making the FTC of IMF fuels more negative. It is also observed that the FTC is the most 
negative for IMF with a ZrH matrix; the hydrogen in the fuel matrix serves as a neutron moderator in 
addition to the coolant, and increasing the temperature of the hydrogen in the matrix increases the 
energy of the thermal neutron peak, thereby introducing a negative reactivity effect in addition to 
Doppler broadening. 

Coolant voiding (which reduces neutron moderation) that arises from fuel overheating or blocked 
coolant channels occurs more slowly. While a negative coolant void coefficient (CVC) is preferred, a 
slightly positive coefficient can be tolerated because of alternate safety systems (e.g. control rods).  
It should be noted that the pin-cell model with reflective boundary conditions used here neglects the 
increased neutron leakage (a negative reactivity effect) which occurs with coolant voiding. If the 
reactivity response to coolant voiding was evaluated with a full-core analysis, the CVC would be 
somewhat less positive than the values shown in Table 5. 

The displacement of soluble boron which occurs with voiding adds a positive component to the 
CVC. Fuels with a lower actinide loading have a softer neutron spectrum, which increases the 
reactivity worth of the soluble boron. Consequently, the CVC is generally positive in these cases. 
Larger density perturbations also result in a more positive CVC; removing the coolant results in a fast 
fission spectrum, so that neutron captures in the actinides decrease sharply relative to fission. 
However, the open lattice design of LWRs limits the likelihood of global voiding of the coolant from 
localised overheating. Lastly, Zr-bearing fuels tend to have a more negative CVC because parasitic 
capture in the Zr increases relative to fission as the spectrum hardens. 

In practice, a positive CVC in the IMF can be overcome by heterogeneously loading UO2 and IMF 
fuel pins in the reactor. A typical PWR core loaded with about 15% IMF will produce no net plutonium, 
and would be expected to have reactivity coefficients similar to those of a core loaded with UO2 alone [6]. 
It can be seen from Figure 5 that the depletion characteristics of an IMF fuel pin are relatively 



COMPARISON OF INERT-MATRIX FUELS FOR ACTINIDE RECYCLING 

ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 51 

insensitive to the composition of neighbouring pins (in this case, neptunium was recycled along with 
the plutonium and americium). The results for the IMF “pin” in Figure 5 are from a WIMS8 lattice 
calculation of 1 IMF pin surrounded by 8 UO2 pins (89% UO2 in the lattice), while the “hom(ogeneous)” 
depletion results are based on a lattice calculation with all IMF pins. Thus, a heterogeneous fuel 
assembly design with UO2 and IMF pins would achieve roughly the same results as predicted here 
with regard to transuranic consumption in the IMF. At the same time, this would alleviate the 
negative impact of transuranic-bearing fuel on the whole core reactivity coefficients. 

Figure 5: Comparison of nuclide masses in IMF pin surrounded by UO2 (pin) and in homogeneous 
IMF lattice. First recycle of Np + Pu + Am derived from commercial spent nuclear fuel. 
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Conclusions 

Actinide recycling in commercial LWRs using inert-matrix fuel forms has been considered as one 
means of reducing the waste management burden associated with commercial nuclear power. It was 
found that the consumption of key actinides (Pu-241, Am-241) is relatively insensitive to the selected 
matrix material or fuel particle coating. It was observed, however, that dispersion fuels provide a 
slightly greater benefit to a geologic repository for a “once-through then out” recycling strategy, 
compared with solid-solution fuels. The reason for this is the increased resonance self-shielding of 
Pu-240 in the dispersion fuels, which reduces the production of Pu-241 during fuel irradiation. Going to a 
deep burn-up of the fuel (>500 GWd/MT) can yield even greater repository loading benefits, but uneven 
power sharing between IMF and UO2 fuel in heterogeneously loaded cores will limit burn-up levels. 

The fuel reactivity response to thermal-hydraulic transients must be more closely evaluated. In 
particular, the coolant void coefficient was predicted to be positive for cases with extreme voiding, 
and for cases with moderate voiding and a low fuel volume fraction. The addition of burnable poisons 
with resonance properties or the development of a heterogeneous fuel assembly design will alleviate 
the negative impact of transuranic-bearing fuels on whole core reactivity coefficients. 
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Comparison of inert matrix fuel irradiations at OECD Halden reactor 

Marco Streit, Terje Tverberg, Wolfgang Wiesenack 
OECD Halden Reactor Project, Norway 

Abstract 
For today’s LWRs stabilised zirconia and other oxides like alumina, spinel or ceria have been proposed 
as materials to be inert matrices. End of June 2000 two rigs with different inert matrix fuel (IMF) rods 
were charged into the OECD Halden reactor. One rig containing yttrium stabilised zirconia matrix 
fuels, fabricated with different methods, which are compared to commercial MOX rods. The second rig 
contains calcium stabilised zirconia matrix fuels compared with thoria containing inert matrix fuel 
and thoria fuel. Both rigs contain similar equipment and have been irradiated with the same history 
and similar powers. The main aim of both experiments is to measure the general thermal behaviour of 
different IMF under irradiation conditions similar to those in current LWRs. Of particular interest are 
the thermal conductivity and its degradation with burn-up, fission gas release (FGR), fuel densification 
and swelling. This work compares the obtained results of both rigs after six cycles of irradiation. 
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Introduction 

The present large stockpiles of reactor and weapon grade plutonium worldwide are of major 
concern from non-proliferation and economic point of view. To reduce these stockpiles several 
treatments are possible. The plutonium could be treated as waste and be put in a final disposal, but 
there are many problems with this open fuel cycle and the energy potential of the material, which is 
of economic interest, is lost. Reprocessing the plutonium and closing the fuel cycle with the use of fast 
reactors would optimise the utilisation of nuclear fuel. This development is today delayed due to 
political reasons. However, today’s recycling is focused on producing uranium plutonium oxide fuel, 
the so-called mixed oxide fuels (MOX). The MOX is already in commercial use as a fuel in today’s light 
water reactors (LWR’s) and this is a reasonable possibility to use the plutonium energy source. 
Unfortunately with MOX, the total amount of plutonium is not significantly reduced due to the 
breeding of plutonium in the uranium matrix present. In addition recycling of second or third 
generation plutonium as MOX in LWR’s, seems to be economically unfavourable. 

To reduce the plutonium stockpile and also the amount of other transuranium elements (TRU) in 
the nuclear waste, concepts have been developed during the last years to transmute TRU using a 
uranium free inert matrix fuels (IMF) in a once-through-cycle. For today’s LWR’s yttrium (or calcium) 
stabilised zirconia (YSZ, CSZ), and other oxides like for example thoria, alumina, spinel or ceria have 
been proposed as materials to be inert matrices [1,2]. By using of IMF a larger fraction of plutonium 
could potentially be consumed in comparison with MOX fuels without breeding new plutonium. 

The aim of the presented study is to compare the present results of two similar IMF irradiation 
experiments (IFA-651 and IFA-652) in the OECD-Halden Test reactor (HBWR). The comparison between 
these two experiments enables a direct comparison between different IMF fuels as well as MOX fuel. 

The IFA-651 irradiation is a joint experiment of the Korean Atomic Energy Research Institute 
(KAERI), British Nuclear Fuels plc (BNFL), Paul Scherrer Institute (PSI) and the 
OECD-Halden-Reactor-Project (HRP). The IFA 652 irradiation is a joint experiment of ENEA and the 
OECD-Halden-Reactor-Project (HRP). The irradiations are performed under HBWR conditions and target 
burn-ups of ~500  kWd/cm3,  which is equivalent to ~50 MWd/kgOxide for the MOX fuel are envisaged. 
This report gives a first comparison of the results after 6 cycles of irradiation up to ~299 kWd/cm3 
(~30 MWd/kgOxide) for the IFA-651 and up to ~283 kWd/cm3 (~28 Mwd/kgOxide) for the IFA-652. 

Experimental set-up 

The irradiation experiments IFA-651 and IFA 652 contains one rig each (Figure 1), holding a 
cluster of six highly instrumented rods. IFA-651 exists of two rods with YSZ IMF pellets and two rods 
with MOX pellets, which were manufactured at PSI using a dry attrition milling process (ATT) 
developed at KAERI (Lit ref). Another YSZ IMF rod delivered by PSI was manufactured using a 
co-precipitation route (COP) by using the well know PSI Sol-Gel-Method. The last rod contains BNFL 
standard MOX manufactured by using the short binderless route (SBR) [3,4]. The fuel compositions 
were determined such that all rods have comparable linear ratings. 

IFA-652 contains two rods CSZ IMF, two rods of thoria doped CSZ (IMT) and two rods of thoria (T), 
all manufactured at IFE Kjeller [5,6], using standard methods by mixing and blending dry powder and 
sintering in dry hydrogen at 1 700°C for 4 hours (SPR). In all the three fuel variants the included fissile 
material is high-enriched uranium (HEU), instead of plutonium. The reason for this choice is that the 
manufacturing of Pu containing fuels is more difficult and there were no facility available to do that 
for the time being. However, it is expected that the relative behaviour of the different kind of matrices 
is only slightly dependent on the adopted fissile material. The comparison between the three fuels 
can thus be transposed also to the case of plutonium bearing fuels. 

Both rigs are highly instrumented with expansion thermometers (ET), Thermocouples (TF), pressure 
transducers (PF) and fuel stack elongation detectors (EF). In order to obtain an accurate record of the axial 
flux distribution, the rigs are instrumented with three co-linear neutron detectors (NDs 1, 2 and 5) at three 
different elevations. The radial flux distribution is measured by three axisymmetric neutron detectors 
(NDs 2, 3 and 4), which are placed at the central elevation corresponding to the fuel stack midpoint. This 
is also the axial position of maximum flux in the HBWR. A summary of the main fabrication data of the 
rods is given in Table 1. 
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Figure 1: Schematic view of IFA-651 (left) and IFA-652 (right) rig 

 

Table 1: Summary of rod fabrication data of IFA-651 and IFA-652 

Rig number IFA 651 IFA 652 
Rod number 1 2a 3 4 5 6 1 2 3b 4c 5 6 

Fuel type MOX YSZ MOX YSZ YSZ MOX CSZ CSZ IMT T T IMT 
Fabr. method SBR ATT ATT COP ATT ATT SPR SPR SPR SPR SPR SPR 
Fuel supplier BNFL PSI PSI PSI PSI PSI IFE IFE IFE IFE IFE IFE 

Fissile Pu, wt%met 5.98 14.2 5.85 13.6 14.2 5.85 – 
HEU(93% 235U) wt%oxide – 19 19 16 11.7 11.7 16 

Density, g/cm3 10.4 6.3 10.4 5.8 6.3 10.4 5.6 5.6 7.0 8.2 8.2 7.0 
Density, %TD 95 96 95 88 96 95 90 90 93 82 82 93 

Pellet diameter, mm 8.2 8.2 
Cladding material Low tin Zircaloy-4 Zircaloy-4 

Diameters, mm Outer: 9.5, Inner: 8.3 Outer: 9.5, Inner: 8.3 
Fill gas and pressure Helium, 10 bar Helium, 10 bar 

Rod instrumentation TF 
PF 

TF 
PF 
EF 

ET 
PF 

TF 
PF
EF 

ET
PF 

TF 
PF 
EF 

TF
PF 

TF
PF
EF 

TF 
PF 

TF 
PF 
EF 

TF 
PF 

TF
PF
EF 

Remarks a: discharged after 4 cycles b: loaded after 1 cycle 
c: discharged after 4 cycles 
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Irradiation history 

The rigs have been irradiated under HBWR conditions. Irradiation of the 1st loading of both began 
at the end of June 2000. The IFA-652 rig contained originally a cluster of 6 rods (~50 cm), two of each 
fuel type. Due to a delay in production of rod 3 the experiment was started with a dummy rod in this 
position. The dummy rod was exchanged with the origin IMT rod at an assembly average burn-up of 
~52 kWd/cm3 (equivalent to ~5 MWd/kgOxide for the MOX fuel) at end of October 2000. 

The irradiation continued (1st loading IFA 651, 2nd loading IFA 652) from mid of January 2001 until 
mid of May 2003. The IFA 651 rig was during the 1st loading originally in core position 6-29 but was 
moved to 6-32 with a rig rotation of ~180° during the shutdown in July/August 2001 (~58.7 kWd/cm3). 
The rig has since been moved to 4-19 in the September-December 2002 shutdown (~140 kWd/cm3) 
where it stays also in the 2nd loading. Both changes in core position were performed to allow higher 
powers to be achieved in an attempt to induce a large amount of FGR in the IMF rods. At the end of 
the 4th irradiation cycle both rigs had a burn-up of ~210 kWd/cm3 (equivalent to ~21 MWd/kgOxide for 
the MOX fuel). 

YSZ-IMF rod number 2 from IFA 651 and thoria rod number 4 from IFA 652 were discharged for 
PIE and irradiation of the 2nd respectively 3rd loading began at the beginning of February 2004. The 
assembly average burn-ups at the end of 6th cycle (mid of October 2004) were ~299 kWd/cm3 for IFA 
651 and ~283 kWd/cm3 for IFA 652. The target burn-ups are ~400-500 kWd/cm3 (equivalent to 
~40-50 MWd/kgOxide), which should be achieved over a period of ~6 calendar years. 

For the major part of the irradiation the rigs have been operated in the range 20-30 kW/m. Both 
rigs experienced upratings in September 2001, June 2002 and February 2004. IFA 651 experienced an 
additional uprating in December 2002. Pressure jumps occurred for all rods during the power ramps. 

Figure 2 shows the irradiation history and the burn-ups of the rigs IFA 651 and IFA 652 during the 
first six irradiation cycles. The average linear heat rate in kW/m and the burn-up in kWd/cm3 (to have 
the possibility to compare IMF with MOX fuel) are given as a function of operation time in days. 

Figure 2: Irradiation history of IFA 651 and 652 
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Figure 3: Measured fuel temperature of IFA 651 and IFA 652 

 

One rod of each rig was discharged for PIE after the 4th cycle (May-July 2003 shutdown). The PIE of 
IMF rod 2 of IFA 651 at Kjeller Hotlab is finished, whereas the PIE of thoria rod 4 of IFA 652 is still 
pending. The PIE includes dimensional and density measurements, axial gamma scanning, neutron 
radiography, ceramography, rod puncturing and fission gas analysis. 

The purpose of axial gamma scanning was to determine gross gamma activity profiles and to 
obtain the axial fission products distribution. The main objective of neutron radiography is to produce 
pictures for examination of the fuel stack and detailed information about continuity of the fuel stack 
column, instrumentation details, possible moisture inside the rod and cladding corrosion.  
To determine the amount of fission gas released, the internal pressure, the free volume and  
to perform mass spectrometric (MS) analysis of the fission gas, the fuel rod was punctured in the 
lower end. Ceramography was done to obtain information on the integrity and condition of the fuel, 
the homogeneity of the fuel microstructure (Pu distribution), and the fuel microstructure 
characteristics such as size, location, and distribution of pores and metallic fission product 
precipitates (MFP), grain structure, grain size, and grain boundary porosity, to estimate the initial 
relocation and the resinter mechanism.  

Results and discussion 

The operating temperatures in all IMF rods have been considerably higher than those in the MOX 
or thoria fuel due to the lower thermal conductivity of IMF. Figure 3 shows the fuel temperature in K and 
the average linear heat rate in kW/m as a function of operation time in days for both rigs. Most of the 
time the temperature of all the rods was in between 1 250 and 1 750 K. With some maximum peaks 
not over 1950 K. The temperature of the MOX rods were about 300-400 K and the thoria rods about 
150-200 K lower than the IMF rods. 
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Figure 4: Rod thermal conductivity of IFA 651 and IFA 652 

 

To compare all the different rods directly without the influence of the slightly different linear 
heat rate Figure 4 shows the rod thermal conductivities in W/mK and the average linear heat rate in 
kW/m as a function of operation time in days for both rigs. All IMF and thoria rods show a rod thermal 
conductivity between 14 and 16 W/mK (MOX: 18 to 19 W/mK) at the end of the 1st cycle. Even at the 
end of the 6th cycle all IMF and thoria show a similar conductivity. During operation the temperature 
signals of IFA 651 rod 2 and 5 as well as IFA 652 rod 1, 4 and 6 failed. Some values could be recovered 
and obvious incorrect values were not used in the figures. 

Figure 5: Fuel peak temperature and FGR of IFA 651 and IFA 652 
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As the operation temperatures the IMF rods show higher fission gas release than the MOX and 
thoria rods. Figure 5 shows the relative fission gas (FGR) release in % and Figure 6 the measured 
internal rod pressure in bar, compared to the peak fuel temperature in K as a function of operation 
time in days. 

Till the end of the 2nd cycle rod pressure measurements indicated no appreciable FGR in the MOX 
and thoria rods, but FGR in the range 4-15% for all IMF rods. The second uprating to 30-32 kW/m in 
June 2002 again produced FGR for YSZ-IMF rods, in the range 11-16% whereas the MOX rods showed 
releases of 1-3%. The CSZ-IMF and the IMT produced FGR in the range 13-30%, whereas the thoria rods 
showed releases of 5-8%. 

The FGR for IFA 651 after the 6th cycle (October 2004) has been estimated as 33% and 38% for IMF 
rods 4 and 5 respectively. For the MOX rods 1, 3 and 6 FGR of 30%, 9% and 15% respectively have been 
estimated. The remaining thoria rod 5 of IFA 652 shows a FGR of 26%. IMT rod 3 gives the highest FGR of 
this rig with 36%. IMF rod 2 shows a FGR of 18% whereas the pressure measurement of IMF rod 1 and 
IMT rod 6 are unreliable during the 6th cycle. 

Figure 6: Fuel peak temperature and rod internal pressure of IFA 651 and IFA 652 

 

The pressures indicate that significant fission gas release has occurred during the 3rd to 5th cycle 
for all rods except IFA 651 rod 3 (MOX-ATT) which remained below the FGR threshold (Vitanza 
threshold for UO2 [7]) till the 4th cycle. All the other rods showed significant FGR upon crossing the 
Vitanzas threshold indicating that it may be applicable not only to UO2 but also to MOX, thoria and 
significantly IMF fuels. However, caution must be applied since the threshold was rapidly crossed in 
most instances rather than by a slow stepwise increase in the LHR’s. It was also exceeded by a large 
amount in most cases and therefore it is difficult to exactly ascertain the position of the FGR 
thresholds for IMF. However, the release processes for fission gas in IMF rods are not clear today.  
If the microstructure has a large effect on the FGR then the threshold may be very different for IMF 
with a different microstructure. 
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During PIE of the discharged IFA 651 IMF rod 2 the clad of the fuel rod showed no defected areas. 
The outer cladding diameter was found as fabricated ~9.5 mm and the length measurements resulted 
in a length of ~619.4 mm. The density measurements of one pellet result in a density of 6.04 g/cm3 
(fabricated density: 6.29g/cm3), which corresponds to a porosity of about 8.36%. 

The axial gamma scanning showed a relative flat burn-up distribution. Transversal crackings, 
indicated by mid-dips, were found in the solid pellets. From the neutron radiography it was observed 
that the fuel stack length of 474 mm is shorter compared to as fabricated length 477.4 mm. The 
densification in length is therefore approximately 3-4 mm or about 0.8%. This was also observed by 
in-pile measurements of the fuel stack elongation. 

A total gas amount of 107.48 cm3 with a pressure of 1.262 MPa was found during puncturing. The 
free volume of the rod was found to be 8.63 cm3, while the initial free volume of the rod was 9.4 cm3, 
which is in good agreement with 4.6% swelling (given by density measurements) of the fuel volume. 
The total gas amount found from puncturing test and mass spectrometric measurements are in good 
agreement with each other. The amount of He found is 81.01 cm3, which corresponds with the initial 
He content. The released amount of fission gas was calculated from the measured gas composition to 
be about 18%, which is in good agreement with the predicted 21% (see Figure 5, end of 4th cycle). 

Figure 7 shows a ceramographical overview with a 5 times magnification. The pellet is totally 
cracked and the formation of a central void is obvious. In the central zone of the pellet a pore  
size gradient is visible. In the outer region also bigger pores exist but in between there is a region 
found with nearly no porosity. Fissures are found in the cross-sections, most of them are seen in the 
centre region. 

Figure 7: Ceramographic cross-section of IFA 651 rod 2 
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In radial direction four different burn-up zones were found, namely the centre region, 
intermediate zone, edge zone and outer edge. Each of the zones is characterised by a relatively sharp 
boundary to the other zones. In each zone MFP, pores and grains have a different size and/or pattern and 
in each zone phases are slightly different. A high fraction of a brighter, dense, bulky phase was 
observed clearly in the “intermediate”, “edge” and “outer edge” region. This phase seems to be the 
YSZ matrix phase. It is dense, does not show MFP and is a solid solution phase with concentration 
gradients from the outer edge of the phase towards the centre of the phase. Pu rich areas (dark phase) are 
characterised by MFP, large (<10μm) and small pores in the micrometer range. They are found in the 
inter-spaces of the inert matrix. In terms of different phases, the fuel centre region is more 
homogeneous. It seems to have experienced higher temperature here than elsewhere in the cross-section. 

Conclusions 

An examination of the temperatures and the rod thermal conductivity shows that the all IMF 
rods have similar but consistently had higher temperatures than the MOX or thoria rods.  

All IMF rods show a tendency to release fission gas earlier than the compared MOX rods, due to 
the higher temperatures. The measured FGR of 18% in IMF rod 2 of IFA 651 during PIE is in good 
agreement with the predicted 21%. It may be valid to say, that the FGR behavior is becoming mostly 
similar for all fuels as burn-up is accumulated. 

Both experiment are ongoing and showed no major problems till today. Only two elongation 
thermometers of IFA 651 and two of the thermocouples still loaded in IFA 652 as well as one pressure 
transducer in each rig failed till now. Higher burn-up will be accumulated in the future irradiation. 

One rod in each rig was removed at the end of the fourth cycle for interim PIE. PIE of the thoria 
rod 4 (IFA 652 is pending, whereas the IMF rod 2 examination at Kjeller is finished. Samples of this rod 
are shipped to PSI to perform additional examinations. 
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Metal alloy fuels for plutonium and minor actinide transmutation 

J. Rory Kennedy, M.K. Meyer, S.L. Hayes, J.R. Stuart, D.D. Keiser, A.P. Maddison 
Idaho National Laboratory 

Abstract 
A series of metal alloy-based fuels with high transuranic content have recently been investigated as 
candidates for fuels and targets for fast spectrum transmutation systems.  These alloys include both 
uranium and non-uranium-bearing alloys.  Alloys in the systems Pu-Zr, Pu-Am-Zr, Pu-Np-Zr, 
Pu-Am-Np-Zr U-Pu-Am-Zr, and U-Pu-Am-Np-Zr have been fabricated and studied to date. Previous 
to these investigations, little or nothing was known about the phase relations and thermophysical 
properties of these alloys.  Data have recently been established that shed light on alloy melting points, 
thermal conductivity, and phase relationships.  Key data pertaining to the use of these alloy classes as 
nuclear fuels will be reviewed.  These studies, though far from exhaustive, establish in a preliminary 
manner the suitability of these metallic fuel systems for use as fuels in fast spectrum systems for 
transmutation or power generation. 

 



 

 



MATERIAL PROPERTIES AND FUEL PERFORMANCE OF THE DUPIC FUEL 

ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 65 

Material properties and fuel performance of the DUPIC fuel 
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Abstract 
For the proliferation-resistant recycling of spent LWR fuel into a CANDU type heavy water reactor, the 
DUPIC fuel has been fabricated in a hot cell and under a series of irradiation tests using research 
reactors. The DUPIC fuel pellets, which are sintered using fine powder obtained after a repeated 
oxidation and reduction of the spent fuel pellets, have different material properties from UO2 due to 
presence of various fission product elements. Important material properties of the DUPIC fuel were 
characterised to evaluate its fuel performance using simulated fuel containing the same amount of 
surrogates for major fission products. Thermal conductivity, thermal expansion, creep rate, Young’s 
modulus and the diffusion coefficient were measured using the simulated DUPIC fuel. The in-reactor 
behaviours of the DUPIC fuel, such as the centreline temperature, fission gas release, internal pressure 
and pellet-clad mechanical interaction, were estimated to be different from the UO2 fuel. The effect of 
the thermal conductivity was found to be most critical in limiting performance of the DUPIC fuel, and 
the fuel fabrication parameters including the pellet density, gap size and grain size should be adjusted 
to secure safety-related performance values within limiting boundaries by considering the material 
properties of the DUPIC fuel. 



MATERIAL PROPERTIES AND FUEL PERFORMANCE OF THE DUPIC FUEL 

66 ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 

Introduction 

The DUPIC (Direct Use of spent PWR fuel in CANDU reactors) fuel employing a dry re-fabrication 
process was developed in order to reuse fissile elements in the spent fuels from pressurised light 
water reactors (LWRs) [1]. A proliferation-resistant re-fabrication process will save on the uranium 
resources and reduce the accumulated spent fuel [2,3]. Spent fuel pellets become resinterable powder 
during the OREOX (oxidation and reduction of oxide fuel) process [4]. Fresh DUPIC fuel for CANDU 
reactors is fabricated in a hot cell due to its high radioactivity. 

The DUPIC fuel has different material properties compared with the fresh UO2 fuel due to the 
presence of solid fission products [5]. Characterisation of thermal and mechanical properties of the 
DUPIC fuel is required to evaluate in-pile performance of the DUPIC fuel. The changed material 
properties result in significant changes in the irradiation behaviour such as the centreline 
temperature, fission gas release (FGR) and pellet cladding mechanical interaction (PCMI) [6]. In this 
study, material properties of the DUPIC fuel were measured by using the simulated DUPIC fuel and the 
irradiation behaviour of the DUPIC fuel was estimated by the ELESTRES performance evaluation code 
which is modified according to the characterised material properties of the simulated DUPIC fuel. 

Experimental procedures 

Simulated DUPIC fuel were fabricated by using natural UO2 powder blended with oxide additives 
for simulating the composition of the spent LWR fuel with a discharge burn-up of 27 300 MWd/MTU. 
After three cycles of oxidation and reduction, the pulverised powder was attrition-milled and the 
milled powder was compacted for sintering at 1 700°C for 4 hours in a H2 atmosphere. Thermal 
conductivity of the simulated DUPIC fuel was measured by the laser flash method and the thermal 
expansion was measured by using a dilatometer. Creep rate was measured by using a compressive 
creep tester and the Young’s modulus was measured by a resonance ultrasound spectroscopy (RUS). 
Diffusion coefficient of the fission gas was measured by a trace irradiation and post-irradiation 
annealing test of the simulated DUPIC fuel pellet. The specimen was irradiated in the HANARO 
research reactor up to a burn-up of 0.1 MWd/MTU. Annealing temperature was 1 400-1 600°C. The  
time-resolved released amount of Xe-133 trapped in the activated carbon filter in the liquid nitrogen 
was measured by a Ge-detector. 

The material models in the ELESTRES performance evaluation code were modified according to 
the measured data of the simulated DUPIC fuel. The effect of the variation of the material properties 
was evaluated and some changes of the fabrication parameters of the DUPIC fuel were suggested to 
secure a sufficient safety margin during an irradiation. 

Figure 1: Comparison of (a) thermal conductivity and (b) thermal 
 expansion between UO2 and the simulated DUPIC fuel 
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Results and discussion 

Figure 1(a) shows that the lower thermal conductivity of the simulated DUPIC fuel when compared 
to the UO2. The thermal conductivity of the fuel pellet is reduced as the burn-up of the simulated fuel  
is increased due to the increasing content of the solid solution elements such as Zr, Nd, Ce, etc [7,8].  
The Harding-Martin equation is used as a thermal conductivity model for the DUPIC fuel after fitting 
to the experimental result [9]. The coefficient of the thermal expansion of the simulated DUPIC fuel is 
larger than that of UO2 as plotted in Figure 1(b). The larger thermal expansion is not desirable for a 
fuel pellet because it causes a strong pellet clad mechanical interaction. 

Although soft fuel with a high creep rate and a low Young’s modulus is a desirable for the 
mechanical integrity of the fuel, Figure 2 shows that the simulated DUPIC fuel is not a softer fuel than 
UO2. Solid solution hardening and precipitation hardening result in a lower creep rate and a higher 
Young’s modulus. When the pellet clad mechanical interaction begins, a harder pellet results in more 
deformation of the clad. 

A diffusion coefficient of Xe in the DUPIC fuel was measured by a post irradiation annealing test 
of the trace-irradiated pellets [10]. The diffusion coefficient of the fission gas is one of the most 
important properties which controls the fission gas release behaviour. Figure 3 shows that the DUPIC 
fuel has a lower diffusion coefficient than UO2. The decrease in the diffusion coefficient of the fission 
gas is related to the decrease in the cation vacancy concentration. Solid fission product elements with 
the valence of a +3 increase the oxygen vacancies and reduce the cation vacancies by an equilibrium 
of the Frenkel defects and the Schottky defects [11]. 

Figure 2: Comparison of (a) creep rate and (b) Young’s  
modulus between UO2 and the simulated DUPIC fuel 
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Figure 3: Diffusion coefficient of UO2 and the simulated DUPIC fuel  
measured by trace irradiation and post-irradiation annealing test 
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Figure 4: The effect of the performance variables on (a) the centreline temperature,  
(b) plastic strain of the sheath, (c) internal gas pressure and (d) fission gas release  

of the DUPIC fuel with a burn-up at a linear power of 40 kW/m 
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Figure 4 shows the centreline temperature, sheath plastic strain, internal gas pressure and fission 
gas release calculated by the modified ELESTRES code by using measured material properties of the 
DUPIC fuel. When only one of the material properties was changed to the value for the DUPIC fuel, the 
change in the thermal conductivity showed as the most influencing contribution to the fuel 
performance of the DUPIC fuel as shown in Figure 4. The other factors such as the mechanical 
properties do not result in any influencing deviation from the original data for the UO2. This basic 
sensitivity study shows clearly that the minor change in the thermal conductivity results in a 
significant variations of the in-reactor behaviours of the DUPIC fuel. 

The nominal design power envelope and the reference high power envelop for the outer fuel 
element of a DUPIC fuel bundle were obtained as shown in Figure 5 in order to analyse the fuel 
performance of the DUPIC fuel in normal operation conditions [12]. For the nominal design power 
envelope, the maximum temperature is 1 800 K, while that of the reference high power envelope is 
2 200 K as shown in Figure 5(b). Because the estimated melting temperature is 3026 K when the DUPIC 
fuel is made from the spent fuel with a discharge burn-up of 27 300 MWd/MTU [13], the thermal 
margin for a fuel melting was estimated to be more than 800 K.  

Fission gas release and internal gas pressure are shown in Figure 6. A higher linear power results 
in more fission gas release and the internal gas pressure of the fuel element becomes higher. The 
internal pressure is increased with burn-up due to accumulation of the fission gases. If the internal 
pressure is greater than the coolant pressure, the clad will deform outward by a creep mechanism.  
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Figure 5: (a) Power envelopes of the DUPIC fuel and  
(b) centreline temperature for each power envelop 
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Figure 6: (a) Fission gas release percentage and (b) internal  
gas pressure of the DUPIC fuel for each power envelop 
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The peak internal pressure for the DUPIC fuel is estimated to be 15 MPa, which is much higher 
than the system design pressure of 10.6 MPa. A higher thermal expansion of the DUPIC fuel also 
increases the internal gas pressure by reducing the volume of the gap which accommodates a larger 
volume of the released fission gas.  

In general, it is recommended to create a greater grain size of the fuel pellet to suppress the 
fission gas release from the lattice of the DUPIC fuel into the gap. In addition to make a larger grain of 
the fuel pellet to reduce the fission gas release volume of the DUPIC fuel, another way to reduce the 
internal pressure to below the design limit is to allow for more plenum space in the fuel element. 
Figure 7(a) shows the effect of the plenum volume on the internal pressure for the reference high 
power envelope of the DUPIC fuel. If an arbitrary plenum of 0.5 mm3/K is applied, the peak internal 
pressure of the DUPIC fuel is reduced from 13 MPa to 8 MPa, when compared to the fuel element 
without a plenum. Figure 7(b) shows that the plastic strain of the clad is reduced to a lower value if 
the plenum is applied to the DUPIC fuel design. Therefore it is expected that the fuel integrity can be 
maintained if the DUPIC fuel design is modified to accommodate for the fission gas accumulation.  
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Figure 7: (a) Internal gas pressure and (b) plastic strain  
of the clad for the DUPIC fuel with and without a plenum 

 (a) (b) 

0 5000 10000 15000 20000
0

5

10

15

In
te
rn
a
l 
P
re
s
s
u
re
 (
M
P
a
)

Burnup (MWd/t)

 High Power without Plenum
 High Power with Plenum (0.5mm3/K)

0 5000 10000 15000 20000
0.0

0.5

1.0

1.5

S
h
e
a
th
 P
la
s
ti
c
 S
tr
a
in
 a
t 
P
e
lle

t 
E
n
d
 (
%
)

Burnup (MWd/t)

 High Power without Plenum

 High Power with Plenum (0.5mm3/K)

 

Table 1: Lower limit and upper limit of fabrication factors for the DUPIC fuel 

Fabrication Factors Lower Limit Upper Limit 
Fuel Density 10.30 g/cm3 10.60 g/cm3 

Gap Clearance 40 μm 120 μm 
Grain Size 5 μm 25 μm 

 

Our previous study using an orthogonal array design(OAD) technique showed that a pellet with a 
large gap, large grain and low density is recommended to mitigate the pellet clad mechanical 
interaction of the DUPIC fuel [6,14]. In this study, a parametric analysis was carried out using the 
modified ELESTRES codes to compare the safety margin of the two fabrication parameter sets. One is 
for a pellet with a large gap, large grain and low density and the other is for a pellet with a small gap, 
small grain and high density. The values of the fabrication factors for the two sets are listed in Table 1. 
When the limit value for the safety of the fuel element is set to the reference values – such as the 
melting temperature, coolant pressure, and a 1% deformation – the safety margin ratio is defined as a 
ratio of the calculated value to the reference value for each performance variable. Figure 8 shows that 
the safety margin ratio of the pellet with a large gap, large grain and low density is much lower than 
the other pellet with a small gap, small grain and high density. Internal gas pressure and hoop strain 
of the clad for the latter pellet exceeds the safety limit value. This result reveals that the optimisation 
of the fabrication factors is significant to guarantee a sufficient safety margin due to the changed 
material properties of the DUPIC fuel.  

Figure 8: Comparison of the safety margin ratio between the two fabrication parameter sets 
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Conclusions  

Material properties such as the thermal properties, mechanical properties and the fission gas 
diffusion coefficient of the DUPIC fuel pellet were measured by using a simulated DUPIC fuel to 
evaluate the fuel performance of the DUPIC fuel. When the in-reactor behaviours were estimated 
using a modified fuel performance code, it was found that the lower thermal conductivity of the 
DUPIC fuel was the most influencing factor on the fuel performance. When the in-reactor fuel 
behaviours such as the centreline temperature, internal gas pressure, and plastic strain were analysed, 
it could be suggested that the fabrication parameters should be adjusted so as not to exceed the safety 
limit for the DUPIC fuel. A fabrication parameter set with a large gap, large grain and low density 
within a fabrication specification showed a better safety margin than a set with a small gap, small 
grain and high density. 
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The Gen IV gas cooled fast reactor 
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Abstract 
Gas cooled Fast Reactors (GFRs) are one of the six nuclear systems selected for viability assessment in 
the Gen-IV program. Fast spectrum systems are ideally suited to implement the sustainability 
strategies of the Gen IV nuclear future. GFRs have the additional advantages of gas-reactors. The high 
coolant temperature makes it possible to achieve high thermal efficiency and to envision process heat 
application missions such as hydrogen production. 

The GFR focuses on a core design achieving a fast-neutron spectrum for effective conversion with no 
fertile blankets together with a closed cycle for full actinide recycle and assumes as reference an 
integrated on-site spent fuel treatment and refabrication plant. Candidates include plate-based 
assembly designs using ceramic-ceramic fuel, and pin-based assembly designs using traditional 
cladded fuel forms. Particle-based core designs are also considered. To ensure that a high conversion 
ratio (breeding gain of about zero), the fraction of heavy-metal (fuel) in the core compound must be 
20-25%, which calls for challenging fuel designs. Higher margin is obtained when dense fuels like 
carbides and nitrides are considered. 

Design parameters for the new proposed GFRs aim at achieving a good balance to ensure very high 
performance with respect to both sustainability and safety objectives. For the case of a 
depressurisation event, the GFR will have to be designed to overcome the consequences of the use of a 
high-pressure gas coolant with poor thermal characteristics. The safety related architecture will rely 
on intrinsic or passive, as well as active systems. The decay heat removal will rely essentially on the 
gas forced and natural convection which will require implementation of specific systems. 
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1 What is the Gen IV GFR? 

The Gas-cooled Fast Reactor (GFR) is one of the six systems selected for viability assessment in 
the Gen IV program: it features a fast spectrum helium cooled reactor with a direct-cycle helium 
turbine for electricity production and is associated with a closed fuel cycle. 

Figure 1: GFR 

 

The GFR really occupies a unique position as one of the four Gen IV fast neutron systems 
together with the Sodium-cooled Fast Reactor (SFR), Lead cooled Fast Reactor (LFR) and Supercritical 
Water Cooled Reactor (SCWR) in its fast spectrum version, as well as being one of the two Gas Cooled 
systems with the Very High Temperature Reactor (VHTR). 

The GFR is a fast neutron reactor utilising the Gen IV closed fuel cycle 
Fast neutron reactors are well known for their capability to fully use the uranium natural 

resources, to transmute minor actinides and to therefore minimise wastes production. Since He is 
almost neutronically inert, the GFR neutron spectrum is harder than the SFR one when the same 
in-core materials are used, and this could enhance the GFR capabilities. To obtain full benefit of those 
features, the reactor has to be associated with a coherent fuel cycle. The Gen IV fuel cycle (illustrated 
by Figure 2) is driven by this search of coherency. Its characteristics constitute a challenging issue  
for the R&D: 

• It uses Plutonium as fissile species. 

• It is a closed fuel cycle in which all the valuable materials contained in the used fuels 
(uranium, plutonium) are recycled together with all the minor actinides (neptunium, 
americium and curium). These latter are therefore maintained in the fuel cycle and their 
amounts are stabilised at a low level due to the good transmutation performances offered by 
the fast spectrum (fast spectrum favours the fissions of minor actinides versus their neutronic 
captures) and the neutron flux level itself. This contributes to waste minimisation by reducing 
final waste volumes and their radiotoxicity. 

• It is characterised by a grouped management of the actinides which are not separated during 
the total fuel treatment. This is what is called the integral recycling of actinides (they are all 
recycled and not separated during cycle operations). Together with the unattractive 
composition of the fuel (that contains minor actinides and that is characterised by a high 
burn-up for economics), this gives high proliferation resistance performance to the fuel cycle. 
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• In order to minimise the use of fertile sub-assemblies (classically fast spectrum reactor cores, 
for regeneration purpose, are surrounded by fertile uranium sub-assemblies in which 
plutonium is produced by the capture by the uranium 238 of neutrons escaping the core), the 
Gen IV fuel cycle recommends the design of self-sustaining cores so that the only required 
external feed of the fuel cycle is natural or depleted uranium. This avoids the treatment  
of large quantities of fertile sub-assemblies and again is favourable with respect to 
non-proliferation. 

• Finally, on site integration of fuel (re-)fabrication and treatment is sought, having in mind the 
objective to develop on-site compact and synergetic remote processes. This will minimise 
needs for materials transportation and again add proliferation resistance to the cycle. 

The GFR reactor is clearly designed to be compatible with the Gen IV fuel cycle. This has a strong 
impact on core design (self-sustaining core) as well as on fuel and fuel cycle process choices. This 
illustrates that we are really speaking of a global system including the reactor and the fuel cycle. 

Figure 2: Gen IV closed fuel cycle 
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The GFR is a high temperature gas cooled reactor 
During the past ten years, the start-up of two experimental reactors (HTTR and HTR-10), and the 

launching of several industrial projects (PBMR, GT-MHR), have testified to the renewal of significant 
interest in the High Temperature Reactors (HTR). There are several reasons for this: 

• the potential benefits of medium size modular and compact power stations, which could 
enhance nuclear economic competitiveness, and could allow a fully passive safety approach 
for the management of the most serious accidents; 

• the progress made on the gas turbines (recent developments of combined cycles), opening 
prospects of high thermodynamic efficiencies by considering a direct Brayton cycle (about 
47% with 850°C turbine inlet temperature); 

• the attractive safety characteristics of the HTRs due to the particle fuel (excellent fission 
product confinement), the refractory character of the core materials, and the huge thermal 
inertia brought on by the large graphite inventory used as moderator, reflector and structural 
material; 

• a renewed interest in high temperatures (>850°C) for electricity generation with high 
efficiency, but also for cogeneration purposes like thermochemical cycles for mass hydrogen 
production.  

In the frame of the Gen IV initiative, the VHTR concept with a thermal neutron spectrum will be 
designed for temperatures higher than current HTR projects temperatures (900°C and above). 

This renewed interest in the HTR technology is not limited to thermal reactors and this explains 
the Gen IV GFR selection. With the GFR, one seeks to combine the advantages of the HTR (refractory 
core with particle fuel having high confinement properties, inert He coolant allowing high 
temperatures, high thermodynamic efficiency, possibility of energy conversion by a direct cycle with a 
gas turbine) to those of the fast neutrons (Gen IV fuel cycle). Therefore, the Gen IV GFR design cannot 
be seen as a pure extrapolation of the liquid metal cooled reactors as it was done in the past. 
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GFR design objectives 
To summarise, the GFR study objectives are to propose: 

• an attractive possible alternative to liquid metal cooling for fast neutron reactors; 

• a “sustainable version” of the VHTR with the integral recycling of actinides and the search for 
a self-sustainable fuel cycle. 

In Table 1, one has summarised the GFR design objectives. They result from the Gen IV 
specifications, some of which will be justified later on. 

Table 1: GFR design objectives 

Reactor design parameters Objectives 
Power plant 600 to 2 400 MWth 
Power Conversion Unit Direct cycle 
Net efficiency (direct cycle helium) >45% 
Outlet coolant temperature 850°C or more 
Inlet coolant temperature <500°C 
Power density 50 to 100 MW/m3 of core 
Core pressure drop <1 bar 
Breeding/Burning performances Self-sustaining core 
Cycle strategy Closed fuel cycle with all actinides recycling 
Fuel Refractory fuel (HTR particle fuel is the model) 

Indicative maximum fuel temperature ~1 200°C (nominal operation) 
~1 600°C (accidental situations) 

Fuel management About two years operation cycle 
Fuel burn up ~10 at% (initial goal) 

 

2 GFR core concepts 

This chapter explains the consequences of the previous GFR high level design goals and gives the 
basis for the understanding of the current design trends. Core design is a complex iterative exercise 
which requires fulfilling the following set of constraints: viable core management fulfilling the 
self-generating condition, acceptable core cooling in nominal and accidental situations, favourable 
reactivity effects and coherent fuel definition. For the sake of simplicity, a step by step presentation is 
given below. 

Self-sustainable core 
The objective is to conceptualise a fast neutron core that will produce by neutron captures on 

uranium 238 as much plutonium as it will burn by fission. To achieve such an equilibrium, the fuel 
plutonium content (Pu/(U + Pu) ratio) has to be in between 16 to 20% depending on the exact 
plutonium isotopic composition. 

In fast spectrum reactors, the low value of the cross-sections requires working with a high 
in-core fissile content and a high neutron flux (compared to thermal reactors). Given that the fuel 
plutonium content must be limited to a rather low level to fulfil the objective of self-sustainability (to 
have a significant U238 fraction), the in-core actinide content must be sufficiently high to compensate 
for it (to obtain the criticality). Then, this actinide content must typically be in between 20 and 25% of 
the core volume and special care must be taken in order to provide an excellent neutron balance: 

• selection of a core shape minimising neutron leakage (core height over core diameter [H/D] 
ratio not too small and ideally close to 1); 

• use of an efficient neutron reflector around the core; 

• avoid as far as possible the recourse to materials generating parasitic neutron captures; 

• use of actinides compounds with a high heavy atom content. 
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At the current stage of the studies, a “heavy” reflector such as Zr3Si2 is considered and has been 
selected among several other candidates because it is has a sufficiently high melting point and does 
not give significant neutron moderation and capture. 

Dense fuels such as carbides and nitrides constitute the reference choice: they offer the high 
heavy atom density searched for and are furthermore characterised by high melting points and good 
thermal conductivities, which are additional advantages with respect to safety. Metallic fuels which 
have the highest density in heavy metal are not considered due to low melting temperature 
incompatible with the high temperature objective of GFRs. Oxide fuel is nevertheless not discarded in 
the light of the considerable experience already available but it offers less attractive features in terms 
of heavy atom content and thermal conductivity. Table 2 summarises the main properties of 
candidate fuels. 

Table 2: Some characteristics of GFR candidates fuel compounds 

Pu/(U+Pu) = 0.2 Carbide 
(U,Pu)C 

Nitride 
(U,Pu)N 

Oxide 
(U,Pu)O2 

Metallic fuel 
(U,Pu)Zr 

Theoretical density (g/cm3) 13.6 14.3 11 15.6 
Heavy atom density (g/cm3) 12.95 13.53 9.75 14 

Melting point (°C) 2420 2780 2430 1080 
Thermal conductivity (W/m/°K) 16.5 14.3 2.9 14 

Comments 
(n,p) reactions on N14 (which generates C14) degrade the nitride fuel 
performances except if the nitrogen is enriched in N15 (natural nitrogen 
composition is 99.64% of N14 and 0.36% of N15) 

 

For the in-core structural materials, ceramics are currently preferred (SiC, ZrC) due to their high 
melting point and acceptable neutronic properties (low capture). Refractory metals such as Mo or W 
are discarded because their unacceptable neutron captures impact both the neutron economy and the 
reactor safety parameters (Doppler). 

Core thermal and gas dynamics constraints 
The first objective applicable under nominal operating conditions is to limit the fuel temperature 

to a reasonably low level (typically 1 200°C, compared to the 850°C He temperature expected at the 
core outlet) in order to minimise fuel swelling and fission gas release. This is achieved by:  

• the use of fuel with a good thermal conductivity and working at a temperature far from its 
melting point (this calls again for the selection of actinide compounds such as carbides and 
nitrides and highly refractory ceramic materials for other in-core materials); 

• the consideration of reasonable value for the in core power density (not more than  
100 MW/m3) associated to an adequate design of the fuel sub-assembly. 

In accidental situations, the objective is to keep a good cooling capability of the core in which 
heat removal by gas natural circulation would be enhanced. This calls again for a limitation of the 
core power density and a low core pressure drop. Today, a temperature limit of 1 600°C is considered 
for transient analyses. Of course, such criterion would have to be re-defined when the fuel element 
design is better known. 

The search for a low core pressure drop is also required to limit the He pumping power, and this 
has a significant impact on the thermodynamic efficiency. 

In the end, to fulfil those constraints, the coolant volume fraction needed is on the order of 40%-50%. 

Core constitution and consequences for the fuel design 
Having now in mind that approximately 40% to 50% of the core volume will be occupied by the 

He coolant and about 10% by the in-core structural materials, the space available for the fuel element 
is about 50%: this 50% volume is to be used for the actinide compound itself and the inert materials 
that will act as the first barrier against the FPs release and will ensure the mechanical integrity of the 
fuel. If we remember that the core has to contain about 20-25% of actinide compound to satisfy the 
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objective of self-sustainability, the fuel element itself will have to be made of at least 40-50% of 
actinide compound. The geometrical arrangement of the fissile compound and inert and confining 
material has to be optimised to increase the loading of heavy atoms as well as to guarantee the 
performance under irradiation. Several options can be considered: 

• One can first imagine to extrapolate the concept of the HTR fuel particle, which is a model for 
the GFR fuel design, by minimising the volume of the coatings in favour of a more significant 
proportion of actinides, hoping to keep the excellent confining character of this type of fuel. 
Nevertheless, even with a significant reduction of the coating thickness, the particle fuel 
hardly reaches the desirable actinide compound content. 

• The second idea could be to generalise the particle fuel concept by sharing the coatings 
between the actinides compounds: this is the notion of dispersed fuel which is expected to 
contain up to 50% of actinide compound imbedded in 50% of an inert matrix. It is worth 
noting that it has been recently proposed to have a void between the actinide compound 
(keeping the 50% fraction) and the inert matrix in order to accommodate the fission gas 
releases and the fuel swelling. 

• The third possibility would be to use classical pelletised fuel in the form of a solid solution 
which is the easiest way to fulfil the required heavy atom content in the core. It refers 
nevertheless to a logic for fission product confinement quite different from the close 
confinement of the particle fuel and would require the use of a cladding able to sustain the 
high coolant temperatures aimed at. 

These three options are shown in Figure 3 which emphasises challenges. 

Table 2: Some characteristics of GFR candidates fuel compounds 
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Consequences for the fuel sub-assembly: Reference fuel options 
The fuel sub-assembly is the element hat is handled during loading and un-loading operations of 

the core. It also has the function to maintain the geometry and the fuel coolability in all situations. 
The sub-assembly designs associated with the three possible fuel forms are illustrated in Figure 4: 

• plate-type sub-assembly for the dispersed fuel which is preferred because it allows low 
in-core pressure drops and could be designed to fulfil thermomechanical criteria (block-type 
sub-assembly has also been considered but could not fulfil these latter criteria); 

• pin-type sub-assembly for pelletised fuel which is a well known concept and allows 
acceptable core pressure drops; 

• the 10% core volume fraction provision assumed for in-core structural materials would quite 
likely need to be slightly increased for the pin-type sub-assembly; 
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• in the case of the particle fuel, the 10% is already used by the particle coatings and one needs 
additional space for the sub-assembly; it could be particle bed type sub-assembly. In that 
situation, even with a double size packing (to reduce the void), it is very difficult to reach a 
significant heavy atom loading in the core; those concepts must be associated with relatively 
high levels of core pressure drops and low core power density. Particle fuel could be also 
imbedded into a matrix to form block or plate-type sub-assembly but this solution tends to 
reduce further the in-core heavy atom loading. 

At the current stage of the studies, the reference option is the dispersed fuel in a plate-type 
sub-assembly: the carbide (nitride still remains a possible option) is the actinide compound and SiC is 
used for both the matrix and structural material. The alternative is the pin-type sub-assembly with 
the same choice of materials (the use of SiC cladding). 

Figure 4: GFR fuel sub-assembly options 
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Specification for the core power density 
The choice of the core power density is a crucial issue and its value will result from a 

compromise between contradictory objectives: 

• the economics (minimisation of core fuel inventory, compactness of the primary vessel) calls 
for a high value; 

• the deployment ease of a GFR fleet requires the minimisation of the needed in-core plutonium 
inventory (values of about 10 tons of plutonium /GWe are judged reasonable); high values of 
the core power density lead to a reduction of this plutonium inventory; 

• the safety is aided by a low value, because it leads to lower maximum fuel temperatures (in 
transients one has more thermal inertia), in particular the decay heat removal could be based 
on fully passive systems below a certain power density. 

The specification for the GFR is a core power density between 50 and 100 MW/m3. The minimum 
is connected to the Pu inventory, the maximum to the requirement to have a safety approach less 
based on large active safety systems like in GFR past projects. These are values similar to LWRs ones, 
but quite removed from the HTR values (about 7 MW/m3) as well as the classical fast spectrum 
reactors ones (>200 MW/m3). 
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Reactor unit power 
The choice of the GFR unit power is not only driven by the economics: classical discussion of the 

relative merits of small modular reactors (typically 600 MWth) or larger power units (2 400 MWth or 
more) benefiting from the economy of scale. The power density being fixed by other considerations, 
the GFR unit power determines the core volume. One of the GFR challenge is to propose both 
innovative refractory and confining fuels (introduction of inert materials to act as barriers against 
fission product release) and to fulfil the self-sustainability criteria (maximisation of the heavy atom 
content and therefore minimisation of the volume occupied by inert materials). With a larger unit 
power, the neutron leakage is reduced and the better neutron economy results in a decrease of the 
required heavy atom content and enhances the balance between heavy atoms and inert material in 
the fuel design. 

Table 3: Typical Gen IV GFR core designs 

 2 400 MWth 600 MWth 
He pressure 70 bar 70 bar 
He outlet temperature 850°C 850°C 
He inlet temperature 480°C 480°C 
Primary flow 1320 kg/s 330 kg/s 
Power density 100 MW/m3 100 MW/m3 
H/D Core ratio 
D(cm)   H(cm) 

0.35 
444   155 

0.9 
200   180 

Core pressure drop 0.6 bar 0.4 bar 
Volumetric fractions, 
Structures / He / Fuel 10 / 40 / 50 10 / 55 / 35 

Fuel type 
Fractions 

Carbide/SiC 
50/50 

Carbide/SiC 
70/30 

In core Pu inventory 8.7 t/GWe 9.3 t/GWe 
Fuel management 3x926 EFPD 3x441 EFPD 
Peak burn-up ~10 at% ~5 at% 
β / Doppler / He void (EoL) 341 / -1290 / +211 pcm 367 / -1136 / +356 pcm 

 

Current conclusions and design trends 
Table 3 illustrates typical characteristics achievable in the design of 600 and 2 400 MWth cores 

and fulfilling the Gen IV GFR objectives: self-generating cores, reasonable in-core plutonium inventory, 
and limited core pressure drop. It is worth noting that it was more difficult to reach these objectives 
with the 600 MW core which explains the high fraction of actinide compound considered (70%, quite 
likely not feasible) and the lower fuel burn-up (5% instead of 10% for the 2 400MWth) In order to limit 
the core pressure drop, large core diameter with low height are required for the 2 400 MW core. 

This table also shows that the reactivity coefficients are quite favourable ensuring an acceptable 
natural behaviour of the core in transient situations (see section 5 regarding safety). The Doppler 
Effect is enhanced by a very limited but significant flux softening due to the carbon present in in-core 
materials. It also should be noticed that He voiding has a small positive effect although it remains 
limited enough when compared to the delayed neutron fraction. 

Multi recycling of actinides 
One of the unique features of the Gen IV closed cycle is the multi-recycling of all the actinides 

contained in the used fuel. Table 4 compares the 2 400 MWth core features at the first cycle when  
the fuel is only loaded with Pu coming from PWR spent fuel and at the equilibrium cycle, that means 
after multi-recycling of all the actinides contained in the GFR used fuel: multi-recycling has a small 
impact on core physics and safety parameters. From that point of view, the multi-recycling of all the 
actinides does not raise specific questions of feasibility. Note also that the Minors Actinides (MAs) 
represent, at equilibrium about 1.5% of the heavy atoms showing that the GFR really contributes to 
waste transmutation. 



THE GEN IV GAS COOLED FAST REACTOR 

ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 83 

Table 4: Effect of actinides multi recycling on GFR core characteristics 

 First cycle Equilibrium cycle 
Fuel Pu content (%) 15.3 18.9 
Pu+MAs inventory (t) /GWe 8.7 11.6 (0.8 MAs) 
Fuel management (BU=10at%) 3 × 926 JEPP 
Breeding gain (BoL, EoL) -0.07   0.00 0.18   0.03 
He void (BoL, EoL) (pcm) 176  211 214  216 
Doppler constant (BoL, EoL) (pcm) -2050  -1290 -1521  -1054 
Delayed neutron fraction (β) (BoL, EoL) (pcm) 384   341 343   329 

 

3 The GFR safety 

The major safety objective is to prevent off-site fission product release in all the situations and 
therefore to protect populations outside the nuclear site. For Gen IV concepts, it is required to exclude 
all the need for off-site safety measures.  

The major safety functions to be fulfilled by the GFR are listed below: 

• confinement function: it will rely on the efficiency, robustness, simplicity, and reliability of 
the physical barriers (the fuel itself, the primary vessel and the third confinement barrier); 

• reactivity control: in addition to the favourable quasi-transparency and single-phase 
behaviour of He, the GFR current design, as shown in the core characteristics of Table 4, offers 
an opportunity for enhanced reactivity feedback through void and Doppler coefficients and 
core expansion which, together with a refractory fuel, would offer promising prospects of 
surviving anticipated transients without scram and without severe core damages and limited 
risks of core compaction; 

• control of chemical reactions: the chemical inertness of He is favourable; by design potential 
ingress of water and air will be limited; limited steam-water ingress in the core has been 
demonstrated to have small reactivity effects; 

• heat removal: for the Decay Heat Removal (DHR) function: both the relatively high core power 
density and the lack of a high thermal capacity (compared to the HTRs) demand solutions 
quite different from the HTR approach (in-core materials heat-up and radiative heat transfer 
from the reactor vessel); the most demanding case should be a fast depressurisation, where 
the normal core cooling systems are quickly lost. 

The decay heat removal approach 
The combination of heat storage (using in-core materials), in-core conduction and vessel 

radiation does not provide an effective DHR means in a GFR. The reason is simple: a GFR does not 
possess the thermal inertia and the conduction paths of an HTR and, furthermore, a GFR operates at a 
higher level of core power density. 

Among innovative solutions, the recourse to in-core heat exchangers and heat pipes systems is 
potentially a very effective solution. But, their neutronic impact (they occupy volume within the core 
that is not used for the fuel …), the technological difficulties (question of the connection to the heat 
sink), their reliability and their safety impact (additional initiating events) make this approach not 
very attractive. 

Gas forced circulation is the most effective mean to address the DHR function. Taking into 
account the limited but non-zero thermal inertia of the GFR core, few per cent of the nominal mass 
flow rate are required to respect the transient fuel temperature criterion (1 600°C). The specific power 
of the associated circulators is quite dependent on the He pressure maintained during such transients. 
For an atmospheric pressure, a power of about 120 kW is required. This power could be significantly 
reduced by increasing the He pressure (inversely proportional to the square of the pressure), at 5 bar, 
only about 5 kW are required. 
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He natural convection is also efficient with a top-mounted heat exchanger at nominal pressure 
but it requires a significant level of pressure (called the back-up pressure) in case of depressurisation 
(typically 15 to 20 bar). Heavy gas injection (CO2 or N2) enhances natural circulation capabilities 
compared to pure He and requires therefore lower levels of back-up pressure. 

The Figure 5 illustrates the influence of gas species (heavy gases are more efficient) and core 
power density on the back-up pressure required to remove the decay heat (for a core power of  
600 MWth). A top-mounted heat exchanger located 15 m above the core is considered, and the 
maximum fuel temperature criterion (1 600 °C) is assumed. It is worth noting that the amount of 
heavy gas to be stored in accumulators could be huge in order to have a significant effect. 

The use of gas natural circulation orients the design towards a core with limited hydraulic 
resistance and power densities not exceeding 100 MW/m3. 

Figure 5: Parametric study of DHR by natural convection 
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In summary, the GFR DHR safety function will rely on gas cooling (both forced and natural 
convection) which does not exclude other systems. 

Typical design solutions that could be considered are: 

• the limitation of the core pressure drop; 

• a back-up pressure established by a proximate/guard secondary containment all around the 
primary circuit (back-up pressure between 5 to 20 bar according to the fraction of natural 
circulation desired); 

• an auxiliary cooling system composed of diversified and redundant He loops designed to be 
operated in mixed natural/forced circulation, the start-up of which is favoured by the core 
upward flow under nominal conditions; 

• secondary coolant loops also operated in natural circulation. 

Each auxiliary cooling loop could also include circulators, which would at a minimum reduce the 
occurrence of thermal loading due to the temperature excursion that would occur in pure natural 
circulation. 

4 The GFR system options 

Following the safety architecture described in the previous section and mainly focusing on the 
mastering of the DHR function by gas circulation, several preliminary designs of the reactor have 
already been proposed in France, US and Japan. They are mostly consistent. The case of a small size 
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(<300 MWe) reactor system based on direct cycle energy conversion system is illustrated here. The 
pressure at the turbine inlet is 7 MPa thus leading to a net efficiency of about 47%. Figure 6 gives the 
layout of the reactor building. The proximate/guard secondary containment is designed to sustain a 
maximum pressure of 2 MPa. Each auxiliary cooling loop is designed to extract a maximum power of 
18 MW with a primary He natural circulation under 2 MPa. This pressure explains the large thickness 
of the proximate containment.  

Some transient evaluations have been carried out to support the feasibility of the systems. In 
case of the loss of the turbomachinery and/or of the grid, resulting in the loss of the forced convection, 
natural convection with pressurised helium at 2 MPa allows satisfactory cooldown of the core. The 
scenario of a protected fast depressurisation has been simulated: during the first minutes of the 
transient, the core cooling could be maintained by the turbomachinery coast down; the heat 
extraction by natural circulation only could be established more than 10 minutes after the initiating 
event. In such case, the maximum fuel temperature is far below the transient criterion (1 600°C). 

Preliminary evaluations of construction costs show a significant penalty due to the proximate 
containment. Therefore, alternatives are being looked at in which the system is designed with a  
lower back-up pressure (0.5 to 0.7 MPa) which is less demanding regarding the design of the proximate 
containment (use of metallic instead of concrete containment). As mentioned above, such an 
approach requires additional safety systems to insure forced circulation but maintaining  
enough pressure. These systems will be low power systems which should ease their design and their 
safety classification.  

The reference system is the high-temperature Helium cooled direct Brayton cycle reactor  
(5-7 MPa and 850ºC outlet temperature). This system presents challenges. At least as a step towards 
the high-temperature direct cycle, the indirect cycle with Helium as primary coolant at lower 
temperatures and supercritical (SC) CO2 cycle as secondary coolant has to be seen as a second 
possibility fulfilling the priority goal of sustainability with more margins for materials and safety. This 
would nevertheless allow achievement of the efficiency aimed at and to preserve synergies with the 
VHTR (Helium as primary coolant). 

5 R&D plan 

The development of the GFR needs innovations as regards fuel, materials, safety systems and 
fuel cycle processes. It will rely on experimental means, shared at the international level and 
structured in the GFR Gen IV R&D: the objective is to build a GFR prototype (approximately 600 MW 
thermal, producing electricity), making it possible to acquire operation experience. This prototype will 
provide the elements for the deployment of the GFR in the longer term. 

An essential intermediate stage towards the development of this prototype is the realisation of 
an experimental reactor to evaluate and develop basic technologies, the Experimental and Technology 
Demonstration Reactor (ETDR) that will be the first GFR ever built. The general objectives of the ETDR 
are to establish the feasibility of the GFR and its fuel cycle, in a policy of long term deployment and to 
carry out the demonstrations necessary for the qualification of the choices retained for the prototype. 
Thus, the ETDR mainly aims at meeting the needs for qualification by: 

• the behaviour of the various sub-assembly types (fuel, absorber, reflector) under 
representative conditions of irradiation and flow; 

• the core operation (monitoring systems, regulation and protection); 

• the safety options for the GFR; 

• the handling of fuel. 

On the basis of these objectives, it will be different from a Material Testing Reactor (MTR) which 
has mainly the objective to irradiate samples of fuel and structural materials. The GFR development 
will obviously require irradiations in MTRs like OSIRIS, HFR then the RJH, or in prototype fast neutron 
reactors like Phenix, Joyo and then Monju. The ETDR meets the needs ranging in between this phase 
of sample irradiation and the prototype, with the flexibility necessary to allow the study of the various 
possible concepts of cores and sub-assemblies for the GFR and its prototype. 
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The ETDR will have a small power (about 50 MWth) and will not produce electricity. It will be 
cooled by He under pressure (about 7 MPa) with an isobar circuit equipped with blowers. The He outlet 
temperature will be able to reach 850°C, and the cooling of the primary circuit will be performed by a 
heat exchanger. 

Figure 5: Parametric study of DHR by natural convection 
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6 Conclusions 

The Gen IV GFR design is a matter of intensive research [1-5]. It is aimed to be consistent with the 
sustainable closed cycle and with the enhanced safety criteria recommended by the Gen IV Initiative. 
It addresses innovative fuel forms and the use of gas cooling for the DHR is a very serious option. 
Although the ongoing studies give good confidence in the feasibility of the GFR, the design trends 
presented here could not be considered as definitive: many options are still open and the 
international research on the GFR, which is mainly co-ordinated in the frame of the Gen IV Initiative, 
has the objective to progressively focus the choices.  

The innovative character and challenges of the GFR necessitate that a small power experimental 
reactor step should be included in its development plan. 
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Abstract 
Sustainability is a key goal for future reactor systems. This calls for a self generating core with a 
breeding gain close to zero. The concept of the gas cooled fast reactor has recently seen renewed 
interest owing to its flexibility for plutonium and minor actinide management. However, the use of 
steel clad pin fuel imposes an onerous constraint on the maximum allowed clad temperature, resulting 
in a plutonium inventory which is too high to be considered practical. This paper describes studies that 
have been undertaken to establish a helium cooled fast reactor core design with a plutonium inventory 
reduced to a more practical level. The fuel consists of fuel particles, mixed with a matrix material, that 
are packed inside a pin, block, or plate type geometry. The use of ceramic fuel materials allows for a 
significant increase in the peak clad/matrix temperature and higher linear ratings, thus allowing a 
reduction in the fuel content, and hence the plutonium inventory within the core.  

This work has been sponsored by BNFL. 
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Introduction 

A new generation of reactor designs is being developed that are intended to meet the 
requirements of the 21st century. Sustainability is a key goal for these systems. This calls for a self 
generating core with a breeding gain close to zero, and the integral recycling of the plutonium and 
minor actinides within the spent fuel. Given available plutonium stocks it is foreseen that the initial 
plutonium inventory within future reactor cores should be comparatively small, preferably less than 
20 tonnes. 

The concept of the gas cooled fast reactor has recently seen renewed interest owing to its 
flexibility for plutonium and minor actinide management and some of its favourable safety 
characteristics compared to liquid metal cooled fast reactors. These advantages, combined with the 
extensive UK experience gained in the successful design and operation of the carbon dioxide cooled 
Advanced Gas Reactors, has led to several recent studies of carbon dioxide cooled fast reactor 
concepts [1,2]. While these studies have shown the feasibility and potential of using carbon dioxide 
cooled fast reactors for the effective management of plutonium and minor actinides, the use of a steel 
clad pin fuel imposes an onerous constraint on the maximum allowed clad temperature, resulting in a 
plutonium inventory which is too high to be considered practical.  

This paper describes studies that have been undertaken to establish a gas cooled fast reactor core 
design with a plutonium inventory reduced to a more practical level. Two modifications have been 
made to the carbon dioxide cooled core concept: the replacement of the steel fuel cladding with a 
ceramic material and the use of a helium coolant in place of carbon dioxide. The fuel consists of fuel 
particles, mixed with a matrix material, that are packed inside a pin, block or plate type geometry. 
The use of ceramic fuel materials allows for a significant increase in the peak clad/matrix 
temperature and higher linear ratings, thus allowing a reduction in the fuel content, and hence the 
plutonium inventory within the core. The core is cooled by helium to take advantage of the efficiency 
gains originating from operating at higher temperatures. 

Within this work a thermal hydraulic study has been undertaken to produce a design capable of 
meeting the higher peak linear rating and clad/matrix temperature limits with a reduced plutonium 
inventory. The neutronic performance of this core design has then been assessed. The neutronics 
design and performance studies presented have been performed using the ERANOS code and data 
system developed as part of the European collaboration on fast reactors. The nuclear data used for all 
calculations originates from the French ERALIB1 adjusted nuclear data library. These studies have 
been sponsored by BNFL. 

Core concept 

The helium cooled core design considered in this study is rated at 2 400 MW(th) with a net 
thermal efficiency of 40.5% and a load factor of 80%. The general core design parameters have been 
defined from the results of a thermal hydraulic sensitivity study. Reference values, based on 
experience of the AVR and THTR-300 high temperature reactors in Germany, and the design of the 
Eskom PBMR reactor currently under development in South Africa, have been assumed for the helium 
coolant pressure, 60 bar, and the core inlet and outlet temperatures, 530°C and 900°C respectively. It 
has also been assumed that there is an upper limit on the coolant pressure drop of 3 bar.  

Table 1: Fuel particle specification 

Parameter Units Value 
Fuel Density g/cm3 11.46 
Fuel Kernel Radius cm 0.0425 
Outer Fuel Particle Radius cm 0.0635 
Particle Coatings – C / C / SiC / C 
Coating Density g/cm3 1.05 / 1.90 / 3.18 / 1.90 
Coating Thickness cm 0.0095 / 0.0040 / 0.0035 / 0.0040 
Coating Outer Radius cm 0.0520 / 0.0560 / 0.0595 / 0.0635 
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The use of ceramic materials, rather than steel clad, permits a significant increase in the peak 
clad/matrix temperature, allowing higher volumetric ratings and a reduction in the plutonium 
inventory. A significant amount of research, including the irradiation of experimental pins, was 
undertaken into the possible use of ceramic cladding for a Mark III carbon dioxide cooled thermal 
reactor, considered as a possible replacement for the Advanced Gas Cooled Reactors [3].  
The experimental results indicated that temperatures up to 1 200°C and volumetric ratings up to 
200 MW/m3 are achievable. A peak clad/matrix temperature of 1 000°C, and a peak volumetric rating  
of 180 MW/m3, have been conservatively adopted for the purposes of the current study. 

The core uses a mixed oxide fuel. The isotopic fuel vector is derived from a fuel cycle scenario 
with a mixed park of Pressurised Water Reactors (PWRs), European Fast Reactors without blankets 
(EFRs) and helium cooled particle fuelled reactors. The EFRs are fuelled with a mixture of the 
plutonium coming from their own spent fuel and the plutonium arising from the spent PWR fuel. The 
PWR fuel is assumed to be once through as no MOX recycling in the PWRs has been included.  

The fuel is in the form of coated particles mixed with a silicon carbide matrix material. The fuel 
particle consists of a fuel kernel surrounded with coatings of, respectively, porous carbon to provide a 
buffer against fuel swelling, dense pyrocarbon to provide physical strength, silicon carbide to retain 
gaseous and volatile fission products, and an outer dense pyrocarbon layer. A fuel kernel diameter of 
0.85 mm, and a particle packing density of 60 volume %, close to the maximum achievable values, 
have been assumed to maximise the fuel density. This results in a fuel density within the matrix of 
1.8 g/cm3 and a volume fraction of the actinide compound, within the matrix, of 15%. The low fuel 
content is a result of the nature of the particulate fuel, the thickness of the coating materials, and the 
achievable packing fraction of the particles. Details of the fuel particle specification are given in the 
following table.  

Three different geometrical arrangements for the fuel particles and matrix material have been 
considered: 

• a more conventional pin concept in which the fuel pins, contained within an hexagonal 
wrapper, are formed by vibro-packing the fuel particles, mixed with the matrix material, into 
a hollow silicon carbide cladding that has been extruded and sintered separately; 

• a prismatic or block type geometry in which the fuel particles and matrix material form a 
hexagonal block containing cylindrical channels to allow for cooling; 

• a plate or slab type geometry in which the fuel particles and matrix material form a 
rectangular block containing square channels to allow for cooling.  

A diagrammatic representation of the block and plate type sub-assemblies is shown in Figure 1. 

Figure 1: Block and plate type sub-assemblies 
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Core loading patterns have been optimised for each geometry type, depending on the number of 
sub-assemblies identified in the thermal hydraulics sensitivity study. Each core contains two fuel 
enrichment zones, with optimised numbers of control and shutdown rods (CSDs) and diverse 
shutdown rods (DSDs). The enrichment, enrichment zone size, absorber rod positions and number of 
fuel batches are varied during the optimisation to achieve equal ratings in each zone, a small excess 
core reactivity at the end of cycle and a peak burn-up of about 20% heavy atoms. The core is 
surrounded by two rows of steel reflector sub-assemblies and a single ring of boron carbide shield 
sub-assemblies, there are no axial of radial breeder assemblies. 

Calculation models and methods 

Neutronics 
All the core configurations evaluated have been modelled using version 1.2 of the European Fast 

Reactor code scheme ERANOS along with the ERALIB1 nuclear cross-section data library [4]. Within 
the ERANOS code scheme the cell code ECCO uses the subgroup method to treat resonance self 
shielding effects to prepare broad group self shielded cross-sections and matrices for each material in 
the core model. A fine group slowing down treatment is combined with the sub group method within 
each fine group to provide an accurate description of the reaction thresholds and resonances for the 
heterogeneous geometry of each type of critical and sub-critical sub-assembly. Whole core flux and 
depletion calculations have been performed in 3 dimensional geometry for each core configuration 
studied using finite difference diffusion theory in 33 energy groups. It has been shown that the use of 
these standard methods for a gas cooled core requires a correction to the whole core reactivity to 
account for residual transport, heterogeneity and neutron streaming effects. A correction of 
+2.45% has been applied to all calculations of absolute core reactivity.  

Thermal hydraulics 
In the thermal hydraulics calculations it is assumed that the maximum clad surface temperature 

occurs at the core outlet but that, pessimistically, that the power generation in the fuel at this height 
is the same as the average power in the peak rated pin in the reactor. This allows the maximum pin 
clad edge temperature to be determined using standard thermal hydraulic equations and methods. 
Using this as a boundary condition allows the clad and average temperatures in the fuel pin to be 
calculated. A uniform heat production across the fuel particle/matrix containing region is assumed 
and a one dimensional radial conduction model in annular geometry is solved. For the fuel pin 
geometry, temperatures are calculated in each of a series of annuli within the pin and using average 
temperatures in each annulus as a boundary condition particle temperatures are calculated by solving 
a simple spherical heat conduction problem.  

The block and plate type geometries are assumed to consist of a series of identical channels 
represented by a repeated fundamental sub-cell at the assembly centre, edge effects being neglected. 
In addition, for the purpose of the temperature calculation, the flow area and fuel area are used to 
define an equivalent annular cell with coolant at its centre, surrounded by matrix material containing 
the fuel particles. The flow model is then represented as flow within a tube. The effective hydraulic 
diameter of the channel is calculated as four times the free flow area divided by the wetted perimeter. 
The temperature solution for the fuel is then identical to that for a hollow fuel pin except that there is 
a cooling flow through the central hole.  

Fuel sub-assembly and core design 

An initial thermal hydraulics study was performed to determine, for each geometry type, the 
effects of varying the core height and diameter. There is more scope to change the core height than 
the radial extent of the core and therefore the influence of core diameter changes on parameters such 
as the core pressure drop, clad/matrix outlet temperature, peak volumetric rating, and the plutonium 
inventory, were found to be relatively limited. The relatively larger changes possible to the core height, 
however, has a significant effect especially on the peak volumetric rating. For the core radius 
considered, a core height of 2 m results in for a peak volumetric rating close to the required design 
limiting value of 180 MW/m3. Although increasing the core height has a detrimental effect on the core 
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pressure drop, a core height of 2m gives a pressure drop below the maximum design limit of 3 bar for 
all of the geometries considered. The peak clad/matrix temperature is also within the acceptable 
range. Increasing the core height also has the undesirable effect of increasing the plutonium 
inventory, although at 2 m the inventory is significantly lower than that needed in previously 
examined carbon dioxide cooled core designs. The value of 2 m has therefore been adopted as a 
reference value. 

In the thermal hydraulics assessment the effect of changing the number of fuel pins per  
sub-assembly, or flow channels for the block and plate core, was examined to determine the 
sensitivity of the main design parameters. A fixed sub-assembly pitch of 25.30 cm was assumed. The 
variation in the core pressure drop and the peak clad/matrix temperature is shown for each geometry 
type in the figures below. 

Figure 2: Core pressure drop and peak clad temperature for the pin sub-assembly geometry 
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Figure 3: Core pressure drop and peak matrix temperature for the block sub-assembly geometry 
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Figure 4: Core pressure drop and peak matrix temperature for the plate sub-assembly geometry 
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In the case of the pin sub-assembly geometry, increasing the fuel pin diameter and the number 
of pins has the beneficial effect of reducing the peak clad temperature while also increasing the fuel 
volume content. However, it also has the detrimental effect of increasing the required mass flow and 
core pressure drop. A total of 271 pins per sub-assembly, with a pin diameter close to 1.1 cm, provides 
an optimum solution giving peak volumetric ratings, peak clad temperatures and the core pressure 
drop within the design range. It is also a solution that, as far as possible, maximises the core fuel 
volume.  
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In the case of the block sub-assembly geometry it is a reduction in the size and number of 
coolant channels that leads to an increase in the core pressure drop. A total of 271 coolant channels 
per sub-assembly with a channel diameter close to 1.1 cm was found to provide the optimum thermal 
hydraulic performance while again maximising the volume available for the core fuel. 

Similarly, in the case of the plate sub-assembly geometry it is a reduction in the size and number 
of coolant channels, or an increase in the plate thickness, that has the effect of increasing the core 
pressure drop. A total of 289 coolant channels, or a plate thickness close 0.35 cm, was found to provide 
the optimum solution.  

Table 2: Thermal hydraulic results values 

 Geometry 
 Pin Block Plate 
Coolant Pressure (bar) 60   
Coolant Pressure drop (bar) 3   
Core Power (MW) 2400   
Core Inlet Temperature (°C) 530   
Core Outlet Temperature (°C) 900   
Peak Clad/Matrix Temperature (°C) 1000   
Core Height (m) 2   
Number of Fuelled Sub-Assemblies    
Inner Core 61 61 48 
Outer Core 120 120 118 
Sub-Assembly Pitch (cm) 25.299   
Wrapper Thickness (cm) 0.44   
Inter Sub-Assembly Gap (cm) 0.50   
Number of Pins/Channels per Sub-Assembly 271 271 289 
Pin/Channel Diameter (cm) 1.1396 1.1032 1.1000 
Fuel Sub-Assembly Volume Fractions    
Actinide 6.49 8.01 7.29 
C + SiC (matrix/particle coatings/wrapper/clad) 50.08 43.29 40.48 
He Coolant 43.43 48.70 52.23 

 

Table 3: Thermal hydraulic results values 

 Geometry 
 Pin Block Plate 
Plutonium Enrichment (mass %)    
Inner Core 53.0 40.5 40.0 
Outer Core 54.5 43.5 43.1 
Fuel Dwell Time (efpd) 4 x 188 4 x 188 4 x 188 
Peak Volumetric Rating (MW/m3)    
Inner Core 186 175 186 
Outer Core 182 178 187 
Peak Burn-up (% heavy atoms)    
Inner Core 20.8 20.3 20.1 
Outer Core 19.9 20.4 20.7 
Peak Damage (dpaNRT Fe) 85 94 97 
Reactivity Loss per Cycle (pcm) 5326 4448 3716 
Delayed Neutron Fraction (pcm) 299 305 306 
Prompt Neutron Lifetime (10-6s) 1.95 1.65 1.62 
Plutonium Consumption (kg/TWhe) 75.5 59.3 59.6 
Minor Actinide Production (kg/TWhe) -9.4 -9.0 -8.9 
Plutonium Inventory – Start of Life (tonnes) 6.9 7.1 7.0 
Doppler Coefficient (pcm) -686 -593 -595 
Coolant Void Worth (pcm) -260 -187 -181 
Water Ingress Reactivity Effect (pcm) +557 +414 +407 
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The thermal hydraulic results have been used to define the initial design parameters for the pin, 
block and plate geometry cores. Values are given in Table 2. Using these values it was then possible to 
perform a neutronics study to define a core layout consistent with maintaining an adequate core 
power distribution, reactivity and peak end of life dpa. Requirements for the CSD and DSD absorber 
rods were assumed to be similar to those found for previous carbon dioxide cooled core designs.  

Results and discussion 

Core performance calculations have been carried out for the pin, block and plate geometry core 
designs. The fuel dwell time was determined on the basis of achieving a peak heavy atom burn-up 
close to 20% heavy atoms. The inner and outer core enrichments have been chosen to give balanced 
inner and outer core volumetric ratings while maintaining a k-effective of unity at the end of cycle 
with all control rods withdrawn. The core performance and safety parameters are summarised in 
Table 3. 

A helium cooled core design has been devised based on a particulate fuel concept consisting of 
coated fuel particles held within a silicon carbide matrix and clad. The main aim of this design was to 
significantly reduce the plutonium inventory in comparison to that of a previously studied carbon 
dioxide cooled fast reactor design. It has been shown that this core concept, with an outlet 
temperature of 900°C, a peak clad/matrix temperature of 1 000°C, with a plutonium inventory of about 
7 tonnes at the start of life, possesses generally acceptable neutronics and safety performance 
characteristics. The peak burn-up has been determined from the percentage change in heavy atom 
concentrations over the residence time of the fuel within the core and is close to the target value of 
20% heavy atoms for all geometries. The peak volumetric ratings are within design limits. The delayed 
neutron fraction and prompt neutron lifetime are consistent with values obtained for previous carbon 
dioxide cooled core designs. The distribution and characteristics of the control rods appear adequate 
and the necessary shutdown margins have been satisfied. The Doppler constant, strongly dependent 
on the core uranium content, is comparatively large, even with the high plutonium enrichment, due 
to the relatively soft neutron spectrum.  

As expected, the coolant void reactivity coefficient for the helium cooled fast reactor, 
approximately -200 pcm, is small in magnitude. This confirms the significant safety advantage of the 
gas cooled core compared to liquid metal cooled cores on voiding. A fault condition of particular 
concern in a gas cooled fast reactor is that of water ingress into the core due to leaks in the steam 
generators. This effect is relatively small, although positive, for the helium cooled fast reactor core 
design.  

However, the particulate fuel concept, with its low fuel volume fraction, makes it difficult to 
achieve a self generating core with a breeding gain near zero, a strategic requirement for future 
reactor designs. Also, the high plutonium enrichment required, in particular for the pin sub-assembly 
geometry, results in reprocessing difficulties using the PUREX process due to solubility of the 
plutonium at enrichments approaching 45%. Although, the plutonium enrichments are lower for the 
block and plate geometry cores, due to an increased fuel volume, the plutonium enrichment still 
exceeds 40%, significantly above the level required to achieve a self generating core.  

Exploratory design studies have shown that typical core volume fractions of 40% for the helium 
coolant, 10% for structural materials, and 50% for the fuel, are required to achieve future core design 
objectives. For the fuel, at least 50% of the fuel volume should be occupied by the actinide compound, 
implying an actinide content within the core of between 20-25%. A number of further design 
modifications can be made to try to achieve this aim: 

• the use of high density nitride or carbide fuels to allow an increase in the fuel density and 
volume content within the core; 

• the use of alternative particle coatings, such as ZrC, to allow a reduction in the particle 
coatings and their thickness in relation to the kernel diameter; 

• the use of micro or macro dispersed fuel in which the actinide compound can reach 50-70% of 
the volume inside the fuel/matrix material. 
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Significant developments in fuel design and performance will be required to demonstrate the 
feasibility of these innovative concepts, as well as the more conventional mixed oxide based fuels 
considered in the current study. Existing fuel particle designs have been developed for a lower power 
density and are located within graphite blocks or pebbles which provide neutron moderation and 
allow for efficient heat transfer. These fuel concepts are not adapted to the fast neutron spectrum of 
the gas cooled fast reactor or the fuel cycle requirements of future reactor designs. Significant 
optimisation of the fuel particle and core designs will be required to develop alternative dispersed fuel 
or particle concepts. Alternative coatings and geometries for kernels, buffer and matrix materials will 
need to be identified and investigated. 

Conclusions 

Thermal hydraulic and neutronic sensitivity studies have been undertaken to devise pin, block 
and plate geometry designs of a helium cooled fast reactor that are capable of meeting the increased 
design limits on the peak volumetric rating and peak matrix/clad temperature allowed by particulate 
fuels in a ceramic matrix. The volume fraction of the actinide compound within the core designs is 
about 6-8%, with a plutonium inventory of approximately 7 tonnes at the start of life. The low actinide 
volume within the core, due to the particulate geometry, leads to a high plutonium enrichment, in 
excess of 40% for all of the geometries considered. 

The neutronics performance of the designs has been shown to be acceptable. However, the high 
plutonium consumption rate in these cores, 60-70 kg/TWhe, caused by the high plutonium 
enrichment, makes it difficult to achieve a self generating core, seen as a key requirement for future 
reactor designs. Further optimisation of the core design is required to increase the actinide content 
within the core. Alternative dispersed fuel or particle concepts will need to be identified and 
investigated. 
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Abstract 
Analyses are investigating the viability of a 20 MWe (45 MWt) proliferation-resistant and passively 
safe small, modular, liquid metal fast reactor concept for deployment at remote sites. The concept 
combines the benefits of molten lead coolant, transuranic nitride fuel, and natural circulation heat 
transport to enhance passive safety and operate at higher temperatures than traditional liquid metal 
fast reactors. It achieves a 20-year core lifetime with cassette core refuelling to enhance proliferation 
resistance, is fissile self-sufficient by creating as much fissile fuel as it consumes, has a high fuel 
discharge burn-up exceeding that of operating light water reactors, autonomously changes its power 
without operation of control rods to match the demand from the electric power grid, and employs 
supercritical carbon dioxide Brayton cycle power conversion to achieve a 44% efficiency at a core outlet 
temperature of 566°C.  
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Introduction 

Research and development is in progress to determine the viability of a small modular 
Lead-cooled Fast Reactor (LFR) concept known as the Small Secure Transportable Autonomous 
Reactor (SSTAR). One mission of SSTAR is to provide incremental electricity generation to match the 
needs of developing nations and especially remote communities or industrial operations (e.g. mining) 
without major electrical grid connections such as exist in the states of Alaska or Hawaii, island 
nations of the Pacific Basin (e.g. Indonesia), and elsewhere. This represents a niche market within 
which capital and operating costs per unit energy may be higher than those for large-scale nuclear 
power plants (NPPs) and still be competitive.  

Power levels in the range of 10 to 100 MWe are of interest. For example, the “Report to Congress 
on Small Modular Reactors,” US Department of Energy, May 2001 [1] states that “In considering 
possible replacement power plants, it appears that units less than 50 MWe would represent the 
majority of Alaskan generating capability, with units of 10 MWe or less being the most widely 
applicable.” The concept currently under investigation has a power level of 20 MWe (45 MWt). The 
SSTAR LFR incorporates favourable attributes similar to those that have been identified for the LFR at 
larger scale [2,3]. Key features and goals of SSTAR include:  

• Proliferation resistance: 

– core lifetime/refuelling interval of 20 years; 

– the core is a single cassette and is not composed of individual removable fuel assemblies; 

– access to fuel is restricted during the core lifetime; 

– refuelling equipment is present at the site only during refuelling operations at the end of 
the core lifetime; 

– transuranic fuel that is self protective in a proliferation safeguards sense. 

• Molten lead (Pb) primary coolant and nitride fuel: 

– passive safety and potential to operate at higher system temperatures than traditional 
liquid metal cooled fast reactors. 

• Autonomous operation: 

– core power adjusts itself to heat demand from the reactor system due to large inherent 
reactivity feedbacks of the fast spectrum core without operator motion of control rods; 

– active adjustment of control rods for start-up, shutdown, and burn-up compensation over 
the core lifetime. 

• Fissile self-sufficiency: 

– conversion ratio near unity; 

– realisation of a sustainable closed fuel cycle. 

• Supercritical carbon dioxide (S-CO2) gas turbine Brayton cycle power converter: 

– higher plant efficiency than Rankine saturated steam cycle at the same core outlet 
temperature; 

– reduced balance of plant footprint, costs, and staffing requirements. 

• Natural circulation primary coolant heat transport: 

– eliminates main coolant pumps and loss-of-flow accidents. 

• Factory fabrication: 

– all reactor and balance of plant components including reactor and guard vessels; 

– reduced costs and improved quality control. 
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• Factory assembly of components into transportable modules: 

– short modular installation and assembly times at site; 

• Full transportability by barge or rail, or possibly by road; 

• Flexibility to be adapted to generate other energy products: 

– production of desalinated water or hydrogen. 

The use of lead coolant enhances passive safety. Lead is chemically inert; that is, it does not react 
chemically with the CO2 working fluid above ~250°C. Lead does not react vigorously with air or 
water/steam. Lead has a high boiling temperature of 1 740°C (1 670°C for Pb-Bi eutectic). As a 
consequence, under all operational transients and postulated accidents, the SSTAR core and heat 
exchangers remain covered by ambient pressure single-phase primary coolant and single-phase 
natural circulation removes the core power. 

Selection of nitride fuel 

Nitride fuel has been selected because it offers several potential improvements that are well 
suited to the LFR.  The use of nitride fuel also enhances passive safety. Nitride has a high melting 
temperature (>2 600°C for UN). Its high thermal conductivity together with the Pb bond between the 
fuel pellets and cladding reduce the fuel-coolant temperature difference. Nitride is compatible with a 
fast neutron spectrum and provides a high atom density. The nitrogen is enriched in N15 to eliminate 
parasitic reactions in N14 and the waste disposal problems associated with C14 production. In addition, 
nitride fuel is compatible with both the ferritic/martensitic stainless steel cladding and Pb coolant; 
nitrogen is insoluble in Pb. The nitride pellets are bonded to the cladding by molten Pb. Nitride further 
offers low irradiation-induced swelling and fission gas release.  

Although nitride fuel has a high melting temperature, nitride fuel could decompose at 
sufficiently high temperatures. Decomposition would form metallic species that could possibly 
interact with the Pb bond or cladding. An analysis of high temperature thermal decomposition of both 
UN and mixed nitride, (U0.8, Pu0.2) N, was carried out. Figure 1 shows the vapour pressure of U and 
N2 over UN [4]. The calculated mass fractions of decomposed species for UN are presented in Figure 2. 
For (U0.8, Pu0.2) N mixed nitride, the vapour pressure [5] and decomposed species mass fractions are 
shown in Figures 3 and 4. For UN fuel, the calculated decomposed mass fractions are less than 10–5 for 
temperatures below 2 350°C. However, for mixed nitride, they are less than 10–5 for temperatures 
below about 1 350°C. A temperature of 1 350°C is well above the maximum fuel temperature that is 
anticipated for any of the accidents that will be analysed for SSTAR. Consequently, it is concluded 
that thermal decomposition of the nitride fuel will not be a factor of any significance for SSTAR during 
normal operation or postulated accidents. The calculated results are consistent with those 
determined by Rogozkin, Stepennova, Bergman, and Proshkin [6] who ruled out the dissociation of 
mixed nitride at temperatures up to 1 700-1 800°C.  

Figure 1: Vapour pressures of U and N2 over UN 
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Figure 2: Mass fraction of species resulting from thermal decomposition of UN 
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Figure 3: Vapour pressure of U, Pu, and N2 over (U0.8, Pu0.2) N 
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Figure 4: Mass fraction of species resulting from thermal decomposition of (U0.8, Pu0.2) N 
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The lead coolant and nitride fuel together provide the potential to operate the LFR reactor system 
at higher temperatures than traditional liquid metal-cooled fast reactors, provided that 
corrosion-resistant structural materials capable of maintaining sufficient strength over the long core 
lifetime can be developed. A peak cladding temperature of 650°C is assumed as the limiting condition 
in the present analysis. 
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Summary of neutronics analysis 

Parametric studies were first performed to achieve a long core lifetime of 20 years, to minimise 
the burn-up reactivity swing, and to minimise the core size. Transuranic (TRU) fuel from LWR spent 
fuel is used. A 25-year cooling time is assumed to minimise the effect of Pu241 isotope decay. A core 
height-to-diameter ratio of 0.8 was used to minimise the neutron leakage. The results showed that the 
reactivity swing and the core size decrease with increasing fuel volume fraction and a ~1 m diameter 
core is feasible with a fuel volume fraction of 0.55. This fuel volume fraction is high but in the thermal 
hydraulics analysis to follow natural circulation heat transport from the core to the in-vessel 
Pb-to-CO2 heat exchangers (HXs) is possible.  

Additional trade-off studies were performed to determine the core size and power level which 
gives a reasonable discharge burn-up. For various power levels, Figure 5 shows the average discharge 
burn-up and burn-up reactivity swing versus active core diameter determined with simplified 
cylindrical core geometry and a fuel volume fraction of 0.55. It is observed that the burn-up reactivity 
swing exhibits a minimum at an active core diameter of about 1.0 m for all power levels. Figure 6 plots 
the average discharge burn-up as well as the peak fast fluence versus the active core diameter. 
Increasing the core thermal power directly increases the average discharge burn-up. However, the 
maximum power is limited by the requirement that the peak fast fluence remain below the assumed 
limit of 4.0 × 1023 neutrons/cm2. This limitation is encountered for core powers of about 45 to 50 MWt. 
Thus, for the assumed 0.55 fuel volume fraction, a core diameter of about 1.0 m minimises the 
burn-up reactivity swing and a power level of about 45 MWt maximises the average discharge burn-up. 

Figure 5: Average discharge burn-up and burn-up reactivity swing versus active core diameter 
 

0

50000

100000

150000

200000

250000

300000

0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

Core Diameter (m)

B
ur

nu
p 

(M
W

D
/M

T)

-40.00

-35.00

-30.00

-25.00

-20.00

-15.00

-10.00

-5.00

0.00

5.00

B
ur

nu
p 

Sw
in

g 
(%

) {
da

sh
ed

}

25 MWt
30 MWt
35 MWt
40 MWt
45 MWt
50 MWt
25 MWt
30 MWt
35 MWt
40 MWt
45 MWt
50 MWt

 

Figure 6: Average discharge burn-up and peak fast fluence versus active core diameter 
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Based on these results, a power level of 20 MWe (45 MWt) was chosen and more detailed 
calculations were performed in hexagonal-z geometry. The fuel pins are arranged on a triangular 
pitch with a pitch-to-diameter ratio of 1.121. The fuel pins have a large diameter of 2.5 cm that 
provides a large hydraulic diameter for Pb coolant flow reducing the frictional pressure drop through 
the core as required for natural circulation. The core incorporates five distinct TRU enrichment zones 
including a central low-enrichment region to reduce the peak-to-average power ratio and burn-up 
reactivity swing. The core is a single cassette of fuel pins with an open flow configuration and is not 
composed of individual removable assemblies. Table 1 shows core conditions and the calculated core 
neutronics performance. Reactivity feedback coefficients calculated for the SSTAR core are shown in 
Table 2 at the beginning of the 20-year core lifetime (BOC), the peak of the burn-up swing (POC) 
occurring at approximately 13 years, and at the end of the lifetime (EOC). 

Table 1: SSTAR core conditions and performance 

Core Diameter, m 1.02 
Active Core Height, m 0.8 
Nitride Fuel Smeared Density,% 90 
Fuel Volume Fraction 0.55 
Cladding Volume Fraction 0.16 
Bond Volume Fraction 0.10 
Coolant Volume Fraction 0.18 
Fuel Pin Diameter, cm 2.5 
Fuel Pin Pitch-to-Diameter Ratio 1.121 
Cladding Thickness, mm 1.0 
Average Power Density, W/cm3 69 
Specific Power, KW/Kg HM 10 
Peak Power Density, W/cm3 119 
Average Discharge Burn-up, MWd/Kg HM 72 
Peak Discharge Burn-up, MWd/Kg HM 120 
Peak Fast Fluence, n/cm2 4.0 X 1023 
BOC to EOC Burn-up Swing,% delta rho 0.13 
Maximum Burn-up Swing,% delta rho 0.36 
BOC to EOC burn-up Swing, $ 0.35 
Maximum Burn-up Swing, $ 0.96 

 

Table 2: Reactivity feedback coefficients for SSTAR 

 BOC POC EOC 
Delayed Neutron Fraction 0.0035 0.0034 0.0034 
Prompt Neutron Lifetime, s 1.8E-07 1.8E-07 1.8E-07 
Coolant Density, cents/°C -0.002 0.003 0.002 
Fuel Density, cents/°C -0.28 -0.28 -0.28 
Structure Density, cents/°C 0.03 0.04 0.04 
Core Radial Expansion, cents/°C -0.16 -0.16 -0.16 
Core Radial Expansion, $/cm -2.35 -2.36 -2.35 
Axial Expansion, cents/°C -0.06 -0.06 -0.06 
Axial Expansion, $/cm -0.91 -0.94 -0.89 
Doppler, cents/°C -0.12 -0.12 -0.11 
Voided Doppler, cents/°C -0.14 -0.13 -0.13 
Coolant Void Worth, $ -0.99 -0.45 -0.71 
Control Rod Insertion, $/cm -0.08 -0.16 -0.12 

 

Fuel pin cladding mechanical analysis 

The LFR coolant technology database indicates that silicon-enhanced ferritic/martensitic (F/M) 
stainless steel might resist attack by flowing molten Pb up to temperatures of about 650°C with 
control of the partial pressure of oxygen dissolved in the coolant. A goal is to operate SSTAR at a peak 
cladding temperature (PCT) of about 650°C to take advantage of the increase in the efficiency of  
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the S-CO2 Brayton cycle with temperature. However, the fuel pin cladding must be capable of 
maintaining its integrity under the pressure loadings of released fission gas at such temperatures over 
the 20-year core lifetime. The F/M alloy, HT9, is assumed as representative of such cladding materials 
with regard to mechanical behaviour. The HT9 mechanical properties are therefore assumed to 
investigate viability for application to the SSTAR fuel pin cladding. The following design criteria are 
assumed for HT9 cladding: 

• Thermal component of plastic hoop strain, εTHN < 0.01 = 1.0%. This is a statement that thermal 
creep is what damages the cladding. The thermal creep strain consists of primary, steady 
state, and tertiary components. 

• Cumulative damage function, 050.
t

dt
CDF

t

o rupture

<= ∫ . A value of 0.05, significantly less than unity, 

is specified to limit the number of fuel pin failures in a statistical sense. 

• Radially averaged hoop stress, σH < 150 MPa. The purpose of this limit is to preclude unstable 
plastic deformation; strain rates increase rapidly when cladding is subjected to stresses above 
this level. 

An analysis was carried out for the most severely stressed pin over the core lifetime. The location 
of the peak power/hot channel varies with time moving from the outer core to the centre of the core. 
It is assumed that the hot channel pin at EOC has average channel conditions for the first 90% of core 
life followed by hot channel conditions for the last 10% of core life. In particular, the maximum 
cladding temperature over the pin height at the middle of the wall thickness equals 589°C for the first 
18 years and 638°C for the final two years. The mid-wall temperature is less than the PCT of 650°C at 
the cladding inner surface. The pressure loading from fission gas release is assumed to increase 
linearly with time to the final value.  

Figure 7 shows the total thermal creep strain for HT9 at the end of core life as a function of the 
equivalent stress (86.6% of the hoop stress) at the end-of-core life when the final equivalent stress is 
varied as a parameter. It is observed that the total creep strain exceeds 1% for values of the equivalent 
stress greater than 15.3 MPa. To limit the hoop stress to 15 MPa or less requires a large fission gas 
plenum height of 2.4 m or greater to reduce the fission gas pressure loads. The peak hoop stress at 
EOC for the hot channel pin is calculated from the fission gas plenum pressure at EOC which is 
calculated from the amount of fission gas released. The gas release is calculated from the fuel burn-up, 
the number of fissions per atom per cent of burn-up, the number of fission gas atoms formed per 
fission, and the fraction of fission gas released from the fuel. The release fraction is assumed given by 
the correlation derived by Rogozkin, Stepennova, and Proshkin[7], 

F=3.05 B1.92 exp (-4130/RTfuel) 

where B = burn-up in atom%, R = 1.98 cal / (mol · K), Tfuel = fuel centreline temperature. For a 
maximum fuel centreline temperature of 953°C and an effective fuel burn-up of 7.68%, a release 
fraction of 28% is calculated. The resulting fission gas pressure and cladding hoop stress versus 
plenum height are shown in Table 3. A fission gas plenum height of 2.8 m is selected for SSTAR. 

Table 3: Fuel pin cladding hoop stress versus fission gas plenum height for  
28% fission gas release fraction and 595 °C hot channel outlet temperature 

 
Plenum Height, m Internal Pressure, MPa Cladding Hoop Stress, MPa 

0.8 3.23 38.7 
1.0 2.58 31.0 
1.6 1.61 19.4 
2.8 0.92 11.1 
3.2 0.81 9.68 
3.6 0.12 8.61 
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Figure 8 shows the time dependent thermal creep strain for the hot channel fuel pin cladding at 
EOC. The strain is effectively zero for the first seven years. Afterwards, steady state creep increases 
slowly over the remainder of the first 90% of core life; thermal creep increases rapidly during the final 
10% of core life after the cladding temperature increases. The total thermal creep strain at the 
end-of-core life is limited to 0.12% such that the cladding satisfies the 1% total thermal creep strain 
criterion. However, large creep rates that include tertiary creep are calculated during the final 10% of 
lifetime. This is an undesirable regime for cladding design. The analysis shows that HT9 has 
insufficient strength above 600°C to meet the SSTAR goals of a 20-year core lifetime and 650°C peak 
cladding temperature. 

A possible solution is the use of oxide dispersion-strengthened (ODS) cladding material. ODS 
materials offer the prospect of significantly greater strength at temperatures above 600°C. Examples 
given in Reference [8] are Fe-12Cr-2.5W-0.35Ti-0.25Y2O3 (designated 12YWT) and Fe-12Cr-0.25Y2O3 

(designated 12Y1). Figure 9 compares the cumulative damage function for the hot channel fuel pin 
cladding at EOC calculated for HT9 as well as various ODS materials including 12YWT and 12Y1. The 
CDF for HT9 exceeds the 0.05 criterion for hoop stresses at EOC exceeding 39 MPa. However, the CDF 
calculated for 12YWT is only 10–4 at a final hoop stress at EOC of 150 MPa.; a hoop stress approaching 
this value enables a small fission gas plenum height. 

Figure 7: Total thermal creep strain versus equivalent 
stress (86.6% of Hoop Stress) at end-of-core life 
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Figure 8: Time dependent thermal creep strain for  
hot channel fuel pin cladding at end-of-core life 
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Figure 9: Comparison of cumulative damage functions calculated for fuel  
pin cladding for HT9 and ODS materials versus hoop stress at end-of-core life 
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System thermal hydraulic analyses 

Figure 10 shows the primary coolant system configuration. The Pb coolant flows upwards 
through the core and the above-core riser region interior to the above-core shroud. Coolant flows 
through the holes in the shroud and enters the modular in-reactor heat exchangers to flow 
downwards over the exterior of double-walled circular tubes arranged on a triangular pitch through 
which the S-CO2 flows upwards.  Heat is thus transferred from Pb to S-CO2 in a counter-current regime. 
The Pb exits the heat exchangers to flow downwards through the down-comer to enter the reactor 
vessel lower head. A flow distributor head provides for an approximately uniform pressure boundary 
condition beneath the core. 

The SSTAR reactor system thermal hydraulic development has been carried out to meet the 
following requirements and constraints: 

• power level = 45 MWt; 

• full transportability by barge or rail, or road, if possible; 

• natural circulation heat transport of primary coolant at power levels up to and exceeding 
100% nominal; 

• core dimensions and fuel volume fraction from core neutronics analyses; 

• peak cladding temperature equal to 650°C; 

• maximise S-CO2 Brayton cycle efficiency;  
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• fission gas plenum height above the active core is conservatively set to 3.5 times the active 
core height, for the fuel pin cladding material, ODS F/M SSt or another material, yet to be 
selected; 

• Pb coolant channels about 1 cm or more in diameter to reduce potential for plugging by 
contaminants; 

• space for incorporation of a cylindrical liner and annular gap escape path for CO2 vapour/gas 
between in-vessel Pb-to-CO2 heat exchangers and reactor vessel inner surface; 

• space for multi-plate thermal radiation heat shield between bottom of upper head/cover and 
Pb free surface; 

• adequate coolant temperature margin above the freezing temperature; 

• removal of decay heat from outside of the guard/containment vessel to the atmospheric heat 
sink by natural circulation of air. 

Vessel size is constrained by conflicting goals. Rail transportability imposes a size limitation upon 
the reactor vessel and guard vessel of 6.1 m (20 feet) in diameter and 18.9 m (62 feet) in height. 
Alternately, the vessel height (18.3 m) and diameter (3.23 m) are determined by the need to fit the 
following components inside of the vessel and to provide sufficient driving head for single-phase 
natural circulation heat transport between the elevations of the in-reactor heat exchangers and the 
active core: 

• 1.02 m active core diameter; 

•  0.297 m reflector thickness; 

•  2.54 cm core shroud thickness interior to down-comer; 

•  5.72 cm thick gap between reactor vessel inner surface and 1.27 cm thick cylindrical liner to 
provide an escape path to the Pb free surface for CO2 void, in the event of HX tube rupture; 

•  5.08 cm thick reactor vessel; 

•  kidney-shaped Pb-to-CO2 heat exchangers must fit inside of the annulus between the shroud 
and reactor vessel, and provide sufficient heat exchange performance to realise a significant 
Brayton cycle efficiency. 

Figure 10: Illustration of SSTAR/LFR 
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The fuel pin cladding outer diameter is selected to minimise the peak cladding temperature for a 
fixed fuel volume fraction, fuel smeared density, and Pb core inlet temperature. Figure 11 shows the 
relationship between the fuel pin pitch-to-diameter ratio for a triangular lattice and the fuel pin 
diameter, for a fixed fuel volume fraction equal to 0.55, smear density of 90%, and cladding thickness 
equal to 1.0 mm. The dependency of the PCT upon the fuel pin diameter for different core inlet 
temperatures is presented in Figure 12. A fuel pin diameter of 2.5 cm is selected. Figure 13 shows the 
dependency of peak cladding temperature upon core inlet temperature; for a 2.5 cm pin diameter the 
PCT equals 650°C for a core inlet temperature of 420°C. As observed from Figure 14, the peak fuel 
centreline temperature is equal to 953 °C for the selected core inlet temperature and fuel pin diameter. 
Table 4 lists conditions calculated for SSTAR. The triangular pitch-to-diameter ratio of the in-reactor 
heat exchanger tubes has been selected to provide the 650°C PCT at a 420°C core inlet temperature. 
Pressures and temperatures for the Pb and S-CO2 circuits are shown on the schematic in Figure 15.  
A S-CO2 Brayton cycle efficiency of 44.4% is calculated. Subtracting off the pumping power 
requirement for the cooling water flow through the cooler where heat is rejected from the cycle, a net 
plant efficiency of 44.0% is obtained. 

Figure 11: Relationship between fuel pin diameter and triangular pitch-to-diameter ratio  
for 0.55 fuel volume fraction, 90% fuel smeared density, and 1.0 mm cladding thickness 
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Figure 12: Peak cladding temperature versus fuel pin outer diameter 
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Figure 13: Peak cladding temperature versus core inlet temperature 
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Figure 14: Peak fuel centreline temperature versus core inlet temperature 
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Figure 15: Schematic of SSTAR coupled to S-CO2 Brayton  
cycle showing nominal operating conditions 
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Figure 16: System temperatures following an autonomous power change  
from nominal power to a new steady state at end-of-core life (EOC) 
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Figure 17: Contributions from individual reactivity feedbacks for an autonomous  
power change from nominal power to a new steady state at end-of-core life (EOC) 

REACTIVITY FEEDBACKS (EOC)

-0.15

-0.1

-0.05

0

0.05

0.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

FRACTION OF NOMINAL CORE POWER

RE
A

CT
IV

IT
Y

, 
do

lla
rs

Coolant Radial exp.

Axial exp. Doppler

Control rods Total

 

Figures 16 and 17 show the autonomous load following behaviour calculated for SSTAR using the 
Doppler, axial expansion, core radial expansion, and coolant density reactivity feedback coefficients in 
Table 2. In particular, Figure 16 presents the system temperatures following an autonomous change in 
power from the nominal steady state to a new steady state. The core outlet temperature is observed to 
rise mildly while the peak cladding temperature decreases as the steady state power is reduced. Thus, 
under autonomous operation, the steady state maximum cladding temperature at core powers below 
nominal is less than that at nominal power. Contributions from individual reactivity feedbacks are 
shown in Figure 17 where the small reactivity feedback from coolant density changes is evident. 
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Table 4: SSTAR operating conditions 

Power, MWe (MWt) 19.8 (45) 
Reactor Vessel Height, m (feet) 18.3 (60.0) 
Reactor Vessel Outer Diameter, m (feet) 3.23 (10.6) 
Active Core Diameter, m (feet) 1.02 (3.35) 
Active Core Height, m (feet) 0.80 (2.62) 
Active Core Height-to-Diameter Ratio 0.8 
Fuel Volume Fraction 0.55 
Fuel Pin Outer Diameter, cm 2.5 
Fuel Pin Pitch-to-Diameter Ratio 1.121 
Core Hydraulic Diameter, cm 0.964 
Cladding Thickness, mm 1.0 
Fuel Smeared Density,% 90 
HX Tube Height, m 6.0 
HX Tube Outer Diameter, cm 1.4 
HX Tube Inner Diameter, cm 1.0 
HX Tube Pitch-to-Diameter Ratio 1.242 
HX Hydraulic Diameter for Pb Flow, cm 0.983 
HX-Core Thermal Centres Separation Height, m 12.2 
Peak Fuel Temperature, °C 953 
Peak Cladding Temperature, °C 650 
Core Outlet Temperature, °C 566 
Maximum S-CO2 Temperature, °C 553 
Core Inlet Temperature, °C 420 
Core Coolant Velocity, m/s 0.896 
Pb Coolant Flowrate, Kg/s 2125 
CO2 Flowrate, Kg/s 242 
CO2 Mass in Brayton Cycle, Kg 8712 
S-CO2 Brayton Cycle Efficiency,% 44.4 
Plant Efficiency,% 44.0 

 

Summary 

Results of preconceptual core neutronics, fuel pin cladding mechanical, and system thermal 
hydraulics calculations indicate that a SSTAR Pb-cooled, single-phase natural circulation, proliferation 
resistant, and passively safe small modular fast reactor concept with a 20-year core lifetime, good core 
reactor physics performance, good system thermal hydraulics performance, and a high plant 
efficiency of 44% (S-CO2 gas turbine Brayton cycle efficiency of 44.4%) may be viable at an electrical 
power level of 20 MWe (45 MWt). In particular, the SSTAR concept achieves a maximum average 
discharge burn-up of 72 MWd/Kg HM exceeding that of current light water reactors, a maximum 
burn-up reactivity swing during the 20-year core lifetime of less than one dollar, and a mean core 
temperature rise of 146°C, while the peak fuel pin cladding structural temperature is limited to 650°C. 

Key contributors to achievement of SSTAR goals are features of the transuranic nitride fuel: 

•  high atom density enabling a fuel volume fraction no larger than 0.55 that facilitates natural 
circulation heat transport of the primary coolant; 

•  low irradiation-induced swelling enabling a 90% fuel smeared density; 

• low fission gas release reducing fission gas pressurisation; 

• high melting and thermal decomposition temperatures enabling high system temperatures 
including a 650°C peak cladding temperature; 

• compatibility with Si-enhanced F/M stainless steel cladding as well as the Pb coolant and 
bond; 

• high thermal conductivity and the Pb bond that limit the peak fuel centreline temperature to 
953°C. 
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Ferritic/martensitic stainless steel fuel pin cladding with mechanical properties similar to HT9 
has insufficient strength at temperatures above ~600°C. For F/M SSt with HT9 properties and a 
650 C peak cladding temperature, the total thermal creep strain after 20 years can be limited to less 
than 1.0% but this requires significant enlargement of the fission gas plenum height or a thicker 
cladding wall to reduce the pressure loading from released fission gas. However, the high creep rates 
that are calculated for HT9 near the end-of-core life which include tertiary creep are undesirable for 
fuel pin cladding design. Development of fuel pin cladding materials having greater strength and 
resistance to Pb corrosion attack at high temperatures is indicated. One path forward may be oxide 
dispersion-strengthened Si-enhanced F/M SSt. This will require materials development, compatibility 
testing with flowing Pb, and development of code cases. Steady state high burn-up and transient 
irradiations of nitride fuel with the selected cladding and with Pb bonding are also required.   
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Abstract 
The feasibility of designing a 125 MWth molten-salt cooled ENHS (Encapsulated Nuclear Heat 
Source)-like reactor cores with Pu15N -U15N nitride fuel for high temperature applications is assessed. 
The cores considered have uniform fuel composition and no blanket elements and solid reflectors. They 
are to operate for at least 20 effective full power years without refueling, without fuel shuffling and 
with burn-up reactivity swing less than 0.5%. Six molten-salts are considered: NaF(57)-BeF2(43), 
7LiF(66)-BeF2(34), LiF(46.5)-NaF(11.5)-KF(42), NaF(50)-ZrF4(50), LiF(42)-NaF(29)-ZrF4(29) and 
LiF(43)-RbF(57). Only the first three are considered for the neutronic analysis. Six structural materials 
are considered: SS304, Hastelloy-N, HT-9, Mn-316SS, PCA, and SiC. It is found that, neutronically, 
ENHS-like cores can be designed for all combinations of molten-salt coolants and structural materials 
considered. Relative to the reference ENHS core, the molten-salt cooled cores require significantly 
tighter lattice, have softer neutron spectra, significantly more negative Doppler reactivity effect, much 
more positive coolant temperature and void reactivity effect and smaller reactivity worth of the control 
elements. Of the molten salts considered, LiF-NaF-KF offers the largest p/d ratio and is most suitable 
for natural circulation cooling. Its drawbacks include a relatively large positive coolant temperature 
coefficient of reactivity and a relatively small negative Doppler coefficient. Of the structural materials 
considered, SiC gives the largest p/d ratio, lowest plutonium loading, flattest power distribution and 
largest reactivity worth of the control elements. Hastelloy-N is the worst structural material; it 
requires the smallest p/d and gives the largest peak-to-average power density and smallest reactivity 
worth of the control elements.  
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1 Introduction 

The Encapsulated Nuclear Heat Source (ENHS) reactor published (Wade, et al., 2002, Greenspan, et al., 
2002, Hong, et al., 2003, Hong, et al., 2003, Hong, et al., 2005) is a GEN-IV liquid metal cooled innovative 
125MWth reactor that features ~20 effective full power years (EFPY) of operation without refuelling 
and fuel shuffling having a burn-up reactivity swing that is less than one dollar, 100% natural 
circulation, and autonomous operation. At the present state of knowledge of lead alloy coolant 
technology, corrosion of structural materials limits the attainable heat source temperature to ~550°C. 
Even at this temperature the corrosion may not enable attaining the 20 EFPY design goal. Sodium 
could, in principle, be used as a coolant for the ENHS published (Hong, et al., 2003, Hong, et al., 2005), 
but its strong exothermic chemical reaction with air and water poses safety concerns. Moreover, due 
to the relatively low boiling temperature of sodium coupled with the positive coolant void coefficient 
of ENHS cores, the heat source temperature is also limited to ~550°C.  

Recently there is interest in developing a high-temperature nuclear heat source for 
decomposition of water into hydrogen; see, for example, references published (Forsberg, et al., 2003, 
Wade, et al., 2003) and references thereof. For this decomposition to be energy efficient, the nuclear 
heat needs to be supplied at temperatures that are at least ~750°C. Molten salts can safely operate at 
the >550°C temperature range while at nearly atmospheric pressures and are therefore considered a 
promising working fluid for transferring high-temperature heat published (Forsberg, et al., 2003).  

The objective of the present work is to assess the feasibility of using molten-salts as the coolant 
for an ENHS-like reactor module for developing countries that could provide high-temperature heat 
for efficient production of electricity and hydrogen.  

Molten-salts had been used as the coolant in the aircraft nuclear propulsion programme of the 
1950s and the molten-salt breeder reactor programme of the 1960s and 1970s published  
(Forsberg, et al., 2003). In these reactors, the fuel and fission products are dissolved in the coolant. 
Because the molten salts have high boiling temperature – up to ~1 400°C, the reactors can be operated 
at very high temperature at close to atmospheric pressure. Also, molten-salts do not react with air but 
slowly interact with water. Molten-salts have significantly higher heat capacity and lower viscosity 
than lead alloy, so that the required molten-salt mass flow rate is significantly smaller than that of 
lead alloy coolant. The resulting reduced friction losses, along with a high thermal expansion 
coefficient, compensate for the tight lattice and for the relatively low density required for molten-salts 
to give molten-salts natural circulation heat removal capability. 

There are two parts to this work – Neutronics feasibility assessment (Section 2) and 
thermal-hydraulic feasibility assessment (Section 3). The primary question addressed in these 
feasibility study is whether it is possible to design a 125MWth ENHS like reactor that uses solid fuel 
elements cooled by molten-salt that has a uniform composition core without blanket elements and 
that features: ~20 effective full power years (EFPY) of operation without refuelling and fuel shuffling; a 
burn-up reactivity swing that is less than one dollar; 100% natural circulation. 

2 Neutronic analysis 

2.1 Scope of work 
Three types of molten-salts are considered for the neutronic analysis as coolants: 

NaF(57)-BeF2(43), 7LiF(66)-BeF2(34), and LiF(46.5)-NaF(11.5)-KF(42), where the numbers in brackets stand 
for mole%. Six materials are considered for the structure, including the clad: SS304, HT-9, Mn-316SS, 
PCA, Hastelloy-N, and SiC. All of these except for HT-9 and SiC were considered for previous  
molten-salt reactor designs published (Lee, 1992). HT-9 was used for the lead-alloy ENHS so it is 
considered here to enable a direct comparison of coolants. The latter two materials are capable of 
high temperature operation published (Forsberg, et al., 2003, Runge, et al., 2003). Presently we do not 
have a good database on the compatibility of the different molten-salts with each of the structural 
materials, and on the acceptable temperature range. We consider all these materials in the neutronic 
analysis, nevertheless, for the sake of establishing the sensitivity of the core design-variables: lattice 
pitch and plutonium weight%, on the type of structural material. If this preliminary feasibility study 
will conclude that molten-salt is a viable coolant for an ENHS-like reactor, it will be justified to 
embark upon a thorough search for adequate structural material.  
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2.2 Reactor model and assumptions 
The fuel is a mixture of PuN and UN mono-nitrides made of nitrogen enriched to 99% 15N. This 

fuel type was found to be more reactive than metallic fuel published (Hong, et al., 2003a; 2003b; 2005). The 
plutonium is taken from LWR spent fuel of average discharge burn-up of 50GWd/tHM that was cooled 
for 10years. The plutonium composition is 3.18w/o 238Pu, 56.352w/o 239Pu, 26.62w/o 240Pu, 8.02w/o 241Pu, 
and 5.828w/o 242Pu. The uranium is depleted to 0.2w/o 235U. The smear density of the fuel is 85% giving a 
specific density of approximately 12.5 g/cm3; the exact density varies a little with the Pu concentration. 
Table 1 summarises some of the basic physical properties of the molten-salts considered, while Table 
2 gives the compositions of the six structural materials considered. 

Table 1: Basic physical properties of the molten-salt coolants 

Salt type Molecular 
weight 

Melting  
Point (oC) 

Density 
(g/cc,T(oC) 

700 Heat capacity 
(cal/g oC) 

Thermal conductivity 
(W/cm oC) 

NaF-BeF2 
(57%-43%) 
LiF-BeF2 

(66%-34%) 
LiF-NaF-KF  

(46.5%-11.5%-42%) 

44.1 
 

33.1 
 

41.2 

360 
 

458 
 

454 

2.27-3.7E-04T 
 

2.28-4.884E-04T
 

2.53-7.3E-04T 

0.52 
 

0.57 
 

0.45 

0.01 
 

0.011 
 

0.006~0.01 

 

Table 2: Compositions (wt%) of structural materials 

Material Fe Cr Ni Mo Si Mn C 
SS304 
HT-9 

Mn-316SS 
PCA 

Hastelloy-N 
SiC 

70 
85 

70.13 
65 
5 
– 

19 
11.5 
10 
14 
7 
– 

10 
0.5 
0.7 

16.2 
71 
– 

– 
1.5 
0.3 
2.3 
16 
– 

0.4 
0.6 
0.4 
0.4 
1 

70.05 

– 
0.9 
1.8 
1.8 
0.8 
– 

– 
– 
– 
– 
– 

29.95 
 

Figure 1 shows the reactor configuration used for the neutronic calculations. It is similar to that 
used in past studies of the ENHS reactor published (Hong et al, 2003, Hong et al, 2003, Hong et al, 2005) 
with the following exceptions: the peripheral absorber region is located closer to the core to increase 
its reactivity worth, and a structural material region is introduced in the centre of the central absorber 
region to reduce the power peaking in the inner-most region of the core. When the central absorber 
region is filled with only molten-salt coolant, there occurs a drastic power peaking due to the neutron 
slowing down in the central cavity. The axial dimensions are the same as for the liquid-metal cooled 
ENHS reactor designs published (Hong et al, 2003, Hong et al, 2003, Hong et al, 2005) while the radial 
dimensions vary with the optimisation of the pitch-to-diameter (p/d) ratio to give minimum burn-up 
reactivity swing. The radial thickness of all the regions except core is the same for all considered 
reactors. The core is a single bundle of uniform composition fuel rods positioned at the bottom on grid 
plate pedestals. The core has no blanket rods and no solid reflector rods. The unit cell is triangular. 
The active fuel height and fission gas plenum height is 125 cm each. The clad inner radius is 0.65 cm 
and its thickness is 0.13 cm. The core average heat generation rate is 101.4W/cm. Therefore the 
number of fuel rods in the core is 125 x 106W/ (125 cm*101.4 W/cm) = 9 862. For the neutronic 
calculations the core region is represented as homogenised annular cylinder.  

2.3 Computational method 
All the neutronic calculations are done with the DIF3D code published (Derstine, 1984) and the 

REBUS-3 code published (Toppel, 1983) using R-Z geometry. The DIF3D code is used to obtain the 
multi-group neutron flux by solving the neutron diffusion equation using the finite difference 
discretisation method. The REBUS-3 code solves the nuclide density rate equations using the neutron 
flux obtained from DIF3D. For the depletion analysis, the core is divided into nine equal volume  
zones: three radial zones and three axial zones. In each zone the nuclide number densities are 
assumed to be constant.  
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Figure 1: Configuration of the molten-salt cooled ENHS-like reactor for neutronic analysis 
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The multi-group cross-sections for the DIF3D calculations are generated with an ENDF/B-VI based 
150 group cross-section library published (Kim, 1999) (MATXS format) for master nuclides and with an 
ENDF/B-VI based 80 group cross-section library (MATXS format) for fission products. The multigroup 
cross-sections (ISOTXS format) are generated with the TRANSX code published (MacFarlane, 1993) 
where the Bondarenko method or Background cross-section method is used for self-shielding 
treatment and the Bell-Hansen-Sandmeier (BHS) method for the transport correction. The core 
physics data at BOL and EOL are calculated with 80 group cross-sections obtained by condensing the 
150 group cross-sections with the core spectrum. A lumped fission product cross-section, based on 
data for 172 isotopes, is used to account for the effect of fission products. There is one lumped fission 
product for each of 17 fissionable isotopes. The DIF3D calculations in REBUS-3 are performed using 
the 80 group cross-section set. The decay chain spans the range from 234U to 246Cm. 

2.4 Core design and performance 
The optimal combination of lattice pitch-to-diameter and initial plutonium weight percent giving 

a BOL keff of 1.0045 and a minimum burn-up reactivity swing over cycle length is searched for each 
core. For the sake of comparison, the cycle length is fixed to 20 EFPYs for all cores designed in this 
study.  

Figure 2(a) shows the eigenvalue evolution for the LiF-NaF-KF cooled optimal cores having 
different structural materials and Figure 2(b) shows the eigenvalue evolution for the optimal cores 
having HT-9 structural material. The optimal cores with the same structural material have a similar 
eigenvalue evolution trend for the three molten-salt coolants considered while the eigenvalue 
evolution of optimal cores with a given coolant depend on the structural material.  

Tables 3 through 5 summarise the findings of the optimal cores and their basic core physics 
parameters for various combinations of molten-salt coolants and structural materials. It is seen that 
of the three molten-salt coolants, LiF-NaF-KF cooled cores need the largest p/d ratios while 
LiF-BeF2  cooled cores have the smallest p/d ratios. For a fixed structural material, the optimal cores 
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with different coolants have similar power peaking factors and initial conversion ratios (ICR).  
The ICR is defined as the ratio of neutron capture rate in the even HM isotopes to the neutron 
absorption rate in the odd HM isotopes at BOL. The LiF-BeF2 cooled cores have lowest value of 
discharge peak fast neutron fluence; it is due to their softest neutron spectrum. For a fixed structural 
material, the LiF-NaF-KF cooled cores have smallest value of burn-up reactivity swing while the 
LiF-BeF2 cooled cores have the largest value. For a fixed molten-salt coolant (e.g. LiF-NaF-KF), the 
optimal core using SiC has the largest p/d ratio, lowest peak linear power density, largest initial 
conversion ratio, and smallest plutonium inventory (i.e. lowest Pu enrichment). The optimal cores 
with HT-9 have the same p/d ratio of 1.17 as of the cores with SiC. On the other hand, the optimal core 
with Hastelloy-N has tightest lattice of p/d = 1.07, smallest initial conversion ratio, highest peak linear 
power density, but smallest burn-up reactivity swing. This small p/d ratio is due to the relatively high 
neutron absorption by Ni. The optimal cores with SS304 and Mn-316SS have the same p/d ratio and 
similar core physics characteristics. The optimal cores with PCA have slightly smaller p/d ratio than 
the optimal cores with SS304 and Mn-316SS. For all optimal cores, the burn-up reactivity swing over 
20 EFPYs is less than 0.52%dk.  

Figure 2: Comparison of the keff evolutions of the optimal cores 

 (a) LiF-NaF-KF cooled optimal cores.  (b) Optimal cores with HT-9. 
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Table 3: Physics parameters of NaF-BeF2 cooled cores 

Parameters SS304 Hastelloy-N HT-9 Mn-316 SS PCA 
P/D ratio 
Pu weight% 
Burn-up swing (%dk) 
Initial conversion ratio 
3-D peaking factor (BOL/EOL) 
BOL peak linear heat (W/cm) 
Peak power density (W/cc,BOL/EOL) 
Average discharge burn-up (MWD/kg) 
Peak discharge burn-up (MWD/kg) 
HM inventory at BOL (kg) 
TRU inventory at BOL (kg) 
Peak fast neutron fluence (n/cm2) 

1.14 
13.45 
0.471 
1.0583 
1.967/2.187
198 
72.3/80.5 
45.9 
102.7 
19212.0 
2584 
2.046E+23 

1.06 
13.376 
0.372 
1.0336 
2.013/2.192
202 
85.5/93.1 
45.8 
103.7 
19210.9 
2570 
2.518E+23 

1.15 
13.62 
0.468 
1.0515 
1.899/2.118
191 
68.6/76.6 
46.0 
99.4 
19210.4 
2616 
2.009E+23

1.14 
13.69 
0.441 
1.0514 
1.955/2.165 
197 
71.8/79.6 
46.0 
101.9 
19211.9 
2630 
2.084E+23 

1.13 
13.51 
0.452 
1.0544 
1.992/2.200 
200 
74.5/82.3 
45.9 
103.5 
19212.9 
2596 
2.120E+23 

 

To understand why certain cores have better characteristics than the others, let us examine the 
neutron balance and the core neutron spectra. Figure 3(a) compares the neutron spectra of cores 
having different coolants with a fixed p/d ratio of 1.15, a fixed plutonium enrichment of 13.62wt%, and 
a fixed structural material of HT-9. It is observed that: (1) the ENHS reference core published (Hong,  
et al., 2003; Hong, et al., 2005) (using Pu15N-U15N fuel) has much harder neutron spectrum; (2) of the 
three molten-salt cooled cores, the LiF-NaF-KF core has the hardest spectrum; (3) the LiF-BeF2 cooled 
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core has slightly softer spectrum than the NaF-BeF2 cooled core. Table 6 summarises the neutron 
balance, the average number of neutrons generated per fission, eigenvalue, and initial conversion ratio 
for these cores. The (n,2n) reaction is neglected due to its small contribution to the neutron balance.  

Table 4: Physics parameters of LiF-BeF2 cooled cores 

Parameters SS304 Hastelloy-N HT-9 Mn-316 SS PCA 
P/D ratio 
Pu weight% 
Burn-up swing (%dk) 
Initial conversion ratio 
3-D peaking factor (BOL/EOL) 
BOL peak linear heat (W/cm) 
Peak power density (W/cc,BOL/EOL) 
Average discharge burn-up (MWD/kg) 
Peak discharge burn-up (MWD/kg) 
HM inventory at BOL (kg) 
TRU inventory at BOL (kg) 
Peak fast neutron fluence (n/cm2) 

1.12 
13.61 
0.520 
1.0611 
1.946/2.180
196 
74.1/83.1 
45.9 
102.0 
19213.8 
2615 
2.023E+23 

1.05 
13.54 
0.401 
1.0332 
2.017/2.206
203 
87.2/95.5 
45.8 
104.1 
19211.9 
2601 
2.448E+23 

1.13 
13.80 
0.490 
1.0525 
1.906/2.140
192 
71.2/80.1 
45.9 
100.0 
19212.8 
2651 
1.948E+23 

1.12 
13.85 
0.457 
1.0527 
1.963/2.189 
197 
74.7/83.4 
45.9 
102.7 
19213.7 
2661 
2.030E+23 

1.12 
13.80 
0.493 
1.0483 
1.983/2.20 
199 
75.5/83.7 
45.9 
103.3 
19213.7 
2651 
2.014E+23 

 

Table 5: Physics parameters of LiF-NaF-KF cooled cores 

Parameters SS304 Hastelloy-N HT-9 Mn-316 SS PCA SiC 
P/D ratio 
Pu weight% 
Burn-up swing (%dk) 
Initial conversion ratio 
3-D peaking factor (BOL/EOL) 
BOL peak linear heat (W/cm) 
Peak power density (W/cc,BOL/EOL) 
Average discharge burn-up (MWD/kg) 
Peak discharge burn-up (MWD/kg) 
HM inventory at BOL (kg) 
TRU inventory at BOL (kg) 
Peak fast neutron fluence (n/cm2) 

1.16 
13.65 
0.416 
1.0459 
1.973/2.140
199 
70.15/76.12
46.1 
101.6 
19213.7 
2623 
2.185E+23 

1.07 
13.34 
0.342 
1.0310 
2.027/2.176 
204 
84.53/90.74 
45.9 
103.6 
19210.0 
2563 
2.643E+23 

1.17 
13.83 
0.462 
1.0388 
1.929/2.098
194 
67.41/73.33
46.1 
99.6 
19212.7 
2657 
2.155E+23 

1.16 
13.84 
0.379 
1.0418 
1.981/2.139
200 
70.40/76.04
46.1 
101.8 
19213.6 
2659 
2.217E+23 

1.15 
13.68 
0.384 
1.0424 
2.010/2.164 
202 
72.51/78.26 
46.1 
102.9 
19210.4 
2618 
2.249E+23 

1.17 
13.10 
0.484 
1.0671 
1.819/2.050
184.21 
63.85/71.94
46.3 
96.4 
19213.0 
2517 
1.902E+23 

 

Figure 3: Neutron spectra in cores with different coolants and with HT-9 structural material 

 (a) With the same p/d ratio, plutonium weight percent.  (b) With the optimal p/d ratios. 
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Table 6(a): Neutron balance, keff, ν and initial conversion ratio (p/d=1.15, HT-9, 13.62wt%Pu) 

Characteristic NaF-BeF2 LiF-BeF2 LiF-NaF-KF ENHS (Pu15N-U15N) 
p/d 
Pu wt% 
keff 
Leakage 
Absorption 
in HM 
in coolant 
in N 
in HT-9 
Total 
Fission 
ν  
η 
ICR 

1.15 
13.62 
1.00512 
0.095 
 
0.875/0.533*
0.007 
0.000 
0.023 
0.905 
0.342 
2.914 
1.1389 
1.0515 

1.15 
13.62 
0.986445 
0.089 
 
0.883/0.546*
0.005 
0.000 
0.023 
0.911 
0.337 
2.913 
1.1118 
1.0737 

1.15 
13.62 
1.008626 
0.109 
 
0.855/0.510*
0.015 
0.000 
0.021 
0.891 
0.345 
2.916 
1.1766 
1.0509 

1.15 
13.62 
1.122795 
0.120 
 
0.854/0.470* 
0.005 
0.001 
0.020 
0.880 
0.384 
2.918 
1.3121 
0.94804 

* Capture in HM 

The reaction rates are normalised such that the summation of the neutron leakage probability 
from the core and total absorption probability equals unity. For heavy metal isotopes, the absorption 
rate is decomposed into capture and fission rate. Table 6(a) shows that of the three molten-salt 
coolants, the LiF-NaF-KF cooled core gives the largest eigenvalue even though its leakage probability is 
the largest and so is the parasitic neutron capture in the non-fuel constituents. The relatively large 
keff and leakage probability are due to the hardest neutron spectrum of this core; the resulting increase 
in the value of η (number of fission neutrons generated per neutron absorbed in the HM) more than 
compensates for the enhanced losses. The LiF-BeF2 cooled core has the lowest leakage probability but 
also the lowest eigenvalue. This is due to its relatively soft spectrum. This core also has the largest 
initial conversion ratio. The ENHS reference core has significantly larger eigenvalue than the 
molten-salt cooled cores while this core has the lowest conversion ratio. These are due to the high 
plutonium weight percent than that for its criticality. 

Table 6(b) summarises the neutron balance, the average number of neutrons generated per 
fission, the eigenvalue and initial conversion ratio for the optimal cores with HT-9 structural material. 
Figure 3b compares the neutron spectra of these cores. These neutron spectra are nearly the same as 
those obtained with same p/d ratio and plutonium enrichment (Figure 3a) except that of the ENHS 
core; it is not as hard as with p/d = 1.15 although it is still harder than the spectra of the molten-salt 
cores. Due to its hardest spectrum, the ENHS reference core requires the lowest plutonium 
concentration and its leakage probability is the largest. Among the optimal molten-salt cooled cores, 
the LiF-NaF-KF core has the largest p/d ratio but requires the largest plutonium concentration. The 
variation in the required plutonium concentration is not large, though. 

Table 6(b): Neutron balance, keff, ν and initial conversion ratio (optimal cores, HT-9) 

Characteristic NaF-BeF2 LiF-BeF2 LiF-NaF-KF ENHS (Pu15N-U15N) 
p/d 
Pu wt% 
keff 
Leakage 
Absorption 
in HM 
in coolant 
in N 
in HT-9 
Total 
Fission 
ν 
η 
ICR 

1.15 
13.62 
1.00512 
0.094 
 
0.875/0.533
0.007 
0.000 
0.023 
0.904 
0.342 
2.914 
1.1389 
1.0515 

1.13 
13.80 
1.00527 
0.090 
 
0.882/0.539
0.006 
0.000 
0.022 
0.910 
0.343 
2.915 
1.1336 
1.0525 

1.17 
13.83 
1.00531 
0.110 
 
0.853/0.509
0.016 
0.000 
0.021 
0.890 
0.344 
2.916 
1.1759 
1.0388 

1.45 
13.08 
1.00421 
0.148 
 
0.818/0.474 
0.014 
0.000 
0.020 
0.852 
0.344 
2.912 
1.2246 
1.0399 
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Figure 4(a) compares the neutron spectra of the LiF-NaF-KF cooled cores having different 
structural materials with a fixed p/d ratio of 1.17 and a fixed plutonium enrichment of 13.83 wt%. It is 
observed that: (1) the core with SiC has the softest neutron spectrum; (2) the core with Hastelloy-N has 
the hardest neutron spectrum; and (3) the core with Mn-316SS has slightly harder spectrum than the 
cores with HT-9 and PCA. 

Figure 4: Comparison of the LiF-NaF-KF cooled core  
neutron spectra for different structural materials 

 (a) With the same p/d ratio, plutonium weight percent   (b) With the Optimal p/d ratios 
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Table 7(a) compares the neutron balance, average number of neutrons generated per fission, 
eigenvalue and initial conversion ratio for these cores. The core with SiC has the largest eigenvalue 
despite of the fact that it has the softest spectrum, i.e. lowest η. This is due to the low fraction of 
neutrons absorbed in the structural material, resulting in the highest absorption probability in the HM. 
The core with Hastelloy-N has the lowest eigenvalue, even though it has the hardest spectrum and, 
hence, highest η. This is due to relatively high absorption probability in the structural material 
resulting in the smallest absorption probability in the HM. The dominant absorbing constituent of 
Hastelloy-N is the Ni. The eigenvalue of the cores using HT-9, Mn-316SS, and PCA is quite similar. 
Figure 4(b) compares the neutron spectra of the LiF-NaF-KF cooled cores with their optimal p/d ratio 
and plutonium concentration required for obtaining criticality along with nearly zero burn-up 
reactivity swing. The trends of these neutron spectra are similar to those obtained with the same p/d 
ratio and plutonium concentration.  

Table 7(a): Neutron balance, keff, ν and initial conversion ratio (p/d=1.17, 13.83wt%Pu, LiF-NaF-KF) 

Characteristic Hastelloy-N HT-9 Mn-316SS PCA SiC 
p/d 
Pu wt% 
keff 
Leakage 
Absorption 
in HM 
in coolant 
in Zr or N 
in structure 
Total 
Fission 
ν 
η 
ICR 

1.17 
13.83 
0.962776 
0.100 
 
0.813/0.484 
0.015 
0.000 
0.072 
0.900 
0.329 
2.917 
1.1804 
1.0301 

1.17 
13.83 
1.00531 
0.110 
 
0.853/0.509
0.016 
0.000 
0.021 
0.890 
0.344 
2.916 
1.1760 
1.0388 

1.17 
13.83 
0.998802 
0.107 
 
0.848/0.506
0.015 
0.000 
0.028 
0.891 
0.342 
2.916 
1.1760 
1.0456 

1.17 
13.83 
0.999713 
0.104 
 
0.849/0.507
0.016 
0.000 
0.031 
0.896 
0.342 
2.916 
1.1746 
1.0358 

1.17 
13.83 
1.03404 
0.097 
 
0.883/0.529 
0.016 
0.000 
0.004 
0.903 
0.354 
2.915 
1.1686 
1.0043 

 

Table 7(b) compares the neutron balance, average number of neutrons generated per fission, 
eigenvalue, and initial conversion ratio for these cores. Due to its lowest absorption probability in the 
structural material, the core with SiC needs the lowest plutonium concentration, although its p/d is 
similar to that required for HT-9.  



MOLTEN SALT COOLED ENCAPSULATED NUCLEAR HEAT SOURCE (ENHS)-LIKE REACTORS 

ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 121 

Table 7(b): Neutron balances, keff, ν and initial conversion ratio for optimal cores (LiF-NaF-KF) 

Characteristic Hastelloy-N HT-9 Mn-316SS PCA SiC 
p/d 
Pu wt% 
keff 
Leakage 
Absorption 
in HM 
in coolant 
in Zr or N 
in structure 
Total 
Fission 
ν 
η 
ICR 

1.07 
13.34 
1.00520 
0.097 
 
0.820/0.476 
0.009 
0.000 
0.074 
0.903 
0.344 
2.918 
1.2241 
1.0310 

1.17 
13.83 
1.00531 
0.110 
 
0.853/0.509
0.016 
0.000 
0.021 
0.890 
0.344 
2.916 
1.1760 
1.0388 

1.16 
13.84 
1.00517 
0.107 
 
0.850/0.506
0.015 
0.000 
0.028 
0.893 
0.344 
2.916 
1.1801 
1.0418 

1.15 
13.68 
1.00539 
0.104 
 
0.851/0.507
0.014 
0.000 
0.031 
0.896 
0.344 
2.916 
1.1787 
1.0424 

1.17 
13.10 
1.00526 
0.099 
 
0.881/0.536 
0.016 
0.000 
0.004 
0.901 
0.345 
2.912 
1.1403 
1.0671 

 

Table 8 compares selected BOL core physics characteristics of three molten-salt cooled cores 
using HT-9 with those of the enriched nitride fuelled reference (Pb-Bi cooled) ENHS core. It is found 
that the molten-salt cooled cores have much lower value of peak fast neutron fluence than the 
reference ENHS core. This enables the molten-salt cooled cores to have significantly longer core life. 
The molten-salt cooled cores have an order of magnitude more positive reactivity coefficient of 
coolant expansion and of coolant voiding than the reference ENHS core. This is due to the fact that 
the molten-salt cooled cores have softer neutron spectrum so that the relative spectral change 
resulting from coolant expansion or voiding are more pronounced than in the ENHS reference core. 
However, the larger positive reactivity coefficient of coolant expansion is compensated by the 
significant enhancement of the negative Doppler coefficient that is also due to the softer spectrum. 
The reactivity coefficient of grid plate radial expansion and of fuel axial expansion is similar for all 
cores. An exception is the LiF-NaF-KF cooled core that has ~50% more negative reactivity coefficient of 
fuel axial expansion. However, the LiF-NaF-KF cooled core has the most positive reactivity coefficient 
of coolant expansion because this molten-salt has the largest thermal expansion coefficient. The 
overall cold-to-hot reactivity deficiency of the reactivity of the LiF-NaF-KF cooled core is significantly 
smaller than that of the other cores due to their large positive reactivity of coolant expansion. The 
other molten-salt cooled cores have also much smaller cold-to-hot reactivity deficiency than the 
reference ENHS core. In calculating the coolant void worth, we assumed 100% full voiding of the 
coolant in the core and upper fission gas plenum regions. However, it is impossible for large scale 
voiding of the molten-salt to occur because their boiling temperature is high: ~1400°C; this is at least 
500°C higher than the peak coolant temperature at nominal operating conditions. Of the three 
molten-salt cooled cores, the LiF-BeF2 cooled core has the most positive void reactivity worth because 
of its softest neutron spectrum. The effect of including gas plenum in calculating the coolant void 
worth in the molten-salt cooled cores is smaller than in the ENHS reference core because lead and its 
alloys make the core spectrum harder.  

The peripheral absorber is design to have a sufficient reactivity worth to compensate for the 
reactivity deficiency from the startup temperature at BOL to full power anytime. The thickness of the 
peripheral absorber is fixed at 5.0 cm. Its composition is 90 v/o B4C (92%10B) and 10 v/o structure.  
Table 8 shows that molten-salt cooled cores have smaller reactivity worth of the peripheral absorbers 
than the ENHS reference core. Nevertheless, the peripheral absorbers give sufficient reactivity worth 
to compensate for the reactivity deficiency of ~0.92%dk. Of the three molten-salt cooled cores, the 
NaF-BeF2 cooled core has the largest reactivity worth of the peripheral absorber. The central absorber 
should be designed to have sufficient reactivity worth to safely scram the core. Its composition is 
selected to be 90 v/o B4C (92%10B) and 10v/o structure. Of the considered molten-salt coolants, the 
LiF-NaF-KF cooled core has largest reactivity worth of the central absorbers. The LiF-NaF-KF cooled 
core with HT-9 has largest reactivity worth of central absorber (~2.7%dk). However, this value is 
smaller by ~0.872%dk than that of reference ENHS. 

The combined insertion of the central and peripheral absorbers should bring the eigenvalue at 
cold shutdown condition to ~0.95 or lower. The molten-salt cooled cores have smaller reactivity worth 
of the central absorber than the ENHS reference core and do not meet the design requirement. 
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Follow-on study attempted to modify the design of the molten-salt cooled reactor absorbers so as to 
increase their reactivity worth is addressed in the coming paragraph. 

Table 9 compares the BOL core physics characteristics of three LiF-NaF-KF cooled cores with 
different structural materials. The core with SiC has the smallest power peaking factor. This core uses 
SS-304 rather than SiC for the structural material at the core central cavity. Had SiC been used for the 
structural material at the central cavity, a significant power peaking would result. The SiC core has 
the lowest peak fast neutron fluence due to its softest neutron spectrum. This core has also the most 
negative Doppler coefficient.  

Table 8: Core physics characteristics of the molten-salt cooled cores  
versus the ENHS reference core using HT-9 structural material 

Performance parameter NaF-BeF2 LiF-BeF2 LiF-NaF-KF ENHS 
P/D ratio 1.15 1.13 1.17 1.45 
Pu wt% 13.62 13.80 13.83 13.08 
Burn-up reactivity swing (%dk) 0.468 0.490 0.462 0.221 
Peak-to-average power density 1.899 1.906 1.929 1.856 
Peak linear heat rate (W/cm) 191 192 194 187 
Peak burn-up after 20 EFPY (GWD/tHM) 99.4 100.0 99.6 92.5 
Average burn-up after 20 EFPY (GWD/tHM) 46.0 45.9 46.1 46.2 
Peak fast (E > 0.1MeV) neutron flux (n/cm2-s) 2.931E+14 2.827E+14 3.185E+14 4.4334E+14
Peak fast (E > 0.1 MeV) fluence at 20 EFPY (n/cm2) 2.009E+23 (4E+23) 1.948E+23 2.155E+23 2.904E+23 
Conversion ratio 1.0515 1.0525 1.0388 1.0399 
Reactivity coefficients 
Doppler effect (dk/kk’-°C) 
Axial fuel expansion (dk/kk’-oC) 
Coolant expansion (dk/kk’-°C) 

Density change in active core 
Density change in active core/gasplenum 

Grid-plate radial expansion (dk/kk’-°C) 

 
-1.6939E-05 
-2.3872E-06 
 
+1.1536E-05 
+1.1287E-05 
-5.9775E-06 

 
-1.6618E-05
-2.3757E-06
 
+1.6094E-05
+1.5822E-05
-6.0738E-06

 
-1.2786E-05 
-3.3965E-06 
 
+2.6529E-05 
+2.5969E-05 
-6.9664E-06 

 
-8.9799E-06
-2.7625E-06
 
+3.1767E-06
+1.6747E-06
-7.2268E-06

Cold (560°C) to hot (652°C; fuel: 717°C) (dk) 
Doppler effect 
Axial fuel expansion 
Coolant expansion 
Grid-plate expansion 
Total 

 
-3.1651E-03 
-0.1952E-03 
+1.0185E-03 
-0.5295E-03 
-2.8713E-03 

 
-3.1121E-03
-0.1840E-03
+1.3942E-03
-0.5345E-03
-2.4364E-03

 
-2.4457E-03 
-0.2139E-03 
+2.2111E-03 
-0.6155E-03 
-1.0640E-03 

 
-3.2837E-03
-0.3669E-03
+0.2049E-03
-0.9441E-03
-4.389E-03 

Void reactivity effect (%dk) 
Voiding inner 1/3 core 
+gas plenum 
Voiding middle 1/3 core 
+gas plenum 
Voiding outer 1/3 core 
+gas plenum 
Voiding whole core 
+gas plenum 

 
+6.953 
+6.653 
+2.933 
+2.772 
+0.418 
+0.349 
+11.046 
+10.610 

 
+7.869 
+7.592 
+3.368 
+3.223 
+0.579 
+0.516 
+12.53 
+12.14 

 
+7.146 
+6.862 
+3.089 
+2.936 
+0.474 
+0.405 
+11.08 
+10.65 

 
+3.114 
+1.905 
+0.978 
+0.224 
-0.508 
-0.839 
+3.462 
+1.374 

Peripheral absorber reactivity worth (%dk) 1.463 1.291 1.390 2.070 
Central absorber reactivity worth (%dk) 2.341 2.287 2.728 3.600 
Peripheral absorber+central absorber worth (%dk) 4.349 4.282 4.807 6.320 
Total plutonium mass (kg) 2616 2651 2657 2513 

 

Of the three cores, the core with Hastelloy-N has the least positive reactivity coefficient  
of coolant expansion and of coolant voiding. This may be due to the fact that this core has the 
smallest coolant volume fraction (tightest p/d) and hardest neutron spectrum. However, this core has 
still significantly more positive coolant void worth than the ENHS reference core (Table 8). The core 
with HT-9 has the largest positive coolant expansion and voiding reactivity effects. The core with SiC 
has the largest reactivity worth of peripheral absorber and of the combination of peripheral and 
central absorbers. The combination of peripheral and central absorbers makes the core eigenvalue 
lower than ~0.95. This satisfies the reactivity worth criterion of the ENHS core. 
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Table 9: BOL core physics characteristics of three LiF-NaF-KF cooled cores 

Performance parameter Hastelloy-N SiC HT-9 
Peak-to-average power density 2.027 1.819 1.929 
Peak linear heat rate (W/cm) 204 184 194 
Peak burn-up after 20 EFPY (GWD/tHM) 103.6 96.4 99.6 
Average burn-up after 20 EFPY (GWD/tHM) 45.9 46.4 46.1 
Peak fast (E > 0.1MeV) neutron flux (n/cm2-s) 3.926E+14 2.7537E+14 3.185E+14 
Peak fast (E > 0.1 MeV) fluence at 20 EFPY (n/cm2) 2.643E+23 1.902E+23 2.155E+23 
Conversion ratio 1.0310 1.0671 1.0388 
Reactivity coefficients 
Doppler effect (dk/kk’-oC) 
Axial fuel expansion (dk/kk’-oC) 
Coolant expansion (dk/kk’-oC) 

Density change in active core 
Density change in active core/gas plenum 

Grid-plate radial expansion (dk/kk’-°C) 

 
-1.0061E-05
-2.8182E-06
 
+1.9362E-05
+1.9253E-05
-4.5178E-06

 
-1.8117E-05 
-2.0395E-06 
 
+2.2518E-05 
+2.1980E-05 
-1.44755E-06 

 
-1.2786E-05 
-3.3965E-06 
 
+2.6529E-05 
+2.5969E-05 
-6.9664E-06 

Cold (560°C) to hot (652°C; fuel: 717 °C) (dk) 
Cold (760°C) to hot (852°C; fuel: 928 °C) (dk) for SiC

Doppler effect 
Axial fuel expansion 
Coolant expansion 
Grid-plate expansion 
Total 

 
 
-1.8984E-03
-0.2384E-03
+1.6776E-03
-1.0235E-03
-1.4827E-03

 
 
-2.9816E-03 
-0.1658E-03 
+1.9304E-03 
-0.1197E-03 
-1.3367E-03 

 
 
-2.4457E-03 
-0.2139E-03 
+2.2111E-03 
-0.6155E-03 
-1.0640E-03 

Void reactivity effect (%dk) 
Voiding inner 1/3 core 

+gas plenum  
Voiding middle 1/3 core 
+gas plenum 
Voiding outer 1/3 core 
+gas plenum 
Voiding whole core 
+gas plenum 

 
+4.626 
+4.597 
+2.054 
+2.030 
+0.353 
+0.342 
+7.110 
+7.075 

 
+5.606 
+5.386 
+2.695 
+2.567 
+0.597 
+0.527 
+9.031 
+8.675 

 
+7.146 
+6.862 
+3.089 
+2.936 
+0.474 
+0.405 
+11.08 
+10.65 

Peripheral absorber reactivity worth (%dk) 1.037 1.549 1.390 
Central absorber reactivity worth (%dk) 2.306 2.635 2.728 
Peripheral absorber+central absorber worth (%dk) 3.806 5.462 4.807 
Total plutonium mass (kg) 2563 2517 2657 

 

In this paper, we introduced two approaches to increase the central absorber reactivity worth;  
(1) increase the central absorber region outward, (2) replace the central absorber with an annular type 
absorber in core internal. First, we applied these approaches to the LiF-NaF-KF cooled core with SiC. In 
fact, we tried several approaches including increase of absorber thickness and B-10 enrichment. 
However, it is concluded that these simple approaches have only very small effect on the central 
absorber worth. For the case of increase of central absorber region, the outer radius of this region is 
increased from 14.12 cm to 20 cm and the its p/d ratio decreased from 1.17 to 1.14 so as to increase its 
conversion ratio. This core has its burn-up swing of 0.60%dk, peripheral absorber worth of 1.352%dk, 
the central absorber worth of 3.132%dk, and combined worth of 6.451%dk. That is to say, the central 
absorber worth and the combined worth of central and peripheral absorbers are increased by 
0.497%dk and 0.989%dk while the peripheral absorber worth is slightly decreased relative to the 
original design core, respectively. For the case of using of annular type absorber in the core, the outer 
radius of innermost core where there is no absorber is set to 20.0 cm and a 5.0 cm thick annular type 
absorber is placed between innermost core region and the next core region. In this case, the p/d ratio 
is decreased to 1.14. This core has its burn-up swing of 0.748%dk, the central absorber worth of 
4.587%dk, the peripheral absorber worth of 1.464%dk, and the combined worth of central and 
peripheral absorbers of 7.367%dk. Therefore, the second approach is more effective in increasing the 
central absorber worth while it is shown that the second approach has less flat radial power 
distribution than the first approach core. Figure 5 and 6 compare the BOL axial and radial power 
distributions of the three optimal cores cooled by NaF-BeF2, LiF-BeF2, and LiF-NaF-KF, and of the 
ENHS reference core. The cores compared use HT-9 as the structural material.  
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Figure 5: Axial power distributions of cores with different coolants (HT-9) 
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Figure 6: Radial power distributions of cores with different coolants (HT-9) 
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The axial power distribution is given for the hottest channel while the radial power distribution 
gives the axially integrated power density. Figure 5 shows that the three molten-salt cooled cores 
have nearly the same axial power distribution; it peaks more than that of the ENHS reference core. On 
the other hand, Figure 6 shows that the molten-salt cooled cores have slightly flatter radial power 
distributions than the ENHS reference core. This is due to the power peaking in the vicinity of the 
radial core boundary. 

Figure 7 and 8 compare the axial and radial power distributions of three LiF-NaF-KF cooled cores 
having different structural materials: Hastelloy-N, HT-9, and SiC, and of the ENHS reference core that 
uses HT-9 structure. Figure 7 shows that the axial power peaking is quite sensitive to the structural 
material; the Hastelloy-N core has the largest, while the core with SiC has the smallest axial power 
peaking; it is nearly the same as that of the ENHS reference core. The combination of softer spectrum 
of the reflected neutrons and low neutron capture probability of the SiC amplifies the power peaking 
near the reflector boundary thus reducing the peak-to-average power density ratio. Figure 8 shows 
that the core with SiC has also the flattest radial power distribution; it is even somewhat flatter than 
that of the ENHS reference core. The Hastelloy-N core has the largest power peaking both in the axial 
and in the radial directions. 
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Table 10 compares the heavy metal inventory of three LiF-NaF-KF cooled cores and of the ENHS 
reference core at BOL and EOL. For all cores considered, the inventory of 238Pu, 241Pu, and  
242Pu decreases while those of 239Pu, and 240Pu increases. The molten-salt core with SiC has the largest 
increase of 240Pu, of fissile plutonium and of the total plutonium. On the other hand, the ENHS 
reference core has the largest decrease in and in 241Pu. This core also has the largest increase of  
239Pu inventory – See Table 11 for details. Table 12 gives the EOL plutonium composition and MA 
inventory. The molten-salt core with SiC has the lowest fraction of fissile plutonium while the ENHS 
reference core has the highest fraction. The molten-salt cooled core with SiC has a smaller amount of 
MA generation than the ENHS reference core. 

Figure 7: Axial power distributions of cores with different structural materials 
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Figure 8: Radial power distributions of cores with different structural materials 
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Table 10: BOL and EOL actinides inventory (kg) 

Isotope 
Hastelloy-N 
LiF-NaF-KF 

HT-9 
LiF-NaF-KF 

SiC 
LiF-NaF-KF ENHS 

BOL mass EOL mass BOL mass EOL mass BOL mass EOL mass BOL mass EOL mass 
234U 
235U 
236U 
238U 
238Pu 
237NP 
239Pu 
240Pu 
241Pu 
242Pu 
Total Pu  
241Am  
242mAm 
243Am  
242Cm  
243Cm  
244Cm  
245Cm  
246Cm 
Total MA 

0 
33.3 
0 
16614 
81.6 
0 
1444.0 
682.0 
205.6 
149.4 
2562.6 
0 
0 
0 
0 
0 
0 
0 
0 
0 

9.3 
20.5 
2.8 
15496 
58.5 
4.4 
1635.6 
715.3 
81.6 
141.3 
2632.3 
95.0 
3.0 
11.8 
0.7 
0.024 
1.67 
0.12 
0.003 
116.7 

0 
33.1 
0 
16522. 
84.6 
0 
1497.3 
707.2 
213.1 
154.9 
2657.1 
0 
0 
0 
0 
0 
0 
0 
0 
0 

9.7 
20.0 
3.1 
15366 
61.8 
4.1 
1699.8 
758.3 
87.9 
147.3 
2755.1 
98.3 
3.4 
13.6 
0.79 
0.03 
2.1 
0.16 
0.004 
122.5 

0 
33.4 
0 
16663 
80.1 
0 
1418.3 
669.9 
201.9 
146.7 
2516.9 
0 
0 
0 
0 
0 
0 
0 
0 
0 

9.0 
19.3 
3.4 
15468 
59.1 
4.3 
1630.0 
736.3 
88.8 
138.9 
2653.1 
92.6 
3.5 
15.3 
0.85 
0.04 
2.6 
0.22 
0.006 
119.4 

0.0 
33.4 
0.0 
16666 
80.01 
0.0 
1416.0 
668.8 
201.6 
146.5 
2512.9 
0 
0 
0 
0 
0 
0 
0 
0 
0 

11.3 
17.4 
3.4 
15185 
53.3 
3.6 
1648.2 
698.2 
64.0 
135.3 
2599.0 
101.6 
4.0 
14.1 
0.73 
0.03 
2.3 
0.21 
0.007 
126.6 

 

Table 11: Inventory change from BOL to EOL for plutonium isotopes (kg) 

Pu isotopes Hastelloy-N 
LiF-NaF-KF 

HT-9 
LiF-NaF-KF 

SiC 
LiF-NaF-KF ENHS (HT-9) 

238Pu 
239Pu 
240Pu 
241Pu 
242Pu 
Fissile Pu 
Total Pu 

-23.1kg (-28.3%) 
192.0kg (13.3%) 
33.3kg (4.9%) 
-124.0kg (-60.3%) 
-8.1kg (-5.4%) 
67.6kg (4.1%) 
69.7kg (2.72%) 

-22.8kg (-26.9%) 
203.0kg (13.5%) 
51.1kg (7.2%) 
-152.0kg (-58.8%)
7.6kg (4.9%) 
77.3kg (4.5%) 
98.0kg (3.69%) 

-21.0kg (-26.2%) 
212.0kg (14.9%) 
66.4kg (9.9%) 
-113.0kg (-56.0%)
7.8kg (5.3%) 
98.6kg (6.1%) 
136.2kg (5.41%) 

-26.7kg (-33.4) 
232kg (16.4%) 
29.4kg (4.4%) 
-137.6kg (-68.3%) 
11.2kg (7.6%) 
94.6kg (5.8%) 
86.1kg (3.43%) 

 

Table 12: EOL TRU composition 

Item Hastelloy-N
LiF-NaF-KF

HT-9 
LiF-NaF-KF

SiC 
LiF-NaF-KF ENHS (HT-9) 

238Pu wt% in Pu 
239Pu wt% in Pu 
240Pu wt% in Pu 
241Pu wt% in Pu 
242Pu wt% in Pu 
Fissile Pu wt% in Pu 
MA wt% in TRU 

2.22 
62.14 
27.17 
3.10 
5.37 
65.24 
4.25 

2.24 
61.70 
27.52 
3.19 
5.35 
64.89 
4.26 

2.23 
61.44 
27.75 
3.35 
5.24 
64.78 
4.31 

2.05 
63.42 
26.86 
2.46 
5.21 
65.88 
4.64 

 

3 Thermal-hydraulic analysis 

3.1 Study goal and approach 
The neutronic analysis reported in previous section indicates that it is possible to design 

uniform- composition, blanket-free cores for ENHS-like reactors that feature nearly zero burn-up 
reactivity swing using molten-salt coolants. The goal of the study reported in this section is to assess 
the feasibility of achieving another unique feature of the ENHS reactor design concept – removing the 
125 MWth of fission power using natural circulation. 
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This feasibility study is performed using a simple one-dimensional thermal-hydraulic model 
similar to the one developed and described by (Sienicki, 2003). No attempt was made to optimise the 
core and/or the intermediate-Heat-Exchanger (IHX) design. Instead, the core geometry considered is 
that the neutronic analysis came with, and the IHX design is that of the reference lead (or 
lead-bismuth) cooled ENHS reactor (Greenspan, et al., 2002) with a couple of exceptions – the IHX 
channels width is adjusted to the change in the core outer diameter so as to fit the reference number 
of channels in an annulus of different circumference, and the IHX height is a design variable; the code 
developed searches for that height that will provide the pressure head needed to overcome the 
friction losses when the coolant flow rate is sufficient to remove the 125 MWth by natural circulation. 

3.2 Assumptions 
Six molten-salts are considered in the thermal-hydraulic analysis, including the three used for 

the neutronic analysis. The molten-salts considered and their physical properties are given in 
Table 13. These properties were provided by (Williams, 2004). 

Table 13: Physical properties of molten salts 

Molten Salt 
Tmelting 

°C 
Density**

Kg/m3 
Δρ* 

Kg/m3
Cp** 

KJ/Kg-C
Cv** 

KJ/(m3-C)
K 

W/(m-C) 
  ν** 
m2/s 

0.465LiF-0.115NaF-0.42KF 454 2019 73 1.88 3798 1.0 1.44 
0.43LiF-0.57RbF 475 2817 69 1.19 3344 6.0 0.91 
0.66LiF-0.34BeF2 458 1938 49 2.38 4618 1.1 2.84 
0.57NaF-0.43BeF2 360 2011 37 2.17 4371 1.0 3.41 
0.50NaF-0.50ZrF4 510 3139 93 1.17 3674 1.0 1.64 
0.42LiF-0.29NaF-0.29ZrF4 460 2789 83 1.46 4080 1.0 2.49 
Lead bismuth 125 9774 138 0.15 1432  16.7** 0.11 
* Assuming temperature difference from 700°C to 600°C. 
** At 700°C. 

Table 14: Fixed design parameters used for the thermal-hydraulic analysis 

Parameter Unit Value 
Core height m 1.25 
Gas plenum height m 1.25 
Fuel rod outer diameter m 0.0156 
Pitch-to-diameter ratio  1.16 
Clad thickness m 0.0013 
Radial shield height m 3.35 
2nd coolant channel width m 0.025 
2nd coolant hydraulic diameter in IHX m 0.047 
Hydraulic diameter in radial shield section m 0.500 
Primary coolant core inlet temperature oC 610 
Secondary coolant IHX inlet temperature oC 560 

 

Table 15: Comparison of natural circulation heat-removal capability of molten salts 

Molten Salt Tcore outlet oC ΔTprimary
°C 

LMTDIHX
°C 

Wprimary
Kg/s 

Wsecondary
Kg/s 

ΔPprimary 
Kg/ms2 

H IHX 
m 

0.465LiF-0.115NaF-0.42KF 712 102 61 649 860 10387 23 
0.43LiF-0.57RbF 723 114 26 921 692 13850 30 
0.66LiF-0.34BeF2 712 103 46 510 481 8535 29 
0.57NaF-0.43BeF2 711 102 25 563 406 11364 56 
0.50NaF-0.50ZrF4 711 102 41 1044 907 18253 34 
0.42LiF-0.29NaF-0.29ZrF4 711 102 46 835 778 14966 30 
Lead bismuth 450 100 47 8557 5986 11808 12 

 



MOLTEN SALT COOLED ENCAPSULATED NUCLEAR HEAT SOURCE (ENHS)-LIKE REACTORS 

128 ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 

Table 14 lists the major design parameters of the ENHS reactor that were assumed as fixed for 
this preliminary thermal-hydraulic feasibility study. The design variables are the IHX height and, 
correspondingly, the riser height, the number of IHX channels and the primary coolant temperature 
increase in the hottest channel in the core. The number of IHX channels is adjusted by varying the 
gap between the secondary coolant channels in the IHX; the secondary coolant channels are of a fixed 
width. The constraints accounted for in this study are maximum clad temperature of 850°C and 
maximum fuel temperature of 2 777°C. Zone average power density is assigned to each of the 10 radial 
by 10 axial zones the core is divided into. 

3.3 Results 
Table 15 compares selected characteristics of an ENHS reactor for 125 MWth using different 

molten salts, as well as lead-bismuth eutectic, for the primary coolant. The same core geometry  
and power shape was assumed for all coolants, so as to screen them based solely on their 
thermal-hydraulic characteristics. The hot channel coolant temperature change across the core was 
assumed to be 200°C and the secondary coolant temperature at the inlet to the IHX was assumed 
560°C. Neutronic considerations are excluded from this inter-comparison. The core geometry and 
power shape assumed are defined in Table 14. It is found that the LiF-NaF-KF molten salt requires the 
shortest IHX of 23 m whereas the LiF-BeF2 molten salt requires the longest IHX of 56 m. For 
comparison, only 12 m long IHX is required when using lead-bismuth eutectic coolant. Based on this 
screening study we selected LiF-NaF-KF for further examination.  

Table 16: Selected thermal-hydraulic characteristics of LiF-NaF-KF cooled 125 MWth ENHS 

Parameter Unit Primary coolant ΔT (°C) 
75 100 125 

Riser height m 47.87 24.95 18.43 
Active IHX height m 45.87 22.95 16.43 
Number of IHX channels – 122 170 200 
Primary coolant flow area in IHX m2 2.12627 1.50535 1.11727 
Secondary coolant flow area in IHX m2 1.19560 1.66600 1.96000 
Primary coolant hydraulic diameter in IHX m 0.062 0.035 0.023 
Primary coolant core outlet temperature °C 659.9 676.5 693.1 
Secondary coolant IHX outlet T °C 650.2 650.8 651.9 
Coolant ΔT in core °C 50.2 66.9 83.6 
IHX log-mean temperature difference  °C 24.5 36.5 45.5 
Primary coolant flow rate Kg/s 1324.1 993.5 794.6 
Secondary coolant flow rate Kg/s 736.7 732.2 723.3 
Coolant velocity in core m/s 0.70 0.53 0.42 
Coolant velocity in riser m/s 0.18 0.14 0.11 
Primary coolant velocity in IHX m/s 0.30 0.32 0.34 
Secondary coolant velocity in IHX m/s 0.30 0.21 0.18 
Coolant velocity in radiation shield section m/s 0.33 0.25 0.20 
Coolant velocity in flow distributor m/s 0.28 0.21 0.17 
Friction pressure drop of fuel rods Kg/ms2 5113.9 3097.7 2097.7 
Pressure drop due to 3 grid spacers Kg/ms2 918.7 518.8 332.9 
Pressure drop due to expansion at core top Kg/ms2 229.7 129.3 82.7 
Friction pressure drop in riser Kg/ms2 11.7 3.6 1.8 
Pressure drop at top of IHX Kg/ms2 19.9 30.6 41.3 
Friction pressure drop in IHX Kg/ms2 2250.5 2644.7 3749.2 
Pressure drop at outlet from IHX Kg/ms2 17.6 37.6 59.9 
Pressure drop at entrance to radial shield Kg/ms2 27.2 15.3 9.8 
Friction pressure drop in radial shield Kg/ms2 14.4 8.6 5.8 
Pressure drop at flow distributor entrance Kg/ms2 20.5 11.5 7.4 
Pressure drop at flow distributor Kg/ms2 20.5 11.5 7.4 
Pressure drop at grid plate entrance Kg/ms2 453.1 256.6 165.1 
Pressure drop at grid plate exit Kg/ms2 128.7 72.9 46.9 
Total pressure drop in primary system Kg/ms2 9226.5 6838.9 6608.0 
Natural circulation head Kg/ms2 9217.1 6829.2 6598.1 
Difference between head and pressure drop Kg/ms2 9.4 9.8 9.9 
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Table 16 shows the sensitivity of the IHX height to the coolant temperature change the primary 
coolant system is designed to have. This sensitivity is found to be rather large – the IHX length is 
reduced from 23 m to 16.4 m when the primary coolant temperature change is increased from 
100°C to 125°C. Further reduction of the IHX length is expected as a result of a system design 
optimisation. Based on these findings it appears that natural circulation cooling is attainable using 
molten salt as a coolant of a fast solid fuel reactor. Also given in Table 16 are selected performance 
characteristics of the three designs considered.  

4 Conclusions 

It is neutronically feasible to design ENHS-like reactors that feature uniform composition core, no 
blanket elements and nearly zero burn-up reactivity swing using molten-salt coolants. Relative to the 
reference lead-alloy cooled core, the molten-salt cores feature a somewhat softer spectrum, 
significantly more negative Doppler reactivity effect but more positive coolant temperature and void 
reactivity coefficients and smaller reactivity worth of the control elements. Of the three molten salts 
considered for the neutronic analysis, LiF-NaF-KF offers the largest p/d ratio. Next in neutron balance 
priority are NaF-BeF2 and LiF-BeF2. The LiF-NaF-KF salt also has the largest thermal expansion 
coefficient making it a leading candidate for natural circulation cooling. A drawback of this coolant is 
a relatively large positive coolant temperature coefficient of reactivity and a relatively small negative 
Doppler coefficient. Of the structural materials considered, SiC gives the largest p/d ratio, lowest 
plutonium loading, flattest power distribution and largest reactivity worth of the control elements. 
Hastelloy-N is the worst structural material; it requires the smallest p/d and gives the largest 
peak-to-average power density and smallest reactivity worth of the control elements. 

It is feasible to design ENHS like reactors to be cooled by naturally circulating molten salts, 
provided structural materials having relatively low neutron absorption cross-section could be used for 
the fuel rod clad and core structural components. Measured by the IHX height required for removing 
the rated power by natural circulation the leading molten salt is LiF-NaF-KF. It is followed by LiF-BeF2, 
LiF-NaF-ZrF4, LiF-RbF and NaF-ZrF4. 

The main feasibility issues that need to be addressed next include: (1) Compatibility of molten 
salts with low-absorption, high-temperature structural materials, and (2) How to eliminate or to 
accommodate the positive void coefficient. 
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Abstract 
The increase of safety of the high temperature reactors (HTR) is based on the quality of the fuel 
particles. This must pass through a good knowledge of the microstructure of the four-layers TRISO 
particles designed to retain the uranium and fission products during irradiation or accident conditions. 
The aim of this work is to characterise exhaustively the micro and nanostructure of each unirradiated 
layer (silicon carbide and pyrocarbons coatings) by XRD, SEM, TEM, HR-TEM, SAED and Raman 
spectroscopy. The long term objective of this study is to provide pertinent parameters for fuel 
performance codes used to better understand the thermomechanical behaviour of the coated particles.  

The examined layers are produced according to the ancient elaboration technique by the CEA/Grenoble 
using simulated particles with ZrO2-Y2O3 kernels. Data on the SiC deposit are obtained: grain size, 
polytype form, existence of microstructural defects, chemical composition (ratio Si/C and %Cl) etc. On 
the PyC layers, a quantitative estimation of the porosity is proposed and the apparent crystallite 
size Lc are determined. Their degree of isotropy is also analysed at nanometric scale and compared 
with direct measurements obtained by optical microscopy coupled with a spectrometer (Degree of 
Anisotropy in Reflectance). The required PyC must be perfectly isotropic to minimise the neutron 
irradiation effects that can cause cracking of the PyC and the SiC layers.  

All the results are compared with those obtained from the ancient fabrication in the literature. 
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1 Introduction  

The high temperature reactor (HTR) technology was proposed for the first time in the late 1950’s and 
is now reviving due to its inherent safety characteristics and to the capability to generate high 
temperature coolant (helium) useful outlet for producing hydrogen or heat (co-generation mode). The 
fuel type selected for this future concept is a key element. It is a SiC/PyC multilayer composite 
designed to retain all fission products during neutron irradiation but also to withstand the 
thermo-mechanical stresses generated during burn-up. Neutron irradiation induces microstructural 
changes in pyrocarbon (PyC) and silicon carbide (SiC) coatings of TRISO-coated HTR fuel particle. 
During irradiation, the PyC layers shrink and significant anisotropy appeared via carbon atom 
displacements. The shrinkage that occurs in both PyC layers causes a tangential stress in the SiC layer. 
If the stress concentration in the SiC layer reaches the elastic limit, then a radial crack occurs which 
can lead to the catastrophic particle failure. To achieve a best understanding of the particle behaviour 
in reactor, initial isotropy of the PyC coatings and initial microstructure of the different layers must be 
first examined. 

The aim of this work is to recover the analytic know-how developed in the 1970’s but also to 
introduce new characterisation methods to investigate the microstructures of the multilayer prior to 
irradiation. These characterisations will contribute to the qualification of the next fuel particles that will 
be produced with the GAIA pilot installation at the Commissariat à l’Énergie Atomique in Cadarache. 

The coating is produced by chemical vapor deposition (CVD) in fluidised bed according to the 
ancient elaboration technique kept by the CEA/Grenoble, using simulated particles with ZrO2-Y2O3 
kernels. A 3” fluidised bed furnace existing from the Dragon project period (1968-75) is used. Typical 
cross-section of the TRISO-coated particle is shown in Figure 1. The kernel is coated by a low density 
pyrocarbon layer (buffer) and three successive layers: an inner dense pyrocarbon layer (I-PyC), a SiC 
layer and an outer-dense pyrocarbon layer (O-PyC).  

Figure 1: A TRISO-coated HTR particle showing the kernel,  
the buffer, the inner PyC, the silicon carbide and the outer PyC 

O-O-PyCPyC

I-I-PyCPyC

SiCSiC

Buffer

ZrO2

40 μm
 

The gas precursors consist of C2H2 for the buffer, C3H6 for the dense PyC and CH3SiCl3 (MTS) for 
the SiC. The depositions are performed at a temperature between 1 300-1 400°C for the PyC and 
between 1 500-1 600°C for the SiC. 

2 Experimental information 

Brief informations are given on the most currently used experimental techniques. 

Scanning electron microscopy (SEM) is performed with a field emission gun FEG-SEM S4500 from 
Hitachi. The SEM used for Electron backscattering diffraction (EBSD) analyses is a JEOL 840ALGS 
equipped with an EBSD-HKL device.  
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Transmission electron microscopy (TEM) is carried out at 300 keV with a Philips CM30ST (point 
resolution 1.95 Å) and at 200 keV with a field emission gun JEOL 2010F (point resolution 1.87 Å) 
equipped with a Gatan imaging filter (GIF). The thin slices are prepared by conventional preparation 
that is to say mechanical thinning and ion milling but also by Focus Ion Beam (FIB).  

The Raman analyses are performed using a Labram HR (Jobin Yvon) microspectrometer equipped 
with a laser of λ = 632.8 nm. The lateral resolution is around 1 µm. Detection limits are 0.1 at.% for  
C and about 1 at.% for Si.  

3 Microstructure and chemical composition of the SiC 

3.1 Structure and sizes of the grains  
To reveal details of the SiC microstructure, the Murakami etching (aqueous solution of NaOH and 

potassium ferricyanide) is used. The etching reveals the presence of fine columnar grains in the 
equatorial polished section (Figure 2a).The width and length are respectively about 1 µm and about 
4-5 µm. It seems that the etching is stronger in the first microns from the interface I-PyC/SiC 
(Figure 2a). This phenomenon may be due to the existence of very small grains. This heterogeneous 
microstructure is confirmed by electron backscattered diffraction (EBSD) measurements. EBSD maps 
illustrate the grain size distribution and show that finer grains are present in the beginning of the SiC 
coating and coarser at the end.  

Moreover the grains etched present many apparent linear faults which cross all the grain or are 
stopped inside (Figure 2b). They are rather homogeneous dispersed overall the grains and often tend 
to exhibit a special orientation relationship at about 70° to each other (Figure 2c). Similar features 
have been evidenced by Gulden from General Atomic in the 1970’s [1]. 

Figure 2: SEM micrographs of SiC etched for 60 min  

(a) polished section perpendicular to the plane of deposition showing columnar grains, 
(b) and (c) sections parallel to the plane of deposition showing the linear faults. 
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SiC
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600 nm  
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Grains exhibit a preferred orientation during growth. The pole figures obtained from EBSD 
analyses (Figure 3) show that there is a clear strong <111> fiber texture (<111> pole parallel to the 
growth direction). This preferred orientation direction is commonly observed in CVD SiC deposits [2]. 

Figure 3: Pole figures showing the texture of SiC coatings 
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Examination at higher magnification by TEM confirms the dimensions and the morphology of the 
grains previously described. They also demonstrate the occurrence of sub-grains in some of them (the 
coarser). On the Figure 4(a), two sub-grains can be observed: one with a dark contrast and another 
isomorph with a grey one. According to the Selected Area Electron Diffraction (SAED) diagrams, the 
crystallographic nature of the coating is β-SiC. SiC exists under a wide variety of crystallographic 
forms referred as polytypes which differ from one to another only in the <111> stacking direction of 
the SiC biatomic layers (Si-C). β-SiC or 3C is the cubic form of SiC. 

When the deposit is observed along a <110> direction, stacking faults oriented parallel to the 
{111} planes, can be identified. Figure 4(b) shows an example of such stacking faults on a 
{111} β-SiC  surface. It is interesting to note that the dihedral {111} angle between two set of stacking 
faults that intersect is 70.5° that is to say similar to what is observed on the SiC etched. This is the 
interplanar angle of crystallographically equivalent {111} planes. 

Figure 4: Bright field TEM images showing (a) a columnar β-SiC grain  
divided in sub-grains, (b) stacking faults lying on {111} planes 

 (a) (b) 
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Observations by high resolution TEM (HR-TEM) show that regularly hexagonal faulted structures 
(polytype with large period), as it can be seen in the Figure 5(a), are not abundant. It is more common 
to find some random stacking faults which correspond to one-dimensionally disordered polytype 
(Figure 5b). In this last case, on the corresponding SAED diagram, continuous lines appear in the  
<111> direction. The fact that there are very little hexagonal polytypes (α-SiC) is confirmed by the 
X-ray diffraction (XRD) and the Raman microspectrometry (Figure 9). With both techniques, the 
α phase is never detected. This disagrees with ancient results [3] where a small fraction of α-SiC 
measured by XRD is reported but the processing conditions were not exactly the same.  

From the literature, several possibilities can explain the existence of the stacking faults [4]. 
Stacking faults can be created during the growth or introduced by glide of dislocations after growth. 
The stacking faults energy in 3C-SiC is negative (about -3 mJ/m2 [5]), thus they can occur frequently.  

Figure 5: HR-TEM images showing (a) a β-SiC grain divided  
into sub-grains, (b) stacking faults lying on {111} planes. 
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3.2 Grain boundaries 

The quality of grain boundaries is of prominent interest, because they play an important role 
during the migration of fission products. 

First observations obtained directly on fracture surfaces put in evidence that cleavage is mainly 
transgranular (hackles in the Figure 6). This is in line with a high purity of grain boundaries free of 
porosity. This feature is confirmed by TEM examination and Energy dispersive X-ray spectrometry 
(EDX) coupled with TEM. No intergranular porosity is apparent (Figure 7) and EDX results tend to prove 
that no segregation exists. Thus, it is concluded that grain boundaries are of high quality. 

Figure 6: Fracture surface of SiC observed by SEM 

1 μm
 

Figure 7: Bright field TEM image of a grain boundary in the SiC coating 

Grain 1

Grain 2

 

3.3 Flaws evidence as potential cracks  
SEM observations on fracture surfaces and external cap show no apparent pores. Thus, it seems 

that there aren’t any cracks initiators in the SiC deposit. To check this feature, a short Murakami etch  
(10 min) was used on the SiC sections. This first stage of the etching is very interesting because it 
reveals some first potential cracks. Presence of closed microcavities in the area close to the SiC/I-PyC 
interface appear (rings on the Figure 8). When the internal gas pressure increases a tensile hook stress 
develop in the SiC layer; flaws tend to propagate and to generate radial cracks in the SiC deposit.  
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Figure 8: SEM micrograph of SiC etched for 10 min 

Polished section perpendicular to the plane of deposition 
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3.4 Chemical analyses: Ratio Si/C 
Chlorine was analysed by electron probe micro analysis (EPMA) on cross-sections. Under 

irradiation, stable isotope 37Cl becomes radioactive (in the form of 36Cl), so it is of great importance 
that the deposit contains no chlorine to prevent the release of radioactivity into the environment. Our 
results indicate that it is present in only very small amounts, its concentration is always less than  
15 ppm. Complementary informations are obtained by depth profiles registered using time of  
flight – secondary ion mass spectrometry (ToF-SIMS). Chlorine is more abundant at the extreme 
surface but its depth-concentration decreases very rapidly. 

As already said previously, all the deposits characterised by Raman microspectrometry consist 
exclusively of β-SiC. Raman spectra demonstrate also that there is no excess carbon and silicon: only 
the two main peaks corresponding to the transverse optic (TO) mode and the longitudinal optic (LO) 
mode of the 3C-SiC appear (Figure 9). These results are reinforced by EPMA analyses which indicate 
that the SiC stoichiometry is very close to the unity (Si/C = 1.02). 

Figure 9: First-order Raman spectrum obtained on SiC cross-section 
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4 Texture and nanostructure of the PyC 

4.1 General morphology  

 
Illustration of the buffer and dense PyC texture observed by SEM on failure surfaces is given on 

the Figure 10. The buffer is constituted by concentric growth figures (spheroids) of 300-400 nm in 
diameter. A heterogeneous distribution of large cavities is evidenced. Dense PyC are composed of 
agglomerated spheroids (Figure 10b). Such spheroids, with a mean diameter of 500 nm, are typical of 
reactions in the gas phase (homogeneous growth) [6]. On the fracture surfaces, PyC deposited directly 
on the surface (heterogeneous growth), can also be distinguished around the agglomerates (Figure 10b).  

Murakami chemical etching evidences the main features of the PyC microstructures. On the 
Figure 11 which is a polished and etched section of dense PyC, the texture of carbon spheroids is 
clearly visible. They present an “onion texture” with concentric carbon layers. Etching occurs 
preferentially in regions corresponding to the direct PyC coating onto the surface. In these regions, the 
deposit is much oriented (anisotropic fraction or “layered” carbon deposit). 

Differences in the microstructure and in the surface porosity are observed between I-PyC and  
O-PyC, whereas the both PyC are apparently processed in the same conditions (temperature, 
precursor). Raman spectra obtained from a cross-section of the pyrocarbons indicate sharper D 
(1 335 cm–1) and G (1 600 cm–1) bands in the case of I-PyC compared to O-PyC. Such well-defined peaks 
reveal a higher crystallisation degree of the I-PyC (better crystalline organisation). In addition, 
measurements by microscopic image treatment show that I-PyC contains a more considerable 
amount of porosity (about 16 surf.%) than O-PyC (about 6 surf.%). 

All these microstructural differences can be correlated with the fact that I-PyC is annealed 
between 1 500-1 600°C during the SiC deposition process. 

Figure 10: Failure surfaces observed by SEM of (a) the buffer and (b) the dense I-PyC 
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Figure 11: SEM micrograph of dense PyC section etched for 60 min 

1 μm
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4.2 Nanostructure of carbon layers 
The nanostructure of buffer and dense PyC observed with HR-TEM are totally different. The 

buffer is composed of piles of long carbon layers, randomly oriented (Figure 12a). This nanostructure 
is known to create a low density via an important intra-layers porosity. Carbon layers deposited in the 
case of I-PyC are shorter and arranged in compact piles (Figure 12b).  

In order to compare, nanostructure of a PyC deposited in similar conditions on a flat support is 
represented on the Figure 12(c). Carbon layers are short and highly aligned.  

These results seem to be coherent with the pyrocarbons classification determined by Pelissier 
and Lombard in 1976 [7,8]. This classification is based on three structural arrangements: the tangled 
fibre, the layered and the mosaic structures.  

Figure 12: HR-TEM micrographs of different pyrocarbons: (a) the buffer, (b) the I-PyC and (c) a  
PyC deposited on a flat support. Lattice fringe images correspond to the (002) carbon layers 
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Figure 13: Typical SEM micrographs of PyC/SiC interfaces showing  
(a) a rough I-PyC/SiC interface and (b) a smooth O-PyC/SiC interface 
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5 Description of PyC/SiC interfaces 

The particle failure is strongly dependent on the bond strength between the PyC and SiC layers. 
Miller [9] shows that a low bond strength contribute to failure probabilities. Thus, it is important to be 
sure that before irradiation, high bond strengths exist at the PyC/SiC interfaces. 

5.1 Cross-sectional SEM observations 
Observations of cross-sections by SEM (Figure 13) indicate that only the SiC/I-PyC interface is 

rough with apparently no adhesion defects. At the O-PyC/SiC interface, a decohesion of about 1.5 µm 
is evidenced. The epoxy resin has penetrated between the O-PyC and SiC layers via the debonding 
crack generated in the O-PyC during the metallographic preparation.  

5.2 Raman microspectroscopy analyses  
The vicinity of the PyC/SiC interfaces has been analysed in cross-section by Raman 

microspectroscopy. The D pyrocarbon peak intensity (peak surface) is mapped in the vicinity of both 
interfaces (Figure 14). The mappings are in good agreement with previous SEM evidences. The 
presence of SiC interpenetrated I-PyC is confirmed.  

Figure 14: Raman microspectroscopy mappings (pyrocarbon “D” band) recorded  
at (a) the I-PyC/SiC interface (rough) and (b) the SiC/O-PyC interface (smooth) 
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The nature of the bonding of the SiC layer is thus different for the two interfaces. No adhesion 
exists with the O-PyC. On the contrary with the I-PyC, a better mechanical bonding exists via the 
penetration of the SiC inside the I-PyC porosity. Bonding mechanisms are controlled by the CVD 
processing and by thermal dilatation phenomena.  

6 Conclusion 

This detailed study of the unirradiated TRISO particles has shown how a combination of various 
analytic methods can lead to a complete and pertinent materials study (in terms of microstructure 
and texture) of the different layers and of the interfaces between them. The following table (Table 1) 
summarises the inputs of each analysis method used. 

A next challenge is now to correlate the microstructures observed with processing conditions and 
thermomechanical behaviour. 
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Table 1: Inputs of each analysis method used 

Methods Specimen 
preparation 

Informations on 
SiC PyC 

Fractography Fracture surfaces 
• Presence of flaws 
• Fracture mode (transgranular or 

intergranular) 

• Morphology 

Murakami etching + 
SEM 

On caps or polished 
cross-sections 

• Grains size 
• Morphology 
• Stacking faults 

• Texture 
• Fraction of anisotropic dense 

PyC 

TEM observations Thin slices 
• Grains size and morphology 
• Nature of crystallographic defects 
• Quality of grain boundaries 

• HR-TEM structure 
Texture 

• Measure of isotropy 

Raman 
microspectroscopy 

Polished 
cross-sections 

• Presence of hexagonal polytypes 
• Presence of excess Si and C 

• Crystalline organisation 
(presence of defects) 

• Chemical composition near 
interfaces with the SiC 

EBSD Polished  
cross-sections 

• Grains size and morphology 
• Texture – 

EPMA Polished  
cross-sections 

• Stoichiometry Si/C – 

ToF-SIMS Without • Chemical composition of the SiC 
surface – 

XPS Without • Chemical composition of the 
extreme SiC surface – 
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Abstract 
AREVA and Commissariat à l'Energie Atomique (CEA) conduct an extensive R&D Programme on HTR 
Fuel. In that frame, production and characterisation R&D studies of as-manufactured standard or 
innovative nuclear fuels, are performed at the Commissariat à l’Energie Atomique (CEA). 

VHTR (Very High Temperature Reactor) and GFR (Gas Fast Reactor) systems need innovative fuel 
concepts such as new fissile materials (nitrides or carbides) or different fuel geometries (particles or 
fibers most likely inserted in spherical or hexagonal elements). Consequently, current production and 
characterisation techniques have to be implemented to fulfil these new requirements. 

In this paper, production processes and characterisation techniques of VHTR particles fuel are 
described. Results of thermal characterisation of coated particles by thermoreflectance microscopy and 
elastic mechanical properties of UO2 kernel and PyC coating layers are also presented and discussed. 
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1 Introduction 

AREVA and Commissariat à l'Énergie Atomique (CEA) conduct an extensive R&D Programme on 
HTR Fuel. In that frame, production and characterisation R&D studies of as-manufactured standard or 
innovative nuclear fuels, are performed at the Commissariat à l’Énergie Atomique (CEA).  

VHTR (Very High Temperature Reactor) and GFR (Gas Fast Reactor) systems need innovative fuel 
concepts such as new fissile materials (nitrides or carbides) or different fuel geometries (particles or 
fibres most likely inserted in spherical or hexagonal elements). Consequently, current production and 
characterisation techniques have to be implemented to fulfil these new requirements. 

Fabrication of (V)HTR fuel particles are already in progress, contributing to new GFR’s fuel 
manufacture technologies with innovative processes. In the same time, new microstructural 
characterisation methods are investigated, different thermo-mechanical properties will be measured 
with appropriate determination devices. The main objective is to determine intrinsic properties of 
fresh fuel materials (i.e. before irradiation) in order to be able to give input data for fuel modelling codes. 

After a quick overview of HTR fuel elaboration process, all investigated characterisation 
techniques are presented and first results are given. 

2 Manufacture process 

2.1 HTR fuel description 
HTR fuel is basically based on spherical coated particles dispersed in a graphite element named 

compact in the US concept and pebble in the German one. Classical dimensions of US cylindrical 
compacts are about 1 to 2-cm-diameter and 5-cm-long. The overall diameter of the German spherical 
fuel element is 6 cm, with a 0.5-cm-thick fuel-free shell. 

The HTR coated particle consists of a UO2 fuel kernel that is surrounded by a porous pyrolytic 
carbon buffer layer, an inner dense pyrolytic carbon layer (IPyC), a silicon carbide layer (SiC) and an 
outer dense pyrolytic carbon layer (OPyC). The diameter of the UO2 kernel is about 500 µm whereas 
the diameter of the overall coated particle is about 900 µm.  

Each layer in the TRISO particle design has a specific function in fuel performance and fission 
product (FP) retention. The buffer layer provides a void volume for gaseous FP and accommodates 
kernel swelling. The dense IPyC reduces tensile stress on SiC and acts as a diffusion barrier to metallic 
FP. The SiC layer ensures leak tightness to metallic FP during normal and accidental situations. The 
dense OPyC layer reduces tensile stress on SiC as IPyC and provides bonding surface for matrix material. 

2.2 HTR fuel fabrication process  
Since 2000, CEA is involved in coated particle fuel manufacture and characterisation programme [1] 

in order to recover the past experience and know-how to be able to propose, in short term future, new 
kinds of fuels suitable for very high temperature gas-cooled reactors. After preliminary studies done 
on UO2 kernel fabrication and on the coating process using ZrO2 as surrogate kernel, an experimental 
manufacturing line GAIA was built at CEA Cadarache [2]. This facility will allow the fabrication of LEU 
coated particle fuel for the first foreseen irradiation tests SIROCCO [3].  

UO2 kernel is produced by external sol-gel method so-called Gel Supported Precipitation which is 
based on precipitation of uranyl nitrate supported by a polymeric chain. Spherical droplets of a broth 
containing uranyl nitrate are produced by a vibrational dropping technique and fall in a 
NH4OH gelation bath. These droplets are aged to improve internal structure, then are washed to 
remove nitrate. Following the drying and calcining steps, a reduction-sintering stage is completed to 
produce highly dense UO2 kernels. The coatings are performed by chemical vapour deposition in 
fluidised-bed using a vertical high-temperature furnace. Pyrolysis of adequate hydrocarbons and SiC 
precursor leads to the formation of the final coated fuel particles. 
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3 Characterisation methods 

3.1 Microstructural characterisation 
As it has been pointed out by German experience [4], irradiation performances of HTR fuels 

impose requirements on HTR coated particles, such as a low standard deviation of kernel diameter 
and sphericity, a close control of coating thickness. In order to provide these QC tools, 
characterisation methods using light optical microscopy with specific image processing have been 
developed at CEA Cadarache. 

3.1.1 Description of the method 

Depending of the desired parameters i.e. kernel sphericity and diameter or layer thickness of 
coated particles, the principle consists either to deposit the kernels on optically transparent dish 
using light transmission mode or to polish carefully embedded coated particles using light reflection 
mode. The imaging system comprises a LEICA M420 vertical microscope with a SIS® F-View II Camera. 
The choice of the magnification, function of the size of the analysed beads, is taken in order to have 
an uncertainty of less than 1% on the measured parameters.  

Automatic acquisition is assured by a computer-controlled stage, the digitised images are 
automatically analysed with a routine, which has been especially developed for this kind of 
measurements on a SIS software.  

For the outer surface characteristics, processing of back-lit images is composed of an automatic 
threshold step based on the maximisation of interclass variance [5] followed by a watershed 
segmentation [6] performing the particles’ or kernels’ separation. The detection and the measurement 
of each individual object – kernels or particles – can then be done, the kernel diameter is determined 
with the equivalent circle diameter (after each surface area measure), the kernel sphericity is deduced 
from the ratio of maximum Feret diameter/minimum Feret diameter.  

The image processing for the determination of layer thickness of each coating is under 
development. A preliminary work essentially based on the Euclidean distance map computed on 
binary images of polished particles cross-section gives encouraging results, improvements have to be 
implemented to enhance the automatic determination of the buffer-IPyC frontier [7]. In order to take 
into account that the polished plane may be different from the equatorial one, a correction must be 
applied to the measured layer thickness that allows us to determine the real thickness of each layer. 

Table 1: Size and sphericity data of AVR19 particles (1073 coated particles analysed) 

AVR 19 (Sample=1073 coated particles) Sphericity Mean Diameter 
(μm) 

Max Diameter  
(μm) 

Min Diameter  
(μm) 

Average 1.05 911 942 891 
Standard deviation 0.02 23 25 25 

Maximum 1.16 1011 1094 989 
Minimum 1.01 853 873 812 

 

Figure 1: Distribution of the coated particle diameter and sphericity 

0

2

4

6

8

10

12

14

16

18

<1
,01

<1
,03

<1
,05

<1
,07

<1
,09

<1
,11

<1,1
3

<1
,15

Sphericity

Fr
eq

ue
nc

y 
(%

)

0

2

4

6

8

10

12

14

<
830

<
850

<
870

<
890

<
910

<
930

<
950

<
970

<
990

Mean Diameter (μm)

Fr
eq

ue
nc

y 
(%

)

 



NEW TECHNIQUES DEDICATED TO THE CHARACTERISATION OF INNOVATIVE FUELS 

146 ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 

3.1.2 Image processing applied on the past German batch referenced “AVR19” 

Image analysis, as described above, has been applied to characterise sample of about 1000 HTR 
fuel particles extracted from the German batch “AVR19”. These German particles will be irradiated 
with French ones in the irradiation test SIROCCO1, and are considered as the reference HTR fuel in 
this first test [4]. The uncertainty for this measurement is ±0.4% of the particle diameter.  

First data from each particle are compiled in Table 1 to obtain the average, standard deviation, 
maximum and minimum of individual figures. In near future, the AVR19 particles will be 
characterised more exhaustively using the two image processing method described in § 3.1.1 in order 
to compile the precise geometric features of the German batch. 

Figure 1 shows the distribution of the coated particle diameter and sphericity. The measured 
particles have an average diameter of 911 µm with a standard deviation of 23 µm. Assuming the 
experimental distribution is a Gaussian distribution, the average diameter of the German particles is 
expected to be 911 ± 4 µm with more than 99% confidence. The average sphericity is 1.05 with a 
standard deviation of 0.02. 

3.2 Thermal characterisation 
In order to predict the in pile behaviour of fuel element, specific thermophysical properties have 

to be assessed. The most important property involved in the prediction of the fuel temperature is the 
thermal conductivity.  

For the graphite element (compact or pebble), this property can easily be obtained by 
conventional laser flash method. For the coated particles, thermal properties have also to be 
evaluated in order to improve the prediction of the in pile behaviour. 

Photothermal experiments are particularly suitable to determine thermal diffusivity at different 
scales, from the micrometer to the millimetre, simply by varying the modulation frequency [8]. Thus, 
the actual selected technique is thermo reflectance microscopy. The method consists in photothermal 
effect detection which allows a no contact thermal diffusivity measurement. The thermal 
conductivity is obtained as the product of the experimentally measured thermal diffusivity by the 
heat capacity and density values, according to the relationship: 

 Cp   λ αρ=   (1) 

where λ is the thermal conductivity (Wm-1K-1), α is the measured thermal diffusivity (m²s–1), ρ is the 
density (kgm–3), and Cp is the heat capacity (Jkg–1K–1). 

3.2.1 Description of the thermo reflectance microscopy [9] 

This technique is based on the measurement and analysis of the periodic temperature increase 
induced by the absorption of an intensity modulated laser beam (pump beam). By detecting the 
thermally induced reflection coefficient variations with the help of a secondary continuous laser 
beam (probe beam), the temperature increase is measured at the sample surface with a sensitivity 
better than 10–3 kHz–1/2. Unlike other photothermal methods, this contactless technique has a 
micrometric spatial resolution.  

The experimental set-up, described in Figure 2, consists of the three mains parts: an optical set-up 
for focusing and positioning the pump and probe beams, a device for measuring the reflected probe 
beam intensity, and several electronic devices for detecting the signal and driving the experiment. 

The pump beam is a continuous Ar+ laser whose maximum power is 2 W. Its intensity is 
modulated by a frequency generator-driven acousto-optic modulator operated at frequencies up to 
2 MHz. The pump beam is then orientated by a dichroic mirror and finally focused onto the sample 
surface in the heating stage with a microscope. 

The probe beam is a laser diode that goes through a quarter-wave plate and the dichroic mirror, 
and is then focused onto the sample surface with the same microscope. After reflection, it goes 
through the quarter-wave plate again and is then sent to the photodiode by a beam splitter cube. An 
optical filter prevents any pump beam photons from reaching the detector.  
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A lock-in amplifier extracts the amplitude and phase of the periodic signal of the photodiode.  
A PC controls the dichroic mirror orientation and consequently the distance r between probe and 
pump beam location.  

The heating stage window, made of fused silica, transmits 93% of the intensities of the two 
beams. An objective (with adequate magnification) with a large work distance designed to correct the 
spherical aberrations due to the heating stage window is used. The highest temperature that the 
heating stage can reach is 1 500°C with a heating rate of 0.1-130°C/min. 

Mirror polishing of the sample is necessary to ensure a good reflection. In our case, the 
measurements were performed on polished section of particles. 

Figure 2: The thermal microscope set-up 

 

 

When an isotropic, homogeneous medium is heated by a periodic point-like heat source of  
power Q, the periodic temperature increase, also called the “thermal wave”, at a distance r from the 
pump location is described by the following equation: 
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μ is called the thermal diffusivity length, f being the modulation frequency of the harmonic heat 
source, α the thermal diffusivity of the material, k its thermal conductivity. The argument of δT (i.e. its 
phase) is –r/μ ; the slope of the phase versus r curve is –1/μ, which is used to evaluate the thermal 
diffusivity of the medium using a simple linear regression. Then, the thermal diffusivity can be 
extracted with a precision often better than 5%.  

3.2.2 Thermal characterisation applied to simulant pyrolytic carbon layers 

Thermoreflectance microscopy has been applied to characterise dense pyrolytic carbon layers of 
simulant HTR particles. A few measurements have been performed only at room temperature 
currently, and in-temperature tests up to 1 500 °C are planned this year. 

The aim of these first measures was to demonstrate the feasibility of this technique in the 
thermal characterisation of HTR layer materials.  
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The thermal diffusivity is estimated from the 1D phase profiles least squares adjustment. An 
example for the I-PyC is illustrated in Figure 3. The results are given in Table 2. The value of heat 
capacity is given by [10]. No density measurement has been carried out on these particles, and so just 
a frame of conductivity value is given corresponding to the range proposed for the current 
specification for HTR fuel particles. 

Figure 3: 1D scanning and its related squares adjustment 

 

Differences in the diffusivity and conductivity values are observed between I-PyC and O-PyC, 
whereas both PyC are apparently processed in the same conditions (temperature, precursors). These 
differences may be correlated with the fact that I-PyC is annealed between 1 500-1 600°C during the 
SiC deposition process. However, these first experimental values need to be confirmed by more 
statistical measurements. As well, we plan to determine this year, thermal conductivity of dense PyC 
and SiC layers until 1 500°C. 

Table 2: Thermal diffusivity and conductivity of simulant pyrolytic carbon layers 

  Simulant HTR particles 
Inner dense PyC Outer dense PyC

Cp (J.Kg-1K-1) 710  710  
Density (g.cm-3) 1.8 < ρ < 2 1.8 < ρ < 2 
Porosity (%) 9 < p < 18 9 < p < 18 
Diffusivity (mm².s-1) 13  5.8  
Conductivity (W.m-1K-1) 16.6 < λ < 18.5 7.4 < λ < 8.2 

 

Buffer thermal property measurements were also performed at room temperature. Diffusivity 
value obtained on the “skeleton” of the buffer layer allows to demonstrate the feasibility of this 
technique on this porous material. Complementary measurements will be carried out this year to 
determine the thermal conductivity of the buffer layer. 

3.3 Mechanical characterisation 
Modellisation of the whole coating in service conditions is necessary to define how prevent crack 

initiation and leak. FEM calculations require the exact knowledge of elastic constants and other 
mechanical characteristics of each specific coating layer. In a first step, we will focus on the kernel 
and coating layers elastic characterisation. 
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3.3.1 Description of the methods 

3.3.1.1 Acoustic microscopy 
The acoustic microscopy technique and its advantages for the realisation of images and for the 

determination of local elastic properties have been described earlier [11]. Indeed, C. Bellan [12] has 
used this technique to evaluate the Young modulus of dense pyrolytic carbon and silicon carbide thin 
coating. These measurements have been performed on specific flat substrates. The results obtained 
on SiC layer were overall in agreement with the bibliographical data.  

Even though the coating is realised in similar conditions, the structure of the flat layer may 
deviate considerably from that of the corresponding particle coating and the properties can also  
be different. Thus, acoustic microscopic measurements are performed currently on SiC coating 
particle layers. 

Finally, to evaluate the influence of fabrication process on UO2 elastic property, the Young 
modulus of UO2 kernels was also measured by acoustic microscopy. 

3.3.1.2 Nanoindentation 
As acoustic microscopy is not suitable to measure the elastic properties of PyC layers, 

nanoindentation was performed. 

Elastic modulus measurements were made with a Nanoindenter NT 600 (Micro Materials 
Limited®), at the LCTS Laboratory. It allows indentation displacement until 50 µm. The penetration 
measurement of the undeformable indenter (in diamond) is performed thanks to a capacitive sense; 
the accuracy is about 0.01 nm.  

Ten indentations have been performed in each layer on equatorial polish section. 

3.3.2 Elastic characterisation 

Results on UO2 kernels and PyC layers are as follows: 

3.3.2.1 Acoustic microscopy measurement on UO2 kernel 
Young modulus determination was realised on different batches of UO2 kernel produced in CEA 

with different microstructures (grain size, porosity) [2]. The measurements were performed for each 
batch on polished sections of different kernels.  

The frequency of the ultrasonic wave was about 140 MHz. This frequency allows realising 
measurement on a 300 x 300 µm² area, thus the Young modulus of almost all the kernel area can  
be evaluated.  

The acoustic microscopy measurements give Rayleigh velocity of UO2 kernels. Young modulus 
can be deduced from the following relationships: 

 E = 3ρVR²  (3) 

with ρ = 10960 (1-p) kg.m-3 

where p is the porosity of the material. 

The results are presented in Table 3.  

Table 3: Results of acoustic microscopy characterisation 

 VR (m.s-1) E (GPa) from Eq. 1 P (%) from Eq. 2
Batch N°1 2545 ± 20 205 ± 5 2 ± 0.8 
Batch N°2 2477 ± 25 192 ± 6 4.7 ± 1 
Batch N°3 2500 ± 40 198 ± 5 3.8 ± 1 
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These results show that there is no influence of the fabrication process on the elastic properties 
of UO2. The Young modulus obtained on UO2 kernels are in keeping with literature data available for 
UO2 pellets produced by classical powder metallurgy route [13]. Making the assumption that the 
evolution of Young modulus with porosity is the same for UO2 kernels obtained by sol-gel method 
than for UO2 pellets, the porosity of kernels can be deduced from acoustic microscopy measurements 
thanks to Eq. 5 established by [14]: 

 p = [1- (VR/2593)]/0.91  (4) 

Some porosity measurements by microscopic image analysis are in progress to confirm Eq. 5, 
between Rayleigh velocity and porosity and thus permit us to evaluate the global percentage of 
porosity of UO2 kernels by acoustic microscopy. 

3.3.2.2 Nanoindentation applied to pyrolytic carbon layers 
The results obtained on simulant HTR particles are given in Table 4, and compared with 

literature data deduced from nanoindentation measurements. 

Table 4: Results of nanoindentation characterisation on pyrolytic carbon layers 

  Simulant HTR particles Flat substrates [12] Particle layers* [15,16] Rod substrates [17]
Inner dense PyC Outer dense PyC dense PyC dense PyC dense PyC 

E (GPa) 18 29 25.5 14 24.4 
* Source of this data is not completely certain and data could be not obtained by nanoindentation. 

These values are in agreement with literature data. Difference between Young modulus of I-PyC 
and O-PyC are observed. As for thermal properties, this difference may be correlated with the 
annealing of the I-PyC during the SiC deposition process.  

4 Conclusion  

In the framework of innovative fuel concepts (HTR or GCR) and in co-operation with AREVA and 
LCTS, CEA is in charge of the manufacture and the characterisation of fresh fuels to provide input 
data for the in-pile behaviour modelling. The prediction of the different phenomena which occur into 
the fuel particle during irradiation needs microstructural characterisation as well as particle 
component properties determination. The studies presented in this paper shown the different 
techniques that are presently implemented to fulfil these requirements. 

The first results demonstrate the feasibility of these techniques to characterise the layers of the 
particles. The next step is to perform such characterisation on the LEU coated fuel particles that will 
be manufactured on the GAIA line. Another goal of present work is to provide characterisation tools 
able to optimise the coating process by better understanding process-product quality relationship.  
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Abstract 
The High Temperature Reactor (HTR) is the subject of a number of national and international research 
and development projects, with both electricity production and process heat applications as goals. The 
fuel for near term deployment of this reactor type will almost certainly be based on kernels of UO2 or 
perhaps on U-C-O, if high burn-ups are required. Nevertheless, the HTR has an interesting potential 
for the incineration of plutonium. Dilution of the Pu in kernels in an inert matrix such as yttria 
stabilised zirconia (YSZ) leads to improved in pile performance of the fuel, simply by increasing the 
volume to retain fission gases in the first buffer coating layer. In addition, the inert matrix option 
permits a unique cost effective production route, which eliminates all active liquid wastes.  



KERNELS FOR THE DISPOSITION OF PLUTONIUM IN HIGH TEMPERATURE REACTORS 

154 ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 

Introduction 

The next generation of commercial High Temperature Reactors (HTR) will be fuelled with UO2. 
Nevertheless, they can also be used for plutonium or minor actinide (MA) incineration [1-4]. The HTR 
can be fuelled with a full plutonium core, without recourse to U to maintain safety margins,  
though burnable poisons (e.g. erbium) can be required to preserve the inherent safety of the system 
[2,5]. In the early 1970’s several successful tests were made on plutonium based fuel in the 
experimental Peach Bottom (USA) [2] and Dragon (UK) [6,7] HTR’s. Fuel burn-ups of 750 GWd/tonne 
were demonstrated.  

The fuel most widely considered for HTR’s is low enriched uranium (LEU) oxide. The fissile 
component (235U) of this fuel is in fact diluted in the fertile 238UO2 matrix and thus meets proliferation 
requirements (<20%). The HTR requires PuO2 kernels of 200 µm [8,9] and does not specifically require 
the dilution of Pu in a matrix. Nevertheless, significant advantages in fuel irradiation performance 
can be gained by doing so. The diluting matrix could be UO2 to give a MOX fuel, but further 
performance and indeed fabrication advantages can be gained by using an inert matrix such as yttria 
stabilised zirconia (YSZ).  

Performance perspectives of diluted Pu or minor actinide based kernels 

In the present TRISO fuel design, the kernels are coated with a low (50%) density buffer layer 
followed by high density inner pyrocarbon (iPyC), silicon carbide (SiC) and outer pyrocarbon (oPyC) 
layers. While the three outermost layers maintain the seal against fission gas release, the inner buffer 
layer, provides free volume for the fission gases and CO released from the kernel during irradiation. 
As the irradiation proceeds, the pressure generated by these gases increases, and can eventually 
cause a tensile stress of the SiC layer, which, if it becomes greater than the SiC strength, can cause 
particle failure. This process essentially determines the licensable burn-up of the fuel.  

Provision of sufficient free volume to accommodate swelling and fission gas is one of many 
criteria in the design of the coated particles [10]. There was a convergence for UO2 fuel on a 500 µm 
kernel, with a buffer layer thickness of 90 µm. If this thickness is maintained, then the free volume of 
the buffer layer is determined by its inner diameter, i.e. the diameter of the kernel. Thus, the buffer 
layer volume of a pure 200 µm PuO2 kernel is a quarter of that for a conventional 500µm UO2 fuel 
kernel. Therefore, the pressure in such a coated PuO2 particle will build up more quickly, and the 
potential for SiC failure will occur sooner, so that the achievable particle burn-up will be reduced. 
Dilution of the PuO2 in YSZ can be used to produce kernels with 500 µm and, by virtue of the  
same free volume; a similar performance to the conventional UO2 500 µm fuel can be expected.  
This concept was tested for the dilution of PuO2 in graphite kernels in an irradiation test in the FRJ2 
reactor [10,11]. Dilution will influence the temperature difference across the kernel, but the effect is 
negligible. Taking thermal conductivities of 2.5 and 1.5 W.m–1.K–1 for UO2 and (Zr,Y,Pu)O2 [12,13] the 
temperature difference in such kernels are 16 and 26°C respectively. 

Fabrication of diluted Pu or minor actinide based kernels 

The infiltration process has proved to be a unique and versatile means to produce inert matrix 
fuels (IMF) containing either plutonium or americium [14,15]. In a first step highly porous YSZ kernels 
are produced by sol gel external (or internal) gelation route (see Figure 1) in standard chemical 
laboratories or installations. All liquid wastes are inactive and can be dealt with in a straightforward 
way. After their calcination, the porous YSZ kernels are introduced into the glovebox, which provides 
radiological protection for the handling of the actinides. There, they are placed in a suitable container, 
and the actinide solution, once added, infiltrates the porous structure of the kernels. The infiltrated 
kernels are allowed dry in the glovebox atmosphere, before being calcined at 850°C, whereby the actinide 
nitrate is converted to oxide. At this stage they are composed of a poorly crystalline (Zr,Y)O2 solid solution 
and small PuO2 particles. Sintering, the final step in the process, not only densifies the kernels, but also 
causes chemical reaction between the two phases to give a (Zr,Y,Pu)O2 solid solution. 
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Figure 1: The infiltration process 

The large box indicates the steps requiring radiological protection.  
The dashed arrow indicates the possibility of multiple infiltration. 
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The infiltration route generates no radioactive liquid wastes. The sole effluent is NOx, a thermal 
decomposition product of the actinide nitrate. This can be passed through corrosion resistant filters 
on the glove box and released to the stack or treated by conventional means in a non-active facility. 
The quantity of actinide infiltrated can be increased by multiple infiltrations of the porous kernels, 
whereby the infiltration step is repeated following an intermediate calcination step. Results for the 
production of (Zr,Y,Pu)O2 kernels using a Pu nitrate solution with a concentration of 155 g Pu/litre, are 
shown in Figure 2. The amount of Pu infiltrated in a single step was 6.1 wt%. This was increased to 
11.0 wt% by infiltrating a second time.  

Figure 2: (Zr,Y,Pu)O2 kernels (φ ≈ 700 μm) produced by the infiltration of porous YSZ kernels 

Single Infiltration Double Infiltration 

  

The kernels produced in this way have been subjected to ceramographic examination. The 
results (shown in Figure 3) indicate that they are highly dense and of good quality and without any 
internal cracks. The grain size is about 20 µm. The material structure has been investigated using 
X-ray diffraction (XRD). The results (shown in Figure 4) indicate a cubic crystal structure with lattice 
parameters of 0.5164 and 0.5166 nm for the samples with 6.1 and 11.0 wt% Pu, respectively. 
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Figure 3: Sectioned and polished (Zr,Y,Pu)O2 kernels 

Sectioned kernels Grain Structure 

Figure 4: X-ray diffraction pattern from (Zr,Y,Pu)O2 with 6.1 wt %Pu 

 

Conclusions  

Plutonium based kernels have been fabricated using an innovative fabrication route based on 
actinide infiltration of porous YSZ kernels. No radioactive liquid waste is produced. Non conforming 
porous kernels, which do not comply with sphericity, diameter or other criteria, can be separated 
prior to infiltration, thereby reducing the amount of non conforming final product to be recycled. The 
present quality of the porous kernels is sufficient, in terms of sphericity, for this demonstration, but 
need further improvement for reactor tests. Dilution of Pu in an inert matrix, such as YSZ, improves 
the fuel performance as extra free volume in the buffer layer of the coated particles is provided. ITU 
now embarks on the installation of a coater in its laboratories, to produce and test the performance of 
such coated particles in material testing reactors.  
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Abstract 
The High Temperature Engineering Test Reactor (HTTR) achieved the reactor outlet coolant 
temperature of 950°C on 19 April 2004. Research and developments of the High Temperature 
Gas-cooled Reactor (HTGR) that has merits of supplying high temperature heat, inherent safety 
features, high thermal efficiency, high burn-up of fuel, and so on are particularly important for 
diversification of energy supply in the future. The HTTR employs TRISO-CFPs in the prismatic fuel 
assembly. Research and development on the HTTR fuel has been carried out spread over about 
30 years, in fuel fabrication technologies, fuel performance under normal operation, transient and 
accident conditions, fission product behavior, and so on. Furthermore, for upgrading of HTGR 
technologies, an extended burn-up TRISO-CFP and an advanced ZrC-CFP in order to keep the integrity 
at higher operating temperatures has been developed. 
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Introduction 

The High Temperature Gas-cooled Reactors (HTGRs), with its inherent safety and high 
temperature heat supply of about 1 000oC at the exterior of the reactor, can achieve effective 
utilisation of nuclear energy in various fields by stages. For example, HTGRs make it possible to 
produce hydrogen with its high temperature heat supply. Hydrogen is expected as alternative energy 
source for oil near future. Therefore, HTGRs are expected to contribute to the reservation of the global 
environment and to provide a diverse energy supply [1,2]. In Japan, the Japan Atomic Energy Research 
Institute (JAERI) has carried out the research and development of HTGRs since 1960's [3]. The 
construction of High Temperature Engineering Test Reactor (HTTR) of 30 MW thermal power started 
1991. In December 2000, the HTTR reached full power. The HTTR attained 950oC of the outlet coolant 
temperature on April 2004. 

In the HTGRs, two main fuel element concepts are presently in use, the spherical fuel element 
and the block-type fuel element as shown in Figure 1. In both concepts, the high temperature heat 
supply and inherent safety features of the HTGRs are mainly achieved using refractory-coated fuel 
particles. Current HTGRs employs so-called TRISO-coated fuel particles, where the fuel microsphere 
(kernel) are coated with the low-density carbon buffer, the inner isotropic high-density carbon (IPyC), the 
silicon carbide (SiC) and the outer isotropic high-density carbon (OPyC) layers in this order from within. 

In the field of HTGR fuel, JAERI has carried out a lot of research and development works under 
the HTTR Project. Since 1960’s, fuel fabrication technologies were developed with the collaboration of 
the Nuclear Fuel Industry (NFI) Co. Ltd. Fuel performance under normal operation and accident 
transient conditions was also investigated by Oarai Gas Loop-1 (OGL-1) and capsule irradiation tests, 
which were installed at the Japan Materials Test Reactor (JMTR), in the ranges of temperature and 
burn-up required for the HTTR. At the same time, fission product behaviours have been investigated, 
and analytical fission product release models were developed based on these experiments. The fuel 
performance and fission product behavior are under investigation through the HTTR operation. For 
upgrading of HTGR technologies, JAERI has also developed an extended burn-up TRISO-coated fuel 
particle, and an advanced type of coated fuel particle, where Zirconium carbide (ZrC) replaces SiC, in 
order to increase the operating temperature and burn-up. 

Figure 1: High temperature gas-cooled reactor fuel 
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Fuel fabrication 

In safety design of the HTGR fuels, it is important to retain fission products within particles so 
that their release to primary coolant does not exceed an acceptable level. From this point of view, the 
basic design criteria for the fuel are to minimise the failure fraction of as-fabricated fuel coating layers 
and to prevent significant additional fuel failures during operation. At first, the safety design criteria 
for the HTTR fuel were settled, then, corresponding to the criteria, research and develop works were 
carried out to confirm safety characteristics of the fuel. 

The inspection items were determined to confirm specifications, which certify nuclear and 
thermal-hydraulic design, irradiation performance and so on. From the viewpoint of purposes, the 
inspection items are divided into three categories, namely (1) compulsory, (2) user’s requirement or 
optional and (3) vender’s quality control. The sampling rate was also determined by considering the 
uniformity of inspected data. Three categories are basically classified as (a) small-scattering data,  
(b) medium-scattering data and (c) large-scattering data. One sample is measured from an inspection 
lot for the small-scattering data. For the inspection lot with medium-scattering data, three samples 
are measured and all of them should satisfy criterion. For the large-scattering data, measured data 
should meet statistically required criterion with 95% confidence. The inspection item, purpose, 
method and sampling rate in the HTTR fuel fabrication are summarised in reference (4). 

Fuel fabrication was undertaken with a laboratory scale capacity (10kgU/yr) at NFI Co. Ltd., and a 
pilot plant with a capacity of about 40 kgU/yr was subsequently developed in 1972. In 1992, the 
commercial scale plant with the licensed capacity of 400 kgU/yr was launched at NFI Co. Ltd., and the 
fabrication of the first-loading fuel started June 1995. 66 780 fuel compacts, corresponding to 4 770 fuel 
rods, were successfully produced through the fuel kernel, coated fuel particle and fuel compact 
processes [5]. From October 2002, the second-loading fuel fabrication started and will finish soon. 

The as-manufactured quality of the fuel has been improved by the modification of fabrication 
conditions and processes. The coating failure during coating process was mainly caused by the strong 
mechanical shocks to the particles given by violent particle fluidisation in the coater and by the 
unloading procedure of the particles. The coating process was improved by optimising the mode of 
the particle fluidisation and by developing the process without unloading and loading of the particles 
at the intermediate coating process [6]. In the fuel compaction process was also improved by 
optimising the combination of the pressing temperature and the pressing speed of the over-coated 
particles to avoid the direct contact with neighbouring particles in the fuel compact. In addition, 
odd-shaped overcoated particles in which two or three coated fuel particles were included, were 
removed before compaction process to keep enough distance between coated fuel particles. After 
these improvements, as-fabricated fuel compacts contained almost no through-coatings failed 
particles and few SiC-defective particles. Average through-coatings and SiC defective fractions were 
2 × 10–6 and 8 × 10–5 respectively [5]. 

HTTR operation 

Operating experience from HTGRs comprised all aspects rising from fuel fabrication, irradiation 
testing, performance modelling to in-reactor chemistry surveillance, fission product release/transport 
measurement and modelling and reactor component decontamination. 

During the rise-to-power test of the HTTR, primary coolant sampling measurements were carried 
out to measure fission gas concentration [7]. The concentrations of fission gas nuclides of 85mKr, 87Kr, 
88Kr, 133Xe, 135Xe, 135mXe and 138Xe were less than 0.1 MBq/m3. The fractional releases, (R/B)s, of fission 
gases were calculated based on the measured concentrations. Figure 2 shows (R/B)s of 88Kr as  
a function of the reactor power. The (R/B) values are as low as 2 × 10–9 up to 60% of the reactor power, 
then increase to 7 × 10–9 at full power operation. During the high temperature test operation, where 
the outlet coolant temperature is 950oC, the (R/B) became 1.5 x 10–8 at full reactor power but is still 
quite low. The obtained data were analysed by fission gas release model [8], and the fission gas 
release mechanism is recoil from the contaminated uranium in the fuel compact matrix in lower 
reactor power. Beyond 60% of the reactor power, fractional release increases because diffusion release 
becomes main release mechanism. The increase of (R/B) in the high temperature operation is caused 
by increase of diffusion release according to fuel temperature elevation. 
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Figure 2: (R/B)s in HTTR rise-to-power operation 
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Figure 3: Flow diagram of postirradiation examination of the HTTR fuel 
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The post-irradiation examinations of the first-loading fuels of the HTTR will be carried out to 
confirm their irradiation performance and to obtain data on their characteristics in the core. In 2008, 
the first-loading fuel will be reloaded and they will be transferred to the spent fuel storage pool in the 
reactor building by the fuel-handling machine. An irradiated fuel assembly is disassembled to the fuel 
rods and a graphite block in the HTTR cell. Then the fuel rods are transferred to the Hot Laboratory of 
the Japan Materials Testing Reactor (JMTR). In the JMTR hot laboratory, burn-up, failure fractions, etc. 
are inspected as shown in Figure 3. 

Extended burn-up fuel 

In order to investigate fuel behavior at extended burn-up, irradiation tests were performed. The 
irradiation was carried out as HRB-22 and 91F-1A capsule irradiation tests. The fuel for the irradiation 
tests were called extended burn-up fuel, whose target burn-up and fast neutron fluence were higher 
than those of the first-loading fuel of the HTTR. In order to keep fuel integrity up to 10% fissions per 
initial metal atom (FIMA), thickness of buffer and SiC layers of fuel particle were increased. The target 
burn-up of the extended burn-up fuel is about three times of the first-loading fuel. In order to mitigate 
the internal pressure, the extended burn-up fuel has been designed to be a thicker buffer layer than 
that of the first-loading fuel. The fuel compacts were irradiated in the HRB-22 and the 91F-1A capsules 
at the High Flux Isotope Reactor (HFIR) of Oak Ridge National Laboratory, and at the JMTR, respectively 
[9]. The maximum burn-up in HBR-22 and 91F-1A capsule irradiation test were attained at 7% FIMA 
and over 9% FIMA, respectively. 

In the HRB-22 capsule irradiation test, four additional fuel particle failures were observed during 
irradiation. In the 91F-1A capsule irradiation test, it was estimated that one additional fuel particle 
failure occurred based on comparison of measured and calculated R/Bs of 88Kr. The measured 
fractional releases are shown in Figure 4. Kernel migration and SiC corrosion was not observed in 
post-irradiation examinations. One failed particle was found among the deconsolidated coated fuel 
particles irradiated in the 91F-1A capsule as shown in Figure 5. It revealed that the OPyC layer was 
cracked by tensile stress. Calculation result by the pressure vessel failure model [10] showed that no 
tensile stresses acted on the SiC layers even at the end of irradiation and no pressure vessel failure 
occurred in the intact particles even in a particle with thin buffer layer with failed OPyC layer. Based 
on these results, the presumed failure mechanisms are (1) additional through-coatings failure of  
as-fabricated SiC-failed particles and (2) an excessive increase of internal pressure by the accelerated 
irradiation. It is needed additional irradiation tests to investigate detail failure mechanism under high 
burn-up and fast neutron fluence. 

Figure 4: Fractional releases in irradiation tests of extended burn-up fuel 
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Figure 5: Observation of a failed particle in the postirradiation test 

 

In reactivity insertion accident (RIA) condition of the HTGR, the fuel temperature could increase 
over 1 600oC, however, decreases within several seconds. There are very few data on the behaviour of 
the HTGR fuel during RIA condition, so-called 1 600oC criterion is applied to safety design. The 
previous data showed that the coating failure occurred by the internal high pressure due to kernel 
evaporation, i.e. pulse is too fast (msec) and new experiments are needed [11]. JAERI starts new RIA 
simulation test by Nuclear Safety Research Reactor (NSRR) to clarify the coating failure mechanism. In 
the test, fuel temperature will be controlled to simulate HTGR RIA conditions. Finally, JAERI will try to 
increase allowable temperature limit in case of HTGR RIA condition. 

ZrC-TRISO coated fuel particle 

The Very-High-Temperature Reactor (VHTR) is one of the strong candidates for the Generation IV 
Nuclear Energy System. The VHTR fuel must exhibit excellent safety performance up to burn-ups of 
about 15 to 20% FIMA and fluences of 6 × 1025 m–2 (E > 0.1 MeV). There are no experimental data which 
prove the intactness of conventional SiC-coated fuel particle under such severe condition. JAERI has 
developed (ZrC)-coated fuel particle and ZrC coating layer is expected to maintain its intactness under 
higher temperature and burn-up comparing SiC-coating layer. JAERI carries out (1) ZrC-coating 
process development by large-scale coater, (2) inspection method development of ZrC coating and  
(3) irradiation test and post irradiation experiment of ZrC coated particles.  

Zirconium carbide (ZrC) is one of the transition metal carbides, which are characterised by (1) the 
good-compatibility with structural metals, (2) the high melting point and the thermodynamic stability, 
(3) the wear resistance etc. [12]. Coated fuel particles with chemical vapour deposition-ZrC coatings 
have been developed at JAERI since early 1970s. Studies include (1) the fabrication processes and 
characterisation techniques developments, (2) the out-of-pile and in-pile performance tests and  
(3) the post irradiation heating tests simulating accident conditions. Initially, coated UO2 particles 
with the Zirconium Carballoy (ZrC+C alloy) coatings without an outer protective PyC Layer were tested. 
The results on the Zirconium-Carballoy coated fuel particle are summarised in a report [13]. Although 
they proved to be less retentive of metal fission products, they showed excellent resistance to 
chemical attacks by fission products. The present design of ZrC-coated fuel particles, which is based 
on the TRISO-type concept, where ZrC replaces SiC, evolved after these experiences. 

The ZrC coating is produced by pyrolytic reaction of ZrBr4, CH4 and H2 in a spouted-bed coater at 
about 1 500oC. Propylene can be used instead of methane. ZrBr4 is preferred to ZrCl4, since, in the JAERI 
process, the zirconium halide is produced inside the coater beneath the spouting nozzle by reacting 
halogen with the zirconium sponge. The reaction of excess chlorine with hydrogen is a potential 
explosive danger. Since handling of the zirconium halides is difficult due to their highly hygroscopic 
nature, JAERI adopts the in-situ generation of ZrBr4. By adjusting the coating condition, one may 
obtain the stoichiometric ZrC layer. 

One notable advantage of the ZrC layer is its virtual immunity to the attacks by fission-product 
Pd. The irradiation testing at 1 400-1 700oC and the post irradiation heating confirmed the immunity of 
the ZrC layer against the palladium attack. The melting point of ZrC alone is 3 420oC, but it eutecticaily 
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melts with carbon at 2 850oC. The ZrC-coated fuel particles did not fail until about 6 000 sec was 
reached at 2 400oC, while a few per cent of the conventional TRISO-coated fuel particles failed already 
by 2 200oC, and almost 100% instantaneously at 2 400oC as shown in Figure 6 [14]. The retention of 
metal fission products by the ZrC layer at temperatures above 1 600oC has been studied. It was 
demonstrated that the fractional release of 137Cs is below 10–3 at 1 800oC after 3000h [15]. 

Figure 6: Comparison ZrC and SiC in heating condition 

 

Figure 7: ZrC coater at JAERI 
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For further investigation, JAERI constructed a new coater of 100g-scale for ZrC coating test as 
shown in Figure 7. The following investigations have started from 2004 to establish ZrC-coated fuel 
particle technology. 

1. Development of ZrC-coating process by large-scale coater  

JAERI will identify the relationship between ZrC coating parameters and material properties 
for commercial-scale coating with Bromide process, by coating tests with dummy particles 
and the UO2 particle. The 100g-scale coater will be used both coating tests. Based on the 
accumulated data, design of commercial-scale ZrC fuel coater (>3kg batch) will be carried out. 

2. Development of inspection method of ZrC coating  

JAERI will develop advanced inspection method for ZrC-coated particle (stoichiometry, ZrC 
layer failed fraction, density, treatment techniques for the removal of PyC from ZrC coated 
particle, etc.). 

3. Irradiation test and post irradiation experiment of ZrC coated fuel particle  

Irradiation test and post irradiation experiment of ZrC coated fuel particle will be carried out 
under I-NERI programme. The capsule irradiation test with ZrC-coated “surrogate fuel” 
particles will be carried out in HFIR and post-irradiation tests will also be carried out at ORNL 
hot laboratory. Based on the test results, failure model of the ZrC-coated fuel particle will be 
developed in co-operation with INL. 

Conclusions 

Under the HTTR project, JAERI carries out research and development of HTGR fuels. Fabrication 
technology was established through the HTTR fuel fabrication and fuel performance data have been 
accumulated through HTTR operation. Post-irradiation tests of HTTR fuel will confirm the superior 
characteristics of the TRISO-coated particles. For upgrading of the fuel performance aiming VHTR fuel, 
JAERI has concentrated research and development of burn-up extension, failure mechanism under 
RIA condition and ZrC-coating technology. These tests are expected to be carried out in co-operation 
with other countries. 
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Abstract 
Ongoing research at Oak Ridge National Laboratory focuses on updating fuel characterisation methods 
to support fuel development efforts, qualify TRISO fuels for irradiation testing at the Idaho National 
Laboratory Advanced Test Reactor (INL-ATR), and to establish a new standard for particle fuel 
characterisation in the US Computer automated microscopy and analysis have allowed particle size, 
particle shape, and layer thicknesses to be easily and accurately measured for large samples sizes. 
Preferred orientation in the pyrocarbon layers is being rigorously measured by sophisticated 
ellipsometry methods. Density column procedures have been refined based on a physical 
understanding of the underlying mechanisms. Modern microwave digestion methods are being applied 
to supplement traditional Leach-Burn-Leach measurements. 
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Introduction 

Ongoing research at Oak Ridge National Laboratory focuses on producing candidate TRISO 
particle fuels for testing at the Idaho National Laboratory Advanced Test Reactor (INL-ATR). Extensive 
characterisation of kernels, TRISO-coated particles, and compacts is required before insertion of the 
candidate fuels into the test reactor. Approximately sixty separate qualification tests are required to 
qualify the kernels, coated particles, and compacts of each candidate TRISO fuel. 

The fuel characterisation effort focuses on updating fuel characterisation methods to properly 
qualify TRISO fuels for AGR testing and to establish a new standard for particle fuel characterisation 
in the US. Using historical characterisation programmes and techniques as a starting point, every 
aspect of TRISO fuel characterisation has been revisited. A few of these characterisation methods will be 
discussed herein: optical microscopy, anisotropy measurements, density column, and impurity leaching. 

Computer automated optical microscopy 

Optical microscopy is used for characterising and qualifying kernel size, kernel shape, layer 
thicknesses, coated particle size, and coated particle shape. Shadow images are used to obtain the 
overall size and shape of kernels or coated particles. Shadow images are formed by backlighting a 
layer of particles on a microscope stage to create shadow outlines of kernels or coated particles for 
micrographs. Cross-sectional images are used to obtain layer thicknesses in coated particles.  

The conventional microscopy technique has shadow images or cross-sections imaged 
individually and measured by hand or measured “manually” with a computer. Manual microscopy is 
time-consuming and tedious. The number of measurements per item (kernel or coated particle) must 
be minimised in order to allow for analysis of moderately large samples in a reasonable amount of 
time. Practical sample sizes are generally 50-100 particles. For shadow images, each particle in the 
sample has “diameter” measurements performed to determine mean particle diameter and/or 
diameter aspect ratio (Dmax/Dmin). For cross-sections, mean thickness for each layer is often 
determined from a few layer thickness measurements for each particle. 

Figure 1: Computer automated optical microscopy system 

 

At ORNL, computer automated optical microscopy is used to analyse large samples quickly and 
easily (Figure 1). A Leica DMRX optical microscope is equipped with a computer-driven stage and a 
digital image acquisition system. For shadow images, the stage automatically moves to allow for a 
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tiled array of pictures to be generated over a large area of kernels/particles. Sample sizes of 
2000-5000 particles are routinely examined as shadow images on this microscopy system. For 
cross-sections, particles are placed in a mesh, mounted, and polished using standard metallographic 
techniques. Having particles mounted in a mesh allows for automated picture acquisition using a 
computer-driven stage which automatically moves to each grid position and acquires an image. 
Polished mounts with 99 particles each are common for cross-sections; practical sample sizes are 
~100-300 particles. Digital micrographs are analysed by image analysis (IA) software that was written 
in-house [1]. For shadow images, IA software can identify individual particles, locate particle centres, 
measure the radial distances to the particle edge at 1° intervals, and determine an analytical fit for the 
shape of the particle’s shadow based on Fourier transforms (Figure 2). This detailed data set for each 
particle can be used to generate a wide variety of descriptive statistics (e.g. mean radius, mean 
diameter, radius standard deviation, radius aspect ratio, diameter aspect ratio, curvature). For cross-
sections, IA software can identify kernels, locate kernel centres, radially unfold the image, measure 
the radial distances to all layers at 1° intervals, and perform an “off-midplane” correction (Figure 3). 
The large number of position measurements for each layer allows for accurate determination of mean 
layer thicknesses for each particle. 

Computer automated microscopy is more reproducible and is generally more accurate than 
manual microscopy methods. For each particle, mean radius and/or mean layer thickness can  
be calculated based upon hundreds of automated measurements instead of a handful of manual 
measurements. The diameter aspect ratio depends upon accurately identifying and measuring  
the minimum and maximum diameter of a particle’s shadow image. Manual identification  
of minimum and maximum diameters is inconsistent and often, for convenience sake, minimum and 
maximum diameters are estimated to be perpendicular to each other. Automated measurement  
of diameters at 1° intervals allows for unbiased identification of minimum and maximum diameters. 
The definition of a boundary (particle edge or layer boundary) can be strictly defined using computer 
automated microscopy to provide consistent results. Manual microscopy is prone to operator biases 
when identifying boundaries. 

Figure 2: Image analysis software identifies individual particles from digital images, locates the 
particle centres, measures radial distances to the particle edge, and reports key parameters 

 

Figure 3: For cross-sectional images, particles are mounted inside a mesh 

This organised array of particles allows for computer automated image acquisition and analysis. The  
radially unwrapped image shown at far right illustrates how coating thickness varies around the particle. 

250 μm
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Computer automated microscopy allows for a larger sample size, which greatly benefits 
qualification and statistical description of kernels and fuel. For shadow images, computer automated 
microscopy allows for a sample size that is approximately 100 times larger than feasible by manual 
measurement. The standard deviation of a mean is inversely proportional to the square root of the 
sample size. Thus, the standard deviation of the mean is 10 times smaller for computer automated 
microscopy than for manual microscopy. Sample size is particularly important for fuel qualification 
based on attribute testing, such as the specification for diameter aspect ratio. 

Table 1: A hypothetical specification for the diameter aspect ratio of kernels 

Property Control Limit Tolerance Limit (Lt) Confidence Level 
Diameter Aspect Ratio (kernels) ≤ 1.05 0.1 0.95 

 

Consider the hypothetical specification for the diameter aspect ratio of kernels shown in Table 1. 
A sample size of 50 could be used to test whether a sample passes the specification, but the defect 
fraction of the lot (fraction of material in the lot that is outside the control limit) would have to be 
0.0072 or less to have a 95% chance of passing the specification with a sample size of 50. If a sample 
size of 5 000 was used, then the defect fraction of the lot would have to be 0.086 or less to have a 
95%  chance of passing the specification with a sample size of 5 000. In order to have a significant 
probability of passing a specification, a small sample size requires a higher quality material than a 
large sample size. 

Collection of data at 1° intervals allows for detailed description of individual particles. For 
example, in addition to the average thickness of a particle’s layer, the standard deviation in  
a particle’s layer thickness can be readily determined. Because of the data collection method, 
computer automated microscopy can provide radius aspect ratios and other alternate measures of 
shape. Diameter aspect ratio is excellent for describing the shape of ellipses, but it does a poor job 
of describing asymmetric shapes because the “non-defective” end of a diameter affects the 
reported aspect ratio. Radius aspect ratio is equally descriptive of symmetric and asymmetric 
shapes. Radius aspect ratios tend to be significantly higher than diameter aspect ratios for non-
spherical faceted particles.  

The large amount of data collected by automated methods around each boundary allows for 
Fourier analysis techniques to be used to generate a function describing the boundary shape. An 
equation for the boundary allows additional parameters, such as the curvature, to be calculated for the 
points around the boundary. Having an equation for the boundary allows local features to be identified. 

Figure 4: Diameter aspect ratio (a) provides a measure of general shape. The new  
metric, rκmax, (b) provides a measure of the sharpest feature that the particle exhibits 

 

Diameter aspect ratio is the established metric to describe shape for kernels and coated particles. 
Computational methods have shown that local deviations from a spherical shape can result in stress 
risers that can increase the fuel failure rate during irradiation. To date, a diameter aspect ratio metric 
has not been shown to strongly correlate with particle fuel failure. Historically, diameter aspect ratio 
has been used only because it could be readily measured; better metrics are desired. 
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A new metric for particle shape has been developed at ORNL: the product of the radius and 
curvature at the point of maximum curvature (rκmax). This metric is unitless and, in a membrane 
theory approximation, can be related to layer stresses. The sharpness of corners on a fuel particle can 
be correlated to layer stress increases and possible out-of-shell loading (“bending forces”) possibly 
leading to failure in a TRISO layer. The maximum radius-curvature product of a particle relates to the 
sharpest feature (corners). Note that an aspect ratio and rκmax are fundamentally different measures 
of shape (Figure 4). The aspect ratio is a global approximation of ellipticity. The rκmax metric is related 
to localised stresses. Computer automated microscopy allows calculation of several different measures 
of shape, but the key is to choose a simple metric that can be related to a probable failure mechanism. 

Anisotropy of pyrocarbons 

Designing pyrocarbons for TRISO fuels generally involves a trade-off. A pyrocarbon with a high 
density often has low porosity and an anisotropic microstructure. A pyrocarbon with a low density 
often has high porosity and a relatively disordered carbon structure. Porosity that extends through a 
pyrocarbon layer results in a highly permeable pyrocarbon layer. An anisotropic carbon layer exhibits 
significant dimensional change during irradiation, which can lead to coating failure. Thus, the goal is 
to produce a pyrocarbon with a sufficiently high density to have low permeability and a sufficiently 
isotropic microstructure to avoid excessive dimensional change during irradiation. 

Conventionally, an optical polarimeter or microellipsometer has been used to evaluate the 
anisotropy of pyrocarbon layers. Neither technique can probe all of the possible optical interactions 
that pyrocarbon can have with incident polarised light (as described by a Mueller matrix). As a result, 
neither conventional technique can provide sufficient data to fully probe the anisotropy of pyrocarbon 
material. Current research at ORNL uses a two-modulator generalised ellipsometry microscope  
(2-MGEM) (Figure 5). The 2-MGEM can capture all eight Mueller matrix parameters pertinent to 
pyrocarbons [2]. Therefore, the 2-MGEM can fully probe the optical anisotropy of pyrocarbon material. 
Important data outputted from the 2-MGEM are diattenuation (N), retardation (δ), fast axis angle, and 
circular diattenuation. The maximum optical resolution of the 2-MGEM is ~4 μm with a time per 
measurement point of 0.2-0.5 seconds. 

Figure 5: A picture of the two-modulator generalised ellipsometry microscope (2-MGEM) 
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The 2-MGEM system has several advantages over conventional techniques. All pertinent Mueller 
matrix parameters can be measured. Nonspecular reflections and any other light not transmitted to 
the detector do not affect the accuracy of the measurement. The instrument resolution allows for 
identification of any localised anisotropy features through the thickness of pyrocarbon layers (Figure 6). 
Because of measurement accuracy and elimination of conventional sources of measurement error, the 
2-MGEM can measure anisotropies that are 10 times smaller than conventional techniques. 

Figure 6: High resolution images from the 2-MGEM system (2μm spatial resolution) 

Diattenuation grayscale goes from -0.005 to 0.06. Significant diattenuation in the IPyC layer makes it  
appear as a bright ring in the image. The lines in the rightmost picture indicate the fast axis orientation. 
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Density column 

In AGR fuel characterisation and qualification, a density column is used to characterise the 
density of IPyC, SiC, and OPyC layer fragments. Variability in layer density may exist from particle to 
particle of the same batch, so the mean density and dispersion are specified in AGR fuel specifications. 
A density column is constructed to have a nearly linear density gradient. Material of unknown density 
is dropped in the column and compared to the float position of known standards [3]. 

Figure 7 shows a schematic illustration of how a density column is constructed. Initially, two 
fluids with densities that span the desired measurement range are poured into the two beakers. Fluid 
from beaker 1 is transferred into beaker 2 at a constant rate (r1). Fluid from beaker 2 is transferred into 
the column at a constant rate (r). Flow rate into the column is controlled by a peristaltic pump. Flow 
rate between beakers is controlled by another peristaltic pump or by gravity feed. Starting from 
equilibrium, gravity feed rate is roughly half the flow rate into the column, but can be significantly 
affected by the fluid viscosity, beaker fluid heights, the current fluid density in beaker 2, and other 
practical set-up issues. 

Figure 7: Schematic illustration of how a density column is filled 
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The key to quality density column measurements is producing a sufficiently linear column over 
the desired density range. It is important to maintain constant flow rates at the proper ratio. The 
mathematical derivation, shown below, indicates the relative flow rates necessary to obtain a linear 
column and can calculate the resultant density profile. 
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where ρ(t) is the fluid density in beaker 2, ρ1 is the fluid density in beaker 1, v(t) is the volume of fluid 
in beaker 2, w(t) is the fluid weight in beaker 2, and t is time. The following equations can be derived 
from mass balance considerations and an assumption of zero volume change due to mixing. 
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where v(0) is the initial volume in beaker 2. Combining Eq. 1, 3 and 4 and rearranging terms obtains 
the following differential equation. 
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This first-order differential equation can be solved by the method of integrating factors to obtain 
the solution: 
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where C1 is a constant of integration. To get a linear density column, dρ/dt must be constant. 
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Notice that, for the derivative to be constant (Eq. 7), the flow rate between beakers must be half of 
the flow rate into the column (r = 2r1). Using the initial conditions [at t = 0, ρ = ρ(0) and v = v(0)], the 
final equation for the density column can be derived to be: 

 tr
)(v

)(
)( 1

1

0
0

0
ρ−ρ

+ρ=ρ  (8) 

where r1t is a function of the vertical position in the column assuming the column has a uniform 
cross-section. Using Eq. 8, linear density columns can be constructed with the desired density range 
occurring over the measurable position range. 

The methods of transferring fluid should be chosen to have constant flow rates in the proper 
ratio. A flow controller (e.g. peristaltic pump) is recommended to control the flow rate into the column. 
Gravity feed can be adequate for controlling the flow rate between beakers when the starting fluids 
have similar densities (i.e. narrow density range in final column). A flow controller should be used for 
controlling the flow rate between beakers when constructing a column with a relatively wide density 
range. By considering the practical implications of Equations 7 and 8, density columns have become 
more predictable, more linear, and consequently more accurate. 

Impurity leaching 

Impurity analysis of compacts generally involves the dissolution of compact impurities in a harsh 
acidic solution (such as a refluxing acid bath) over a period of several hours and the impurity analysis 
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of the leachate by a technique such as atomic emission spectroscopy. Impurities of particular interest 
in compacts of TRISO particles include aluminium, calcium, chromium, cobalt, manganese, nickel, 
titanium, and vanadium. Typical specifications range from about 25 μg to 500 μg of a certain impurity 
per compact. 

Research at ORNL has begun to evaluate using microwave digestion for dissolution of compact 
impurities. The microwave digestion system at ORNL uses fluoropolymer-lined pressure vessels and 
microwave heating to dissolve impurities at elevated temperature and pressure. Relatively small 
quantities of acid are required to dissolve impurities in a compact. For a ~12.34 mm diameter compact 
that is ~25.4 mm long, approximately 10 mL of acid is required per sample. A refluxing acid bath is 
limited by the boiling point of the acid, but the microwave digestion system is only limited by the 
pressure vessel liner. Common temperatures for the microwave digestion system are 170-210°C. The 
high temperature results in dissolution times of approximately 10 minutes. The microwave digestion 
system has a carousel that allows up to 10 pressure vessels to be run simultaneously (Figure  8). 

Figure 8: The microwave digestion system can simultaneously heat a carousel of ten  
fluoropolymer-lined pressure vessels. A disassembled pressure vessel is shown. 

 

Preliminary tests have been conducted. Compacts of matrix were doped with iron, manganese, 
nickel, chromium, and cobalt. Using microwave digestion in nitric acid at 170°C for 10 minutes, a high 
percentage (~70-100%) of the added Fe, Mn, Ni, and Co were found in the leachate (using Inductively 
Coupled Plasma Atomic Emission Spectroscopy – ICP-AES). Dissolution of chromium was low using 
only nitric acid (less than 20%). The acid and temperature are currently being modified to improve the 
dissolution of the impurities, but these preliminary tests provided promising results. 

Summary 

New and modified characterisation techniques for kernels, TRISO particles, and compacts are 
being developed at ORNL. Computer automated optical microscopy is being used to analyse large 
samples quickly and easily. Image analysis software written at ORNL can provide hundreds of radius 
or layer thickness measurements per particle, which more thoroughly characterises each particle and 
has enabled the development of new metrics to describe key particle characteristics. A two-modulator 
generalised ellipsometry microscope is being used to accurately measure the optical anisotropy of 
pyrocarbon coatings with a sensitivity and resolution that exceeds commonly used optical 
polarimeters or microellipsometers. A straightforward mathematical analysis has provided insights 
into how to construct density columns that are more predictable, more linear, and more accurate. 
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Research has recently begun to evaluate microwave digestion for dissolution of compact impurities. 
Microwave digestion offers the potential to rapidly dissolve impurities from compacts using small 
quantities of acid. Preliminary results on microwave digestion of doped compacts have been 
promising. 
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Abstract 
To address the low thermal conductivity of the ZrO2-based inert matrix fuel and the instability in 
water of the MgO-based inert matrix fuel, the dual phase MgO-ZrO2 ceramics are proposed as a 
matrix for light water reactor fuel for actinide transmutation and Pu burning. It is envisioned that in a 
dual-phase system MgO will act as efficient heat conductor while ZrO2 will provide protection from 
the coolant attack. This paper describes results of fabrication, characterisation, hydration testing, 
nitric acid dissolution and thermal analysis of MgO-ZrO2 ceramics containing 30-60 wt. % of MgO.  
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Introduction 

Zirconia-based inert matrix fuel (IMF) is probably the most evolved IMF candidate for plutonium 
disposition in light water reactors (LWR). In fact, majority of the publications at the 8th Inert Matrix 
Fuel Workshop [1] were dedicated to yttria stabilised zirconia (YSZ) based IMF. Both steady-state [2] 
and transient [3] irradiations of YSZ-based IMF have been performed. Material properties of YSZ have 
been closely examined [4], [5]. Out-of pile irradiation studies designed to understand the mechanism 
of radiation damage have been completed [6]. Neutronic feasibility of YSZ-based IMF has been also 
assessed [7] complemented by core burn-up calculations and accident analyses [8]. Nevertheless, low 
thermal conductivity is a serious disadvantage of zirconia-based IMF. According to recent analysis [7] 
fuel centreline temperature of the zirconia-based IMF may be 100oC higher than the limit specified for 
LWRs, thus requiring use of annular IMF pellets or reactor power reduction by 5-10%. These measures 
are bound to reduce efficiency of plutonium and minor actinide disposition.  

Magnesium oxide is another attractive IMF candidate due to its high thermal conductivity, high 
melting point, cubic crystal structure and good radiation resistance. It performed well in several 
in-pile tests [9-11]. However, its chemical reaction with water results in catastrophic degradation of 
the ceramic accompanied by 117% volume increase due to formation of less dense magnesium 
hydroxide. Thus, in an event of a fuel pin failure consequent water ingress may cause fuel swelling, 
splitting of the cladding and fuel washout [12]. 

Based on these considerations the dual phase MgO-ZrO2 ceramics are proposed as a matrix for 
LWR fuel for actinide transmutation and Pu burning. It is envisioned that in a dual-phase system MgO 
will act as efficient heat conductor while ZrO2 will provide protection from the coolant attack.  
To support this proposal, series of experiments were conducted at Argonne National Laboratory West. 
The experiments were designed to demonstrate the feasibility of MgO-ZrO2 ceramics for use in IMF. 
Results of fabrication, characterisation, hydration testing, nitric acid dissolution and thermal analysis 
of MgO-ZrO2 ceramics containing 30-60 wt. % of MgO are presented in this paper. A more detailed 
description of this study can be found elsewhere [13]. 

Table 1: Composition and density of ceramic samples 

Sample  
designation 

Composition, wt% Density, g/cm3 

MgO ZrO2 Er2O3 Green Pycnometric 
(helium) 

Immersion 
(water) Theoretical 

40/60 40 60 0 2.68 4.61 4.61 4.63 
50/50 50 50 0 2.45 4.40 4.39 4.41 
60/40 60 40 0 2.25 4.18 4.19 4.20 

40/60-Er 37.2 55.8 7 2.78 4.81 4.76 4.79 
50/50-Er 46.5 46.5 7 2.55 4.56 4.54 4.58 
60/40-Er 55.8 37.2 7 2.40 4.35 4.33 4.38 

Fabrication 

Magnesia-zirconia ceramic composites were fabricated using conventional pressing and sintering 
techniques. Magnesium oxide (item M-1017, lot X25111, typically 99.95% pure) was procured from 
Cerac Incorporated (Milwakee, WI). Magnesium zirconium oxide (stock 12343, lot C01E, 99.7% metals 
basis) supplied by Alfa Aesar (Ward Hill, MA) was used as a source of zirconia. When choosing the 
source of zirconia, the preference was given to magnesium zirconium oxide rather than pure 
zirconium oxide. This saved some effort required for producing a homogeneous mixture of the two. 
Recognising that LWR fuels often contain burnable neutron poisons, erbium oxide (lot C25H, 
99.9% metals basis), Johnson Matthey Electronics (Ward Hill, MA), was added to some compositions. 

Pre-weighed amounts of magnesia, erbia, and magnesium zirconium oxide powders were 
combined with water in a beaker. The weight of water was approximately 3 times greater than the 
weight of the powders combined. The water and powder mixture were stirred using a magnetic 
stirring bar for 6 hours. The slurry was dried in air at 80oC for 5 hours. The resulting powder was 
transferred into an alumina crucible and heat-treated at 1 000oC for 5 hours in a high temperature 
tube furnace (model F59348CM-75, Barnstead International, Dubuque, IA). Upon cool-down, zinc 
stearate (Fisher Scientific Fair Lawn, NJ Z-78-4, lot 871095, UPS grade) in the amount of 1% by weight 
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was mixed into the powder using a mortar and a pestle. The powder was then pressed into pellets 
with a force of 44.45 kilonewtons using a cylindrical die of 12.72 mm diameter. Resulting pellets were 
ground into powder using mortar and pestle. The powder was passed through a sieve with an 
aperture size of 212 microns (ASTM-E11 #70). The mixture was pressed again into pellets with a force 
of 13.34 kilonewtons using a cylindrical die of 12.72 mm diameter. The pellets were placed into 
alumina crucibles and sintered in air for 7.5 hours at 1700°C in a high temperature tube furnace 
(model F59348CM-75, Barnstead International, Dubuque, IA). The pellets were cooled with the furnace 
after sintering.  

Ceramics of three binary and three ternary compositions were fabricated. The composition 
breakdown is shown in Table 1. 

Fabrication of ceramics of several compositions was undertaken in order to provide further 
opportunity to explore possible compositional dependence of the microstructure and properties of the 
final product. Photographs of typical ceramic pellets are shown in Figure 1. The pellet on the left is 
light pink due to erbia doping.  

Figure 1: As-sintered magnesia-zirconia ceramic (60/40, left)  
and magnesia-zirconia ceramic doped with erbia (50/50-Er, right) 

 

Characterisation 

Sintered pellets were subjected to optical microscopy (Trinocular Stereoscopic Zoom Microscope 
Nikon SMZ-2T), scanning electron microscopy (SEM, Zeiss DSM960A), energy dispersive x-ray analysis 
(EDS, Oxford Instruments, Freemont, CA), x-ray diffraction analysis (XRD, Scintag X1), pycnometric 
density measurements (Ultapycnometer-1000, Quantachrome Inc, Boyton Beach, Fl), and immersion 
density measurements. Green density of the pressed pellets was derived from their weight and linear 
dimensions measured using an electronic calliper. 

Scanning electron microscopy and energy dispersive X-ray analysis 
Observed microstructures are shown in Figure 2. Two phases comprise the ceramic 

microstructure. The dark phase is magnesia and the light phase is zirconia-based solid solution.  
In this system the microstructure is obviously driven by the ratio between batched amounts of the 
initial components.  

Energy dispersive x-ray analysis was used to analyse the composition of the phases. It was 
determined that the magnesia phase was pure. Composition of zirconia phase is shown in Table 2. 

Table 2: Composition of the zirconia phase 

Sample Zr/Mg ratio of atomic concentrations Composition of ZrO2 phase 
40/60 5.35 ± 0.58 Mg0.158Zr0.842O1.842 
50/50 5.24 ± 0.60 Mg0.160Zr0.840O1.840 
60/40 4.81 ± 0.60 Mg0.172Zr0.828O1.828 

40/60-Er 5.50 ± 0.74 Er0.067Mg0.143Zr0.789O1.823 
50/50-Er 5.78 ± 0.82 Er0.082Mg0.135Zr0.783O1.824 
60/40-Er 5.63 ± 0.90 Er0.099Mg0.136Zr0.765O1.815 
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X-ray diffraction analysis  
X-ray diffraction analysis was performed on binary and ternary compositions. Refinement of the 

XRD patterns was performed using DMS/NT data acquisition and analysis software. Refinement 
included background and k-alpha-2 stripping, peak-finding, matching library files with the data, peak 
profile fitting, peak indexing and lattice parameter determination. Phases detected in the analysed 
samples are listed in Table 3. Superposition of the raw XRD data for the binary compositions is shown 
in Figure 3. It is evident from Table 3 and Figure 3 that transition from one composition to another 
does not result in a change of the phase make up of the ceramics. The only difference between the 
XRD patterns is in the relative peak intensity, which is caused by the difference in relative amounts of 
magnesia and zirconia phases. This implies that any possible compositional property dependence in 
these ceramics will be driven solely by the ratio between the cubic zirconia and cubic magnesia 
phases, not by a phase transformation. These observations and conclusions also apply to the ternary 
compositions. Superposition of the raw XRD data for the ternary compositions is shown in Figure 4. 

Simulation of dispersion-type fuel fabrication 

To imitate fabrication of the dispersed fuel, 0.1mm diameter zirconia microspheres simulating 
fissile inclusions were added prior to sintering to the ceramic compositions under investigation. The 
microspheres (lot 1000168) were obtained from Tosoh Corporation (Tokyo, Japan). The purpose of this 
experiment was to demonstrate that the microspheres can be sintered into the ceramic, and a 
high-quality crack-free product can be obtained. Optical micrographs of the ceramic containing the 
microspheres are shown in Figure 5. The images reveal that the microspheres are fully integrated into 
the surrounding matrix. Absence of cracks is an evidence of good thermal and mechanical 
compatibility between of the microsphere and the ceramic.  

Figure 2: SEM images 

40/60           50/50    60/40 

 40/60-Er            50/50-Er     60/40-Er 

 

Table 3: Phases identified by X-ray diffraction analysis 

Sample Identified phases Lattice parameter, Angstrom 
ZrO2-cubic ZrO2-monoclinic MgO-cubic ZrO2 cubic MgO 

40/60 yes trace yes 5.0782 4.2100 
50/50 yes trace yes 5.0782 4.2089 
60/40 yes trace yes 5.0763 4.2103 

40/60-Er yes no yes 5.1042 4.2112 
50/50-Er yes no yes 5.0999 4.2102 
60/40-Er yes no yes 5.0969 4.2100 
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Figure 3: Superposition of the raw XRD data for the binary compositions 

Top spectrum: 60/40 composition, middle: 50/50, bottom: 40/60. 
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Figure 4: Superposition of the raw XRD data for the ternary compositions 

Top spectrum: 60/40-Er composition, middle: 50/50-Er, bottom: 40/60-Er. 
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Figure 5: Optical micrographs of the ceramics containing microspheres 

 



DUAL PHASE MgO-ZrO2 CERAMICS FOR USE IN LWR INERT MATRIX FUEL 

184 ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 

Investigation of hydration resistance 

Experimental procedure 
Hydration testing was performed by exposing as-sintered pellets to static water at 300oC. The 

tests were carried out in a in a commercial 316 stainless steel two-litre pressure vessel (model 4622, 
Parr Instrument Company, Moline, Illinois). Bare pellets were placed on the bottom of the pressure 
vessel which was then filled with 1 litre of deionised water, sealed and heated to 300oC. Cumulative 
exposure times were up to 30 days. Periodically, the heat to the pressure vessel was shut off, the 
vessel was allowed to cool, and samples were removed, rinsed with de-ionised water, visually 
inspected, dried for 5 hours at 80oC, and weighed. Some samples were photographed, analysed by SEM, 
EDS, and XRD. After the samples were placed back into the vessel, the vessel was refilled with fresh 
water and the test was resumed. The typical frequency of such shut-downs was once every  
five days. 

Effect of zirconia content on the mass loss due to hydration 
Pellet mass loss was used as a quantitative indicator of the extent of hydration. The Normalised 

Mass Loss (NML) was determined from measured mass loss according to the following equation: 

i

i

A

)t(mm
)t(NML

−
=  

where, mi is sample mass (grams) before the exposure in; m(t) is sample mass after the exposure at 
time t; Ai is initial sample surface area (cm2). 

Figure 6: Normalised ceramic mass loss due to hydration versus the elapsed  
time (a) and normalised mass loss rate as a function of zirconia content (b) 
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The plot of NML versus the elapsed time in hours observed at the temperature of 300°C is shown 
in Figure 6a. The plot represents the tests conducted for three samples of each composition, except 
the 30/70 composition for which only two samples were tested. The data points on the plot represent 
the mass loss measured during periodic shut-downs. The plot (Figure 6a) shows good reproducibility 
of the NML between different samples of the same compositions. The data scatter observed here is 
due to occasional chipping of the pellets during tests. The chipping was likely caused by 
inhomogeneity of the samples and possibly by contamination of the surface layers of the pellets by 
the furnace insulation debris during sintering. 

The normalised mass loss rate (NMLR) can be readily determined from the slope of the curves in 
Figure 6a. The NMLR is shown in Figure 18 as a function of zirconia content. The Arrhenius-type 
trendline in Figure 6b follows the equation: 

)
15

2c
-1.6569exp(NMLR Zr=  

where, NMRL is the normalised mass loss rate in grams per square centimetre of the ceramic surface 
per hour, and cZr is zirconia content in weight per cent. 

Observation of the hydrated microstructures 
Photographs of magnesia-zirconia ceramics after exposure to water at 300°C for 720 hours are 

shown in Figure 7. As evident from Figure 7, the integrity of the pellets is preserved. However, some 
roughness is obvious in both pellets as well as chipping in the case of the erbia-doped sample. 
Nevertheless, these images establish a remarkable contrast with Figure 7c, in which severe 
hydration-induced degradation of pure magnesia ceramics is illustrated. 

To understand the mechanism behind the improved hydration resistance in magnesia-zirconia 
ceramics, several hydrated pellets were examined by SEM. SEM was conducted with an objective to 
locate the hydration product, and to determine the extent of degradation on the microscopic scale. 
XRD was performed to identify the crystallographic phases present in the hydrated samples. 

An SEM image of a magnesia-zirconia ceramic surface after exposure to the de-ionised water at 
300°C for 700 hours is shown in Figure 8. The bright phase shown in Figure 20 is a magnesia-zirconia 
solid solution. The dark phase contains both MgO and Mg(OH)2. This phase was analysed by 
conducting point-by point EDS to determine the atomic ratio between magnesium and oxygen. EDS 
revealed that the dark phase contained approximately 1.5 oxygen atoms per 1 magnesium atom. 
Because MgO contains 1 oxygen atom per 1 magnesium atom, and Mg(OH)2 contains 2 oxygen atoms 
per 1 magnesium atom, the dark phase observed in Figure 20 is likely MgO with the hydration product 
Mg(OH)2 deposited on its surface. Because the penetration depth of the electron probe has exceeded 
the thickness of the Mg(OH)2 layer, the resulting EDS spectrum represents a sum of the spectra 
produced by the surface Mg(OH)2 layer and the underlying MgO layer. 

To evaluate the extent of hydration in relation to the volume of the ceramic pellet rather than its 
surface, a pellet, previously exposed to the de-ionised water at 300°C for 700 hours, was cut with a 
high speed diamond saw, polished and thermally etched. The pellet’s cross-section was then 
examined by SEM. The results of this examination are shown in Figure 9. Incomplete and missing 
MgO grains present on the pellet’s edge were interpreted as the signs of a hydration attack. The 
arrows on Figure 9 point to such sites. As evident from Figure 9, only magnesia grains located on the 
surface of the pellet and supposedly exposed to the water show signs of degradation. Other grains 
appear intact. Thorough examination of the remainder of the cross-section was unable to detect any 
hydration damage beyond the surface layer of the grains. 

XRD analysis conducted on samples previously exposed to the de-ionised water at 300°C for 
700 hours confirmed SEM findings. Therefore, limited degradation of the MgO-ZrO2 ceramics occurred 
due to the hydration of the magnesia phase. The degradation was very slow compared to MgO 
ceramics due to protection provided by the ZrO2 phase. It is believed, that presence of zirconia in the 
system eliminated the hydration-induced cracking typical for pure magnesia ceramics and responsible 
for magnesia’s catastrophic degradation in hydrothermal conditions. With the elimination of cracking, 
the hydration occurs on the surface of the ceramics, and proceeds in a layer-by layer mode. 
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Figure 7: Magnesia-zirconia (60/40) ceramic (a) and magnesia-zirconia ceramic doped with erbia 
(50/50-Er) (b) after 720 hours of exposure to the water at 300 oC. Magnesia ceramic pellet after a  
3-hour exposure to the boiling water (c) is shown to emphasise the contrast in hydration resistance. 

 a) b) c) 

 

Figure 8: Surface of the 50/50 ceramic after 700 hr exposure to water  
at 300°C, white phase: ZrO2-MgO(ss) – grey phase: Mg(OH)2 + MgO 

 

 

Figure 9: Edge of polished and thermally etched cross-section  
of the 40/60 ceramic after 700 hr exposure to water at 300°C 

a)      b) 

 
c)  
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Effect of erbia doping on hydration resistance 
Erbia doping had a slight negative effect on hydration resistance which. The NMLR for  

the 50/50-Er composition was 0.003669 g/cm2/hr while the NMLR for the 50/50 composition was 
0.002559 g/cm2/hr.  

Effect of the boron presence in the water on hydration resistance 
Presence of boron in the water had a dramatic positive effect on the hydration resistance. At 

300°C the NMRL for the 50/50 composition was 0.00005667 g/cm2/hr in the 13 000 ppm aqueous 
solution of the boric acid containing trace amounts of lithium hydroxide. This is 45 times less than the 
NMRL measured for the same ceramic in the de-ionised water. Furthermore, the mass loss exhibited 
saturation with time. Saturation of mass loss with time is a key difference between the behaviour in 
borated and de-ionised water. This suggests that the reaction in borated water is likely self-limiting 
and results in the passivation of magnesia. 

Explanation of the positive effect of boron on the hydration resistance was found by conducting 
XRD analysis of the surface of the ceramic pellet previously exposed to the 13 000 ppm aqueous 
solution of the boric acid at 300oC. Besides magnesia and magnesia-zirconia solid solution phases, the 
magnesium borate hydroxide Mg(OH)BO2 was identified in the sample. Magnesium hydroxide, 
typically observed in samples exposed to the de-ionised water, was not detected in the sample 
exposed to the borated water. Based on these results it was concluded that in the presence of the 
boric acid the reaction of magnesia with water with formation of magnesium hydroxide is suppressed. 
Instead, the following reaction takes place: 

MgO+H3BO3 → Mg(OH)BO2↓+H2O 

Therefore, the difference in the behaviour of the ceramics in de-ionised and borated water is due 
to the different chemical reaction that takes place during exposure.  

Nitric acid dissolution 

Nitric acid dissolution experiments were carried out to assess the feasibility of reprocessing of 
MgO-ZrO2-based IMF. Three ceramic samples (compositions 40/60, 50/50 and 60/40) in the form of 
discs 1-2 mm thick and 10-11 mm in diameter were exposed to the concentrated nitric acid. A hot 
plate equipped with a magnetic stirrer was utilised to keep the temperature of the acid at ~55°C and 
provide continuous stirring. The dissolution was conducted in a glass flask fitted with a reflux 
condenser. Periodically samples were removed from the acid rinsed with water, dried at 80°C and 
weighed. The mass of the samples and the time elapsed since the start of the dissolution was logged. 
The resulting trend showing the evolution of the relative sample mass with time is presented in 
Figure 10a. Relative sample mass was calculated as a ratio of sample mass at a given time to the initial 
sample mass. 

No appearance changes were registered during a visual inspection of the samples exposed to the 
nitric acid. Despite significant mass loss the samples’ geometrical dimensions remained unchanged 
as well. Because the mass lost during dissolution was equal to the determined earlier mass of 
crystalline MgO present in the samples, and recognising MgO’s good solubility in the nitric acid, it can 
be concluded that the attempt to dissolve the said ceramic compositions resulted in a selective leaching 
of the crystalline MgO phase. The second phase, MgO-ZrO2 solid solution, apparently failed to dissolve. 

X-ray diffraction (XRD) analysis was performed on the samples exposed to the nitric acid. For this 
analysis the samples were ground into powder. Raw XRD pattern for nitric-digested ceramic 
compositions are shown in Figure 10b. The pattern for as-fabricated ground ceramics is also included 
to emphasise the effect of acid digestion on the crystal structure. As evident from Figure 10b the acid 
digested ceramics lack the MgO phase. Therefore, the XRD confirmed that an attempt to reprocess 
MgO-ZrO2 based IMF using nitric acid will result in selective dissolution of the MgO phase leaving 
behind a ZrO2 skeleton. (MgO present in the ZrO2 phase as a solute remains intact). It is tempting to 
speculate that this will allow acid to penetrate inside the pellet and dissolve fission products making 
reprocessing feasible. Insolubility of ZrO2 phase provides an opportunity for its easy separation. 
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Figure 10: Evolution of the relative sample mass with time during sample dissolution  
in nitric acid (a) and XRD pattern for nitric-digested ceramic (b) 

 a) b) 
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Thermal analysis 

The final product exhibited thermal conductivity values of 5.5-9.5 W/(m-K) at 500oC, and  
4-6 W/(m-K) at 1 200°C depending on the composition. Thermal conductivity was derived from 
thermal diffusivity measured by laser flash method using Flashline 5000 Thermal Properties Analyser 
(Anter Corporation, Pittsburg, PA) in the 200-1 200°C temperature range, measured density, and heat 
capacity calculated using the rule of mixtures. These values compare favourably with published data 
for fully dense UO2 [14] as shown in Figure 11. Analytical estimates of the anticipated maximum 
temperature during normal reactor operation in a hypothetical IMF rod based on the magnesia-
zirconia ceramics yielded the values well below the melting temperature and well below current 
maximum temperatures authorised in LWRs. 

Figure 11: Thermal conductivity of binary magnesia-zirconia  
ceramics (a) and ternary magnesia-zirconia-erbia ceramics (b) 
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Conclusions and future work 

This study demonstrated that MgO-ZrO2 ceramics exhibit thermal conductivity higher than UO2, 
and are able to resist reactor coolant attack for long periods of time. These ceramics partially dissolve 
in nitric acid; therefore fuel reprocessing may be a possibility. 
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These results encourage further development of this novel fuel concept. It is being pursued as a 
part of the DOE Advanced Fuel Cycle Initiative’s effort to evaluate transmutation in LWRs. Present 
activities at Idaho National Laboratory include fabrication and characterisation of MgO-ZrO2-Er2O3-PuO2 
fuel forms. Experiments to fabricate ceramics containing approximately 12  wt%  of PuO2 powder are 
underway. The dispersion fuel option utilising PuO2 microspheres is being explored as well. 
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CERMET PuO2 – Ferritic stainless steel fuel development  
and performance evaluation with COMETHE code 

G. Toury, S. Shihab, B. Lance, M. Lippens 
BELGONUCLEAIRE S.A. 

Abstract 
BELGONUCLEAIRE is currently examining the feasibility of a PuO2-Stainless Steel CERMET fuel 
aiming at producing power together with an enhanced burning of Plutonium and Transuranium 
Actinides. The target design should suit both current fabrication plants and LWR fuel design and is 
intended for deep Pu burning. The paper presents the neutronic evaluation of the CERMET, in terms of 
performance, safety and incineration. Surrogate fabrication of CERMET with cerium as a substitute of 
plutonium allowed determining the process parameters and validating the feasibility of PuO2/Ferritic 
CERMET in terms of pellet stability and cladding compatibility. Thermal properties were also assessed 
by analytical measurements. Finally, the in-reactor thermo-mechanical performance of the CERMET 
are evaluated with the COMETHE code and compared to UO2 and MOX fuel. 
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Introduction 

Uranium-free plutonium fuels with inert matrix (IMF) are studied to achieve an efficient 
reduction of plutonium stockpiles while producing energy in LWRs, using a direct disposal of the 
spent fuel after cooling (once-through fuel). 

Taking the opportunity of its industrial experience in manufacturing plutonium bearing fuel, its 
expertise of operating plutonium processing plant and expertise in conducting in-reactor fuel 
performance evaluations, BELGONUCLEAIRE examines the development of an innovative nuclear fuel, 
which consists of PuO2 particles embedded in an inert ferritic stainless steel matrix (CERMET). 

The target design should suit both current fabrication plants and LWR fuel design by maintaining 
current cladding material and general specifications.  

A neutronic evaluation was performed on a CERMET fuel assembly and the performances in 
terms of reactivity, power sharing and operational safety margins are presented. 

Cerium is known as a good surrogate of plutonium in order to assess the fabrication process [1], 
as such it has been used to tune the fabrication process of the CERMET by evaluating the 
microstructural aspect, chemical behaviour and compatibility with Zircaloy. Thermal properties 
(diffusivity and capacity) were also measured on the surrogate fabricated samples. 

These measurements together with those obtained from a literature review on ODS alloys and 
ferritic steels permitted to deduce the inert matrix properties. Associated with the properties of PuO2, 
the COMETHE computer code was adapted to evaluate the in-reactor thermo-mechanical behaviour of 
this CERMET. The results are compared with those of MOX and UO2 fuel. 

CERMET neutronic evaluation 

It was assumed that the CERMET fuel assembly (FA) could be designed for a 17 x 17 PWR FA and 
managed as a MOX FA [2], i.e. core partial loading of CERMET FA with standard UO2 FA. In order to 
evaluate the main neutronic properties of such a CERMET assembly, we have considered a macrocell 
approach in which one CERMET FA is surrounded by 8 UO2 FAs. One quarter of the macrocell is 
represented in Figure 1. The standard zoning of the rods plutonium enrichments was found 
appropriate in order to reduce the fission rate in the neighbouring UO2 pins. A standard pellet radius 
of 0.41 cm was adopted and the average Pu content of the CERMET FA was subject to optimisation. 

Figure 1: Macrocell approach for the FA design 

UO2 fuel

Guide tube = TG

Instrumented tube = TI

Water (thick = 0.04 cm)

CERMET low Pu

CERMET mean Pu

CERMET high Pu
 

The geometrical model was calculated with the WIMS8a codes, using appropriate libraries, 
according to the standard methodology used at BELGONUCLEAIRE [3]. It consists of an evolution 
calculation, simulating an irradiation of 1260 days at constant power, made within 3 cycles. Several 
performance indicators were investigated and systematic comparisons against a standard MOX FA 
(8 wt% Pu) were performed in order to bring a clear demonstration of the assets of the CERMET fuel.  
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The performance indicators include the mean reactivity and power characteristics at different FA 
life stages. These are gathered in Table 1. Two average plutonium enrichments (12 and 15 wt%) for the 
CERMETs are reported. They present a compromise between the target BOL reactivity and the imposed 
cycle length, as compared to UO2 and MOX FA. Indeed, CERMET fuel is characterised by a higher 
reactivity swing than MOX (sharper decrease of the CERMET reactivity with burn-up because of the 
absence of U238). In counterpart, the FA power sharing is good, better than for MOX and the radial 
form factor (Fxy) is acceptable, although it increases with burn-up, contrary to that of UO2 or MOX FA. 
Increasing the PuO2 content from 12 to 15% results in a better power sharing but increases the BOL 
reactivity, so a compromise should be considered between the two trends. 

Table 1: Main performance indicators obtained with WIMS8a macrocell calculation 

Indicator State FA UO2  
4.3wt% U5 

FA MOX
8wt% Pu 

FA CERMET 
12wt% PuO2 

FA CERMET  
15wt% PuO2 

FA Power sharing 
(UO2 is the reference) 

BOL 
EOL 

1 
1 

0.914 
1.151 

0.881 
0.817 

0.951 
0.988 

Fxy 
BOL 
EOL 

1.047 
1.017 

1.111 
1.094 

1.069 
1.114 

1.105 
1.127 

K-inf FA BOL 
EOL 

1.268 
0.953 

1.225 
1.009 

1.335 
0.953 

1.366 
1.038 

 

Table 2: Main safety coefficients of a single FA 

Coefficient MOX 8 wt% Pu CERMET 12 wt% PuO2 CERMET 15 wt% PuO2 
Void (d = 0.4 / d = 0.7) -8620 -3922 -2880 

Doppler (pcm/K) -3.08 -0.93 -1.00 
MTC (pcm/K) -37.4 -18.2 -16.5 

 

Table 3: Main safety coefficients of the macrocell (UO2 environment) 

Coefficient MOX 8 wt% Pu CERMET 12 wt% PuO2 CERMET 15 wt% PuO2 
Void (d = 0.4 / d = 0.7) -7348 -5936 -5723 

Doppler (pcm/K) -2.89 -2.27 -2.33 
MTC (pcm/K) -20.0 -14.0 -14.1 

 

Table 4: Main incineration results obtained with the macrocell calculations 

  MOX 8 wt% Pu CERMET 12 wt% PuO2 CERMET 15 wt% PuO2 
Input HM mass in FA /kg 
Pu mass in FA /kg 

472.5 
37.8 

38.5 
38.5 

49.2 
49.2 

% FIMA 
% Pu burnt 

4.88 
29.7 

54.4 
60.9 

45.5 
52.0 

Input kg HM / TWhe 
Input kg Pu / TWhe 

2630 
210 

204 
204 

260 
260 

Output kg HM / TWhe 
Output kg Pu / TWhe 
Output kg Am / TWhe 
Output kg Cm / TWhe 

2502 
148 
12 
2.4 

93 
80 
10 
3.0 

142 
125 
13 
3.3 

Burnt kg Pu / TWhe 62 111 118 
 

Fuel temperature coefficient (Doppler), moderator temperature coefficient (MTC) and moderator 
density coefficient (void coeff.) have been calculated in order to determine the safety margins. These 
coefficients reveal the gross trends as the designed assembly must be simulated by transients, with 
various kinds of environments (position in reactor and burn-up of the neighbouring UO2 FA), taking 
into account all feedback coefficients with a coupled neutronic-thermo-hydraulic code. The first 
trends at fresh state (BOL) are given for the fuel assembly in Table 2 and the macrocell in Table 3. 
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One observes that all safety coefficients are reduced as compared to the MOX fuel, due to the lack 
of U238. However, FA coefficients remain negative and are not much affected with the macrocell 
calculations. The only exception is the complete moderator voidage of CERMET fuel that has lead to a 
local positive coefficient. However these calculations are too approximate to generate a definite 
conclusion and accurate coupled neutronic-thermo-hydraulic calculations should be performed to 
determine the CERMET FA behaviour in the core. 

Incineration balances are reported in Table 4. They show that a burn-up of ~50% FIMA is 
achievable, thus more than 50% of the plutonium burnt. In counterpart, there is a slight increase of 
the Am and Cm production. The isotopic composition of the remaining plutonium is strongly different 
from a 1st generation MOX, since 90% of Pu239 has disappeared, leaving mainly the absorbing 
Pu242 isotope, so that such a plutonium is definitely none proliferating. 

The long-term behaviour (source term) of the CERMET fuel has been investigated coupling the 
well-known depletion code ORIGEN to the previous WIMS8a modelling. Focus was set on the activity 
aspect of the source term as a function of time from EOL to geological time scale. Three scenarios 
have been considered: 1- the UO2 once through with 8 spent FAs, 2- the MOX scenario with seven 
recycled UO2 FAs and one spent MOX FA, and 3- the CERMET scenario with seven recycled UO2 FAs 
and 1 spent CERMET FA. Such a 7 + 1 breakdown is justified by the fact that 7 spent UO2 FAs bring 
enough Pu to build a MOX or a CERMET FA. 

Figure 2a shows the evolution of the activity of MOX and CERMET FA relative to UO2 FA. The MOX 
and CERMET spent fuel activity is always higher that irradiated UO2, whatever the decay time, but the 
situation is significantly better for the CERMET fuel than MOX, as soon as ~10 years decay is achieved. 

Figure 2b sets the comparison on scenarios basis (8 UO2 FAs versus 7 UO2 + 1 MOX FAs and versus 
7 UO2 + 1 CERMET FAs), the CERMET scenario exhibits a lower activity than MOX scenario, but to a less 
extent in account of the large UO2 contribution. The Figure also shows the advantage of the 
reprocessing to CERMET scenario with respect to the global activity, which is stored in geological 
media, especially at long time scale. Finally, it has been assessed that the CERMET scenario reduces 
drastically the criticality of a geological repository. 

Figure 2: Activity of spent FA (CERMET 12%PuO2, MOX 8%Pu), obtained using  
WIMS8a-ORIGEN coupling: (a) FA activity comparison, (b) scenario activity comparison 
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CERMET surrogate fabrication 

A parametric study has been made on a CERMET fabrication using CeO2 as a PuO2 surrogate, to 
examine the feasibility of such fuel. 

Two ferritic stainless steel powders (Fe-17%Cr) were tested as metallic matrix. The first powder is 
produced by gas-atomisation and presents spherical particles with an average size about 12 microns 
(see Figure 4a). The second powder is produced by water-atomisation and presents particles with 
irregular shape as seen in Figure 4b, it has an average particle size around 60 microns. The 
water-atomised powder has revealed a much better flowability than that obtained by gas-atomisation. 

(a) (b) 
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Two kinds of ceramic phase have been tested: the first is a CeO2 micronised powder, and the 
second one consists in CeO2 granulates, obtained by mechanical granulation, with a selected range of 
70-125 microns (see Figure 4c). 

Figure 4: Tested ceramic phases 

(a) Ferritic stainless steel powder obtained by water-atomisation route; (b) Ferritic stainless steel  
powder obtained gas-atomisation route; (c) CeO2 granulates obtained by mechanical granulation. 

 (a)  (b) (c) 

   

Figure 5: CERMET microstructure (ceramography) 

(a) Dispersed CERMET with gas-atomised FeCr, (b) Dispersed CERMET with water-atomised FeCr; (c) Granulated CERMET 

 (a)  (b) (c) 

   

Figure 6: CERMET with gas-atomised FeCr (X-ray map on Ce)  

(a) Dispersed CeO2, (b) Granulated CeO2. 

 (a)  (b)  

       

100 μm 100 μm 500 μm 
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The CERMETs were manufactured by mechanical mixing of the stainless steel and CeO2 powders, 
after addition of lubricant and binder. The concentration of the second phase of CeO2 was 10 wt%, 
which is equivalent to the volume fraction of 10 vol% or 15 wt% of PuO2. 

The composite powder was compacted to cylindrical pellets using a uniaxial press. The pellets 
were sintered at 1673K for 2 hours in dry Ar/H2 atmosphere. The densities of the CeO2/FeCr CERMETS 
were typically in the order of 90-95% of the theoretical density. The sintered pellets present a good 
mechanical cohesion. 

The visual inspection and geometrical measurements of the pellets show a right cylindrical 
geometry avoiding any grinding. The ceramographic examination of pellet cross-sections confirms the 
absence of any cracks or interconnected pores (Figure 5).  

The pore size is larger in the metallic matrix than in the ceramic particles. For all the samples 
(granulated and finely dispersed CERMET), the distribution of the CeO2 phase is homogeneous, the 
interface ceramic/matrix remains cohesive and dense (Figure 6). 

The thermal compatibility between CERMET CeO2/FeCr and Zircaloy cladding has been 
investigated by compressing a disc of CERMET between two blades of Zr, and putting the device in a 
furnace at 600°C under argon during 150 hours. EPMA has been made on the two interfaces, and no 
significant inter-diffusion was detected, neither any interface damage. 

The thermo-physical properties of the CERMET pellet (with dispersed CeO2 as seen in Figure 6a) 
were measured in an argon atmosphere between room temperature and 1 300 °C. The results of the 
analysis are presented in the Figure 7. 

The inferred thermal conductivity increases linearly over the entire temperature range, from  
17.5 W/(m.K) at the ambient temperature to 23.5 W/(m.K) at 1300 °C; between 550 and 700°C a small 
drop is visible in the thermal conductivity, attributed to the transition phase ferromagnetic to 
paramagnetic in the apparent specific heat (transition at Curie temperature) [4]. 

Figure 7: Thermo-physical properties of CERMET CeO2/FeCr 
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Thermo-physical properties of CERMET PuO2-FeCr 

Running the COMETHE code on CERMET fuel requires the modelling of several thermo-physical 
properties. The thermal conductivity and specific heat of the CERMET was obtained by a Fricke law [5] 
assuming spherical PuO2 particles. Other properties of PuO2 were estimated using the standard 
literature [6-8]. The properties of the metallic matrix were deduced from the experimental 
measurement on the surrogate CERMET and the literature data on ferritic steel [9] and CeO2 [10], by 
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using a Neumann-Kopp rule (mass mixing rule). For the specific heat of the metallic matrix Fe17Cr, a 
linear dependence with the absolute temperature was used together with a Gaussian form centred on 
the Curie temperature (around 700°C for the considered alloy). The variation of the thermal 
conductivity and specific heat of the CERMET and its constituents are given in Figure 8. 

The enthalpy is determined by integrating the heat capacity over the absolute temperature. 

The thermal expansion, elastic modulus, Poisson ratio and emissivity of the CERMET fuel are 
calculated as a weighted average of the coefficients of each of the phases [11,12]. 

Figure 8: Thermo-physical properties of the PuO2-FeCr CERMET 
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Past irradiations in fast reactors were carried to determine the dimensional stability of CERMET 
elements containing 30 to 60 vol% UO2 dispersed in type-316L stainless steel matrix [13]. It was 
established that the CERMET swelling was caused by the radiation-induced swelling of the fissile 
particles. The rate of the swelling was reported to be around 2% per % FIMA of uranium atoms. This 
relation takes into account the volume accommodation due to the initial porosity. The stability of the 
ferritic matrix was also confirmed by the work given in [14], where an average volume swelling rate of 
0.02%/dpaF was determined. Using these considerations, the swelling rate of the Pu CERMET was 
estimated following: 
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Thermo-mechanical performance of CERMET PuO2/FeCr 

The purpose of this section is to report the results of COMETHE-4D release 24 [15] to the design of 
a CERMET fuel rod and to assess the difference in the thermo-mechanical behaviour as compared to 
UO2 and MOX fuel rods. 

Calculations carried with the same power history for each of the CERMET, UO2 and MOX fuels. It 
consisted of a base irradiation at a constant linear power of 200 W/cm, and an intermediate ramp test 
where the linear power reaches 300 W/cm. The total irradiation time of the fuels rods is around  
650 days.  

For each fuel rod, the adopted design is a 17 x 17 PWR, with similar pellet geometry and cladding 
characteristics. Table 5 presents the fuel rod main characteristics. 

Figure 9 presents the evolution of the pellet-clad gap during the irradiation. The decrease of the 
gap results from the fuel swelling and the clad creepdown. The as-fabricated radial gap size was 
85 μm for each fuel rod. The gap closure of the UO2 and the MOX fuel rods are similar. As opposed to 
the ceramic fuels, there is no fragmentation-relocation of the CERMET pellet at the BOL, and so, the 
observed BOL decrease in the gap size results from the pellet thermal expansion. The kinetics of the 
gap closure appears higher for the CERMET rod than for the MOX/UO2 rod, but due to the initial larger 
gap in hot state, the closure happens at the same time for the ceramic and the CERMET fuel rods.  
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Table 5: Fuel rod main characteristics 

Fuel rod UO2 MOX CERMET 
Enrichment 5 wt% 235U 8 wt% Pu/(U+Pu) 15 wt% PuO2/(PuO2+FeCr) 
Grain size (μm) 16 8 4 
Total porosity 4.5% 5.3% 8% 
Open porosity (relative to total porosity), (%) 0.1 0.5 2 
Radial gap size (μm) 85 
Pellet height (mm) 13.46 
Cladding material Zircaloy-4 
Clad outer diameter (mm) 9.5 
Clad inner diameter (mm) 8.36 
Coolant inlet temperature (°C) 280 
Coolant pressure (MPa) 13.8 
Helium pressure (bar) 20 
 

At the end of irradiation, the calculated burn-up of the CERMET rod is closed to 250 GWd/tox 
whereas the MOX and UO2 rod burn-up is around 25 GWd/tox. The value of 250 GWd/tox (equivalent 
to around 29%FIMA) is relative to the ceramic phase of the CERMET. 

Figure 9: Radial gap evolution 
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The thermal analysis of the fuel rod reveals that for similar linear power the surface temperature 
of the CERMET fuel rod is slightly higher than for the UO2 and MOX fuels (Figure 10). This results from 
the larger gap as observed in Figure 9 (absence of relocation in the CERMET fuel). When the gap is 
closed, the heat exchange between the fuel and the coolant leads to a similar fuel surface temperature 
for the three fuel rods. 

Figure 11 shows a central temperature of the CERMET rod always lower than for the ceramic fuels. 
The central temperature varies from 600°C at the BOL to less than 500°C at the EOL, with a peak at 
700°C during the ramp test. The low central temperature as well as the low temperature gradient 
observed for the CERMET result from the high thermal conductivity of the metallic matrix. 

The COMETHE results on the fission gas release are not given in this study, because the 
mechanisms of diffusion in the metallic matrix are not yet assessed. One can anticipate that the 
fission gases will mostly concentrate in the fissile Pu particles, the initial porosity of which (due to the 
low sintering temperature) can accommodate a large part of this concentration. Moreover, FBR 
irradiations have confirmed the no-diffusion of the FP across a stainless steel cladding occurs. So, the 
metallic matrix is a barrier for the generated gases. This scenario supposes that there is no irradiation 
damage in the matrix metallic and that the swelling of the fissile particles can be accommodated. 

The low temperature and temperature gradient estimated in the CERMET, are also good 
arguments to discard the FGR as predominant parameter for the CERMET in-reactor behaviour. 
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Figure 10: Pellet surface temperature 
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Figure 11: Pellet central temperature 
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Conclusion 

The CERMET concept is studied as a means to burn plutonium and transuranium elements while 
producing power in LWRs, FBRs and AGRs and reducing the total disposal costs. In this context, 
BELGONUCLEAIRE is examining the development of a PuO2-ferritic stainless steel CERMET.  

A neutronic evaluation has been performed on a candidate CERMET and has confirmed the good 
achievable performances of the fuel in PWR conditions in terms of reactivity, safety and incineration 
parameters. 

A parametric experimental study has allowed to define the best fabrication parameters for the 
manufacturing CERMET fuel pellets, by using cerium as a plutonium surrogate. The resulting pellets 
showed correct geometrical and microstructural characteristics, in particular a good distribution of 
the ceramic phase. The thermal compatibility of the CERMET pellet and Zircaloy cladding has been 
confirmed until 600°C. Tests at higher temperature have to be lead for design basis accident. 
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The in-reactor thermo-mechanical performances of the CERMET in PWR conditions have been 
evaluated by the COMETHE code. The thermo-physical properties of the CERMET have been deduced 
from the literature and experimental measurements on the surrogate CERMET. The first results 
confirm the good thermal conductivity of the CERMET, with a central temperature markedly lower 
than that of UO2 and MOX fuel.  

Some specific properties of the CERMET remain to be defined, in particular the swelling and 
creep laws. The stability in reactor of the ferritic matrix has also to be confirmed. 

The next step should be the production of CERMET with plutonium, with fine characterisation of 
the fresh fuel. An irradiation in a MTR followed by PIE should be the final step to confirm the 
feasibility and the advantage of loading CERMET fuel rods in commercial power plants. 
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Abstract 
The feasibility of reducing the Cost Of Electricity (COE) of UO2 fuelled PWR has been studied by 
considering a wide range of core design variables: (1) Fuel rod outer diameter – in the range from 
0.65 to 1.5 cm; (2) Lattice pitch-to-diameter ratio, P/D – 1.05 to 1.6; (3) Uranium enrichment – 5%, 
7.5% or 10%; (4) Coolant pressure drop across the core – either 29 psia or 60 psia – representing 
current and improved technology; (5) Type of fuel rod support – grid spacers or wire-wraps. The 
design constraints considered include minimum excess reactivity, negative Doppler coefficient, 
negative moderator temperature coefficient, negative void coefficient, MDNBR, peak fuel temperature, 
coolant inlet and outlet temperatures, coolant pressure drop, clad internal pressure, clad strain, clad 
water-side corrosion as well as constraints imposed by vibrations and wear corresponding to the 
following mechanisms: vortex-induced vibration, fluid-elastic instability, turbulence-induced vibration 
in cross and axial flow, fretting wear, and sliding (or adhesive) wear. Results obtained from 
independent neutronics, thermal-hydraulics, fuel mechanical integrity, fuel rod vibration and wear, as 
well as limited quasi-transient analyses were used to determine the power density and discharge 
burn-up attainable for a given set of design variables without violating any of the constraints. An 
economic analysis was then applied to find the set of acceptable design variables that gives the 
minimum COE. 

For the current pumping head of 29 psia in a square lattice with grid spacers, the lowest COE is 
obtained for 5% enriched fuel at D = 7.1 mm and P/D = 1.47. This COE is lower by ~5.6% than that of 
the reference geometry (i.e. combination of fuel rod diameter and lattice pitch) of D = 9.5 mm and 
P/D = 1.326. The power density of the minimum COE geometry is the same as that of the reference 
PWR geometry. If the primary coolant pumps could be designed to accommodate a coolant pressure 
drop across the core of 60 psia, the minimum COE is obtained for 5% enriched fuel at the geometry:  
D = 6.5 mm; P/D = 1.39. The corresponding power density is 30% higher than that attainable with  
29 psia and the reference power density. The COE is estimated to be ~27% lower than the average 
COE from PWR’s of the reference design. 
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1 Introduction 

This paper summarises work performed within NERI project 02-189 [1, 2]. The project objective is 
to assess the feasibility of improving the economics of light water reactors by using solid hydride fuel 
instead of oxide fuel. The strategy adopted for this project is to carry out a parametric study over a 
wide range of a number of core design variables to identify the most economic design. The primary 
design variables are the fuel rod outer clad diameter, D, and the square lattice pitch to diameter ratio, 
P/D. The optimal PWR core design was found to have significantly different combination of D and P/D, 
to be referred to as “geometry,” than that industry has adopted for oxide fuelled PWR cores. This led 
us to undertake a PWR core design optimisation study for uranium dioxide fuel using identical 
methodology. The purpose of this paper is to summarise the latter study. The final comparison of the 
economics of hydride and of oxide fuelled PWR cores is to be completed in the near future. 

Following a description of the methodology used for this study (Sec. 2), we describe the results 
obtained (Sec. 3), derive conclusions and discuss their implications (Sec. 4).  

2 Methodology 

The economic analysis requires the following core performance characteristics as input: power 
level, average discharge fuel burn-up and heavy metal loading. The power level depends on 
thermal-hydraulic design constraints. The discharge burn-up depends on neutronic design 
constraints as well as on the fuel rod clad integrity design constraints. Safety related design 
constraints limit the acceptable core geometries. As a result, a parametric study was performed in  
five disciplines the results from which were fed into the economic analysis – neutronics, 
thermal-hydraulics, clad mechanical integrity, fuel rod vibration and thermal transient analyses. The 
following subsections briefly describe the methodology following a definition of the PWR selected for 
the reference reactor and of the design variables and major assumptions adopted for this study. 

2.1 Reference PWR 
The reference PWR core is defined based on the South Texas Project Electric Generating Station 

(STPEGS). Selected design and performance parameters of this reactor are summarised in Table 1.  

2.2 Design variables and assumptions 
The primary design variables considered in all of our studies are the fuel rod outer clad diameter, 

D, and the lattice pitch-to-diameter ratio, P/D. The design space explored is 0.65 cm ≤ D ≤ 1.5 cm and 
1.074 ≤ P/D ≤ 1.54. Additional design variables considered include the coolant pressure drop in the core 
–29 psia (nominal) or 60 psia (future technology) and the fuel enrichment – 5%, 7.5% and 10%. The 
number and characteristics of grid spacers used is as of the STPEGS plant. 

The uranium dioxide is at 95.5% of its nominal density. The Zircaloy clad and gap thickness are 
assumed to be the following functions of the clad outer diameter, D: 

For D < 7.747 mm, clad thickness, t = 0.508 mm and gap thickness, δ = 0.0635 mm.  

For D > 7.747 mm,t (mm) = 0.508 + (D – 7.747) * 0.0362; δ (mm)= 0.0635 + (D – 7.747) * 0.0108. 

2.3 Neutronics 
The objective of the neutronic analysis is to determine the average discharge burn-up of the 

acceptable geometries. The acceptable geometries are the combination of D and P (or P/D) for which 
the following reactivity coefficients are negative over the cycle: Doppler, moderator temperature and 
void. In addition to D and P/D, the design variables are the uranium enrichment, the amount of 
Integral Fuel Burnable Absorber (IFBA) and the burn-up-dependent boron concentration in the water.  

A special algorithm was developed for predicting in a self-consistent way the discharge burn-up 
and burn-up-dependent reactivity coefficients corresponding to a 3-batch fuel management based on 
unit cell calculations. This algorithm, described in [3], accounts for non-linear k∞ variation with 
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burn-up and for the burn-up-dependent soluble boron concentration. It is executed using the SAS2H 
module [4] of the SCALE4.4 code system and, more recently, of the SCALE 5 code system [5]. It has 
been benchmarked and found reliable [6].  

Table 1: Selected design and performance parameters of the reference PWR  

Parameter Value 
Effective core radius ~1.83 m (72”) 
Active fuel length 4.26 m (168”) 
Fission gas plenum length 17.8 cm (7”) 
Clad outer diameter, D* 9.5 mm 
Square lattice pitch, P 12.6 mm 
Pitch-to-diameter ratio 1.326 
Number fuel rods per core 50956 
Core enthalpy rise 204 kJ/kg 
Inlet temperature 294 C 
System pressure 2250 psia 
Radial peaking factor 1.65 
Axial peaking factor 1.55 
Power level* 3800 MWt 
Average linear heat rate 174 W/cm 
Average specific power  38.38 W/gU 
Average discharge burn-up 60 GWD/tHM 

 * Parameters in Italics are variables of this study. The other parameters are fixed. 

2.4 Thermal-hydraulics 
The objective of the thermal-hydraulic analysis is to find the maximum power the core can be 

designed to operate at for each of the considered geometries, while meeting safety related design 
constraints. The design constraints considered are specified in Table 2. 

A thermal-hydraulic analysis was performed with the VIPRE-EPRI subchannel analysis code [7]. 
MATLAB scripts [8] were used to automate VIPRE execution, permitting timely analysis of multiple 
combinations of geometry and operating parameters. Details about this methodology can be found in 
References [9, 10]. 

Table 2: Summary of thermal-hydraulic analysis constraint limits 

MDNBR Average/ Peak fuel temp. (C) Pressure drop (psia) 
Present Future 

2.17 [9,10] 1400/ 2800 29 60 
 

2.5 Clad mechanical integrity analysis 
The objective of this analysis is to determine the burn-up limit the clad can withstand without 

failure. If this limit is more restrictive (i.e. smaller) than the reactivity limited burn-up predicted by 
the neutronic analysis, it is used in the economic analysis of this geometry.  

The fuel performance analysis was performed with the FRAPCON code [11] and considered  
three fuel integrity impairing mechanisms: (a) Clad corrosion in the water side – the maximum  
tolerable oxidation thickness is assumed to be 0.1 mm, independent of the fuel rod diameter. (b) Clad  
Strain – the limit is assumed to be 1%, in tension; it includes both elastic and plastic contributions and 
is due to the external coolant pressure, differential thermal expansion between the fuel and the 
cladding, fuel swelling due to irradiation and buildup of fission gases. (c) clad internal pressure – the 
maximum acceptable internal gas pressure is assumed 2500 psia. Contributions to the gas pressure 
buildup accounted for are release of volatile fission products and helium produced by neutron 
absorption in 10B of the IFBA. Details about this methodology can be found in [9, 10]. 
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2.6 Fuel rod vibration analysis 
The objective of this analysis is to define constraints on the maximum attainable power due to 

flow-induced vibrations of the fuel rods. Three flow-induced vibration mechanisms were considered: 
fluid elastic instability, vortex shedding lock-in from vortex-induced vibration, and 
turbulence-induced vibration in cross and axial flows. In addition, two wear mechanisms were 
considered: sliding wear and fretting wear. The methodology for the analysis of all vibration and wear 
mechanisms is described in Ref. [12]. 

Fluid-elastic instability and vortex shedding lock-in are large amplitude “resonance” type 
vibrations that must be avoided. Fluid-elastic instability occurs when the cross-flow velocity over a 
tube bundle reaches the critical velocity, which is a function of fuel rod and coolant properties. Vortex 
shedding lock-in occurs when the frequency of vortices shed by cross-flows over a rod coincides with 
its natural frequency. Limits were placed on the cross-flow velocities in the core, and therefore the 
core power, to preclude these two mechanisms. 

Turbulence-induced vibration in cross and axial flow cause smaller, unavoidable vibrations 
responsible for gradual fretting and sliding wear at the contact surface between the fuel rod and its 
support. Sufficient wear resistance must therefore exist in the fuel assembly components to preclude 
excessive clad wear. The fretting and sliding wear rates were determined using the vibration 
amplitudes associated with the cross and axial flow distributions in the core. Sliding and fretting wear 
limits were then imposed to constrain the cumulative wear to the level of cumulative sliding and 
fretting wear in the reference core geometry. The cumulative wear depends on the residence time of 
fuel in the core, and therefore is a function of both core power and discharge burn-up.  

The outcome of this analysis is down rating of the core power, if necessary to avoid exceeding 
any of the vibration constraints. The fuel residence time in the core and, hence, fuel cycle length is 
adjusted so as to provide the maximum permissible discharge burn-up dictated by neutronic and 
mechanical integrity analyses. 

2.7  Accident and transient analyses 
The objective of the accident and transient analyses was to modify the steady-state 

thermal-hydraulic prediction of acceptable power; the power level of a geometry that was passed to 
the economic analysis was the smallest of that from the steady state analysis and that from the 
accident and transient analysis.  

Due to resource limitations, the safety analysis is limited. Two accidents and one transient  
were investigated:  

1. An overpower transient due to a control rod bank withdrawal at full power as defined in the 
STPEGS FSAR, the constraint considered is that departure from nucleate boiling (DNB) will not 
occur. 

2. A large break loss of coolant accident. The constraint considered is the peak clad-temperature, 
not to exceed 2 200oF (1 204oC).  

3. A complete loss of flow accident (LOFA). The constraint is that DNB will not occur.  

The safety analysis was done with the VIPRE sub-channel analysis tool along with MATLAB scripts 
previously developed to automate VIPRE execution. Details about this analysis can be found in Ref. [13]. 

2.8 Economic analysis 
The economic analysis integrates and weights the results obtained in all the analyses described 

in Sections II.D through II.G. The objective of the economic analysis is to identify that combination of 
core design variables that offer the lowest cost of electricity (COE). Two scenarios were considered.  
(1) A “minor backfit” – the reference core pitch is maintained. Replacement of the steam generators 
and modifications to the high-pressure turbine are required to accommodate designs offering higher 
powers than the reference core (2) A “major backfit” – in addition to upgrades of the steam generators 
and high pressure turbine, this option requires replacement of the vessel head and the core internals 
to accommodate the new layout of fuel assemblies and control rods. 
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The methodology used for the economic analysis was that laid out in [14]; it is based on 
OECD/NEA reports on the economic evaluation of nuclear fuel cycles [15]. It determines the levellised 
cost of electricity per unit of energy produced over the plant’s lifetime. The COE is broken into three 
cost components: fuel cycle, operations and maintenance (O & M), and capital costs. Detailed 
description of the economic analysis model and of assumptions used is provided in [12]. Although the 
OECD/NEA cost data and lead times may be outdated, it should be adequate for a relative comparison 
of different designs. Following is a brief summary of the important assumptions for each of these cost 
components respectively. 

Table 3 gives the unit cost assumptions used for the fuel cycle cost analysis. It was further 
assumed that 50% of the total fuel assembly fabrication cost component depends on the number  
of fuel rods in the core; the other 50% depends on the heavy metal (HM) loading. This assumption  
is necessary because the number of fuel rods in the core varies significantly over the range  
of geometries examined by our study. Table 4 gives the recommended lead and lag times while 
Table 5 gives the HM loss fraction assumed for the different steps in the fuel cycle.  

Table 3: PWR fuel cycle unit costs for UO2 [15] 

Cost Component Unit Price 
Mining/Ore $41/kgHM 
Conversion $8/kgHM 
Enrichment $108/kgSWU 
Fabrication $275/kgHM 
Spent Fuel Storage $250/kgHM 
Waste Disposal 1 mill/kWh 

 

Table 4: OECD/NEA recommended lead and lag times for fuel cycle processes [15] 

Transaction Value 
Fuel Fabrication 1 yr 
Uranium Enrichment 1.5 yr 
Uranium Conversion 1.5 yr 
Uranium Ore Purchase 2 yr 
Spent Fuel Storage - TC* 

* Tc is the cycle length. A negative sign implies that the storage  
 costs need to be referred back in time to the reference date. 

 

1Table 5: Mass loss fractions for front end fuel cycle processes [15] 

Mass Loss Fraction Value 
Mining/Ore 0 
Conversion 0.005 
Enrichment Varies 
Fabrication 0.01 

 

The unit costs assumed for the O&M are summarised in Table VI. The outage time for the 
reference plant is assumed to be 20 days and to consist of 13 days for refuelling and 7 days for 
maintenance. The latter is scaled with the cycle length so as to preserve the total annual maintenance 
days devoted to critical-path non-refuelling activities at shutdown. Table VII gives a number of fixed 
performance parameters. 20 years of plant life is assumed based on current NRC license extensions 
for existing LWRs. 

The capital cost for minor backfits includes the costs to replace the steam generators and 
upgrade the turbine units if the new geometries offer increased power; it is assumed that the turbine 
has untapped capacity that can be exploited. Coolant pumps will also require upgrades, but their 
contribution to the capital investment is relatively small and so will not be considered. For major 
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backfits a wider range of geometries are considered requiring significant changes to the layout of fuel 
assemblies and control rods in the core. This mandates that in addition to steam generator 
replacement and turbine upgrades, the vessel head and core internals need be replaced. Table 8 gives 
the assumed cost components and their scaling with the power ratios. The reference COE is taken to 
be the average of the COE generated in the reference PWR and the cost of that supplemental energy 
that needs to be purchased from a new reference-like PWR; the capital cost of the later is assumed to 
be 1800 $/kWe.  

Table 6: Assumed PWR operations and maintenance variable and fixed components 

Variable 
Refueling Outage $800,000/day 
Forced Outage $100,000/day  
Replacement Energy 30 mills/kWh 

Fixed 
Personnel $150,000/person-yr 
Number Personnel 600 
Refueling Outage 20 days/cycle 
Forced Outage 1% 
Availability 99% 

 

Table 7: Fixed plant operating parameters 

Parameter Value 
Thermal Efficiency 0.33 
Number of Batches 3 
Plant Life Extension 20 yrs 

 

Table 8: Installed nuclear components cost 

Cost Component Price 
($106) Scaling Factor 

Steam Generators 100 0.6 
Vessel Head 25 – 
Core Internals 25 – 
Turbine Generator 338 0.8 
Existing Fuel Value 67 – 

 

3 Results 

3.1 Neutronics 
Figures 1 and 2 give the attainable burn-up over the design space for, respectively, 5% and 

10% enriched UO2, without accounting for reactivity coefficient induced constraints. Figure 3 gives the 
Moderator Temperature Coefficient of reactivity (MTC) at the beginning of cycle for 5% enriched fuel 
that contains IFBA – 0.2D/Dref mg/cm 10B where Dref is 0.95 cm, and uses soluble boron to compensate 
for the rest of the reactivity excess. Geometries exceeding P/D of ~1.4 at large D and exceeding  
P/D ~1.5 at small D have positive MTC and are unacceptable.  

3.2 Thermal-hydraulics 
The maximum achievable power for UO2 as a function of P/D and rod diameter is shown in 

Figures 4 and 5 for pressure drops of 29 and 60 psia. The thermal-hydraulic constraints listed in 
Table 2 were used to obtain these power maps. Results including the more stringent vibrations and 
wear constraints described in Section II.F are presented in Section 3.4. 
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Figure 1: Attainable burn-up in GWD/tHM with 5% enriched U, no reactivity constraints 

 

Figure 2: Attainable burn-up in GWD/tHM with 10% enriched U, no reactivity constraints 

 

Figure 3: MTC in pcm/K for 5% enriched U 
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Figure 4: Maximum achievable power for square arrays of UO2 at 29 psia 

 

Figure 5: Maximum achievable power for square arrays of UO2 at 60 psia 

 

3.3 Clad mechanical integrity analysis  
Figures 6 and 7 give the maximum burn-up permitted by fuel rod mechanical integrity 

considerations as calculated using FRAPCON [9]. For a given geometry, the discharge burn-up fed into 
the economic analysis is the smaller of the FRAPCON predicted burn-up and the burn-up from the 
neutronic analysis. The maximum burn-up achievable at 29 psia is ~80 MWd/tU and occurs at  
D = 6.5 mm, P/D = 1.42. The maximum burn-up achievable at 60 psia is ~82 MWd/tU and occurs at:  
D = 6.5 mm, P/D = 1.2.  

3.4 Fuel rod vibration analysis 
The maximum achievable power for UO2 as a function of P/D and rod diameter incorporating the 

thermal-hydraulic constraints presented in Table 2 and additional limits on fuel rod wear and 
vibration as described in Section 2.6 is shown in Figures 8 and 9. The corresponding fuel cycle time is 
shown in Figures 10 and 11. 

It is found that vibration induced constraints reduce the peak power attainable with 60 psia by 
approximately 8% and change the optimal geometry (See Figures 5 and 9). In case of 29 psia these 
effects are negligible. 



OPTIMISATION OF UO2 FUELLED PWR CORE DESIGN 

ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 211 

Figure 6: Discharge burn-up at 29 psia with clad mechanical integrity constraints 

 

Figure 7: Discharge burn-up at 60 psia with clad mechanical integrity constraints 

 

Figure 8: Maximum achievable power at 29 psia accounting for fuel rods vibration and wear 
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Figure 9: Maximum achievable power at 60 psia accounting for fuel rods vibration and wear 

 

Figure 10: Maximum permissible cycle length, 29 psia 

 

Figure 11: Maximum permissible cycle length, 60 psia 
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3.5 Transient analysis  
It was found that the LOFA limits the highest power attainable with 60 psia to 4990 MW. The 

peak power is obtained for P/D = 1.39 and D = 6.5 mm. At 29 psia pressure drop the most limiting is the 
overpower transient – it reduces the highest power to 4104 MW. This occurs at P/D = 1.47 and D = 7.1 mm. 

3.6 Economic analysis 
All results presented in this section are for the major backfit scenario. Figures 12 and 13 show the 

minimum COE as a function of P/D ratio for, respectively, 29 and 60 psia. The rod diameters that 
correspond to these optimum points are plotted in Figures 14 and 15.  

Figure 12: Minimum COE, 29 psia 
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Figure 13: Minimum COE, 60 psia 
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Figure 14: Rod diameter corresponding to minimum COE, 29 psia 
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Figure 15: Rod diameter corresponding to minimum COE, 60 psia 
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Figure 16: Fuel cycle cost corresponding to minimum COE, 29 psia 
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Figures 16 to 18 give the cost components of the minimum COE for the 29 psia designs. Similar 
trends were obtained for 60 psia designs. 
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Figure 17: O & M Cost corresponding to minimum COE, 29 psia 

1.1 1.2 1.3 1.4 1.5
8

10

12

14

16

18

20

22

24

26

P/D

O
 &

 M
 C

os
t (

m
ill

s/
kW

-h
re

)

O & M Cost vs. P/D

5% Enrichment
7.5% Enrichment
10% Enrichment

 

Figure 18: Capital cost corresponding to Minimum COE, 29 psia 
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4 Conclusions and discussion  

For the reference core pressure drop of 29 psia in a square lattice with grid spacers, the lowest 
COE is obtained for 5% enriched fuel at D = 7.1 mm and P/D = 1.47. This COE is lower by ~5.6% than 
that of the reference geometry of D = 9.5 mm and P/D = 1.326. The power density of the minimum  
COE geometry is the same as that of the reference PWR geometry.  

If primary coolant pumps could be designed to provide a coolant pressure drop across the core of 
60 psia and the pressure vessel internals could accommodate it, the minimum COE is obtained for 
5% enriched fuel at the geometry: D = 6.5 mm; P/D = 1.39. The corresponding power density is 
30% higher than that attainable with 29 psia and the reference power density. The COE is estimated to 
be ~27% lower than the average COE generated in the reference core with 30% extra power generated 
in a newly constructed PWR. One possible implication of the increased power density is that new PWR 
could be designed for a significantly higher power – possibly up to 2 000 MWe, than when using the 
contemporary core designs, without exceeding contemporary pressure vessel dimensions.  

Significant effort was devoted to understand why the optimal fuel rod diameter and lattice pitch 
identified in this work differ significantly from the values adopted by industry and being used in 
contemporary PWR. No satisfactory explanation was found so far. Resolution of this apparent 
discrepancy may require to carry out a more thorough safety analysis as well as to perform fuel rod 
vibration and wear tests in addition to thermal-hydraulic tests.  

Another promising design approach identified that was not described in this paper due to page 
limit involves use of hexagonal lattice with wire wrap instead of grid spacers. Preliminary analysis 
indicates that using hexagonal array of D=0.65 cm oxide fuel rods having P/D = 1.42 while maintaining 
a coolant pressure drop of 29 psia it is possible to increase the power of a given volume core by 
32% and reduce the COE. More thorough analysis of this design approach is in progress.  
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Abstract 
This work explores the feasibility of constraining nuclear waste generation from commercial Light 
Water Reactors (LWR) through multi recycling of Trans Uranic Elements (TRU) in heterogeneous 
TRU-ThO2-UO2 fuel assemblies. In the proposed fuel design, some of theUO2 pins on the periphery of a 
standard 17 × 17 PWR assembly are replaced with ThO2 pins, which serve as hosts for TRU produced 
in the previous cycle. The performed neutronic analyses based on 2-D assembly level calculations 
show that an equilibrium, i.e. zero net increase in TRU discharge, fuel cycle can be designed with 
acceptable power peaking and reactivity coefficients. 
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1 Introduction 

It is often suggested that reduction of Trans Uranic Elements (TRU) generation in Light Water 
Reactors (LWR) be made by taking advantage of ThO2 fuel properties. Earlier studies confirmed the 
possibility of achieving zero net TRU production in PWRs via utilisation of a Combined Non-Fertile 
and UO2 (CONFU) fuel assembly [1]. In the CONFU concept, about 20% of the fuel pins in the periphery 
of a conventional 17 x 17 PWR assembly are replaced with fertile free (FF) fuel pins hosting the 
residual TRU from the reprocessed fertile free pins as well as newly generated TRU from the 
reprocessed UO2 pins. Such TRU recycling reduces the TRU waste stream, which needs permanent 
storage, to the losses of TRU in reprocessing and re-fabrication activities. It was shown that 0.1% TRU 
reprocessing losses would reduce the waste stream radiotoxicity of PWR fuel cycle below the level of 
the original amount of natural uranium in less than 1 000 years [1]. 

In this study, we investigate a PWR fuel assembly similar to the CONFU except that ThO2 is used 
as the TRU host material instead of a fertile free matrix. This concept will be referred to as Combined 
TRU-ThO2 and UO2 (COTTU) assembly. The major objective of the study is to investigate neutronic 
feasibility of achieving zero net TRU generation balance in the COTTU assembly.  

Using ThO2 as a host matrix for TRU potentially offers some advantages to both in-core and 
ex-core aspects of the CONFU type fuel assembly. Similar to FF fuel, Th does not generate additional 
TRU through neutron captures, leading to efficient TRU destruction. Therefore, a relatively small 
TRU inventory is involved in achieving zero net balance of TRU production in comparison with 
TRU recycling schemes based on MOX fuel where a much larger TRU inventory is involved. However, 
generation of U233 from Th232 will somewhat reduce the effectiveness of TRU destruction due to the 
competition of U233 and TRU for neutron absorption. Additionally, Th improves the Doppler reactivity 
feedback of the core rather than degrades it as in the case of FF fuel matrix. 

ThO2 has good radiation damage stability and its properties are close to those of UO2 fuel. It is 
also chemically compatible with light water coolant and standard cladding materials. In contrast, the 
irradiation and chemical compatibility issues of various FF matrix candidates remain open. 

Although good radiation damage resistance and chemical stability generally imply more difficult 
reprocessing for any type of TRU host matrix, significant experience has been accumulated in the 
US in reprocessing ThO2, in contrast to FF matrix fuel, particularly during the Light Water Breeder 
Reactor programme [2].  

2 Calculation methodology 

The neutronic calculations were performed on the fuel assembly level with CASMO-4 [3], a lattice 
transport code widely used for LWR analysis. The following assumptions were made in the calculations: 

• Typical PWR operating conditions, fuel assembly, and fuel rod geometry (Table 1). 

• The initial TRU isotopic vector corresponds to a LWR spent UO2 fuel with initial enrichment of 
4.2%, discharge burn-up of 50 MWd/kg after 10y of cooling.  

• The linear reactivity model approximation [4] was applied to the assembly level calculation 
results to obtain the discharge fuel isotopic. 

• Three-batch reloading scheme and 3% leakage reactivity. 

• Industry standard 18 month’s fuel cycle length. The initial TRU loading was adjusted to 
provide fuel cycle length of 450 Effective Full Power Days (EFPD). 

• The TRU are in the form (TRU)O2 with a density equal to 94% of theoretical density of 
PuO2  (10.77 g/cm3). 

• 20 years of cooling between the fuel discharge and TRU recycling into next generation COTTU 
assembly (to avoid high radiation doses at fuel reprocessing and fabrication). The amount of 
TRU loaded each cycle equals to the amount of TRU generated in UO2 pins and remained 
unburned in the ThO2 (TRU bearing) pins in the previous cycle and decayed for 20 years. 
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U233 from ThO2-TRU pins is considered part of the TRU and is also recycled. Two design options, 
designated further as COTTU-1 and COTTU-2, were investigated. In the COTTU-1 design, the  
U233 generated from Th is recycled together with TRU in Th fuel pins. While in the COTTU-2 design, 
the U233 is separated from TRU and mixed with fresh enriched uranium to be loaded into UO2 pins. 
The separate recycling of U233 in UO2 pins may result in more efficient burning of U233, reduce pin 
power imbalance between UO2 and TRU bearing pins and potentially save enriched uranium. 
Separation U233 from the rest of TRU and its temporary storage is another optional design strategy, 
which may help to avoid the recycled fuel handling problems associated with high radioactivity due to 
U232 decay. However, this design strategy was not investigated at this time.  

Table 1: Reference fuel assembly geometry and operating parameters 

Assembly lattice geometry  17 × 17 
Number of fuel rods locations per assembly  264 
Fuel rod pitch, cm  1.26 
Assembly pitch, cm  21.5  
Fuel pellet diameter, mm 8.192 
Gap thickness, mm 0.082 
Outer Cladding diameter, mm 9.500 
Cladding material  Zircaloy-4 
Fuel temperature, K 900 
Coolant temperature, K 583 
System pressure, MPa 15.5 
Power density, kW/l 104 

 

Table 2: Description of cases 

Case ID Case Description 
CONFU - 1 60 FFF-TRU pins per assembly, “small” TRU inventory 
CONFU - 2 48 FFF-TRU pins per assembly, “large” TRU inventory (equilibrium cycle only) 
COTTU-1 60 Th-TRU pins per assembly, 233U recycled together with TRU in Th pins 
COTTU-2 60 Th-TRU pins per assembly, 233U recycled separately from TRU in UO2 pins 
UO2 Standard Reference UO2 fuel, 4.2% enrichment 

 

Figure 1: Schematic geometry of ¼ of the CONFU  
and COTTU assemblies for considered fuel designs 
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The CONFU-type fuel assembly performance is also presented in this work for the comparison 
purposes. Earlier studies have revealed that multiple recycling of TRU leads to significant (up to 30%) 
reduction in fuel cycle length due to a degradation of TRU isotopics (reduction in fissile isotopes 
fraction). Different design strategies were investigated in order to mitigate this effect (Ref. 1). It was 
found that fewer TRU bearing pins with higher TRU loading as well as alternative TRU pins 
arrangements are beneficial but insufficient. An increase in UO2 pins enrichment from 4.2 to 
5.0%  would still be required in order to achieve the reference fuel cycle length.  

The originally proposed CONFU assembly design, proven to be feasible [1] for the first time 
recycled TRU, is denoted here as CONFU-1. The CONFU design with equilibrium TRU isotopic 
composition, fewer TRU pins per assembly, higher TRU loading, and higher UO2 enrichment is 
denoted as CONFU-2. Table 2 presents the list and brief description of all calculated cases reported in 
this work. Figure 1 schematically shows the arrangement of UO2 and TRU containing fuel pins for 
CONFU-2 and COTTU-1,2 designs. 

3 Results and discussion 

The results show that, similar to CONFU fuel, the COTTU fuel concept is capable of achieving a 
balance between generation and destruction of TRU in a typical PWR. Figure 2 compares TRU 
inventory per one fuel assembly of the COTTU designs with the CONFU-1 design. As expected, the 
TRU inventory in the COTTU designs is 40 to 60% higher than in the CONFU assembly due to the less 
efficient TRU destruction in Th fuel. The amount of TRU stabilises at about 12.5 kg per assembly in the 
CONFU case, while in the COTTU-1 and COTTU-2 cases the TRU inventory saturates at about 23 and 
16 kg per assembly respectively. The difference between the two COTTU cases comes from the more 
efficient burning of U233 in the COTTU-2 case and therefore its lower equilibrium inventory (Figure 2). 

On the other hand, the COTTU-1 case is slightly more advantageous to the COTTU-2 case with 
respect to fuel cycle length (Figure 3). The difference in discharge fuel burn-up between the two cases 
is about 50 EFPD at equilibrium. COTTU-1 and CONFU-1 designs stabilise at comparable discharge fuel 
burn-up, which is lower than the reference target burn-up of 1350 EFPD by about 250 days. 

Similar to the CONFU design strategy, we explored possibilities to reduce the effect of TRU 
isotopics degradation and corresponding drop in fuel cycle length. However, the strategy of reducing 
the number of Th-TRU pins per assembly with simultaneous increase in TRU volume fraction were 
found to be impractical due to high power peaking in Th-TRU fuel pins (above 1.4). Thus, the Th-TRU 
pins arrangement identical to CONFU-1 assembly was found to be the only fuel assembly 
configuration, which provides acceptable pin power peaking. Figure 4 compares the maximum pin 
power peaking factors for the CONFU-1, COTTU-1, and COTTU-2 designs. The highest power peak is 
always observed in the first TRU recycle because of the highly reactive TRU isotopics. As expected, 
separation of U233 from TRU and its recycling in UO2 pins improves the power balance between the 
Th-TRU and UO2 pins reducing the maximum pin power peak from 1.28 to 1.21. 

Figures 5 through 9 compare Pu isotopes inventories per one fuel assembly for the CONFU-1, 
COTTU-1, and COTTU-2 cases. Pu is burned more efficiently in the absence of competition with U233. 
Therefore, in general, the Pu inventories in the COTTU-2 case are lower than in the COTTU-1 case. 
However, the amount of Pu is considerably higher in both COTTU designs in comparison with the 
CONFU-1 design due to the competition of Th and U233 with TRU for neutron absorption.  

Pu242 isotope is an exception (Figure 9). Its inventory is somewhat higher in the CONFU-1 case 
than in the COTTU cases. This leads to slower buildup of higher actinides, in particular, Cm and 
Cf-252 isotopes (Figures 10 and 11). These isotopes are important because they have high probability 
of decay through spontaneous fission, which in turn, significantly complicates spent fuel handling 
and reprocessing. Therefore, continuous buildup of these isotopes may be a factor, which limits the 
practical number of TRU recycles. Cm and Cf252 isotopes saturate at relatively high concentrations in 
thermal spectrum due to their small absorption cross-sections. The buildup rate of Cm is slower by 
15% and the buildup of Cf252 is slower by about a factor of 2 for the COTTU cases as compared with 
the CONFU-1 case. This is likely due to the fact that the neutron spectrum is somewhat harder in the 
COTTU cases because Th is a strong thermal neutron absorber. In harder spectrum, the 
fission-to-capture cross-section ratio of actinides is generally larger leading to slower buildup of 
higher actinides. 
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Table 3 summarises the COTTU and CONFU performance parameters for equilibrium TRU 
composition at increased (to 5%) enrichment of UO2 pins. Typical UO2 fuel characteristics are also 
shown for the comparison. The increased UO2 enrichment allows achieving zero net TRU production 
and increased fuel cycle length. As can be observed from Table 3, only the CONFU-2 and 
COTTU-1 cases can achieve the cycle length comparable with standard UO2 fuel. The CONFU-1 and 
COTTU-2 cases would require the uranium pins enrichment even higher than 5% to achieve the 
reference fuel cycle length.  

We also calculated the reactivity feedback coefficients for the equilibrium CONFU-2 and COTTU-1 
designs to assure their feasibility. The results are reported in Table 4. The Doppler coefficient of the 
CONFU-2 design is slightly less negative and for the COTTU-1 design is more negative than that of the 
reference UO2 fuel. This is expected because in the CONFU case, some of the major resonance 
absorber, U238, is replaced with the fertile free matrix with no Doppler coefficient, while in the 
COTTU case, U238 is replaced with Th232, which has stronger than U238 Doppler temperature 
response. More negative Moderator Temperature coefficient and reduced soluble boron reactivity 
worth in the CONFU and COTTU designs are also well known effects of Pu containing lattices. All 
reactivity coefficients exhibit small variation with the number of TRU recycles. Overall, both designs 
exhibit only small deviation in reactivity coefficients from the standard UO2 fuel values, which 
indicates potential feasibility of both designs. 

Figure 2: TRU inventory per 1 fuel assembly comparison 
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Figure 3: Achievable fuel burn-up comparison 
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Figure 4: Lifetime maximum pin power peaking factors comparison 
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Figure 5: Pu238 inventory per 1 fuel assembly comparison 
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Figure 6: Pu239 inventory per 1 fuel assembly comparison 
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Figure 7: Pu240 inventory per 1 fuel assembly comparison 
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Figure 8: Pu241 inventory per 1 fuel assembly comparison 
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Figure 9: Pu242 inventory per 1 fuel assembly comparison 
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Figure 10: Cm inventory per 1 fuel assembly comparison 
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Figure 11: Cf252 inventory per 1 fuel assembly comparison 
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Table 3: CONFU vs. COTTU concept comparison 

 CONFU-1 CONFU-2 COTTU-1 COTTU-2 Reference UO2
UO2 loading, kg/assembly 355 375 355 353 459 
UO2 enrichment, w/o 5 5 5 5 4.2 
TRU loading (BOL), kg/assembly 12.5 17.5 23.5 16.0 – 
No. of TRU pins per assembly 60 48 60 60 – 
TRU pin composition, v/o Matrix:(TRU)O2 89:11 80:20 78:22 87:13 – 
Net TRU production, kg/assembly 0.0 - 0.1 - 0.1 0.0 + 5.7 
Discharge assembly burn-up, EFPD 1298 1348 1336 1267 1330 
Max. assembly pin power peaking factor 1.18 1.21 1.25 1.22 1.06 

 

The values of TRU inventories for the COTTU designs presented in Table 3 include 233U isotope. 

Table 4: CONFU vs. COTTU concept comparison 

 CONFU-2 COTTU-1 Reference O2 

Doppler coefficient (BOL),  
pcm/K 

1st recycle -1.77 -2.14 
-2.03 3rd recycle -1.99 -2.30 

15th recycle -2.00 -2.34 

Moderator Temperature 
Coefficient (BOL), pcm/K 

1st recycle -17.8 -24.9 
-11.26 3rd recycle -20.6 -26.8 

15th recycle -20.8 -27.0 

Soluble Boron Worth (BOL),  
pcm/ppm 

1st recycle -4.93 -4.99 
-6.11 3rd recycle -5.69 -5.30 

15th recycle -5.71 -5.42 
 

4 Summary and conclusions 

A potential for using Th instead of fertile free fuel to burn TRU elements in the CONFU-type 
heterogeneous PWR fuel assembly was investigated. The concept is denoted as Combined 
TRU-ThO2  and UO2 (COTTU) assembly. The results confirmed possibility of achieving zero net 
production of TRU with the COTTU fuel.  

The TRU inventory is slightly larger in COTTU than in CONFU as expected due to the generation 
of U233. Both CONFU and COTTU require increase in UO2 pins enrichment to compensate for TRU 
isotopics degradation, which otherwise causes a decrease in the cycle length.  

Both CONFU and COTTU assemblies have comparable pin power peaking, which, although higher 
than in UO2 case, was shown to be manageable [1] through burnable poison design optimisation and 
proper arrangement of TRU containing pins. 

Slower Cm and Cf252 buildup rate is observed in the COTTU fuel as compared with the CONFU fuel. 

Recycling U233 generated from Th232 separately from the rest of TRU: 

a) reduces TRU inventory;  

b) improves pin power distribution; 

c) but reduces fuel cycle length requiring even higher enrichment of UO2 pins.  

Doppler coefficient for COTTU is more negative, while for the CONFU is less negative, than 
UO2 fuel, as expected. Nevertheless, all reactivity coefficients for both concepts are comparable to 
UO2 indicating potential neutronic feasibility of both concepts. 

In summary, the COTTU-2 concept is somewhat less attractive because it requires enrichments 
above 5% to achieve the reference 18 months fuel cycle length, unless enrichment facilities are 
re-licensed to higher enrichment. 
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Both CONFU and COTTU-1 concepts appear to be promising. The main advantage of the CONFU 
is smaller TRU inventory, while for the COTTU it is smaller Cm and Cf generation. However, the key 
issue in the decision on the concept selection will ultimately be the availability of a fuel that can 
satisfy irradiation performance and compatibility with cladding and coolant requirements and can 
also be reprocessed economically. In that respect, the CONFU concept is probably more challenging 
since no inert matrix fuel material has been qualified yet for use in the reactors, while the COTTU is 
likely to be more feasible due to the existing experience with ThO2 mixed oxide fuel. Although 
reprocessing of Thorium oxides is known to be more difficult than uranium. 
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Incineration of plutonium in PWR using hydride fuel 

F. Ganda, E. Greenspan 
University of California, Berkeley, CA, USA 

Abstract  
The objective of this study is to assess the feasibility of improving the plutonium incineration 
capability of PWRs by using hydride instead of oxide fuel. The primary hydride fuel considered is 
PuH2-U-ZrH1.6, to be referred to as PUZH. The discharge burn-up attainable from PUZH and MOX 
fuelled PWR is quantified for a wide range of fuel pin outer diameter, D, and lattice pitch-to-diameter 
ratio, P/D. The performance of PUZH is compared against that of MOX fuel for a standard PWR unit 
cell having D of 0.95 cm P/D of 1.326. The amount of Pu loaded is that necessary for a 
three-batch cycle length of 1350 effective full-power days. It was found that the PUZH and MOX 
fuelled lattices have very similar burn-up reactivity swing. The PUZH requires 25% less Pu loading 
and 50% less depleted U loading than the MOX fuel. As a result, the PUZH fuel achieves nearly double 
the average discharge burn-up – about 103 vs. 50 GWD/MTHM of MOX. The total Pu inventory in the 
discharged PUZH fuel is only 43% of the initially loaded inventory versus 73% in the discharged 
MOX fuel. The corresponding fissile Pu to total Pu ratio is 44% versus 63%. The corresponding ratio of 
minor actinides (MA) to Pu concentration at discharge is 13.25% versus 6.76%. The total neutron 
source strength at discharge of PUZH fuel is 1 250 n/s per gram of Pu and 5.25 x 105 n/s per gram of 
TRU versus, respectively, 796 n/s and 2.23 x 105 n/s for MOX fuel. The decay heat levels are 
2.35 w/gTRU for PUZH and 1.19 w/gTRU for MOX fuel. Nevertheless, the decay heat and radiation 
levels per PUZH fuel assembly discharged are smaller than for MOX fuel assembly. The superior 
incineration capability of the hydride fuel stems from the softer neutron spectrum it offers due to its 
high H/Pu ratio. The transmutation capability of inert matrix hydride fuel is constrained by positive 
reactivity coefficients. However, using PuH2-ThH2 fuel it is possible to obtain an even better fractional 
transmutation – incinerating 62.5% of the loaded plutonium along with a 33% increase in the cycle 
length. It is concluded that hydride fuel is very promising for Pu recycling in PWRs. 
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Introduction 

Many approaches have been examined in recent years for either the stabilisation or the 
minimisation of the cumulative inventory of plutonium. A significant fraction of this effort was 
devoted to the study of the transmutation possibilities in pressurised water reactors (PWRs). This is 
among the most economic approaches at the present moment, because a significant PWR fleet is 
already in place and there is a long irradiation experience of plutonium in PWR in the form of mixed 
U-Pu oxide (MOX). A sample of the many recent publications on the subject matter is given in 
References [1] to [10]. Included among the approaches considered are single or multi-recycling of 
either Pu, or Pu with one or more of the minor actinides (MA), in either uniform composition or in 
heterogeneous fuel assemblies. In the latter, the plutonium isotopes are segregated in a fraction of the 
fuel assembly (micro-heterogeneity) or in a fraction of the core (macro heterogeneity). Heterogeneous 
(both micro and macro) designs present more challenges than uniform designs because of 
power-peaking problems.  

Three general types of fuel are usually being considered: oxide fuel as is used in commercial PWR 
in which uranium is used as the fertile fuel, oxide fuel with thorium as the major fertile constituent, 
and “inert-matrix” fuel that contains neither uranium nor thorium (except for trace amounts). Most of 
the inert matrix fuels considered so far are oxides. The fuel type has a large effect on the 
transmutation capability of a given reactor.  

Also the neutron spectrum has a significant effect on the LWR transmutation capability. If MOX 
fuel is used instead of UO2 in the reference PWR geometry, this core neutron spectrum is significantly 
harder than the reference UO2 core. This is illustrated in Figure 1.  

This relatively hard neutron spectrum impairs the achievable discharge burn-up and fractional 
transmutation of Pu per cycle, reduces the reactivity worth of the control and safety rods as well as of 
the soluble boron, and limits the number of possible recycling due to positive void coefficient. 
Consequently, many fuel assemblies designed for Pu recycling feature higher water-to-fuel volume 
ratio than in the reference UO2 fuelled PWRs (see [10]). MOX containing fuel assemblies that offer 
acceptable performance, like the so called “CORAIL” assembly [1, 2], are highly heterogeneous. Other 
designs include additional moderator in place of some fuel rods (see [10]), thereby improving the 
destruction efficiency and safety features of the core, but at the same time reducing the amount of 
fuel that can be loaded in a given core volume and therefore reducing the power level and worsening 
the economics. 

On the other hand, the PuH2 U ZrH1.6 (PUZH) fuel that we are proposing has a much softer 
spectrum than MOX, due to the additional moderator present in the fuel itself: in Figure 1 we can see 
that the spectrum at BOL is intermediate between that of MOX and that of the conventional PWR. The 
situation gets better towards end of life, where the neutron spectrum appears to be softer even than 
that of PWR because of the significant consumption of Pu, which increases the H/HM (see Figure 2). 

The amount of Pu loaded into the MOX and PUZH fuel referred to in Figures 1 and 2 is that 
required to make their cycle length identical to that of the reference UO2 fuelled PWR in a 3-batch fuel 
management. The latter uses 5% enriched U. 

Figure 1: Neutron spectrum in the fuel  
at BOL for standard UO2, PUZH and MOX 
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Figure 2: EOL neutron spectrum  
for PWR, MOX and PUZH 

 

The primary objective of this work is to compare the transmutation capability of PWR that is 
fuelled with uniform fuel assemblies using either PUZH or MOX fuel. This capability is measured by 
the fraction of Pu that is transmuted per cycle, by the radiotoxicity, neutron source strength and 
decay-heat of the discharged fuel. An additional objective is a very preliminary exploration of the 
transmutation capability of other types of hydride fuels. 

Methodology 

The calculations have been performed with the SAS2H module of SCALE4.4 [36] in a single pin 
configuration. The feasible discharge burn-up for a 3-batches fuel cycle, the amount of soluble boron 
and the reactivity coefficients along the cycle where determined by means of a methodology 
discussed in Reference [give MC05 reference]. This methodology is based on the assumption that all 
three batches are operating at the same average power density and that, at any given moment in time 
during the cycle, the core average value of parameter X(t) is the arithmetic mean of its value for the 
three batches: i.e. [ X1(t) + X2(t) + X3(t)]/3.  

As an illustration of the soluble boron concentration obtained by our methodology, see 
Figure 3. This is the amount of soluble boron (natural isotopics) required to obtain criticality for the 
UO2 5% enriched pin cell in the reference geometry. Each one of three batches sees the same evolution 
of soluble boron (the core is in equilibrium). Figure 4 shows the corresponding soluble boron 
concentrations for MOX and PUZH fuelled PWRs. The boron concentration can be reduced to the level 
of enriched UO2 core (Figure 3) by enriching the boron in 10B. 

For this study we used depleted uranium (0.25% U-235) for the Pu-bearing fuels. The plutonium 
vector is reported in Table 1. It is representative of the plutonium composition that will likely be 
available in the spent fuel inventory in the near future for first recycle. 

Figure 3: Soluble boron concentration  
(ppm) for 5% enriched UO2 fuelled PWR 
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Figure 4: Soluble boron concentrations  
(ppm) for MOX and PUZH fuelled PWR 
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Table 1: Plutonium isotope vector 

Isotope Isotope fraction (atom %)
PU-238 1.00 
PU-239 62.00 
PU-240 22.00 
PU-241 12.00 
PU-242 3.00 

 

Keeping the same relative proportion of each isotope in both, the amount of plutonium loaded 
into MOX and PUZH fuels is adjusted to give the same cycle length as of the reference 5% enriched 
UO2 PWR with all cores assumed to operate at the same linear heat rate. Table 2 gives the MOX and 
PUZH fuel initial composition. 

Table 2: MOX and PUZH fuel initial composition (atoms/b cm) 

Isotope MOX PUZH 
U-235 5.3241E-05 2.4585E-05
U-238 2.1243E-02 9.8093E-03

PU-238 2.1344E-05 1.5868E-05
PU-239 1.3233E-03 9.8384E-04
PU-240 4.6957E-04 3.4910E-04
PU-241 2.5613E-04 1.9042E-04
PU-242 6.4033E-05 4.7605E-05
Tot U 2.12967E-029.83408E-03

TOT Pu 2.13438E-031.58683E-03
Pu atom fraction (%) 9.109 13.894 

 

Table 3: Parameters of the reference geometry 

Clad outside diameter 0.95 cm 
P/D 1.3261 
Fuel diameter 0.8192 cm 
Clad inside diameter 0.8357 cm 
Pitch 1.25 cm 
Specific power  36.138 W/giHM 

 

The dimensions of the reference PWR unit cell and the specific power used for this analysis are 
reported in Table 3. 
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To illustrate the benefits of recycling Pu in hydride fuel we first compared selected neutronic 
characteristics of a wide range of PWR unit cells loaded with either PUZH or MOX in addition to 
UO2 fuel. We then focused on the reference PWR unit cell geometry to obtain more detailed 
information on the plutonium recycling capabilities of PUZH and MOX. 

Hydride fuel 

Several types of hydride fuels can be considered, including zirconium-hydride based fuel of the 
type used for TRIGA reactors [9-12], thorium-hydride based fuel of the type proposed by Simnad 
[13,14], and composite U, Th-hydride, Zr-hydride fuel like that was made and experimented with  
by Yamawaki, et al. [15-16]. All these are members of a family of a composite hydride fuel that will  
be denoted as (U,ThnPumZrj)Hx; the subscripts n, m, and j are the atomic proportions of the metals 
with respect to uranium whereas the subscript x denotes the atomic ratio of H to the total metals 
excluding the U. The uranium forms a separate metallic phase because its hydride (UH3) is unstable  
at the reactor operating temperatures. The other constituents make a mixed-metal hydride 
(ThnPumZrj)Hx. The hydrogen density in these fuels is comparable to that in the water of PWR. Even 
though we are extensively studying several fuel types, in this paper the focus will be on the following 
combination: (U,PumZrn)Hx to which we’ll refer as PUZH, the immediate counterpart of MOX fuel, 
representing a small deviation from the TRIGA fuel. According to General Atomics, TRIGA fuel 
properties include: 

• U-ZrH1.6 is chemically stable and can be safely quenched at 1 200°C in water; 

• high-temperature strength and ductility of the stainless steel or alloy 800 fuel cladding 
provides total clad integrity at temperatures as high as 950°C; 

• the U-ZrH1.6 fuel material retains more than 99% of the fission products. 

The design limits set for the high power TRIGA core [18] are fuel temperatures of 750°C at 
steady-state and 1 050°C under transients. Although these temperatures are significantly lower than 
the maximum permissible operating temperatures of UO2 fuel, the thermal conductivity of hydride 
fuel is ~5 times higher than that of oxide fuel. Consequently, U-ZrH1.6 fuel can safely operate at linear 
heat rates that are typical of current LWRs. This assertion is justified below.  

The 750°C limit is not a hard constraint on the peak permissible U-ZrH1.6 temperature; there is  
no physical threshold at or near this temperature. The higher the hydride fuel temperature, the higher 
is the equilibrium partial pressure of hydrogen in the fuel rod gas plenum. The phase diagram of  
ZrHx shows that increasing the ZrH1.6 temperature from 750 to 850°C, the equilibrium hydrogen 
pressure in the gas phase increases from approximately 1/3 bar to approximately 1.3 bars that can 
easily be accommodated. 

Hydride fuel offers a couple of unique reactivity feedback mechanisms. One is due to the 
enhancement of thermal neutron upscattering by the hydrogen in the fuel induced by fuel 
temperature increase. This spectrum hardening effect is a prompt effect, as prompt as the Doppler 
effect, and is a significant safety attribute; it is this negative reactivity feedback that enables operating 
TRIGA reactors in a pulsed power mode. The other reactivity feedback is due to hydrogen migration 
out from the fuel into the fuel rod gas plenum. This phenomenon is caused by fuel temperature 
increase. As the core is designed to be somewhat under-moderated, hydrogen release from the fuel 
has a negative reactivity feedback effect. This is a delayed effect. Hydrogen exchange between the gas 
phase and the solid hydride is a reversible process – upon cooling the hydrogen diffuses back and is 
absorbed in the fuel. 

The only US designed nuclear reactor to fly in space, SNAP-10A, was fuelled with U-ZrH1.6.[21].  
It operated with NaK coolant inlet/outlet temperatures of 393/560°C. The SNAP-8 reactor was 
designed and tested [19] with NaK coolant outlet temperature of 702°C. Chapter 9 of reference [21] 
states that “long-life U-ZrH reactor systems, such as five year lifetime and 920 K (coolant 
temperature), are obtainable.” 
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Less is known about thorium-hydride and plutonium-hydride. According to Simnad, the 
developer of the U-ZrH1.6 TRIGA fuel [9, 10], U-ThH2 is even more stable than U-ZrH1.6 fuel and can 
operate at higher temperatures; the equilibrium hydrogen pressure is 1 atm at 883°C for ThH2, 810°C 
for ZrH1.6, and about 870°C for PuH2. These hydride fuels are characterised by [13, 14]: 

• compatibility with water and with stainless steel cladding; 

• high thermal conductivity (up to ~5 times that of UO2) and good heat capacity; 

• excellent irradiation stability and fission product retention; 

• well-developed fabrication processes; 

• plutonium also forms a very stable hydride and can be used in a thorium-hydride matrix fuel. 

In high power TRIGA reactor [18] the fuel-average linear heat rate (LHR) is 37 kW/m while 
the peak LHR is 74 kW/m. The corresponding peak steady-state fuel temperature is 550°C. For 
comparison, the average LHR of oxide fuelled PWR is 19 kW/m. The TRIGA fuel discharge burn-up is 
~120 GWD/tHM versus <60 GWD/tHM of oxide fuel in PWR. The specific power of the TRIGA fuel is 
76 W/gHM versus ~36 W/gHM of the PWR. The water in TRIGA reactors is at a significantly lower 
temperature than in LWRs. Hence, the LHR hydride fuel could operate at in a PWR is significantly 
lower than in the TRIGA reactor. An estimate of the average LHR hydride fuel could operate at in a 
PWR is obtained by scaling down the 74 kW/m of the TRIGA by the temperature difference ratio  
(750-500) / (320-60) = 0.96, where 750°C is the assumed permissible steady-state hydride fuel operating 
temperature, 320°C is the PWR maximum coolant temperature, 550°C is the peak TRIGA hydride fuel 
temperature and 60°C is an estimate for the high-power TRIGA coolant outlet temperature. The resulting 
average LHR of 37 x 0.96 = 35.5 kW/m is significantly about the average LHR of oxide fuel in PWRs. 

Over the past 24 months a UCB-MIT-Westinghouse team has been studying the feasibility of 
using hydride fuel in PWR [22-24]. We found that the peak temperature of U-ZrH1.6 fuel in a typical 
PWR that is designed to have a coolant inlet/outlet temperature of 294/332°C does not exceed 
~550°C over a large design space of fuel rod diameter and lattice pitch [22], thus confirming the above 
simplified evaluation.  

Based on the information provided in this section we conclude that hydride fuel appears to be 
acceptable for PWR operating conditions.  

Results 

Scoping study 
A wide scoping study has been performed covering the following range of geometries: clad 

outside diameters ranging from 0.65 cm to 1.25 cm and lattice pitch-to-diameter ratio (P/D) ranging 
from 1.6 to 2.0. For each of these geometries (77 in total) we evaluated the achievable 3 batch burn-up 
and the reactivity coefficients along the fuel life. A “feasibility map” was then constructed for each 
fuel type based on the requirement that a geometry will be feasible only when all the reactivity 
coefficients (averaged over the 3 batches) will be negative at any time during the cycle.  

Figures 7 through 12 illustrate the results obtained in the scooping study. Figures 5, 6 and 11 give 
the maximum possible discharge burn-up over the design space considered for the three fuels. The 
burn-up values correspond to a 3-batch average k∞ value of 1.05; it is assumed that the neutron 
leakage probability from the core is 5%. 

It is found that the highest possible burn-up for MOX – of the order of 80 GWD/MtiHM, is obtained 
for P/D in the range 1.7-1.9. On the other hand the maximum burn-up for PUZH fuel exceeds 
110 GWD/MtiHM and is obtained with tighter lattices of P/D 1.5-1.6. 

The process used for imposing the reactivity constraints on the achievable burn-up is illustrated 
in Figures 7 to 12. Figure 7 gives the average core k∞ at BOC.  
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Figure 5: 5% enriched UO2 neutronically achievable burn-up (in GWd/tHM)  
without considering constraints imposed by reactivity coefficients 

 

Figure 6: MOX neutronically achievable burn-up  
(in GWd/tHM) without considering reactivity constraints 

 

Figure 7: Core average k∞ for MOX at BOC 
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Figure 8: Soluble boron concentration  
(ppm B natural) required for MOX cores at BOC 

 

Figure 9: Coolant temperature coefficient of  
reactivity at BOC (in pcm/K) for MOX cores 

 

Figure 10: MOX neutronically achievable  
burn-up (GWd/tHM) with reactivity constraints 
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The corresponding soluble boron concentration necessary to compensate for the excess reactivity 
is plotted in Figure 10. Our methodology gives the k∞ and soluble boron concentration at any point in 
time during the cycle. For practical considerations it may be necessary to limit the boron 
concentration to <~2000 ppm. This can be done while satisfying the criticality constraint by use of 
enriched boron for cores that require more than 2000 ppm of natural boron. 

With the boron concentration defined, we can evaluate the three reactivity coefficients 
considered at any point in time. An illustration of the results obtained is given in Figure 9; it gives the 
coolant temperature coefficient of reactivity at BOC. This is the most limiting of the reactivity 
coefficients considered. Super-imposing the information provided in Figure 9 on the burn-up map of 
Figure 6 we get the “constrained feasible burn-up” reported in Figure 10. 

A similar procedure was applied to the PUZH fuelled cores. The unconstrained and constrained 
feasible burn-up calculated are summarised in, respectively, Figures 11 and 12. 

Figure 11: PUZH neutronically achievable  
burn-up (GWd/tHM) without reactivity constraints 

 

Figure 12: PUZH neutronically achievable  
burn-up (GWd/tHM) with reactivity constraints 

 

It is found that both MOX and PUZH core designs are feasible up to the region where the 
 highest burn-up can be achieved, but the burn-up value attainable with PUZH is significantly 
higher: 110  GWD/MtiHM as compared to less than 80 GWD/MtiHM for MOX. 

No burnable poisons have been considered in this study. The use of burnable poisons will reduce 
the required amount of soluble boron and therefore will increase the range of feasible geometries. 
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Reference geometry 
Consider now the reference geometry defined in Table 3; it represents fuel rod designs currently 

used by the industry. It is found that the reference geometry is feasible with both MOX and PUZH 
fuels, but the transmutation characteristics of PUZH fuel are superior. 

Figure 13 compares the k∞ evolution of the different fuels for the same cycle length in days. The 
discharge burn-up is different because of the different HM loading. It is found that the PUZH and MOX 
fuelled lattices have very similar burn-up dependent k∞; it is close to that of UO2 fuelled lattice. 

Figure 14 shows that the soluble boron worth for PUZH varies between 2 pcm/ppm at  
BOL to 4.5 pcm/ppm at EOL; that is in between the one of UO2 and that of MOX and at EOL is similar to  
that of UO2. 

The coolant temperature coefficient of reactivity, shown in Figure 15, varies between –7 pcm/K  
at BOL and –35 pcm/K at EOL in the presence of soluble boron. Corresponding typical PWRs values  
are –20 pcm/K at BOL and –35 pcm/K at EOL. The BOL value of –7 pcm/K is likely to become more 
negative when burnable poisons will be incorporated in the core thus enabling to reduce the BOL 
soluble boron concentration. The effect of boron loading at the beginning of each of the 3 batches is 
visible in the figure. 

Figure 13: k∞ evolution with cycle time  
using reference PWR geometry 
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Figure 14: Reactivity worth of soluble boron over  
the cycle in the reference PWR geometry  
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Figure 15: Coolant temperature coefficient of  
reactivity in the reference PWR geometry 
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The void reactivity coefficient, presented in Figure 16, shows a similar behaviour – it is less 
negative than that of MOX and UO2, but still negative and can be made more negative by addition of 
burnable poisons if needed. 

Figure 16: Void coefficient of reactivity  
for the reference PWR geometry 

-350
-300

-250
-200

-150
-100

-50
0

0 50 100
Burnup (GWD/MTiHM)

Vo
id

 re
ac

tiv
ity

 c
oe

ffi
ci

en
t 

(p
cm

/%
 v

oi
d)

PWR
MOX
PUZ

 

Figure 17 shows that the prompt fuel reactivity coefficient of the PUZH fuel lattice is negative 
throughout the entire life, going from –3.6 pcm/K at BOL to about –2.4 pcm/K at EOL, even in presence 
of soluble boron.  

Figure 17: Fuel temperature reactivity  
coefficients as function of burn-up (pcm/K) 
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These values are more negative than of a typical PWR [3] and also than for MOX fuel and are due 
to the combination of two effects, the first one typical of hydrides: as the hydrogen in the fuel 
heats-up, both up-scattering is enhanced and the Maxwellian is hardened. This pushes the thermal 
peak in the neutron spectrum towards the region where the plutonium 239 presents a deep peak in 
η (around 0.3 eV, in correspondence of the first resonance). This in turn reduces the system reactivity. 
The second effect is the Doppler broadening of the resonances in the fertile component of the fuel. 

Table 4: Selected transmutation characteristics of the PUZH and MOX fuels 

Characteristic PUZH MOX 
Burn-up (GWD/MtiHM) 103.5 49.6 
Residence time (EFPD) 1350 1372.5 
Pu inventory (g/pin) 50.3 115.0 
Pu inventory/ initial Pu 0.43 0.73 
 % Pu incinerated/cycle 57 27 
Fissile Pu/ Tot Pu (%) 44 63 
MA inventory (g/pin) 6.67 7.77 
MA/Pu at discharge (%) 13.25 6.76 
Neutron source (n/s/pin) 29.7x106 27.4x106 
Activity (Ci/pin) 58700 72800 
Decay heat (w/pin) 198 231 
Neutrons per g Pu (n/s) 1250 796 
Neutr. per g TRU (n/s) 5.22x105  2.23x105 
Specific heat (w/g Pu) 0.123  0.045  
Specific heat (w/g TRU) 2.35  1.19 

 

Table 5: Selected transmutation characteristics of the PuH2-ZrH1.6 and MOX fuels 

Characteristic PUZH MOX 
Burn-up (GWD/MtiHM) 374 710 
Residence time (EFPD) 737 1398 
Pu inventory (g/pin) 72 25.5 
Pu inventory/ initial Pu 0.57 0.22 
 % Pu incinerated/cycle 43 78 
Fissile Pu/ Tot Pu (%) 0.537 0.165 
MA inventory (g/pin) 3.4 6.7 
MA/Pu at discharge (%) 4.7 26.2 
Neutron source (n/s/pin) 10.4x106 37.1x106 

Activity (Ci/pin) 7950 20700 
Decay heat (w/pin) 40.2 117 
Neutrons per g Pu (n/s) 885 1897 
Neut. per g TRU (n/s) 0.14x106 1.15x106 

Specific heat (w/g Pu) 0.0625 0.482 
Specific heat (w/g TRU) 0.53 3.65 

 

Transmutation capability 
The transmutation capability of PWR fuelled with PUZH is compared against a full-MOX fuelled 

PWR considering the reference PWR geometry. It is found that for the same cycle length 
(1 350 / 3 = 450 EFPD) at the same power density (36.138 W/giHM), the PUZH fuel requires 25% less 
Pu loading and less than 50% of depleted U loading than the MOX fuel. As a result, the PUZH fuel 
achieves nearly double the average discharge burn-up – about 103 GWD/MTiHM vs. 50 GWD/MTHM of 
MOX. This high burn-up is within the 120 GWD/MTiHM routinely achieved by TRIGA fuel [12, 20]. The 
reduced inventory of Pu per core loading and the greatly increased discharge burn-up are likely to 
make Pu recycling with hydride fuel more economical. Economic analysis was beyond the scope of 
this work. 

Table 4 compares selected transmutation characteristics of the PUZH and MOX fuels. It shows that 
the discharged PUZH fuel contains only 43% of the amount of Pu initially loaded into it versus 73% in the 
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MOX fuel; both fuels operating for the same amount of time and generating the same amount of energy. 
The amount of MA in the discharged PUZH fuel is 16% lower than in the MOX fuel. The quality of the 
Pu and TRU in the discharged PUZH fuel is worse than that in the discharged MOX fuel – the fissile 
Pu fraction is lower by 30%. In addition, it will be more difficult to divert Pu and MA from PUZH fuel as 
their activity, neutron yield and decay heat are all higher per unit mass of TRU. On the other hand, 
handling of the discharged and recycled PUZH fuel assemblies is likely to be easier than handling the 
MOX fuel assemblies as the activity and decay heat are higher for MOX even though the neutron yield 
is ~8% higher. 

All these characteristics contribute to making the PUZH fuel more efficient for Pu incineration  
as well as more proliferation resistant than the MOX fuel. The PUZH fuel is also likely to be  
more economical. 

Table 6: Selected transmutation characteristics of the PuH2-ThH2 and MOX fuels 

Characteristic PuTh-H MOX 
Burn-up (GWD/MtiHM) 64 50.8 
Residence time (EFPD) 1814 1359 
Pu inventory (g/pin) 68.5 115.0 
Pu inventory/ initial Pu 0.375 0.73 
 % Pu incinerated/cycle 62.5 27 
Fissile Pu/ Tot Pu (%) 43 63 
MA inventory (g/pin) 8.95 7.77 
MA/Pu at discharge (%) 13 6.76 
Neutron source (n/s/pin) 36.1x106 27.4x106 
Activity (Ci/pin) 68000 72800 
Decay heat (w/pin) 240 231 
Neutrons per g Pu (n/s) 1415 796 
Neut. per g TRU (n/s) 4.65x105  2.23x105 
Specific heat (w/g Pu) 0.088  0.045  
Specific heat (w/g TRU) 1.14  1.19 

 

Alternate hydride fuels 
Preliminary analysis was performed on the transmutation capability of a couple of alternate 

hydride fuels – the inert matrix fuel PuH2-ZrH1.6, and a thorium containing hydride fuel PuH2-ThH2. 

Selected performance characteristics are summarised in Tables 5 and 6.  

Of the two columns of Table 5, the right one corresponds to the maximum discharge burn-up 
accounting for the criticality constraint only, while the other is constrained by the requirement that 
all reactivity coefficients be negative in addition to the criticality constraint.  

Soluble boron is used as the only means for excess reactivity adjustment in the case of the 
Th containing fuel; all the reactivity coefficients of this fuel are negative throughout the cycle. 
However, boron cannot be used as the only means to compensate for the excess reactivity in case of 
the inert matrix fuel as it makes the moderator temperature coefficient of reactivity positive. Burnable 
poison is necessary to obtain a negative coolant temperature coefficient of reactivity. What limits the 
discharge burn-up of the inert matrix fuel is positive fuel temperature reactivity coefficient. 

It is found that using thorium for the fertile fuel it is possible to incinerate 62.5% of the loaded 
plutonium in one pass through the core of a PWR that is uniformly loaded with hydride fuel. The cycle 
length with the Pu-Th hydride fuel is also exceptionally long. The transmutation capability of inert 
matrix hydride fuel is constrained by positive reactivity coefficients.  

Conclusions 

PWRs can achieve about a 40% higher peak burn-up when using PuH2-U-ZrH1.6 fuel, referred to as 
PUZH, than when using MOX. The reactivity coefficients for the geometries that offer the peak 
burn-ups are all negative, also when soluble boron is the only means used to compensate for the core 
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excess reactivity. The peak burn-up of PUZH cores is achieved in a much tighter lattice (smaller P/D) 
than of MOX cores (P/D=1.7-1.9 for MOX versus 1.5-1.6 for PUZH). This could enable PUZH cores to 
operate at a higher power density than possible with MOX cores. These features are likely to make 
PUZH fuelled PWR more economical than MOX fuelled PWRs. 

The PUZH appears superior to MOX fuel also in terms of the transmutation effectiveness and 
proliferation resistance. For the reference cycle duration and reference fuel rod diameter and pitch, 
the percentage of the Pu loaded that is incinerated in one recycle is 57% for PUZH versus 27% for MOX 
fuel. Relative to discharged MOX, the discharged PUZH fuel has plutonium with only 44% versus 
63% of fissile isotopes, double MA concentration and higher spontaneous fission neutron source 
intensity and decay heat per gram of HM. Despite of the above, the radioactivity and decay heat per 
fuel assembly are smaller with PUZH than with MOX fuel due to the lower HM loading in the PUZH 
fuel. This is likely to make the PUZH fuel handling advantageous.  

Using thorium hydride instead of zirconium hydride and eliminating the uranium, it is possible 
to obtain an even better fractional transmutation – incinerating 62.5% of the loaded plutonium, along 
with a 33% increase in the cycle length at the nominal reactor power. Soluble boron could be the only 
mechanism used to compensate for the excess reactivity of a core loaded with this fuel. Higher 
fractional transmutation may be attainable by design optimisation. 

Inert matrix hydride fuel does not appear as promising for plutonium incineration as the thorium 
hydride fuel as its discharge burn-up is constrained by positive reactivity coefficients.  

It is recommended to thoroughly investigate the feasibility of recycling plutonium in PWR as well 
as in BWR using PuH2-U-ZrH1.6, PuH2-ThH2 and possibly other variants of hydride fuel. 
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Abstract 
At supercritical conditions, the water density drops along the core-cooling channel even stronger than 
in BWRs. This makes it difficult to design the thermal spectrum supercritical water core to have 
optimal moderation. One of the design solutions proposed is to introduce additional hydrogen into the 
core in the form of solid hydride, such as ZrH1.6[1,2]. Another design approach proposed is inclusion of 
special water volumes that do not take part in the heat removal from the core [3,4]. In both design 
approaches the incorporation of the extra hydrogen takes a significant fraction – on the order of 40% of 
the core volume. It also makes the supercritical water reactor (SCWR) core very heterogeneous.  

The purpose of this work is to assess the feasibility of improving the performance of SCWRs using an 
alternate design approach – use of hydride rather than oxide fuel. 

Several types of solid hydrides could be considered for LWR fuel [5]. The present work considers 
Pu-ThH2  fuel with LWR discharged Pu. The hydrogen concentration in this fuel is high: ~0.7 g/cm3. 
Relative to oxide fuel this hydride fuel features nearly 18% higher heavy metal (HM) inventory per 
unit fuel volume, nearly 5 times higher thermal conductivity and significantly lower fraction of fission 
gas release. It is stable against hydrogen dissociation up to more than 800oC when the hydrogen 
partial pressure is one bar or higher.  

Hydride fuel also offers a unique safety attribute – a prompt negative reactivity feedback mechanism 
due to spectrum hardening with fuel temperature increase.  
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Description of the actual work 

The assessment of possible benefits from use of hydride fuel was done based on neutronic 
analysis of SCWR “core cells”. The reference core cell is depicted in Figure 1; it represents one of the 
designs arrived at by INEEL [1,2]. The reference fuel is UO2 at 10.42 g/cm3 and 4.2 w/o 235U. The 
moderator in the central box is ZrH1.6. There are 5 fuel rods per core cell. 

When using hydride fuel the central moderator box and its can are replaced by fuel rods and 
their associated water coolant. Three design options illustrated in Figure 1 were considered, all 
featuring a uniform lattice. Option A has 9 fuel rods of the reference diameter and lattice pitch per 
core cell area. Options B and C have 5 fuel rods per core cell area. Option B is designed to have the 
same coolant cross-section area as of the reference design; the fuel rods are 1.589 cm in diameter. 
Option C fuel rods diameter is that of the reference design – 0.96 cm. 

The hydride fuel considered is10 w/o Pu + 90 w/o ThH2 of 10.0223 g/cm3. The Pu isotopic 
composition is 1.0/62.0/22.0/12.0/3.0 w/o Pu238/239/240/241/242. 

The reference oxide core cell was assumed fuelled with PuO2 – ThO2 of 10 w/o PuO2 having the 
above Pu isotopic composition. The reference enriched U dioxide fuel cell was also considered but was 
found to have too small burn-up level.  

The water density of the reference SCWR is 0.37 when averaged over the core volume and 
0.6 when averaged over a typical axial power distribution. The latter density was used for the 
neutronic calculations.  

All the burn-up calculations were done using the WIMSD5B code. The cluster option was used for 
modelling the reference core cell; the central moderator box is modelled as a cylindrical rod clad with 
Alloy 718. The cluster model validity was verified by comparing the beginning-of-life k∞ results against 
MCNP4B2 that accurately modelled the core cell geometry and composition. For the reference design 
the agreement was ~1%. Design options A, B and C were modelled as unit cell.  

Figure 1: Reference SCWR core cell and three alternative  
hydride fuel containing lattices (Cases A, B and C) 

 
 

 

     Case A                 Case B                Case C 
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Table 1: Selected performance characteristics of given volume SCWR  
cores using Pu – ThH2 fuel versus the reference oxide fuelled cores 

Characteristic Design 
Original*** PuO2 -ThO2 A B C 

HM per core cell (relative) 1.0 0.91 1.95 2.11 1.08 
Thermal power possible (relative)* 1.0 1.0 1.8 1.0 1.0 
BOL k∞ 1.11 1.11 1.12 1.07 1.24 
Discharge burn-up (GWD/tHM)** 10.5 24 33 10.9 62.3 
Cycle duration; nominal power (d) 130 296 407 135 769 
Energy per core (relative) 1.0 2.1 6.1 2.2 6.4 

* Assuming the same value of linear hate rate. 
** Corresponding to k∞=1.03 and 3 batch fuel management scheme. 
*** Using UO2

 fuel with 4.2% enrichment; higher burn-up UO2 designs were developed after this  
 work has been done. 

Results 

Table 1 summarises the results obtained. It was found that, relative to the PuO2 – ThO2 fuelled 
reference core, hydride fuel offers one of the following benefits: 

• 80% more power per given volume core (A); 

• 2.5 times higher average discharge burn-up (B);  

• 3 times more energy generation per core loading (A & C);  

• 2.5 times cycle duration (C). 

In addition, the hydride fuelled SCWR core is significantly more uniform than the reference 
SCWR core.  

Conclusion 

The very preliminary analysis indicates that use of hydride fuel might significantly improve the 
economic viability of SCWR. A more thorough neutronic analysis supplemented by material 
compatibility, thermal-hydraulic and safety analyses is required before reliable conclusions could be 
drawn on the benefits of hydride fuel. 
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Abstract 
The design of a pebble bed reactor (PBR) module is simulated in the FETCH nuclear criticality model. 
The FETCH model solves the neutron transport equations coupled to fluid dynamics and has been used 
in simulations of fluidised bed reactors. The stability of the reactor is investigated, in particular some 
of the temperature excursions in severe transients. It is confirmed that radiative heat transfer is 
negligible in normal operation. The reactivity as predicted by the model is checked against the design 
burn up of an actual proposed reactor. Some changed operating parameters are considered, for 
example enrichment level. 
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1 Introduction 

Exploratory evaluations of the PBR in the Republic of South Africa have led to a modular design 
for a demonstration plant [9]. Its parameters, simplified as expedient, form the basis for this 
investigation of stability and dynamic behaviour in severe transient conditions. The FEM based FETCH 
[8] code used for these investigations fully spatially couples transient criticality and reactor physics. 
Radiation transport is coupled to single or multiphase fluids treatment [6-7]. The development of the 
code is underpinned by the UK HSE/NII. 

2 Reactor design 

The reactor is a simple design with passive safety features. The fuel elements, called pebbles, are 
spherical. Fuel is contained in particles (called TRISO particles) surrounded by a matrix of graphite. 
The pebbles have a negative temperature coefficient of reactivity, a large thermal capacity and retain 
their integrity well beyond a currently designed coolant exit temperature of up to 900ºC. 

2.1 Geometry and physical properties 
The reactor consists of a cylindrical cavity with a height of 12 metres and a radius of 1.85 metres. 

The topmost space, one metre height, contains only the coolant helium gas as it enters the reactor. An 
annular core, 1 metre inner radius, 1.85 metres outer radius and 11 metres high, contains the fuel 
spheres. For this initial work the inner reflector core, 1 metre radius, is modelled simply as containing 
graphite spheres. In the actual demonstration reactor this core will consist of graphite blocks 
containing channels into which can be inserted borated graphite spheres, in order to provide a reserve 
shut down system. A graphite block outer reflector also contains the control rod system. As well as 
reactor control this is the primary means of achieving reactor shutdown, so that it is unnecessary in 
this investigation to model the reserve inner shut down system. For simplicity the outer graphite 
blocks and control rods are considered as a homogenous material, with an outer radius of 3 metres. 
Reflection at the top and bottom is represented by graphite of 1 metre thickness, making the total 
height of the reactor unit 14 metres. The envisaged peak burn up in the demonstration plant is  
95 000 MWd/t. Stability is investigated both for fresh fuel and for fuel after this burn up. The 
equilibrium enrichment of the demonstration plant is 9.6% 235U. The physical properties and reference 
boundary conditions for the simulations are listed in Table 1. 

Table 1: Physical and bed properties 

Physical properties Molecular weight 4.003 kg.kgmol–1 
Gas phase (helium) Gas phase density Ideal gas law 

Thermal conductivity 0.216 W.m–1. ºK–1 
Heat capacity 5237.80 J.kg–1. ºK–1 
Dynamic viscosity 2.7x10–1 mP 

Physical properties Solid phase density 1774 kg.m–3 
Solid phase (pebbles) Thermal conductivity [17] 42 W.m–1. ºK–1 

Heat capacity 1400.0 J.kg–1. ºK–1 
Bed properties [9] Pebble diameter 6.0 cm 

Moderator core radius 1.0 m 
Bed radius 1.85 m 
Bed height 11.00 m 
Fuel pebble loading 452000 fuel spheres 
Initial bed temperature 482 ºC 
Initial bed pressure 8.9 Mpa 
Inlet gas temperature 482 ºC 
Inlet gas velocity (downward) 4.4 m.s–1 

 

2.2 Static calculations  
Material neutron cross-sections are generated using the lattice cell code WIMS8A. The data base 

is condensed into six energy groups for each of the material regions. The process is repeated at eight 



MODELLING THE TRANSIENT STABILITY AND DYNAMICS OF A PEBBLE BED REACTOR USING THE FETCH CODE 

ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 251 

temperature levels. To establish the uniform temperature coefficient (UTC), the neutronics module of 
FETCH [2] calculates the eigen value of the reactor for each of the temperatures. The WIMS module 
WBRNUP is used to calculate depletion within the fuel region and the production of new actinides and 
fission products. 

3 Transient model  

The gas flows in the reactor cavity are modelled, together with the development of fuel and 
moderator pebble temperature with time. The associated flow of neutrons and their interaction with 
the surrounding graphite walls can then be calculated.  

3.1 Neutronics  
The Boltzmann neutron transport equation in the FETCH computer code is solved using finite 

elements in space, spherical harmonics (PN) in angle, multi-group in energy and implicit two level 
discretisation methods [2]. The neutron transport equation is given by:  

1/c ∂ψ/∂t + Ω.∇ψ  + ψσ = S 

where c is the neutron velocity, Ω is the direction of neutron travel, ψ the angular neutron flux, 
 Φ a neutron cross-section and S is the neutron source which contains contributions from delayed 
neutrons and from spontaneous fission of nuclides in the fuel. This is in contrast to the static 
calculations of eigen value, where any steady source of neutrons, such as that from spontaneous 
fission, is not taken into account. 

3.2 Multi-phase fluids modelling 
The FETCH fluid dynamics model that is coupled to the neutronics model is a  

two-fluid-granular-temperature model. The equations which describe the state of both gas and 
particulate phases, together with the mass continuity, momentum and energy, have been adapted for 
the PBR from those solved in the code as used for fluidised beds in [7]. The Navier Stokes equations 
are discretised. Separate fluid phases are used to represent the gas and the solid pebbles. A second 
order temporarily limited time stepping method (based on the Crank Nicolson method) is used to help 
achieve bounded solutions. The friction coefficient between gas and pebble is obtained from 
a modified form of the Ergun equation. We assume 3.2 x 10–11 Joules of heat energy is liberated per 
fission. This model has been validated by comparison with fluidised bed experimental results. FETCH 
has been validated against transient criticality experiments in multi-phase solutions. For the static 
bed of pebbles, the velocity for the solid phase is made zero in the momentum equation. 

3.3 Some heat transfer coefficients around a PBR pebble  
The Reynolds number for pebble bed reactors lies in the range 104 to 105. The coolant flow  

is therefore turbulent. The gas phase thermal diffusion takes account of turbulent flow. The Reynolds 
number in a pebble bed in this reactor design is Re = 1.2 x 105. The Gunn semi-empirical equation  
for Nusselt number in fluidised or packed beds is used in FETCH for the correlation of the convective 
heat transfer coefficient. This was derived in [15] from experimental results in packed beds given  
in [10] and [16]. At large values of Re the equation simplifies to ones which are also similar to those  
for fixed beds in [4], [11], [13] and [14]. When allowance is made for the Re number, the very early 
reference [1] also gives a similar result, even though it applies to the flow inside or outside of a  
single tube.  

The Nusselt number as estimated by these equations is approximately 350. The convective heat 
transfer coefficient across the boundary layer is derived from this estimate of Nusselt number. It is 
then compared with the thermal conductivity within a pebble and with an estimate of turbulent eddy 
diffusivity for heat transfer within the gas phase. In the thermal energy equation for the solid phase 
the thermal diffusion coefficient is the same as the thermal conductivity. However, in the gas phase it 
is greater than the thermal conductivity of the gas due to its turbulent motion. The thermal diffusivity 
for heat transfer in the gas phase is similar to the eddy diffusivity for heat transfer derived in [3]. 
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3.4 Radiative heat transfer  
In normal operation of a fluidised bed reactor it has been assumed that radiant heat transfer  

is negligible in comparison with convective and conductive heat transfer. To verify that this 
assumption also holds for a pebble bed reactor we consider a simple one dimensional model of  
the solid conductivity, the boundary layer thin film and the turbulent gas in series. The heat  
transfer in this case is limited by the boundary layer. The gas heat transfer coefficient is then  
0.126 W.cm–2. ºK–1. A possible radiative heat transfer would be in parallel with these mechanisms.  
For comparison, a radiative heat transfer coefficient can be approximated by that between two 
parallel plates [12]. The temperature difference between surfaces has to be about 2 000ºK for the 
radiative heat transfer coefficient to be comparable with the boundary layer coefficient. This is greater 
than any temperature difference encountered in normal operation, showing that radiative heat 
transfer can be neglected in normal operation of a pebble bed reactor.  

3.5 Boundary conditions and cases 
Transient and equilibrium behaviour after start up is investigated: 

• after different initial temperatures; 

• with different surplus reactivities; 

• with different coolant flows. 

Different steady and sinusoidally varying coolant flows are investigated. Burn up is studied, for 
example the long term effect of burn up on reactivity margin, UTC and reactor stability. Spontaneous 
fission and other possible steady state neutron sources are simulated.  

4 Analysis of model results  

Static calculations determine the eigen values for a sample of control rod simulations and for a 
range of temperature. They also determine the UTC. The simulation which is chosen ensures that 
when the material neutron cross-sections are used in subsequent transient calculations the 
equilibrium temperature does not exceed limits of material properties. In Figure 1 the eigen values 
and temperatures are shown which result from fresh fuel with the reference simulation of control 
rods. The reactivity of fresh, unirradiated fuel decreases with temperature. This is illustrated in Figure 
1a. The temperature plotted in Figure 1b is the mean temperature of the hottest pebble. This rises 
briefly to 1 010ºC, which is moderate considering the large surplus initial reactivity (about 6 dollars) at 
an initial fuel temperature of 482ºC. Since this is also the design inlet gas temperature, it implies that 
the power had been zero prior to a restart as simulated, a severe test of reactor stability. The 
temperature reaches equilibrium only after more than 1 000 seconds. 

4.1 Initial conditions - restart  
The fission rate development with time is shown in Figure 2 for the reference case described in 

section 4. The corresponding spatial distributions across a half section of the reactor bed, at 
equilibrium, of the delayed neutrons and the pebble temperature are shown in Figure 3. The early 
group delayed neutron precursor concentration indicates also the fission rate distribution. The figures 
show that fission is concentrated towards the coolant inlet at the top of the reactor while the highest 
temperature is in the fissile material region towards the coolant outlet. In profiles earlier in the first 
transient the highest temperature and greatest fission rate areas are similar but coincide, at mid 
height of the reactor. For comparison a restart was simulated, from a uniform reactor bed 
temperature equal to the mean equilibrium pebble temperature achieved in the reference case.  
Figure 4a shows that the transient peak fission rates are less than in the reference case, as would be 
expected. The transient peak temperature (Figure 4b) is not only lower but also later. In fact it is a 
second transient after about 7 000 seconds. An even more severe test than the reference case was also 
calculated, a restart with fuel at the same temperature, but gas which has cooled further to 27ºC. The 
transient peak temperature, approximately 1 900ºC is much higher.  
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Figure 1: Eigen value versus temperature and temperature versus time  
for the simulation performed with fresh fuel and reference control rods 

 (a) reference eigen values (b) reference temperature 

 

Figure 2: Reference fission rate versus time 

 

 

Figure 3: Fission rate and temperature profile at equilibrium 

  (a) Reference fission profile (b) Reference temperature profile  
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Figure 4: Fission rate and temperature versus time for a hot restart 

 (a) hot start fission rate versus time (b) hot start temperature versus time 

         

Figure 5: Fission rate and temperature versus time for a lower coolant flow, 2.2 ms–1 inlet velocity 

 (a) lower coolant flow - fission rate versus time (b) lower coolant flow - temperature versus time 

        

4.2 Reactivity  
Resulting from different surplus reactivities, the longer term developments of fission rate and 

temperature are calculated, for comparison with those from of the reference case. As would be 
expected, the peak fission rate and temperature, the equilibrium fission rate and temperature are all 
lower with less surplus reactivity and higher with a greater surplus reactivity. 

4.3 Boundary conditions – coolant flow 
The coolant gas velocity normal to the inlet is accelerated from zero to the reference velocity in the 

first time step. The reference, superficial velocity of the coolant gas at the (top) inlet is 4.4 ms–1. 
Calculations were also made at smaller inlet velocities 2.2 ms–1 (illustrated here), 1.1 ms–1 and  
0.55 ms–1. Figure 5 shows that a reduced coolant flow compared with the reference case results in lower 
fission rates and higher temperatures, combined with a longer time to reach equilibrium temperature.  

4.4 Kinetic response – coolant flow varying with time  
In order to also investigate the response to inlet velocities which vary with time, a sinusoidal 

inlet condition of amplitude 2.2 ms–1 was superposed on a steady velocity 2.2 ms–1, giving a variation 
of downward velocity from zero to 4.4 ms–1. The effects of four frequencies were investigated with 
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periods of 10, 100, 1 000 and 10 000 seconds. The last two cases are illustrated here. If the variation 
with time is sufficiently slow then the mean power and temperature resemble those resulting from a 
steady gas inlet velocity of 2.2 ms–1. In the case illustrated in Figure 6 the variation has a period of 
10000 seconds. The fission and temperature clearly follow the coolant flow variation with the same 
period. The mean temperature and the mean fission rate are the same as in Figure 5, with a steady 
2.2 ms–1 inlet velocity. The fission and temperature spatial distributions were also investigated. They 
resemble those of Figure 3, equilibrium conditions with a steady inlet velocity.  

Figure 6: Fission rate and temperature versus time for a sinusoidally  
varying coolant flow, zero to 440 m/s inlet velocity – period 10 000 s 

 (a) varying coolant flow - fission rate versus time (b) varying coolant flow - temperature versus time  

        

Figure 7: Fission rate and temperature versus time for a sinusoidally  
varying coolant flow, zero to 440 m/s inlet velocity – period 1 000 s 

 (a) varying coolant flow - fission rate versus time (b) varying coolant flow - temperature versus time  

          

Figure 8: Frequency response – fission rate for a  
sinusoidally varying coolant flow, period 1 000 s 
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Figure 7 shows the effect when the sinusoidal variation has a period of 1 000 seconds. The mean 
temperature again resembles the equilibrium temperature with a steady inlet velocity of 2.2 ms–1. The 
mean fission rate is 80% of the equilibrium value with a steady inlet velocity of 2.2 ms–1. At this 
imposed frequency there are indications of additional frequencies in the response of the reactor. 
Figure 8 shows the spectrum of frequencies that are obtained by Fourier transform of the fission rate 
variation with time over several cycles, after the initial transient. The dominant frequency is the 
imposed 0.001 cycles/s. The response also contains integer multiples of this frequency, the lower 
multiples having more influence. Some extremely low frequencies are also present. When a 
sinusoidal variation of inlet velocity with a short period is imposed (e.g. 10 or 100 seconds) the 
distributions resemble those at the beginning of a start up transient i.e. temperature and fission rate 
distribution do not reach that same phase relationship as in a steady state equilibrium or in a longer 
period of sinusoidal variation. As a result, the mean power is reduced by about half.  

Figure 9: Eigen value vs. temperature and temperature vs. time for the simulation  
performed with irradiated fuel (95 000 MWd/t burn up) and adjusted control rods  

 (a) eigen values (b) temperature 

          

Figure 10: Fission rate vs. time for an irradiated fuel  
-9.6% 235U initial enrichment 95 000 MWd/t burn up 

 

4.5 Irradiation  
Figure 9 shows the variation of the criticality with temperature, and temperature with time, of 

irradiated fuel after 95 000 MWd/t burn up (the discharge burn up). Unlike that of fresh unirradiated 
fuel the criticality increases at first at lower temperatures and then decreases again. Since 
spontaneous fission is omitted in a static calculation the low eigen values are misleading,  
as explained in section 3.1. Figure 10 shows the fission rate of fuel which had an initial enrichment  
of 9.6% 235U and which has been irradiated to 95 000 Mwd/t. The development of fission rate and 
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temperature of fuel which had an initial enrichment of 5% 235U and which has been irradiated to 
47 500 Mwd/t was also investigated. The lower enrichment is reflected in the lower power in spite of 
the lower burn up. In both cases the transients are much smoother than with fresh fuel. The neutron 
absorption by fission products more than compensates for the lowered absorption by control rods 
compared to that with fresh fuel. The equilibrium temperature in both cases is greater than that at 
which maximum eigen value occurs in Figure 9a. This, combined with the smoothing effect of the 
fission product neutron absorption prevents excessive temperatures, equilibrium or transient.  

Figure 11: Induced fission rate versus time  
in fresh fuel (4x108 s–1 additional steady source) 

 

4.6 Consequences of an external source  
The contribution from spontaneous fission in fresh fuel, about 150,000 n/s from 238U, is negligible 

compared with induced fission. Start up should be impractical with such a weak source because of the 
statistical fluctuations in the neutron density [18]. However this simulation is based on the Boltzmann 
transport equation which assumes chaos. Irradiation of uranium produces actinides such as Curium. 
The spontaneous fission from this nuclide is about 1010n/s, no longer negligible. It has a greater effect 
on the induced fission rate in the reactor.  

The effects of decreasing or increasing the steady state source were investigated. There is in this 
way a check on possible changes in equilibrium fission rate if there is uncertainty in the assumptions 
in calculating the concentrations of actinides like Curium. When added as a steady source in the 
transport equation calculations of irradiated fuel it seems to have an amplified effect on the total 
fission rate in the reactor. With a steady state source of 1010n s–1 the control rods are set to give 
430 MW thermal, an induced fission rate of 1.35 x 1019 s–1 (Figure 10). For example, if the steady state 
source is then reduced by a factor 10, the fission rate is reduced by almost the same factor. To 
illustrate the amplification effect, the spontaneous source was reduced to 109 s–1. The induced fission 
rate fell to 1.48 x 1018 s–1. The change in the total fission rate is far greater than just the change in the 
estimated steady neutron fission rate. During transients, when the induced fission rate can be varying 
widely in time, such an effect from a superimposed steady neutron source might be expected. The 
magnified effect on the total equilibrium fission rate is more difficult to explain. It may be a 
consequence of the way the steady neutron source is simulated. Uniform spatial distribution is 
assumed, whereas the Curium source would in fact be concentrated where the cumulative fission has 
been greatest. 

 However, the fission rate seems not so sensitive to a change from a lower value in steady state 
source, for example by adding an external source to the spontaneous fission from 238U, 150 000 n/s, 
when starting the reactor with fresh fuel. An external source of 4 x 108s–1 causes the induced fission 
rate to rise only to 1.44.1019s–1 (460 MWt, Figure 11) from 1.24 x 1019s–1 (approximately 400MWt,  
Figure 2). The transient behaviour of the reactor becomes more stable. 
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5 Conclusions and discussion  

The usual assumption that radiative heat transfer makes a negligible contribution to the overall 
heat transfer has been tested in this simulation of the pebble bed reactor and found to hold for 
normal operation. The reactor is stable. The temperature of the hottest pebble is not excessive, even 
in severe transients. Excessive temperatures occurred only when the reactivity was increased in order 
to achieve greater than design power levels. The establishment of equilibrium temperatures and 
fission rates after a transient is determined by the transfer of heat axially towards the pebbles at the 
coolant exit from the reactor. This is a comparatively slow process, with typical time constants of 
100 to 1 000 seconds. As would be expected, a reduced coolant flow results in lower equilibrium 
fission rate. The equilibrium temperature increases. During a transient the power output of the 
reactor is less than in equilibrium. Locally temperatures peak at above equilibrium values. When a 
continuously (sinusoidally) varying coolant flow was simulated, it was found that its period had to be 
very long (approximately 10 000 seconds) for the reactor to follow while still maintaining an optimum 
mean power output. 

Work continues on improving the simulation of turbulent coolant flow around a pebble. A 
simulation of the heat transfer within a pebble is desirable, also heat transfer to construction features 
of the reactor, especially towards its centre. Verification is needed of the results from simulating 
spontaneous fission in irradiated fuel. 
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Abstract 
Graphite-coated nuclear fuel has traditionally been used for high-temperature reactors that are cooled 
with high-pressure helium gas. A next-generation, high-temperature reactor concept is being 
developed that utilises the same graphite-coated fuel and graphite moderator as helium-cooled 
reactors, but uses low-pressure liquid fluoride salt as the primary coolant. The Advanced 
High-Temperature Reactor (AHTR) combines attractive features of gas-cooled reactor fuel, liquid-salt 
reactor coolant, and liquid-metal-cooled facility design to yield a reactor concept with exceptional 
safety and economic features. A physics viability study for the AHTR was completed recently, which 
concluded that there are no fundamental physics barriers with the concept. The study also identified a 
number of engineering challenges and future research and development needs. As part of the viability 
study, an initial analysis of the reactor core physics performance was performed, including coolant 
reactivity effects, fuel burn-up cycle length, and transient behaviours. Considerable attention was 
given to the coolant void reactivity feedback effects, which are highly dependent on salt composition 
and core geometry. The coolant void coefficient ranges from negative for lighter element salts such as 
lithium fluoride and beryllium fluoride, to substantially positive for heavier element salts such as 
sodium fluoride and zirconium fluoride. Due to the large thermal inertial of the graphite-moderated 
core and coolant pool, and the excellent passive decay heat removal characteristics of the system, 
temperature transients appear to be very slow and relatively benign. Detailed results of the physics 
analyses and future development needs will be presented. 

The submitted manuscript has been authored by a contractor of the US Government under contract DE 
AC05 00OR22725. Accordingly, the US Government retains a nonexclusive, royalty free license to 
publish or reproduce the published form of this contribution, or allow others to do so, for US 
Government purposes. 
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Introduction 

The production of hydrogen (H2) by thermochemical processes and the highly efficient 
production of electricity require significant amounts of energy delivered at very high temperatures. 
Hydrogen production may require that heat be provided to chemical reagents at temperatures near 
850°C. Similar temperatures can produce electricity at efficiencies exceeding 50%, substantially 
greater than current nuclear plants. In order to provide these temperatures, the reactor coolant exit 
temperature must exceed 850°C sufficiently to account for temperature drops in the intermediate heat 
transfer loop from the reactor to the turbines or the H2 production plant. For this reason, work is 
under way to develop reactors with coolant exit temperatures of 1 000°C. Specifically, the Next 
Generation Nuclear Power (NGNP) plant project, which is being directed by the US Department of 
Energy (DOE) Office of Nuclear Energy, Science and Technology (NE), specifies a reactor core outlet 
temperature of 1 000°C as a top level functional requirement [1].  

Historically, helium has been proposed as the coolant of choice for very high-temperature 
reactors. Consequently, the leading advanced reactor concept being developed by DOE within the 
Generation IV programme is the helium-cooled Very High-Temperature Reactor (VHTR).[2] An 
alternative option is to use a liquid fluoride salt as the coolant with the same fuel type that has been 
developed and demonstrated in gas-cooled reactors. The superior heat capacity and transport 
characteristics of liquids compared with gases enable delivery of high-temperature heat at a near 
uniform temperature with lower reactor fuel and component temperatures. A new concept, 
designated the Advanced High-Temperature Reactor (AHTR),[3] is being developed that uses a 
combination of existing technologies: (1) high-temperature, low-pressure liquid-fluoride-salt coolant, 
(2) coated-particle graphite-matrix fuel developed for high-temperature gas-cooled reactors,  
(3) passive safety systems developed for modular liquid-metal-cooled reactors, and (4) a 
high-efficiency Brayton power cycle for electricity production. 

The primary objective of developing the AHTR is to provide an alternative to gas-cooled reactors 
for high-temperature applications, especially for efficient production of electricity and 
thermochemical production of hydrogen. In addition to the high production efficiencies of electrical 
power and hydrogen afforded by the high-coolant temperature, the improved ability of the liquid 
coolant to hold and transport heat at low pressures results in several significant advantages over 
gas-cooled systems—higher power output for a similar-sized reactor vessel and containment, reduced 
reactor vessel thickness, cooler peak fuel temperatures for normal operation and transients, better 
retention of fission products released from failed fuel particles, and reduced plant footprint. All these 
factors translate ultimately to significantly improved economics and potential safety advantages. 

Although a complete “point design” has not been developed yet for the AHTR, initial core 
neutronics, thermal hydraulics, decay heat removal, and power conversion analyses have been 
performed to assess the viability of the design and establish pre-conceptual design parameters.[4] 
This paper summarises the neutronics analysis. A brief description of the pre-conceptual AHTR plant 
design is given below followed by a detailed description of the neutronics analyses and their results.  

Pre-conceptual plant design 

The current AHTR pre-conceptual design uses a core outlet temperature of 1 000°C for the liquid 
salt in order to respond to the functional requirement specified for the NGNP. This option is 
sometimes referred to as the AHTR–VT (very high temperature) concept. Because of the liquid coolant 
in the AHTR, it can deliver heat to the secondary systems with a much smaller temperature drop than 
for helium-cooled reactors, so a 1 000°C outlet temperature is higher than required for the AHTR to 
deliver the desired 850°C heat to the hydrogen plant or the power conversion units. For this reason, 
lower temperature versions of the AHTR are being considered also. 

Figure 1 shows the general plant layout with the reactor containment building in the centre, the 
turbine building on the left, and the spent fuel storage building on the right. The AHTR plant layout is 
very similar to the liquid-sodium-cooled S-PRISM plant developed by General Electric [6] because they 
both share the same feature of low-pressure, liquid coolant. Table 1 provides a list of key design 
parameters associated with the current pre-conceptual plant design. 
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The AHTR uses the same coated-particle, graphite-matrix fuel as used in all helium-cooled 
reactors, including the Gas-Turbine Modular Helium Reactor (GT-MHR) being developed by General 
Atomics.[5] The coated particles are incorporated into a graphite-matrix fuel compact, which is loaded 
into a hexagonal graphite-matrix fuel block identical to those used in the Fort St. Vrain reactor. A total 
of 324 columns of fuel blocks are assembled into an annular geometry with non-fuelled graphite 
reflector blocks filling the interior portion of the annulus and the region between the outer diameter 
of the core and the reactor vessel. Figure 2 provides a plan view of the core and reflector geometry. 
The core, inner reflector, and outer reflector blocks are stacked 10 blocks high with an additional layer 
of non-fuelled graphite blocks at the top and bottom of the assembly to form axial reflectors.  
An elevation view schematic of the reactor core, internals, and vessels is given in Figure 3. 

Figure 1: Conceptual layout of AHTR plant 

 

Table 1: AHTR pre-conceptual design parameters 

Power level 2400 MW(t) Electrical output 1300 MW(e) 
Core inlet/outlet temperature 900°C/1000°C Power cycle 3-stage multi-reheat Brayton 
Coolant (alternate) Li2BeF4(NaF-ZrF4) Power cycle working fluid Nitrogen (helium  

longer-term option) 
Mass flow rate 12,070 kg/s 

(20% core bypass) 
Core inlet pressure 
outlet pressure 

0.230 MPa 
0.101 MPa 

Volumetric flow rate 5.54 m3/s Pressure drop 0.129 MPa 
Channel diameter 0.95 cm Core shape Annular 
Fraction (core) 6.56% Core outer diameter 7.8 m 
Velocity 2.32 m/s (7.6 ft/s) Core annulus 2.3 m 

Fuel kernel Uranium carbide/oxide Core height 7.9 m 
Enrichment 10.36 wt % 235U Pumping power 716 kW 
Form Prismatic Power density 8.3 MW/m3 
Block. diameter 0.36 m (across flats) Reflector (outer) 138 columns 
Block height 0.79 m Reflector (inner) 55 columns 
Columns 324 Vessel diameter 9.2 m 
Mean temperature 1050°C Vessel height 19.5 m 
Peak temperature 1168°C Vessel thickness 10.0 cm 
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Figure 2: Plan view of AHTR core showing 324 columns of fuel assemblies 
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The primary reactor vessel has a diameter of 9.2 m and a height of 19.5 m. The vessel thickness is 
10 cm, which is significantly less than the 22-cm thickness of the VHTR vessel because of the low 
pressure of the liquid-salt coolant in the AHTR compared with the high-pressure helium of the VHTR. 
The guard vessel separates the reactor vessel from the reactor cavity cooling system. It is 2.5-cm thick 
and is separated from the reactor vessel by a 20-cm-thick argon gap. The reference primary coolant is 
a liquid fluoride salt containing lithium and beryllium (Li2BeF4—referred to as “Flibe”). It has a melting 
point of 459°C, a boiling point of 1 430°C, and a density of 1.94 g/cm3. The heat capacity of Flibe is 
4 540 kJ/m3, which is similar to that of water, more than four times that of sodium, and more than 
200 times that of helium (at typical reactor conditions). This enables several design performance 
improvements relative to gas-cooled systems. There is considerable experience with Flibe in nuclear 
systems: it was used in both the primary and secondary loops of the Molten Salt Reactor Experiment 
(MSRE) and related test loops [7]. 

Physics analysis 

The AHTR core physics behaviour is similar to that of the VHTR because they share the same fuel 
and moderator. A key characteristic of this type of thermal reactor system is a strong temperature 
feedback effect due to the Doppler broadening of the uranium and generated plutonium resonances 
that occurs at elevated temperatures. As the temperature of the fuel increases, the parasitic 
absorption of neutrons by the fertile component of the fuel increases which reduces the total 
reactivity of the system and the power level. The AHTR temperature coefficient was estimated  
as –$0.01/°C (or 6 × 10–5 k/°C), which is in good agreement with the point design analysis reported for 
the gas-cooled prismatic VHTR design.[2]  

An anticipated difference between the ATHR and helium-cooled reactors is the coolant void 
coefficient of reactivity, since the nuclear macroscopic cross-sections for liquid salts are larger than 
those for helium. The void coefficient corresponds to the amount of reactivity that is added or 
subtracted by complete removal of the coolant. Since initial AHTR calculations indicated that the void 
coefficient can be positive or negative depending on the precise design of the core, the focus of the 
physics analysis was to characterise this effect more carefully. 

Several neutronics calculations were performed to evaluate the coolant void coefficient and to 
understand its sensitivity to various core parameters. Both ORNL and SNL participated in the physics 
analysis using slightly different models and assumptions. The results are in good agreement, 
however. The Monte Carlo N-Particle (MCNP) (version 4C2) code was used for most of the neutronics 
analyses by both organisations.  
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Figure 3: Elevation view of AHTR core, vessels, and internals 
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Table 2: Void coefficient of reactivity for different salt compositions (initial SNL model) 

Salt Total void reactivity effect ($) 
BeF2 –1.46 
LiF/BeF2 (66/34) –0.47 
MgF2/BeF2 (50/50) –0.49 
LiF (Li-7) +0.16 
ZrF4/BeF2 (50/50) +0.43 
ZrF4/LiF (52/48) +1.25 
NaF/BeF2 (57/43) +1.82 
ZrF4 +1.41 
NaF/ZrF4 (25/75) +1.88 
NaF/ZrF4 (50/50) +2.64 
NaF/ZrF4 (75/25) +3.83 
NaF +7.05 

 

The initial SNL analysis used the core model depicted in Figure 4 [8]. A 2.54-cm-diam fuel 
compact was surrounded by six 0.8-cm-diam coolant channels in a hexagonal array with a 
3.41-cm pitch. The fuel and coolant channels were contained in an annular core region (i.e. the 
individual hexagonal fuel assemblies were not modelled explicitly). This yielded a 10% coolant volume 
fraction and a 50% fuel-compact volume fraction. The computed void coefficients for total core 
voiding are given in Table 2 for several salt compositions. For salts containing lithium, it was assumed 
that the lithium contained pure 7Li isotope, i.e. no 6Li isotope. 
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Figure 4: Reactor core model used in initial SNL analysis 
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The ORNL analysis of the void coefficient used a core geometry that modelled individual 
prismatic fuel elements as depicted in Figure 2. The fuel assemblies were formed into a 102-column 
annular core corresponding to the GT–MHR core model, but with liquid salt (Flibe) coolant. The core 
contained 78 fuel columns and 24 control columns. The focus of the analysis was to explore options 
for reducing the void coefficient through the use of burnable poisons (BPs) placed either in discrete 
rods within the fuel assembly or distributed in the graphite blocks. Because the presence of the BP 
lowers the overall reactivity of the core, the fuel enrichment was increased to 14 wt % 235U for all cases. 

Figure 5 shows the result of replacing 14 fuel rods per fuel element with europium oxide rods 
with varying amounts of erbium loading. Increasing the amount of thermal absorber tends to harden 
the neutron energy spectrum, which reduces the impact of removing the Flibe coolant. In these 
calculations, the lithium in the coolant contained 0.01% 6Li. The impact of the 0.01% 6Li was 
investigated by removing all 6Li from one of the cases shown in Figure 5, specifically the case  
with 15 g erbium per BP rod. For this case, the whole core void coefficient dropped from $0.98 to  
$0.04. However, it is difficult to produce lithium with higher than 99.99% 7Li enrichment. Reducing the 
6Li content by an additional factor of 10 would be highly desirable, but further reduction would not be 
helpful because of transmutation effects in the reactor that produces 6Li from beryllium during 
normal operation. 

The impact on the void coefficient of distributing a BP uniformly within the prismatic graphite 
that forms the fuel assemblies and reflector blocks was also studied. Again using the case of  
14 erbium rods per fuel assembly with 15 g erbium per rod, adding 5.0 weight-ppm natural boron to 
the graphite was observed to drop the void coefficient from $0.98 to $0.80. The analysis demonstrates 
that the positive void coefficient can be reduced by increasing the BP loading in the core. 
Disadvantages of doing this are increased fuel cycle costs and an increasing void coefficient with 
burn-up due to burnout of the poison.  
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Figure 5: Sensitivity of void coefficient (whole core voiding) on erbium loading in BP rods 
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Updated neutronics analyses were performed at SNL to better match the reference AHTR 
geometry and fuel/coolant fractions. Two geometric configurations were used: (1) the reference AHTR 
configuration with a separate coolant channel surrounded by six fuel element channels on a 1.9-mm 
triangular pitch and (2) a configuration in which each coolant channel is surrounded by an annular 
fuel compact. The coolant channel diameter was 0.953 cm and the coolant fraction was 7.6% for all of 
the calculations. The fuel fraction varied in the calculations, with the standard configuration having a 
fuel fraction of 26.9%. The standard AHTR configuration and revised annular fuel model are shown  
in Figure 6. 

Two salts were used in the analysis: Flibe – 66% LiF and 34% BeF2 with a density of 1.82 g/cm3, and 
50% NaF and 50% ZrF4 with a density of 2.906 g/cm3. The Flibe analyses were performed for two cases: 
either 0.01% 6Li or pure 7Li. Uranium enrichments were varied from 5 to 20%, with 10% enrichment set 
as the standard.  

The void coefficient results for the updated reference AHTR model are shown in Figure 7.  
For a coolant fraction of 7.6% and an enrichment of 10%, a negative void reactivity effect  
can be attained for a fuel fraction greater than ~0.25 for pure 7Li Flibe and greater than ~0.5 for Flibe 
with 0.01% 6Li content. Increasing the fuel enrichment allows for slightly lower void reactivity effects, 
as also shown in Figure 7. 

Calculations for the standard configuration at 10% 235U enrichment with natural boron in the fuel 
were made to determine BP effects on reactivity. At a fuel fraction of 0.268, no change in the reactivity 
effects were found for the Flibe (0.01% 6Li) or the NaF-ZrF4 salts. A concentration of 0.00007 g/cm3 of 10B in 
the fuel compact was sufficient to make keff near 1.0. This value is about 14 times more than the 
quantity of 6Li in the core. 

Arranging the configuration in an annular geometry with the same coolant fraction and fuel 
fraction had little impact on decreasing the void reactivity effect. In fact, slightly more positive effects 
are found, although the results were within two standard deviations of each other. It is unclear as to 
why the effects could be slightly more positive. 

Several design options exist that can help to lower the coolant void coefficient, and these will 
need to be explored further. Fortunately, the intrinsic characteristics of the prismatic core design 
allow the volume fraction of the fuel, coolant, and moderator to be independently varied. The use of 
discrete or distributed BPs is expected to reduce the void coefficient, as well as geometry changes. 
Earlier versions of the Canadian power reactors (heavy water moderated) and US production reactors 
(graphite moderated) had positive coolant void coefficients. With more advanced fuel designs, the 
Hanford N-Reactor was able to achieve a negative void coefficient, and the advanced CANDU design  
is projected also to have a negative void coefficient. Similar design approaches are being evaluated  
for the AHTR. 
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Figure 6: Model of reference AHTR fuel/coolant geometry (left) 
 and an alternative annular fuel geometry (right) 
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Figure 7: Sensitivity of void coefficient to fuel fraction (left) and uranium enrichment (right) 
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Even though a positive void coefficient was predicted for whole-core voiding in some of the 
designs studied, it was expected that the large negative temperature feedback would act to mitigate 
transients in the reactor core and would limit power excursions. Figure 8 shows a result for the 
transient behaviour of the core for the case of an instantaneous reactivity addition of +$0.4. This 
would be similar to the effect of voiding ~20% of a core cooled with NaF-ZrF4 salt, which has the 
largest positive void coefficient of the salts considered. The core temperature feedback balances the 
reactivity addition, and a new steady-state core temperature is achieved. The assumption here is that 
the core continues to be cooled at a rate that removes 2 400 MW of thermal power. The large negative 
Doppler coefficient ($–0.01/°C) combined with large margins to fuel failure allows the reactor core to 
survive such transients without the need for an active core protection system, and the large heat 
capacity of the core and the coolant inventory result in a relatively slow transient. 

Fuel cycle analysis 

Burn-up calculations were performed for the reactor for the standard 2 400 MW(t) configuration 
with 10% enriched and 20% enriched fuel. The calculations were made by having an inner, middle, 
and outer core with equal volumes. The first curve, starting at t = 0, represents the initial core loading 
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with fresh 10% or 20% enriched fuel. When keff approached 1.0, the fuel was shuffled, with fresh  
fuel placed in the outer core region, the outer region moved to the middle region, and the middle 
region moved to the inner region. This was repeated several times so that an “equilibrium” state 
resulted. Anomalies in the shapes of the curves are due to the rather coarse statistics used in the 
MCNP calculations. 

The results indicate that the 290-m3 core at 2400 MW(t) would have a burn-up cycle of ~330 days 
(990 days total core lifetime) for 10% enriched fuel and ~510 days (1 530 days total core lifetime) for 
20% enriched fuel. Figure 9 shows the reactivity as a function of burn-up for the case of 20% enriched 
fuel. These fuel reloading times are similar to those of current LWRs. 

Void reactivity effect calculations were performed for the cores near the end of the burn-up cycle 
to determine the effect of the lower 235U content and larger fission product inventory. The results 
showed that the void reactivity was about the same value as for the fresh core configurations. 

Figure 8: Thermal power and average core temperature following a $0.4 reactivity insertion 
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Figure 9: Fuel burn-up predictions for 20% 235U enriched core 
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Conclusions 

As a new member to the family of high-temperature reactors, the AHTR is defined by two 
characteristics: (1) a high-temperature fuel and (2) a low-pressure liquid coolant. Our studies indicate 
that a reactor with these characteristics has the potential for significantly improved economics for the 
production of electricity and hydrogen while meeting the top-level functional requirements of the 
NGNP project. The initial viability study for the AHTR is encouraging. There appears to be no 
fundamental barriers do developing a large commercial system. The neutronics performance of the 
AHTR appears to be very similar to helium-cooled systems even at substantially high powers 
(2 400 MW versus 600 MW). The coolant void coefficient is the physics parameter of most concern and 
can vary widely depending on the coolant salt composition and other core parameters. Significant 
analysis, testing, and engineering design work will be required before the performance characteristics 
of and potential for the AHTR can be realised. Future physics analyses will include: establishing a new 
core design, designing a reactivity control system, investigating alternative fuel assembly designs, 
optimising power density and peaking factors, and assessing the behaviour of the system to 
additional reactor transients. 
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Monte Carlo calculations of Dancoff factors and the design   
of VHTRs plutonium burning with the SCALE system 

Felix C. Difilippo 
Oak Ridge National Laboratory, Oak Ridge, TN, USA 

Abstract 
The SCALE system has been used to analyse, at full assembly level, the use of Very High Temperature 
Reactors (VHTRs) for the dual purpose of producing energy and burning Plutonium. The double 
heterogeneity characteristics of this kind of reactor makes necessary the calculation of the Dancoff 
factors associated to the small fuel kernels. This was done with the code MCNP for a variety of 
arrangements, pebble beds and prismatic fuel with particular care on defining the situation under 
which the Dancoff factor calculations are independent of the boundary conditions. A full assembly was 
selected and a parametric analysis was done toward the definition of a system that maximises the 
Plutonium burning and minimises the burn-up reactivity swing. SCALE calculations were then 
performed by mimicking the SAS2 sequence with the extra step imposed by the double heterogeneity. 
Comparisons with MCNP calculations are shown at beginning of life; they show reasonable 
agreements which give confidence in the procedures used to compute the Dancoff factors. It is also 
shown that shielding effects in the huge 240Pu resonance at 1.057 eV are of paramount importance. 
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1 Introduction 

This report describes the use of the SCALE system (SCALE 5, 2004) to design and analyse Very 
High Temperature Reactors (VHTRs) intended for dual use: production of energy and the burning of 
Plutonium. One of the characteristics of this kind of reactors is the double heterogeneity effect. Small 
fuel kernels of oxide fuel (radius ~ 100 microns) are dispersed in a graphite matrix (the compact) that 
is arranged in fuel cells either spherical, the case of pebble bed reactors, or cylindrical, the case of 
prismatic fuels. Burn-up calculations at assembly level using multigroup transport theory imply  
3 transport calculations: 1) one related to the spherical cell associate with the fuel kernels and their 
layers and the graphite matrix in between; at this step there is a cell homogenisation to calculate 
multigroup space-average cross-sections with Dancoff factors for the resonant region, 2) a second cell 
calculation, either describing one pebble or one cylindrical cell in the prismatic assembly, is used to 
calculate multigroup space–average cross-sections, this time with a considerable increase of the size 
of the spatial average: from the fraction of mm of the previous step to centimetres, and finally 3) with 
the twice averaged cross-sections, from steps 1 and 2, the assembly is calculated; cross-section are 
further spatial and energy averaged, this time to few groups (three, for example) in order to compute 
the burning. It is unfortunate that the module SAS2, of the SCALE system, cannot be used for this 
application because of: a) the shape of the fuel cells accepted by SAS2 is cylindrical only, with a fixed 
number and sequence of regions and, b) each pass of the module solves 2 transport problems. In our 
case it would stop at the second cell calculations, rather than at assembly level. 

We decided then to mimic all the sequences of SAS2 but explicitly with the modules BONAMI, 
NITWAL, XSDRNPM, COUPLE, ORIGENS and OPUS of the SCALE system, and including the additional 
transport calculation (3 per pass rather than 2). One crucial step in this process is the calculations of 
Dancoff factors, made for this work with the Monte Carlo code MCNP (Briesmeister, 2000). We present 
the cases of pebble bed (a few) and prismatic fuels (the majority) with Pu-Np oxide fuel; the isotopic 
corresponds to the discharge of LWR’s fuel elements. We compare (at beginning of life, BOL) results of 
assembly calculations made with MCNP and the SCALE system (with the proper Dancoff factors). 

2  Calculations of the Dancoff factors 

Dancoff factors are used in the first heterogeneous calculation, at fuel kernel level. Because of the 
finite nature of the kernel distributions: 3-D finite for pebbles and 2-D finite for prismatic fuels, 
resonant neutrons leaving one kernel can have an interaction not only inside the cluster where it is 
located but also in clusters that belong to other pebbles or compacts. Therefore the Dancoff factors for 
the kernels are space dependent. 

Table 1:Effects of the boundary conditions at the  
pebble surface in the calculations of Dancoff factors* 

Case Dancoff Boundary conditions Comment 
1 0.3731 exact Infinite cubic lattice 
2 0.3138 white Only one pebble 
3 0.3394 exact Infinite Reactor 

* 500 microns diameter kernels in graphite, 125 kernels/cc, and simple cubic lattice. 

 

2.1 The case for pebbles 
The SCALE system was already used to analyse Plutonium burning in pebble-bed VHTR (Bende, 

1999) so we started by checking some simplifications in the calculations of the Dancoff factors. We 
analyse then the same type of pebble as in Bende’s work: 3 cm outside radius, 2.5 cm fuel compact 
radius (or a 0.5 cm thick graphite shell), and mainly a graphite matrix between the fuel kernels. MCNP 
was used in this and in the referenced works to calculate the Dancoff factors; in both cases the 
random distributions of the fuel kernels was substituted by deterministic arrays, simple or body 
centred cubic lattices that preserve the average number of kernels per unit volume. Note that a recent 
work by Brown and Martin, 2004, makes reference to a version of the MCNP code with stochastic 
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geometry capabilities. The main hypothesis of Bende was to model only one pebble and to use white 
boundary conditions at the boundary of the pebble and its associated void, which means that the 
interactions between pebbles were substituted with a boundary condition. The bias introduced by this 
hypothesis was calculated for the case of 500 micron diameter fuel kernels in a cubic array of 
125 kernels/cc of compact located within the 2.5 cm fuel zone of the pebble. Tracking of the resonant 
neutrons coming from a central kernel in a pebble shows that for each resonant neutron leaving the 
central kernel 0.2835 reach, other kernels of the same pebble without interacting with the matrix of 
the compact and that 0.1635 leave the pebble without interacting either with the matrix of the 
compact or the graphite shell. The Dancoff factor for the central kernel is then within the limits 
0.2835 and 0.4470 (= 0.2835 + 0.1635). These numbers show that there is a contribution due to the 
interaction between pebbles that might be important. Table 1 shows the effects of different boundary 
conditions in the calculation of the Dancoff factor for the central kernel of the pebble. “Infinite” in this 
context means that the current of the resonant neutrons at the boundary of the system is very  
small and, therefore, “exact” means that whatever exists beyond the boundaries of the calculations  
is irrelevant. Case 1 is for an infinite lattice of kernels, which is a medium entirely built with the  
fuel compact. Case 2 is for the modelling of only one pebble with white boundary condition at the 
surface of a sphere modelling the void between pebbles. Case 3 is for a collection of pebbles 
(40 x 40 x 40 layers) in a hexagonal compact array with a packing fraction of 0.61 (this array has  
a maximum packing fraction of 0.74, the chosen value, 0.61, corresponds to a random array of 
pebbles). Therefore case 3 is representative of an infinite random array of pebbles. 

Case 1 gives the upper limit when the whole space is filled with kernels rather than having, also, 
regions of void and graphite. Case 2 shows that the hypothesis of Bende (white boundary condition at 
cell level) produces a bias of ~-10% in the calculation of the Dancoff factors so this hypothesis was not 
used in this work. Note that for smaller kernels, with the same or smaller kernel density, the 
influence of other pebbles is even larger. 

Figure 1: Cross-section of the prismatic graphite assembly 

There is one coolant hole per two fuel compact holes 
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2.2 The case of prismatic fuel 
The reference assembly for this analysis is shown in Figure 1. The holes for the fuel compact and 

the coolant have radii of 0.635 cm and 0.684 cm respectively. They are located in a hexagonal lattice of 
side 2.64 cm where there are, on average one coolant hole per two fuel holes. The flat to flat distance 
of the assembly is 36 cm. In order to make an easy correlation with the work of Bende we are going to 
label the concentration of kernels in the compact in such way that, if used in the pebble analysed in 
the previous section, it would produce a content of “x” grams of Pu per pebble. For example, a 
concentration of kernels that would produce x = 1 gram of Pu per pebble, corresponds in the assembly 
of Figure 1 to a moderation ratio of n(C)/n (Pu) ~ 4000, the same used in the work of reference. In this 
way we can extrapolate results from the prismatic fuel to the pebble-bed case. 

Dancoff factors were calculated for kernels at the centre of the fuel compact for a central rod in 
the assembly of Figure 1; they might be different for the case of rods near the periphery. The 
calculations were done for various combinations of kernels radii and kernel densities in such a way 
that their combinations keep constant the Plutonium density in the compact (corresponding to 1 gram 
of Pu per pebble). We have used white boundary conditions at the periphery of the assembly keeping 
track of the resonant neutrons that leave the boundaries without interacting with the media. For the 
case of a central kernel in a central rod this current is very small so the results are independent of 
what is located beyond the assembly. Note that this is the case for a central rod. The four layers, 
buffer, Py-C, CSi and Py-C, around the fuel kernels were explicitly modelled. Table 2 shows the results. 

Table 2: Dancoff factors for a central fuel kernel located  
in a central compact in a prismatic assembly 

   Dancoff factors 

Case Radius kernel  
microns 

Density  
kernels/cc 

Simple cubic  
lattice 

Body centred  
cubic lattice 

1 100 413.357 0.1560 0.1599 
2 150 122.472 0.1099 0.1045 
3 200 51.670 0.0939 0.0793 
4 250 26.455 0.0555 0.0597 

 

Table 3: Influence of the media around a central compact  
on the Dancoff factors (DF) for a central fuel kernel 

Case Number of rods 
around 

DF for 100*  
micron kernels Escape** DF for 250* 

micron kernels Escape** 

1 0, isolated 0.0738 0.633 0.0230 0.677 
2 3:  1st neighbours 0.0995 0.396 0.0335 0.391 

3 12: 3(1st neighbours) 
   9(2nd neighbours) 0.1295 0.165 0.0455 0.194 

4 All Assembly 0.1599 0 0.0597 0 
* Kernel densities of Table 2. 
** Escape of the resonant neutrons at the boundaries of each case. 

Table 4: Isotopics of the OPu-Np fuel kernel 

Atom 1/barncm Atomic fractions g/cc of kernel 
O 0.039771 0.629630 1.056630 

Np-237 0.001217 0.019270 0.479124 
Pu-238 0.000351 0.005552 0.138620 
Pu-239 0.013328 0.211007 5.290827 
Pu-240 0.005382 0.085203 2.145357 
Pu-241 0.001945 0.030797 0.778692 
Pu-242 0.001171 0.018541 0.470751 
Heavies 0.023395 Sum=1  

total 0.063166  10.36 
n(O)/n(Heavy) 1.7   
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Table 4: Isotopics of the OPu-Np fuel kernel (cont.) 

Pu isotopics at %  at % g/cc kernel 
Pu-238 1.581225 Pu  94.79716 8.824247 
Pu-239 60.09875 Np 5.202844 0.479124 
Pu-240 24.26753 Sum 100 9.303370 
Pu-241 8.771641    
Pu-242 5.280859 Enrichment 65.28 at% HM 
Sum 100  69.52 at% Pu 

 

Table 2 shows that the lattice arrangements of the kernels used to mock-up their real random 
distribution influence the calculated values of the Dancoff factors. We can argue in favour of the  
bcc because it is more isotropic (or more “random”) than the simple cubic lattice. Therefore all  
the calculations were done with the bcc arrangement (the argument would favour hexagonal  
compact arrangements).  

The influence of the media around a compact on the Dancoff factors is summarised in  
Table 3 where successively more media is added around the central compact being analysed 
containing kernels with radius 100 and 250 microns. The results suggest that third to fourth 
neighbours have, at least, to be included in the models. 

The methods and the results of this section can be applied, in general, to VHTRs independently of 
the type of actinides inside the fuel kernels. With Dancoff factors available, the SCALE system can be 
used for the calculations of VHTRs. Section IV shows a detailed burn-up analysis, made with this 
methodology, of a Pu burning VHTR with design parameters discussed in the next section. 

3 Parametric analysis of VHTRs with plutonium fuel 

In this section we make a parametric analysis for the case of Plutonium fuelled VHTRs. Reactor; 
variables, like keff at beginning of life (BOL), and the fuel enrichment and Plutonium burning as 
function of burn-up, are shown as function of two design parameters: fuel kernel radius and 
moderation ratio. We restricted the analysis to the assembly level shown in Figure 1, so further work 
is required to analyse the whole reactor. The code MCNP was used to compute k’s and the average 
cross-sections of actinides at BOL that were latter used to compute their concentration as function of 
burn-up. These scoping results are checked in section IV after a better burn-up analysis with the 
SCALE system. The calculations correspond to an oxide Pu-Np fuel with isotopics (see Table 4) typical 
of discharged LWR fuel elements. 

3.1 Sensitivities to the fuel kernel radius 
The cases correspond to the assembly of Figure 1 with concentrations of kernels in the compact 

that would produce a “1 gram of Pu per pebble” and with white boundary conditions. The fuel 
particles were modelled entirely: fuel kernel, with four layers and the matrix, and assuming a bcc 
lattice. For these concentrations the moderation ratio, n(C)/n (Pu), in the fuelled region of the 
assembly, is approximately equal to 4 000. The average temperature of the assembly was supposed to 
be 1 200 K. Because of the limitations of the cross-section library available the temperature of the 
actinides other than Pu239 was set to 300 K. Table 5 shows the k’s at beginning of life (BOL) as 
function of the fuel kernel radius. 

Table 5: Reactivities (MCNP) at BOL of the assembly of  
Figure 1 corresponding to a moderation ratio of ~4 000 

Case Fuel kernel radius (microns) Kernels/cc compact K 
1 50 3306.855 1.288(2) 
2 100 413.357 1.368(1) 
3 150 122.476 1.410(1) 
4 200 51.670 1.430(1) 
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The monotonic behaviour of k’s as function of the increasing radius (or shielding) is in part due 
to the resonances of the fertile material of this mixture, 240Pu, which has a very important resonance 
at 1 057 eV. The possibility appears then to reduce the burn-up reactivity swing by reducing the 
shielding in the kernels (or their radius), so 240Pu is more likely transformed into 241Pu. Figure 2 shows 
changes in enrichments and Plutonium burn-up as function of the radius of the kernels and the burn-up. 

Figure 2: Enrichment and Pu concentration as function of burn-up and the radius of the fuel  
kernel (50, 100 and 200 microns) for a moderation ratio of ~4 000 and the assembly of Figure 1 

Note: Scoping MCNP calculations, only one step for the average depletion cross-sections. The points at 20, 40 and  
60 GWD/TON are from the SCALE calculations for the 100 micron kernel and with burn-up dependent cross-sections. 
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The results of Figure 2 show that it is possible to reduce the changes in enrichment without 
reducing the Pu burning by using smaller fuel kernels. 

3.2 Sensitivity to the moderation ratio 
The effects of the changes in the moderation ratio were analysed also. The value 

~4 000  corresponding to the calculations of the previous section was reduced by either changing the 
density of the graphite to 0.5 g/cc for the compact matrix and the assembly [a value that corresponds 
to the graphite foam developed at ORNL (Difilippo, 2004) ], or by increasing the number of fuel kernels 
and keeping the normal graphite density. The geometry of the assembly of Figure 1 was used for all 
the cases. Three system variables were computed as function of the moderation ratio: k at BOL and 
the changes of the enrichments and the burnings of Pu after 100 000 MWD/TON. The results of the 
calculations are shown in Figure 3. The numbers associated with each point are used in Table 6 to 
describe the parameters of the calculations. 

The hardening of the neutron spectra produces better results from the point of view of the 
changes of the enrichment as function of burn-up and the burning of Plutonium per cm of assembly 
for a fixed burn-up. Other variables, like power level, volume of the reactor and burnout conditions, 
have to be included for broader conclusions. Figure 4 shows the considerable change in the neutron 
spectrum by going from point 1 to point 5 of Figure 3. 

4 Analysis of Pu burning in VHTRs with the scale system 

We made an extensive check of the capabilities of the SCALE system to analyse the burning of 
Plutonium in VHTRs. For this purpose the appropriate Dancoff factors were computed according to 
the prescriptions of Section II. The case labelled “1 gram of Pu per pebble” or moderation ratio 
approximately equal to 4 000 was chosen for this purpose. Whenever possible comparisons were 
made with MCNP calculations. 
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Figure 3: k (BOL), enrichments and Pu burn-ups (grams per cm of  
assembly) after 100 GWD/TON as function of the moderation ratio 

The scoping nature of the calculations, MCNP calculations produced only one set of average  
cross-sections for depletion analysis. See Table 6 for the descriptions of the systems 1 to 5. 
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Table 6: Description of the assemblies calculated for Figure 3 

Case Descriptive Name  
“gram Pu/pebble” 

Material 
for matrix 

Material for
assembly 

Fuel kernel  
radius microns 

Kernels/cc  
compact 

1 1 Graphite Graphite 100 413.357 
2 1 Foam Foam 100 413.357 
3 2 Foam Foam 100 826.714 
4 8 Graphite Graphite 150 979.809 
5 10 Graphite Graphite 150 1224.771 

 

Figure 4: Neutron spectra at BOL and inside the fuel kernels for cases 1 and 5 of Table 6 
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4.1 System at BOL 
This is the case we can compare with MCNP directly. As we discussed in the introduction the 

steps in the sequence of the SCALE calculations are the activation of the following modules:  
1) BONAMI. 2) NITAWL, 3) a XSDRNPM transport calculation to perform spatial average of 
cross-sections at the level of microcell: kernel-layers-matrix, 4) a XSDRNPM transport calculations of 
the macrocell corresponding to the compact, the graphite of the assembly and the coolant void; in this 
step we produce a second spatial average, and finally 5) a XSDRNPM transport calculations of the 
assembly to compute k and the spatial-energy average of the cross-sections.. Note that the Dancoff 
factors are applied in step 2 because NITAWL (for the resolved regions) allows it; in the previous step 
(BONAMI, for the nonresolved resonant region) the SCALE system does not allow it. Additionally, and 
in step 5,we used a 1-D version of a real 2-D system, something that might be improved by using the 
module NEWT (for this case step 4 would not be necessary because the 2-D description of the 
assembly). Finally all the calculations are based on ENDF-B/V rather than ENDF-B/VI cross-sections 
evaluations. Therefore the comparisons of the SCALE results with the MCNP calculations have to 
consider all these differences. In order to check situations that involve a large range of Dancoff factors 
we changed systematically the radius of the kernels from 50 to 250 microns. The results for the k’s of 
the assemblies are summarised in Table 7. The comparison of Table 7 shows in general good 
consistency within a large variation (around a factor 5) of Dancoff factors. 

Table 7: Case “1gram Pu/pebble” prismatic assembly of Figure 1, SCALE and MCNP at BOL 

Case Kernel radius microns Dancoff factor k MCNP k SCALE dk (%) 
1 50 0.2900 1.288(2) 1.282 -0.6 
2 100 0.1599 1.368(1) 1.357 -1.1 
3 150 0.1045 1.410(1) 1.396 -1.4 
4 200 0.0793 1.430(1) 1.422 -0.8 
5 250 0.0597 1.451(1) 1.426 -2.5 

 

4.2 Burn-up analysis with SCALE 
The analysis of Section III (based on MCNP), as function of burn-up, is scoping in nature because 

it was done with average cross-sections for only one burn-up step. Burn-up capabilities have been 
added to Monte Carlo calculations with the sequence TALLY-MCNP4C-ORIGEN2.5 (Renier, 2001). 
Whole VHTRs analysis are going to be made, for some time, via transport calculations with burn-up 
and temperature dependent multigroup cross-sections The results of the previous section, 
summarised in Table 7, indicate that the SCALE system produces good results for k’s at BOL. In order 
to make further calculations with the SCALE system, this time as function of burn-up, we used, in 
addition to the three modules already mentioned, the modules COUPLE and ORIGIN-S. COUPLE 
updates the cross-sections of the standard files of ORIGIN-S, with actinide and fission-product 
cross-sections averaged in space and energy with the third XSDRNPM transport calculations, the  
one for the assembly. ORIGIN-S calculates the number densities for intermediate burn-up steps  
that are used to compute the k’s and the average cross-sections with updated neutron spectra.  
Table 8 shows the results for a 3-step burn-up calculation, up to 60 GWD/TON, for the case of the 
assembly of Figure 1 with a Plutonium load equivalent to “1 gram Pu/pebble”. 

Table 8: Burn-up dependent calculations with the SCALE system 

Case VHTR assembly of Figure 1 with Pu load equivalent to  
“1 gram Pu/pebble”, 100 micron kernel DF=0.16, k=k (Burn-up). 

Calculation 0 20 GWD/TON 40 GWD/TON 60 GWD/TON 
Fuel Kernel 1.145 1.116 1.097 1.080 

Compact Cell 1.297 1.275 1.257 1.241 
Assembly 1.357 1.335 1.318 1.302 

 

Enrichments and Plutonium burnings for the case of Table 8 are plotted in Figure 2 to validate 
scoping results for 1-step burn-up MCNP calculations. 
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5 Effects of the 1.057 eV 240Pu resonance 

240Pu has a huge capture resonance at 1.057 eV with peak values larger than 100 000 barns at 
room temperatures; in comparison its equivalent in Uranium systems, 238U, has a large resonance at 
6.67 eV with a peak value around 7,000 barns. Because of the location of the resonance at lower 
energies and its intensity, shielding effects are much more intense in the kind of systems we are 
analysing here (only Plutonium fuel) than they are in Uranium systems. The escape from absorption 
by the resonances when neutrons are being moderated is mainly defined by the 1 057 eV resonance. 
Figure 5 shows the cumulative absorption fraction as function of energy, for 240Pu inside the 
100 micron kernel of Case 2 of Table 7; ~90% of the absorption is around the 1 057 eV resonance. 

Figure 5: Cumulative absorption fraction for 240Pu inside a 100 micron fuel kernel (T = 300K) 
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Figure 6: k at BOL as function of the radius of the fuel kernels (values at 0 are for  
uniform mixtures with the matrix of the compact) for two different moderation ratios 

For each one of the two cases the Pu loading is fixed by changing the  
kernel density (nk) in the compact according to the respective curves. 

Fuel Kernel Radius (microns)
0 50 100 150 200 250 300

ke
ff

1.050

1.150

1.250

1.350

1.450

ke
rn

el
s/

cc
 c

om
pa

ct

0

500

1000

1500

2000

2500

3000

3500

Legend
keff MCNP
kScale
nk
KFIT
keff MCNP
KFIT
nk

nC/nPu ~ 4,000.

nC/nPu ~ 400.

 



MONTE CARLO CALCULATIONS OF DANCOFF FACTORS AND THE DESIGN OF VHTRs PLUTONIUM BURNING WITH THE SCALE SYSTEM 

280 ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 

Figure 7: Energy dependent fluxes averaged inside the Pu fuel kernels,  
50 to 250 microns radius, and the flux for the homogeneous case 

The calculations are for the assembly of Figure 1 and for the well moderated  
case. The 240Pu absorption cross-section corresponds to T = 300K. 
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While ~2 to 3% effects on k’s are due to shielding effects in the fuel kernels of Uranium VHTRs 
(Difilippo, 2003) the effects are much larger in the case of Plutonium kernels. Figure 6 shows k as 
function of the radius of the kernels for two moderation ratios: 1) n(C)/n (Pu) ~ 4 000 (labelled  
“1gram of Pu per pebble”) and 2) n(C)/n (Pu) ~ 400 (labelled “10gram of Pu per pebble”). Both  
set of calculations includes the homogeneous case (shown as values for radius equal to zero). Also the 
figure shows the density of the kernels necessary to maintain a constant fuel kernel volume (and 
therefore the same Pu mass for each case) in the compact; 1.7315 mm3/cm3 and 17.315 mm3/cm3, 
respectively. For the well moderated case, Figure 6 shows Δk as large as 29%.The fits of k as function 
of the radius of the kernels, shown in Figure 6, are similar for both cases; thus for larger 
heterogeneities the less moderated case might show similar Δk. 

Further evidence of the large effects of the 240Pu resonance can be seen in Figure 7 where the 
cross-section is plotted together with the energy dependent fluxes averaged inside the fuel kernels, 
for kernels between 50 and 250 micron radius and the flux for the homogeneous case. 

6 Conclusions 

Full assembly transport calculations were performed with the SCALE system to analyse the 
design of VHTRs with the double purpose of generating energy and transmutating Plutonium. Key 
steps in the preparation of multigroup cross-sections are the consideration of the double 
heterogeneities and the calculation of Dancoff factors. Because of the low absorption of graphite the 
Dancoff factors are space dependent and their calculation depends, crucially, on how realistic is the 
modelling. We used the Monte Carlo code MCNP to investigate this issue. The huge 240Pu resonance at 
1.057(“ the mother of all resonances”) dominates the shielding in the fuel kernels with the result that 
Plutonium fuel kernels produce shielding effects 10 times larger than similar Uranium kernels. The 
size of the kernel influences then the burn-up reactivity swing because of its influence in the creation 
of 241Pu. Although temperature coefficients were not calculated in this work one can envision that 
they could show similar characteristics. 
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Abstract 
The feasibility of designing a finite once-through NaF-ZrF4 Molten Salt Reactor (MSR) fed with 
transuranium isotopes (TRU) from LWR spent fuel to be critical and to have a low peak-to-average 
radiation damage to graphite is assessed. The transmutation effectiveness of this MSR is quantified 
considering the following measures: fractional transmutation of all actinides, of 239Pu and of 237Np and 
its precursors, radio-toxicity and decay-heat. The neutron spectrum dependence of the transmutation 
effectiveness is also studied over a wide range – from hard spectrum typical of liquid metal reactor to 
very soft spectrum.  

Three-dimensional design optimisation with MCNP resulted in a graphite reflected core having a 
remarkably small peak-to-average graphite damage rate of 1.079. The optimal graphite-to-MS (C/MS) 
volume ratio is around 3. However, with equilibrium actinide composition the maximum keff found for 
a 6 000 MWth reactor is 0.986, with instantaneous removal of fission products. With a more realistic 
rate of fission products removal the peak equilibrium keff is estimated to be about 2% smaller. 

Up to 99% of the TRU fed can be transmuted in one pass through the MSR; the transmutation 
efficiency depends on the MS feed-rate. It also depends on the C/MS ratio. There is no universally 
preferred neutron spectrum – to minimise radiotoxicity and decay heat, harder spectrum is preferred 
during the first few dozen years following discharge from the MSR as well as in the ten thousand and 
hundred thousand years time range. However, softer spectrum is preferred for periods in-between. 
Softer spectrum is also preferred for minimising the inventory of fissile Pu and of 237Np and its 
precursors and for maximising the graphite lifetime. Hard spectrum offers better neutron economy. 
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1 Introduction 

Previous studies [1,2] reported that it is possible to design once-through Molten Salt Reactors 
(MSR) that are fed with the trans-uranium isotopes (TRU) from LWR spent fuel. These studies were 
based on the analysis of unit cells that were finite in the axial direction but infinite in the radial 
direction. They identified the spectrum that maximises keff under the constraint of the solubility limit 
of actinides in the NaF-ZrF4 molten salt (MS).  

One objective of the present study is to investigate the feasibility of designing a finite 
once-through MSR fed with transuranium (TRU) isotopes from LWR spent fuel, optimising the 
reflectors so as to flatten, as much as possible, the fast neutron flux across the core. As the core 
lifetime is dictated by the radiation damage rate to the graphite moderator and structural material, 
and as this radiation damage is proportional to the fast neutron flux, it is desirable to minimise the 
peak-to-average fast flux across the core. 

Another objective is to quantify the transmutation effectiveness of this MSR. Six measures are 
used to quantify this effectiveness: fractional transmutation of all actinides, of fissile Pu and of 237Np 
and its precursors, radio-toxicity and decay-heat. 

The final objective is to compare the transmutation effectiveness of reactor systems representing 
a wide range of neutron spectra using the same analysis methodology so as to isolate the spectrum 
dependence from differences in the fuel recycling practices.  

An improved version of the methodology described in references [1,2] is used for the analysis. All 
the neutronic calculations are done with MCNP. Fission products are extracted as soon as they are 
generated. The small effect of delayed neutrons emission out of the core is ignored. 

2 Core and reflector optimisation 

2.1 Reference unit cell 
The unit cell concept is that proposed by Bowman [3]; it is made of an hexagonal prism of 

graphite with a central MS channel. The top and bottom 10 cm of the graphite is loaded with boron so 
as to minimise thermal neutrons induced fissions in the MS plenum. The molten salt is made of equal 
moles of NaF and ZrF4. The MS is continuously fed at a rate of 1.067 litres per day per GWth along with 
TRU from spent fuel from LWR from which the U isotopes were extracted. The TRU feed rate is 
adjusted so as not to exceed the actinide solubility limit [1]. The actinides composition fed into the 
MSR is defined in reference [1]. The average power density is 390 watts per cm3 of molten salt.  

The previous study [1] found that under the actinides solubility limit constraint of 1.56 mole%, 
the multiplication factor, k, peaks for a graphite-to-molten salt volume ratio (C/MS) of approximately 3. 
A MS channel diameter of 7 cm was recommended [1].  

2.2 Finite core considered 
In order to minimise the number of MSR dedicated for transmutation and in order to minimise 

the neutron leakage probability the target thermal power for the finite core was set to be 
approximately 6 000 MWth. This is close to the thermal power output of the new French 1 600 MWe 

PWR. But whereas the PWR is highly pressurised, the MSR is not pressurised at all and is not subject to 
fuel meltdown accidents. 

Table 1: Effects of graphite radial reflector thickness 

Graphite 
thickness [cm] keff 

Radial leakage 
probability 

Peak-to-average 
power density 

0 1.00247± 0.00067 2.56449E-02 2.33431 
40 1.01916 2.73610E-02 1.32359 
60 1.02574 2.84630E-02 1.20721 
80 1.02848 2.78310E-02 1.28900 

 



TRANSMUTATION CAPABILITY OF MOLTEN SALT REACTORS FED WITH TRU FROM LWR 

ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 285 

The core height-to-diameter ratio was assumed to be 0.924; according to one-group diffusion 
theory this ratio minimises the neutron leakage probability from a given volume core. The core 
chosen have 955 unit cells that are 4 m long. The corresponding total reactor power is 5733 MWth. 

A 27 cm thick MS plenum is assumed located below and above the core. Graphite reflectors are 
located on the other side of the plenum. A graphite reflector also surrounds the core in the radial 
direction. The heat exchangers are assumed to be located beyond it.  

The average MS and graphite temperature is assumed to be 650°C. The graphite lifetime is 
assumed to correspond to a fluence limit of 3⋅1022 neutrons of E > 0.01 MeV per cm2.  

The MS composition is assumed to be the same as the equilibrium composition obtained for unit 
cell with equal C/MS [1,2]. 

2.3 Radial reflector 
Graphite of different thickness was tried for the radial reflector. MCNP was used to calculate 

three parameters: keff, power distribution and fast (>0.01 MeV) neutrons flux distribution. Partial 
results of the parametric study are summarised in Table 1. 

It is found that, as expected, keff increases with increasing reflector thickness; the incremental 
increase beyond 80 cm does not justify considering thicker reflectors. Unexpectedly, the radial 
neutron leakage probability of the reflected cores is larger than that of the bare core. This is due to the 
radial power flattening effect of the graphite reflector, displayed in Figure 1.  

Figure 1 shows that the flattest radial power distribution is obtained with a reflector that is 
approximately 60 cm thick. In fact, the MSR core can accommodate a large power peaking factor 
because its fuel is in a liquid state and serves also as the heat transport fluid. What is of concern, 
though, is the radiation damage rate to the graphite. As the actinides solubility limit is very small,  
the neutron flux level needed for attaining desirable core power density is very high – in the range  
of 1015 n/cm2-s. With such large fluxes, the graphite lifetime was estimated [1,2] to be on the order  
of 1  to 2 years if the fast neutron flux is perfectly flat across the core. 

The flattest radial fast neutron flux distribution, shown if Figure 2, was obtained using  
a 80 cm thick reflector. The peak-to-average ratio is less than 10%. 

Figure 1: Radial fission energy deposition comparison for different thicknesses of graphite 
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Figure 2: Fast flux-to-average fast flux ratio in the radial direction 
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Figure 3: Axial fission energy deposition without and with axial reflector 
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2.4 Axial reflector 
More complicated is the optimisation of the axial reflector. This is due to the need to incorporate 

a MS plenum at the entrance to the core channels and at the exit from these channels. The plenum 
was modelled as a cylinder of a diameter of the reflected core and assumed to be 27 cm thick. This 
thickness makes the maximum MS flow velocity in the plenum equal to the MS velocity in the core 
channels. The boron was completely removed from the graphite near the axial core boundaries. 

The MS in the plenums was found to be a poor reflector, with the actinides dissolved in it. 
Moreover, with a 27 cm MS buffer between the core and an axial reflector, graphite was found to be 
highly ineffective. Introduction of graphite in the plenum while increasing the plenum thickness so as 
to preserve the MS flow cross-section area was found ineffective as well. 

The best solution found is to increase the C/MS ratio in a relatively short section near the core 
entrance and exit. This is obtained by reducing the radius of the MS channels. A parametric study was 
undertaken to find the optimal combination of MS channel radius reduction and the length of the 
section with the reduced diameter.  
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The optimal solution found is a reduction of the MS channel diameter from 7 cm to 5 cm over a 
30 cm section from the core axial bases. Figure 3 shows the resulting axial power distribution relative 
to that of the bare core. 60 cm thick graphite is assumed on the other side of the MS plenums. The 
resulting total peak to average fast flux ratio is 1.079. The increase in the pumping power as a result of 
the narrowing of the channels was estimated to be acceptable. 

Figure 4 compares the average spectrum in the MS of the optimal MSR (finite model) with that of 
the unit cell. The spectra are quite similar; more than we expected. It turns out that the spectrum 
softening effect introduced by the radial and axial reflectors is compensated in the thermal energy 
range and more than compensated at high energies by the harder spectrum in the plenums.  

Figure 4: Neutron spectrum in the MS of the infinite and the finite models 
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Figure 5: Actinides fractional composition at equilibrium for single cell and finite model 
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2.5 Equilibrium composition for the finite model 
So far we assumed the MS composition for the finite model to be the same as the equilibrium 

composition of the corresponding unit cell. However, as illustrated in Figure 4, the addition of 
reflectors affect the core spectrum and, through that, the equilibrium composition. The procedure 
used to determine the equilibrium composition is described in the following section. Figure 5 shows a 
comparison of the actinides’ composition at equilibrium for a single cell (C/MS = 3) and for the 
corresponding finite model. Even though the difference in composition is small, keff drops from 
1.02351 for the single cell down to 0.98517 for the finite model. Of the 3.83% difference, 2.53% are due 
to the radial leakage not accounted for in the unit cell calculations and 1.3% due to spectrum variation; 
primarily via increased absorption in the non-actinides salt components. 

In an attempt to increase the finite core keff a search was made of the optimal C/MS value of the 
reflected finite core. Table 2 shows that the optimal finite core C/MS ratio is 3.2, but  
the corresponding keff is still too low for criticality. Hence, the only way to design a NaF-ZrF4 MS 
transmuter reactor that is being fed with and only with TRU from LWR spent fuel is as a subcritical 
reactor driven by an external neutron source. However, using other types of MS, such as the 
LiF(15%) + NaF(58%) + BeF2(27%) considered for the MOSART design [7] it may be possible to design the 
MSR to be critical. This salt has high actinides solubility and is less absorbing than the Zr containing salt. 

Table 2: keff as function of C/MS for finite model 

C/MS 2.8 3.0 3.2 3.4 
keff 0.98267 0.98517 0.98910 0.98799 

 

2.6 Fission products reactivity effects 
So far it has been assumed that fission products would be removed from the system as soon as 

they are generated. A simplified model was developed to estimate the magnitude of fission products 
reactivity effect under a couple of scenarios: (a) Fission products are removed with the MS main 
stream; i.e. at a very slow rate. (b) A side stream of the MS is processed for removing the more 
absorbing fission products at a practically fast rate. This model uses the MCNP code applied to the 
hexagonal unit cell described in Section 2.1. A total of 56 fission products were tracked. 

In the first scenario it was found that when the fission products concentration in the MS reaches 
equilibrium, the equilibrium multiplication factor, k, is 0.80545 as compared to 1.02351 obtained 
assuming instantaneous removal of all fission products. That is, the upper limit on the reactivity 
worth of the fission products is -22%; too large to accommodate. Table 3 gives the fractional 
absorption of the more absorbing fission products. 

In the second scenario, it was assumed, after [7], that certain fission products are continuously 
removed from the salt resulting in the following residence time in the core [7]: 50 seconds for noble 
gases (Kr and Xe); 2.4 hours for Mo, Ru, Rh and Tc; 1 year for Y; 51 days for the rare earths (La, Ce Pr, 
Nd, Pm, Sm and Eu) [8]. Sr, Ba and Cs are not extracted; they are removed only with the molten salt 
and actinides. With these assumptions the equilibrium value of k calculated was 1.00546; less than 
2% lower than for the assumption of instantaneous removal of all fission products. Such a reactivity 
effect can be tolerated. 

Table 3: Fission products fractional absorption 

133Cs 8.70% 151Sm 5.66% 135Cs 3.01% 
103Rh 8.40% 143Nd 4.93% 147Pm 2.87% 
99Tc 7.10% 149Sm 4.63% 139La 1.75% 
155Eu 7.08% 95Mo 4.19% 93Zr 1.47% 
153Eu 6.95% 145Nd 4.14% 148Pm 1.21% 
154Eu 6.76% 150Sm 4.11% 157Gd 1.09% 
152Sm 6.56% 134Cs 3.54% Others 5.85% 
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3 Transmutation capability 

Regardless of whether or not the MSR could be designed to be critical or will have to be  
a source-driven subcritical reactor, it is of interest to assess its transmutation capability. 

3.1 Methodology 
The transmutation capability of the MSR considered in this work is measured in terms of the 

following characteristics: (1) Fractional transmutation – the fraction of the actinides that are fed into 
the MSR from LWR spent fuel that is transmuted in one pass through the core; (2) Radiotoxicity;  
(3) Decay heat.  

All these parameters are calculated for MSR the actinides composition of which reached 
equilibrium; that is, the rate of introduction of a given actinide due to the continuous feed, to 
radioactive decay of parent nuclei and to transmutation equals the rate of elimination of that actinide 
due to continuous extraction, decay and transmutation. 

The equilibrium composition is calculated from the following balance equation: 

 0=+φσλλ+φσ ∑∑ →→ ii
i

iii
j

jij
j

j
ij N R  -  F   

2
N

    -  N   -  N     
2

N
   (1) 

where Νi, σi, λi  and Fi are, respectively, the atomic density, the effective one-group absorption  
cross-section, the decay constant and the feed rate of the ith actinide, σj i is the effective one-group 
cross-section for conversion of actinide j into actinide i, λj i is the decay constant of actinide j into 
actinide i and R is the fractional removal rate of the MS from the reactor.  

Equation 1 is solved iteratively. The flux and the cross-sections are first calculated with MCNP for 
an assumed initial actinides composition and are plugged into Equation 1. This equation is solved 
using a MATLAB program to obtain a new composition. This new composition is used for another 
MCNP run and so on. The process converges when the variation of keff and actinides concentration in 
two successive iterations is small enough. 

The study considers hexagonal unit cell that is finite in the axial direction and infinite in the 
radial direction. The MS plenums are accounted for. 34 actinides are considered; from U to Cf. The 
actinides solubility limit is assumed to be 1.56 mole%. Three design variables are considered in this 
parametric study: C/MS, MS feed rate and power density.  

3.2 Effect of MS feed rate 
Table 4 shows the effect of the MS feed rate on the fractional transmutation of all actinides along 

with three design parameters. While the feed rate is changed from 1.07 to 0.13 litre/day-GWth, the 
actinides mole ratio in the feed is increased so as to make the equilibrium concentration as close as 
possible to the solubility limit. It is seen that the fractional transmutation (FT) increases as the MS 
feed rate decreases. This is due to an increase in the actinides residence time in the core (Table 4) as 
the MS extraction rate drops. keff tends to slightly increase with the MS feed rate while the graphite 
life time is practically independent of the feed rate. 

Feed rate variations also effect the actinides composition; the composition shifts towards heavier 
mass isotopes. 

Table 4: Effects of MS feed rate (Power density = 390 W/cm3, C/MS = 3) 

MS feed rate [litre/(day-GWth)] 1.07 0.53 0.27 0.13 
Fractional transmutation 89.56% 94.49% 97.20% 98.60% 
Residence time [years] 13 26 53 105 
keff 1.02351 1.02031 1.01760 1.01869 
Graphite life time [years] 1.379 1.374 1.371 1.371 
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3.3 Effect of neutron spectrum 
Table 5 shows the effect of neutron spectrum variation, brought about by changing the 

graphite-to-MS volume ratio, on the characteristics considered. As expected, the fractional 
transmutation (FT) of all actinides is practically independent of the C/MS ratio; the recoverable energy 
per fission only slightly depends on the fissioning isotope and one fission reaction destroys  
one actinide nucleus. However, the fractional transmutation of 237Np and its precursors and of fissile 
Pu is enhanced with spectrum softening. keff peaks for C/MS around 2 (Figure 7) even though  
the equilibrium actinides η value is near its minimum (Figure 7), because the fraction of neutron 
absorbed in the salt is minimum for C/MS ~3 (Figure 9). The graphite lifetime increases with spectrum 
softening (Figure 8). 

Table 5: Effects of graphite-to-MS volume ratio (390 W/cm3, 1.07 litre/day-GWth) 

Graphite-to-MS volume ratio 0 1 2 3 4 24 
FT of all actinides  0.896 0896 0.896 0.896 0.896 0.896 
FT of 237Np and precursors 0.896 0.860 0.876 0.906 0.927 0.975 
FT of 239Pu 0.966 0.957 0.972 0.982 0.987 0.997 
keff 0.92622 1.01526 1.02559 1.02351 1.01666 0.75939 
Graphite life time [years] – 0.632 0.998 1.379 1.734 9.749 
(Pu239 + Pu241)/ Pu 0.354 0.519 0.425 0.317 0.243 0.071 

 

Figure 6: Neutron spectrum as function of C/MS  
volume ratio (390 W/cm3, 1.07 litre/day-GWth) 
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Figure 7: keff and η as function of C/MS  
volume ratio (390 W/cm3, 1.07 litre/day-GWth) 
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Figure 8: Graphite life time as function of C/MS  
volume ratio (390 W/cm3, 1.07 litre/day-GWth) 
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Figure 9: Fractional neutrons absorption by  
core constituents (390 W/cm3, 1.07 litre/day-GWth) 
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3.4 Effect of power density 
Table 6 summarises selected results obtained with a 10 fold reduction in the power density from 

390 down to 39 W/cm3 of MS. Comparing these results to those of Table 4 it is observed that whereas 
the fractional transmutation is practically unaffected, there is, as expected, an order of magnitude 
increase in the graphite lifetime. 

Table 6: Effects of MS feed-rate (390 W/cm3, 1.07 litre/day-GWth) 

MS feed rate [litre/(day GWth)] 1.07 0.53 0.27 0.13 
Fractional transmutation 89.47% 94.37% 97.15% 98.55% 
keff 0.96159 0.95514 0.95443 0.95481 
Graphite life time [years] 13.91 13.89 13.88 13.88 
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Unfortunately, keff value has dropped 6% to 7% and is below unity; it is due to a reduction in the 
probability to fission short-lived actinides, such as 238Np (half life 2.12 days) and 244Am (half life  
10 hours), before they radioactively decay to other actinides, 238Pu and 244Cm respectively, having 
higher capture-to-fission ratio (Table 7). These results are consistent with findings reported in [1]. 

Table 7: 238Np, 238Pu, 244Am and 244Cm cross-sections 

Actinide Capture  
Cross-section [barns] 

Fission  
Cross-section [barns] 

Capture-to-Fission  
Ratio 

238Np 11 105 0.105 
238Pu 21 2 10.5 
244Am 36 150 0.24 
244Cm 18 0.6 30.0 

 

3.5 Radiotoxicity 
The radiotoxicity of the actinides leaving the MSR core with the extracted MS is measured by the 

ingestion-toxicity index – the volume of water with which the actinides must be diluted so that 
drinking the water will result in accumulation of radiation dose at a rate no greater than 0.5 rem/year. 

Figures 10 and 11 show the time evolution of the radiotoxicity for two different feed rates and for 
graphite-to-MS volume ratio of between 1 and 4. Time zero corresponds to the moment of actinides 
extraction from the MSR. It is found that the radiotoxicity is not sensitive to the C/MS ratio in the 
C/MS range considered. There is no uniquely preferred spectrum – whereas shortly after extracting 
the actinides from the hardest spectrum (C/MS=1) core gives the highest radiotoxicity, in the 100 years 
time frame it gives the lowest radiotoxicity. These fluctuations continue several more times. They are 
due to differences in the relative concentration of different radionuclides. These differences are 
illustrated in Figures 12, 13 and 14; all three correspond to a feed rate of 1.07 litre/day-GWth. 

Figure 10: Radiotoxicity time evolution for feed rate 1.07 litre/day-GWth 
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Also shown in Figures 10 and 11 is the radiotoxicity of the actinides fed into the MSR. At  
a 1.07 litre/day-GWth feed rate, the radiotoxicity of the feed is lower than that of the waste for the first 
30 years. This is due, primarily, to the buildup of 244Cm (Figures 12, 13 and 14). Thereafter the 
radiotoxicity of the actinides that come out from the MSR is smaller by up to an order of magnitude. 
At a feed rate of 0.13 litre/day-GWth, the radiotoxicity of the actinides coming out from the MSR is 
always lower than that of the actinides from LWR spent fuel. 
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Figure 11: Radiotoxicity time evolution  
for feed rate 0.13 litre/day-GWth 
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Figure 12: Fractional radiotoxicity at selected  
times following extraction from MSR, C/MS = 0 
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Figure 13: Fractional radiotoxicity at selected  
times following extraction from MSR, C/MS = 3 
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3.6 Decay-heat 
Similar trends are observed for the decay heat, as illustrated in Figures 18 and 19. The dominant 

contributors to the decay heat, shown in Figure 15, 16 and 17 are quite different, though. 

Figure 14: Fractional radiotoxicity at selected  
times following extraction from MSR, C/MS = 24 
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Figure 15: Fractional decay heat at selected  
times following extraction from MSR, C/MS = 0 
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Figure 16: Fractional decay heat at selected  
times following extraction from MSR, C/MS = 3 
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Figure 17: Fractional decay heat at selected  
times following extraction from MSR, C/MS = 24 
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Figure 18: Waste-to-feed decay heat ratio  
time evolution for feed rate 1.07 litre/day-GWth 
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Figure 19: Waste-to-feed decay heat ratio  
time evolution for feed rate 0.13 litre/day-GWth 
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4 Spectrum-dependent transmutation efficiency 

4.1 Systems considered  
The methodology used for the analysis of transmutation efficiency of MSR has been applied also 

to solid fuel reactor systems for the purpose of extending the study of spectrum dependent 
transmutation efficiency. The following reactor systems were considered for this comparison: 

• MSR characterised by an epithermal spectrum (C/MS=3); 

• MSR with a thermal spectrum (C/MS=24);  

• LMR, Pb-Bi cooled fast spectrum; its core is made of 14.90 vol% TRU-Zr; 11.00 v/o HT-9 structural 
material and 74.10 v/o coolant; 

• PWR with 6 w/o of TRU; represented by a standard PWR unit cell geometry – 0.95 cm outer fuel 
diameter and 1.26 cm pitch, but its fuel is (TRU)O2 –ZrO2; 

• PWR with about 14 w/o of TRU; using geometry and fuel type as for PWR (6%). 

The analysis is done for a single cell that is axially finite but radially infinite. The fuel is 
continuously fed and removed from the core so as to eventually establish an equilibrium composition. 
The fed fuel composition is taken to be that of spent fuel from PWR after 33,000 MWD/MT BU, 25 years 
cooling and removing 99.995% of uranium, say, by the UREX process. To obtain a fair comparison, the 
following condition was enforced: all the systems reach the same total fractional transmutation 
(99.53%) within the same residence time (329 years). The main objective of this comparison is to 
understand how the neutron spectrum affects the final waste composition and its environmental 
hazard (radiotoxicity, decay-heat, etc.).  

Figure 20 compares the neutron spectra of the five reactor systems considered. Notice that the 
PWR’s have the largest fraction of above 1 MeV neutrons, probably due to the relatively low hydrogen 
cross-section. The Pb of the LMR is quite effective in slowing down the very energetic neutrons  
via inelastic scattering. Table 8 gives the main characteristics of the systems intercompared. The MSR 
has the highest power density per unit mass of heavy metal but the LMR has the highest power 
density per unit volume of core. The equilibrium actinide composition in the considered reactors is 
given in Figure 21.  

Figure 20: Normalised flux of the different systems 
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Table 8: Selected characteristics of the reactor systems considered 

Characteristic LMR MSR  
C/MS 3 

MSR 
C/MS 24 

PWR 
TRU 6 w/o 

PWR 
TRU 14 w/o 

keff 1.039 1.009 0.670 0.962 1.025 
flux [n/cm2-s] 1.08⋅1016 2.04⋅1015 1.63⋅1015 5.59⋅1014 4.41⋅1014 
Power/Vcore [kW/litre] 181.7 97.50 15.60 110.19 110.19 
Power/mHM [W/g] 766 3435 3403 821 329 
Total FT 99.53% 99.53% 99.53% 99.53% 99.53% 
Actinides in core [atoms/cm3] 5.94⋅1020 2.82⋅1020 2.84⋅1020 1.00⋅1021 2.52⋅1021 
Parasitic Absorptions 29.26% 5.22% 19.59% 10.54% 4.90% 

 

Figure 21: Actinides mass at discharge in 1 MT of waste 
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Figure 22: Actinides mass after 100 years from discharge in 1 MT of waste 

0

50

100

150

200

250

300

350

400

450

23
4U

23
5U

23
6U

23
8U

23
7N

p
23

8P
u
23

9P
u
24

0P
u
24

1P
u
24

2P
u

24
1A

m
24

3A
m
24

2C
m
24

4C
m
24

5C
m
24

6C
m
24

7C
m
24

8C
m
others

m
as

s 
[k

g]

LMR

MSR - C/MS 3

MSR - C/MS 24

PWR - TRU 6w/o

PWR - TRU 14w/o

 

Figure 23: Actinides mass after 1,000 years from discharge in 1 MT of waste 
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Figure 24: Actinides mass after 10,000 years from discharge in 1 MT of waste 
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Figure 25: Total radiotoxicity as function of time after discharge in 1 MT of waste 

10-4 10-2 100 102 104 106

109

1010

1011

1012

1013

1014

1015

1016

Time [years]

R
ad

io
to

xi
ci

ty
 [m

3]

LMR
MSR - C/MS 3
MSR - C/MS 24
PWR - TRU 6 w/o
PWR - TRU 14 w/o
feed

P
ow

er
[W

]

 

Figure 26: Total decay heat as function of time after discharge in 1 MT of waste 
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Figure 27: Actinides toxicity at discharge in 1 MT of waste 

0.0E+00

2.0E+14

4.0E+14

6.0E+14

8.0E+14

1.0E+15

1.2E+15

LMR MSR - C/MS 3 MSR - C/MS
24

PWR - TRU
6w/o

PWR - TRU
14w/o

To
xi

ci
ty

 [m
3]

others

248Cm

246Cm

245Cm

244Cm

243Cm

242Cm

243Am

241Am

242Pu

241Pu

240Pu

239Pu

238Pu

237Np

 

Figure 28: Actinides toxicity after 100 years from discharge in 1 MT of waste 
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Figure 29: Actinides toxicity after 1,000 years from discharge in 1 MT of waste 
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Figure 30: Actinides toxicity after 10,000 years from discharge in 1 MT of waste 
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Figure 31: Actinides decay heat at discharge in 1 MT of waste 
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Figure 32: Actinides decay heat after 100 years from discharge in 1 MT of waste 
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Figure 33: Actinides decay heat after 1,000 years from discharge in 1 MT of waste 
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Figure 34: Actinides decay heat after 10,000 years from discharge in 1 MT of waste 
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Table 9: Total 237Np inventory for 1 MT of final waste 

Actinide LMR MSR C/MS 3 MSR C/MS 24 PWR TRU 6 w/o PWR TRU 14 w/o Feed 
237Np 19.42 21.25 8.96 18.73 18.92 10674 
241Pu 71.00 69.30 9.65 39.34 76.79 8051 
241Am 39.86 14.80 3.05 10.36 26.20 19066 
245Cm 14.24 32.71 4.05 12.05 18.37 19 
249Cf 1.35 14.52 35.30 13.38 4.99 0 
Total 145.87 152.58 61.02 93.86 145.27 37810 
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4.2 Results 

Fractional transmutation 

We impose the same total fractional transmutation for all the systems but the final waste 
composition depends on the spectrum. It is found that all the spectra are quite effective in 
transmuting plutonium but softer spectra build up more Cm (Figure 21).  

Radiotoxicity and decay heat 

There is no universally preferred spectrum for minimising the radiotoxicity and decay heat 
generation. In the range of about 100 years from discharge from the reactor, a faster spectrum (LMR) is 
preferred. However, around 1 000 years after discharge softer spectra (MSR 24) are better. Over  
105 years PWR with 14 w/o of TRU offers the best performance (Figure 25 and 26). 

237Np inventory 

To minimise the total inventory of 237Np and its precursors softer spectra are preferred (Table 9). 

Proliferation resistance 

Four measures related to proliferation resistance are considered:  

• the amount of fissile Pu in the discharged waste (Figure 35);  

• its fraction of the total discharged Pu (Figure 36) – soft spectrum is preferred; 

• decay heat per gram of discharged Pu (Figure 37) – epithermal spectrum gives the highest 
specific decay heat up to several hundred years; 

• neutron yield per gram Pu (Figure 39) – epithermal PWR gives the highest specific yield for the 
~100 years, thereafter soft spectrum gives the highest yield.  

From the point of view of neutron yield per gram of TRU discharged (Figure 39), the softer the 
spectrum, the larger is the neutron yield. 

Figure 35: Fissile Pu in 1 MT of waste  
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Figure 36: Fissile-to-total Pu in 1 MT of waste 
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Figure 37: Decay heat from 1 gram of Pu as function of time 
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Figure 38: Neutrons from 1 gram of Pu as function of time 
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Figure 39: Neutron source intensity for 1 gram of waste as a function of time 

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

1.E+07

1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07
Time [years]

N
eu

tr
on

s 
So

ur
ce

 [n
/s

] LMR

MSR - C/MS 3

MSR - C/MS 24

PWR - TRU 6w/o

PWR - TRU 14w/o

feed

 

5 Conclusions 

Three-dimensional design optimisation with MCNP resulted in a core having a remarkably  
small peak-to-average graphite damage rate of 1.079. This flat fast neutron flux was achieved by  
using an 80 cm thick radial graphite reflector and by narrowing the MS channels diameter at the 
outermost 30 cm section on both axial core ends from 7 cm to 5 cm. The C/MS value offering the 
maximum equilibrium keff using NaF-ZrF4 molten salt is 3.2. But the equilibrium keff is few per cents 
below unity, making this transmuting reactor suitable for operation only in a neutron source driven 
mode and not in the critical mode. It is possible to maintain keff in the vicinity of 0.96 provided the 
more absorbing fission products will be extracted from the molten salt. However, using other molten 
salts, such as the LiF(15%)+NaF(58%)+BeF2(27%), it may be possible to design the MSR to be critical. 

Molten salt reactors offer outstanding transmutation characteristics – incineration of more than 
90% of all the actinides fed, and even larger fractional transmutation of the Pu and 237Np. However, in 
order to achieve this very high fractional transmutation it is necessary to operate the reactor at a high 
neutron flux level that limits the graphite lifetime due to neutron damage to only few years.  

Table 10: Ranking of reactor systems by different performance criteria 

Characteristic Preferred System 
Neutron economy LMR, PWR(14), MSR(3) 
Specific power MSR 
Radio-toxicity LMR<102 y; MSR(24)<103 y; LWR(14)<105 y 
Decay-heat LMR<102 y; MSR(24)<103 y; LWR(14)<105 y 
Neutron source (low) LMR, PWR(14), MSR(3) 
237Np and precursors MSR(24), LWR(6), rest 
Fissile Pu MSR(24), LWR(6), MSR(3) 
Fissile/total Pu MSR(24), LWR(6), MSR(3) 
Specific Pu decay heat (low) MSR(24), LWR(6), LMR 
Specific Pu neutron source MSR(24), MSR(3)<10 y; LMR, MSR(3)>10 y 
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The transmutation characteristics of MS reactors strongly depend on the MS feed-rate. They  
also depend on the neutron spectrum, i.e. on the C/MS ratio. There is no universally preferred 
spectrum – to minimise radiotoxicity and decay heat, harder spectrum is preferred during the first few 
dozen years following discharge from the MSR as well as in the ten thousand and hundred thousand 
years time range. However, softer spectrum is preferred for in-between periods. Softer spectrum is 
also preferred for minimising the inventory of 237Np and its precursors and of fissile Pu and for 
maximising the graphite lifetime. 

The transmutation characteristics of different reactor systems also show a strong dependence on 
the reactor spectrum. One system or the other can be preferred according to the specific measure 
considered, as summarised in Table 10. 
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Modelling incineration of minor actinides in the experimental ADS MYRRHA 

E. Malambu, V. Sobolev, W. Haeck, H. Aït Abderrahim 
Belgian Nuclear Research Centre SCK•CEN, Mol, Belgium 

 

Abstract 
A typical configuration of the fast sub-critical core of ADS MYRRHA, dedicated to MA and LLFP 
transmutation studies has been defined containing 617.0 kg heavy metal (Pu and U) in the maximum 
30% Pu enriched MOX driver fuel and 18.1 kg of the double strata Pu, Am and Cm in the inert 
matrix fuel (IMF). The core was shown to achieve a primary source neutron multiplication factor 
ks of 0.962 (keff = 0.956) yielding, for a 5 mA beam current of 350 MeV protons, a thermal power of 
53.7 MW at the beginning of fuel life. The transmutation potential of the core has been assessed with 
the code system ALEPH for IMF compound composed of 40 vol. % of (Cm0.1Am0.5Pu0.4)O1.88 fuel and 
60 vol. % of MgO inert matrix during a long term irradiation in two fast spectrum regions of the 
MYRRHA core. The assumed fuel life history consists of about three years of residence time in the core 
(9 cycles of 90 days with 30- or 90-day periods in between for maintenance) followed by two years of 
cooling time. 
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Introduction 

The possibility to incinerate minor actinides (MA) in a subcritical accelerator-driven system (ADS) 
is a subject of study in many countries using nuclear energy. The choice of the subcritical core option 
and of the cooling technology is among the most important decisions to make. On one side, the fast 
neutron spectrum is needed for efficiently burning MA, because their fission-to-capture ratio is 
greater at high neutron energies. On the other hand, the sub-criticality would allow to load a large 
fraction of the core with MA (up to 60%) which made the incineration more effective.  

Since 1997, the Belgian Nuclear Research Centre SCK·CEN is performing the design studies aiming 
at the development of an experimental ADS called MYRRHA (Multipurpose hYbrid Research Reactor 
for High-tech Application) which could be a step towards a design of a prototype ADS-transmuter [1]. 

In the present paper, the results of evolution of the composition of an inert matrix fuel (IMF) with 
a high content of americium, curium and low quality plutonium, is analysed during long-term 
irradiation in the fast spectrum regions of the MYRRHA core. The IMF-compound is composed of 
40 vol. % of (Cm0.1Am0.5Pu0.4)O1.88 fuel and 60 vol. % of MgO matrix. The home-made ALEPH code 
system, merging MCNPX and ORIGEN-2.2 codes to take into account problem-dependent neutron 
spectra, has been used to perform the analysis. 

Subcritical core configuration 

The MYRRHA ADS concept is based on the coupling of a 350 MeV*5 mA proton linear accelerator 
with a liquid lead-bismuth eutectic (LBE) spallation target surrounded by a subcritical 
neutron-multiplying core-blanket operating at power of about 50 MWth. In order to obtain the fast 
neutron spectrum, the core is cooled by the LBE. (U,Pu)O2 MOX fuel of the light water reactor grade 
plutonium with 30 wt. % in heavy metal is used as a driver fuel [2]. Different core configurations can 
be realised depending on the experiments to be performed. One typical configuration devoted to study 
the MA and LLFP transmutation, as displayed in Figure 1, is assessed hereafter in terms of 
transmutation performance.  

Figure 1: A typical configuration of the MYRRHA subcritical core at BOL 
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This core consists of a lattice of hexagonal channels loaded with 54 driver fuel assemblies, each 
with 91 fuel pins of 6.55 mm in diameter arranged in a triangular type lattice with a pitch of 8.55 mm 
and having an active length of 600 mm. The driver MOX fuel pellets in the rods have a density of 
10.55 g/cm3 (~95% TD), and each fresh assembly contains 11.425 kg of heavy metal (~617 kg is the total 
load) [3, 4].  
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The minor actinide load consists of six assemblies similar to the driver ones, but housing the fuel 
rods with pellets containing IMF: 40 vol. % (Pu0.4Am0.5Cm0.1)O1.88 fuel and 60 vol.% MgO matrix. Apart 
from the active length (400 mm), the dimensions of these rods are the same as those of the driver 
ones. The density of the IMF pellet is 6.077 g/cm3 (~90% TD) resulting in 1.206 kg low quality Pu and 
1.809 kg of MA (Cm and Am) per assembly (the total amounts loaded in the core are 7.237 kg of Pu and 
10.851 kg of MA).  

The initial isotopic vectors of the MOX and of the IMF pellets are gathered in Table 1 [5, 6]. 

Table 1: Composition of the driver MOX and IMF pellets 

Vector Wt.% fraction 
MOX fuel pellet  
U/Pu/O 61.77/26.47/11.76 
U-234/U-235/-U-236/U-238 0.003/0.404/0.10/99.583 
Pu-238/Pu-239/Pu-240/Pu-241/Pu-242 1.27/61.88/23.50/8.95/4.40 
IMF pellet  
Pu/Am/Cm/Mg/O 23.25/30.32/6.06/19.18/20.19 
Pu-238/Pu-239/Pu-240/Pu-241/Pu-242 5.06/37.91/30.31/13.21/13.51 
Am-241/Am-243 66.67/33.33 
Cm-244/Cm-245 90/10 

 

Three IMF assemblies were loaded in the positions “A” lying closest to the spallation target (mean 
radius = 100 mm) and other three in the positions “D” at r=201 mm. Moreover, six assemblies, each 
housing 37 LLFP (99Tc) rods and surrounded by two rings of dummy steel rods, were placed in the 
reflector zone (see Figure 1).  

Computational tools and method 

The transmutation calculations have been performed using the ALEPH code system [7] – a Monte 
Carlo burn-up code currently under development at SCK•CEN. This system is designed to be able to 
use any version of the MCNP or MCNPX code (MCNPX 2.5.e was used in these calculations [8]), NJOY 
99.90 code, ORIGEN 2.2 code and JEFF 2.2 library data files in their original ENDF-BVI format in order to 
perform burn up calculations. At every burn up step, MCNPX is used to calculate a spectrum in the 
cells containing material to be burned. These spectra are then used to calculate burn-up-dependent 
one-group cross-section libraries for ORIGEN along with the right power and/or flux history required 
for depletion calculations. The microscopic point-wise continuous cross-sections used by ALEPH to 
calculate the one-group cross-sections are generated by NJOY. The same nuclear data are used in 
MCNPX to perform the required core calculations. After the depletion calculation, the material 
compositions of the burned cells are updated including the most relevant activation and fission 
products that accounts for a user-fixed fractional level of the total absorption in a cell (99.9% in the 
case considered hereafter).  

For the transmutation calculations described in this paper, the irradiation history spreads over a 
3-years campaign that consists of 9 cycles of 90 effective full power days (EFPD) with 30- or 90-day 
periods in between for maintenance and core reloading (810 EFPD in total). At this stage of modelling, 
the regime of the ADS operation at a constant neutron flux has been considered in order to simplify 
the calculations. In this case, a loss of the core reactivity within a cycle is expected to be compensated 
by an increase in the proton beam current. A 2-years storage (decay and cool-down) period of the 
spent fuel is simulated at the end of the irradiation campaign. As a major simplification, only cells 
containing IMF and LLFP were burned, leaving the fuel assemblies in fresh state throughout the 
assumed operational period. The neutron flux and spectra are recalculated and updated every 30 EFPD. 

Results and discussion 

The neutronic parameters of the core presented in Figure 1 have been calculated with MCNPX 
within the ALEPH code system. The average neutron spectra in the IMF pellets in the assemblies  
A and D are presented in Figure 2 below, where the normalised relative neutron flux per unit lethargy 
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is presented in function of the neutron energy. The total neutron flux in the channels A and D was 
calculated to be 3.15·1015 and 2.71·1015 n cm–2 s–1 respectively. These spectra overlap quite well in the 
neutron energy range of 10–4 MeV-10 MeV and are typical for a fast core. At higher energies, a few 
times more spallation neutrons are present within the A-type assemblies. One observes the 
characteristic spectrum tail, higher for the “A” channels which are closer to the spallation source. 

Figure 2: Normalised neutron spectra within IMF  
assemblies in A and D positions of the MYRRHA core 
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Transmutation performances 
Figure 3 below displays the time-evolution of the mass ratio's m/m0 (m0 is the initial mass) for the 

three actinide elements (Pu, Am, Cm) in IMF assemblies over the considered irradiation and storage 
period and Table 2 gives the mass balance of their isotopes before and just after irradiation. 

Figure 3: Evolution of the relative content (m/m0) of Pu, Am and Cm with time 
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During the irradiation periods, the amount of americium in the IMF assemblies is reduced 
continuously; during the shutdown and storage periods it changes weakly. The net decrease of the 
americium mass by the end of irradiation campaign is about 29% and 25% for the IMF loaded in the 
channels “A” and in channels “D” respectively (see Table 2). One part of the disappeared americium is 
burned by neutrons, another part is converted into curium due to neutron capture followed by  
β-decay. The generated curium undergoes α-decay, and yields plutonium [9]: 
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h d
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The fact that the half-life of 242Am and 244Am is significantly larger than that of 242Cm and  
244Cm explains a rapid build-up of curium in the IMF assemblies during the irradiation periods. The 
increase of the curium content by the end of irradiation is more than 27% in assemblies “A” and about 
24% in “D”. However, after the 2-year cooling most of the produced curium decays, result in the lower 
net increase of 8.7 and 5.9% respectively (Table 2). From these results one may conclude that the net 
burning of curium cannot be achieved as long as Am is present in the MA sample, for  
the considered irradiation campaign duration. During the shutdown and storage periods the 
accumulated curium continues to decay. The decay of 242Cm and 244Cm produces the plutonium fertile 
isotopes 238Pu and 240Pu. This results in an increase in the total plutonium content during the 
shutdown and storage. 238Pu is also produced during the irradiation by the (n, 2n) reaction in 239Pu. 
During the irradiation the Pu mass decrease occurs mainly due to fission of the fissile isotopes 
239Pu and 241Pu. By the end of the irradiation campaign their mass is reduced by 12% and 
14% respectively. All this deteriorates the plutonium quality and results in a rather low final decrease 
of the plutonium mass: 2.1% in the “A” assemblies and 1.5% in the “D” assemblies by the end of the 
cooling period (Table 2).  

Table 2: Mass balance of Pu, Am and Cm isotopes in IMF assemblies 

m0(BOL)

3A+3D  3 A  3 D  3 A  3 D  3 A  3 D
Pu-238 366 326 333 93 92 229% 232%

Pu-239 2744 -493 -479 -35.9% -34.9%
Pu-240 2194 -15 -14 66 63 4.7% 4.4%
Pu-241 956 -179 -174 -27 -29 -43.2% -42.6%
Pu-242 978 79 87 16.1% 17.8%

Pu 7237 -282 -232 132 120 -4.1% -3.1%

Am-241 6030 -1025 -915 21 22 -33.3% -29.6%

Am-242 124 131 -2 -2 (122 g) (129 g)

Am-243 3014 -419 -359 -27.8% -23.8%

Am 9044 -1319 -1143 19 20 -28.8% -24.8%

Cm-242 107 104 -102 -99 (5.2 g) (5.0 g)

Cm-243 6.1 5.9 (6.1 g) (5.9 g)

Cm-244 1626 104 74 -68 -60 4.4% 1.8%

Cm-245 181 26 22 28.6% 24.5%

Cm-246 5.8 5.6 (5.8 g) (5.6 g)

Cm 1807 249 212 -170 -158 8.7% 5.9%

-19 -18 -15.2% -13.1%

Δm2=m2(EOS)-m1(EOI) (Δm1+Δm2)/m0(BOL) 

Mass in grams

All actinides 18088 -1352 -1162

Δm1=m1(EOI)-m(BOL)
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The net mass changes of the Pu, Am and Cm isotopes in the studied IMF by the end of the 
irradiation campaign and during the cooling period are also summarised in Table 2. From this table 
one can see that the disappeared amount of americium in the six assemblies is 2.422 kg over the 
initial 9.044 kg. 0.132 kg of curium (mainly produced due to the americium decay) are added to the 
initial 1.807 kg. The net removal of plutonium is only 0.261 kg compared to the initial load of 7.237 kg. 
The net actinide destruction is close to 2.55 kg over an initial amount of about 18.1 kg. 

The evolution of the isotopic composition of Pu, Am and Cm in “A” assembly after every cycle is 
presented in Figures 4-6.  

Figure 4: Evolution of the isotopic composition of americium 
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Figure 5: Evolution of the isotopic composition of curium 
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Figure 6: Evolution of the isotopic composition of plutonium 
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A rapid accumulation of helium produced by α-decay is the important problem for the fuels 
containing high concentrations of transuranic elements. The amount of helium generated in the 
samples, containing americium and curium, increases very rapidly with time. Figure 7 illustrates this 
process using the results obtained for an assembly with the considered IMF in the position “A”.  

Figure 7: Production of rare gases – Xe, Kr and He – in IMF (position “A”) 
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Just after the second cycle, the amount of the generated helium is about the same as that of 
xenon and krypton together. The amount of helium within IMF continues to increase during the 
maintenance and storage periods too. This effect will enhance a danger of pellet fragmentation, burst 
release and cladding damage and has to be taken into account in MA fuel design and testing.  
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Conclusions 

A typical fast subcritical core configuration dedicated to MA transmutation studies has been 
defined for the MYRRHA ADS, containing 617 kg (heavy metal) of highly 30% Pu enriched MOX fuel 
and 18.09 kg of actinides (Am, Cm, Pu). The preliminary modelling of the burn-up effects was 
performed with the system code ALEPH under development and validation at SCK•CEN. 

The net actinide destruction amounts close to 2.55 kg over an initial amount of about 18.1 kg. The 
net mass decrease of 0.261 kg over 7.237 kg is observed for the second strata plutonium due to 
removal of its fissile isotopes and 2.422 kg over 9.044 kg for americium, whereas a mass increase of 
0.132 kg over 1.807 kg is observed for curium after 9 cycles of irradiation (810 EFPD) and 2 years of cooling. 

The helium, generated in fuels containing americium and curium, can contribute significantly in 
their irradiation behaviour and in the internal pressure build-up in the fuel rods.  
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Modelling long term performances of minor actinide  
fuel targets in the experimental ADS MYRRHA 

V. Sobolev, S. Lemehov, W. Haeck, H. Aït Abderrahim 
Belgian Nuclear Research Centre SCK•CEN, Mol, Belgium 

 

Abstract 
Since 1997, the Belgian Nuclear Research Centre SCK·CEN has been performing the pre-design studies 
of a small subcritical ADS called MYRRHA which could be a step towards a European experimental 
transmuter XT-ADS. Development of new tools which can allow prognosis of the behaviour of 
advanced non-uranium fuels in MYRRHA is an important part of this project. Recently, the fuel 
performance code MACROS-II has been developed at SCK·CEN for this goal. In the present article, 
some results of the preliminary modelling of a long term thermomechanical behaviour of two 
fuel-target pins, filled with pellets containing (Cm0.1Am0.5Pu0.4)O1.88 oxide fuel dissolved either in MgO, 
or in ZrO2 matrix, and placed in the MYRRHA core for 6 cycles (540 EFPD) are presented and 
compared with the behaviour of a driver MOX pin.  



MODELLING LONG TERM PERFORMANCES OF MINOR ACTINIDE FUEL TARGETS IN THE EXPERIMENTAL ADS MYRRHA 

318 ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 

Introduction 

Accelerator-driven subcritical systems (ADS) can be effective and safe solution for incineration of 
low quality plutonium (Pu) and minor actinides (MA - Np, Am, Cm). This possibility is under study in 
USA, Japan, EU and other countries. Various fuel systems (metallic, nitride, oxide, CERCER, CERMET, 
etc.) are considered for MA transmutation. Mixtures of actinide oxides and inert matrices are 
considered to be more close to realisation in EU. Since 1997, the Belgian Nuclear Research Centre 
SCK·CEN has been working on the pre-design of a research ADS called MYRRHA (Multipurpose hYbrid 
Research Reactor for High-tech Application) which could be a step towards a design of an European 
experimental transmuter XT-ADS and will also allow to test the advanced fuels for MA transmutation 
[1,2]. Development of new tools which can allow prognosis of the behaviour of the advanced 
non-uranium fuels in MYRRHA ADS is an important part of this project. Recently, the fuel 
performance code MACROS-II [3] and the burn-up code system ALEPH [4] have been developed at 
SCK·CEN for this goal. 

In the present article, some results of the preliminary modelling of the thermomechanical 
behaviour of two experimental rods with inert matrix fuels (IMF) during their long term operation in 
the MYRRHA fast core are presented and compared with the behaviour of a driver MOX fuel rod. Both 
IMF rods contain ceramic pellets with (Cm,Am,Pu)O2–x oxide fuel incorporated either in MgO, or in 
ZrO2 matrix.  

Typical irradiation conditions (neutron spectrum and flux, fission density, etc.), pre-calculated 
with ALEPH within an experimental channel disposed in the centre of the fuel assembly close to the 
spallation target, were used in as reference. The operation period of 6 irradiation cycles of 90 days 
(540 EFPD) with the shutdown periods of 30 or 90 days in between was modelled. The fuel properties 
and thermomechanical behaviour were calculated with MACROS-II. Special attention was paid to 
generation and release of the fission products and helium within the fuel pellets and to their impact 
on the rod performances.  

The obtained results confirm rather good fuel performances for both fuels, the importance of 
helium, and a higher safety potential for IMF with MgO matrix.  

Irradiation conditions 

The MYRRHA ADS concept, as it is today, is based on the coupling of a 350 MeV*5 mA proton 
accelerator with a liquid lead-bismuth eutectic (LBE) spallation target surrounded by a subcritical 
neutron-multiplying core-blanket with a power of about 50 MWth. In order to obtain the fast neutron 
spectrum, the core and the experimental channels are also cooled by the LBE. In the current design of 
the MYRRHA core, (U,Pu)O2 MOX fuel with 30 wt.% of the light water reactor grade plutonium in heavy 
metal is used as a driver fuel. Three types of the experimental channels are foreseen for irradiation of 
the fuel targets containing MA and the experimental rods with innovative fuels: close to the spallation 
target, in the active zone and in the reflector. In a later phase, a part of the assemblies with the driver 
MOX in the subcritical core could be replaced by the experimental assemblies containing IMF with MA 
[5]. An option of the configuration of the MYRRHA subcritical core is presented in Figure 1 below.  

The neutron features of the core presented in Figure 1 have been calculated with the ALEPH code 
system. The typical neutron spectra in the reflector zone, in the fast core and in an experimental 
channel close to the spallation source are presented in Figure 2, where the normalised relative 
neutron flux per unit lethargy is presented in function of the neutron energy. The total neutron flux in 
the experimental channels was calculated to be in the region of (0.5-5)·1015 n cm–2 s–1, depending on 
the channel position and fuel burn-up. (More information about the MYRRHA core neutronic 
parameters can be found in [6]). 

All experimental channels are cooled by the same LBE coolant as the core. The input coolant 
temperature is 200-250°C; the coolant velocity is limited to 2 m/s. During the normal operation, 
MYRRHA will work by cycles of 90 days. Shut-down periods of 30 days between the irradiation cycles 
are foreseen for the core reconfiguration, in order to compensate a reactivity loss accumulated during 
one-two cycles. After every 3 cycles of operation, ADS will be stopped for 90 days for maintenance and 
inspection of its systems. The basic regime of the ADS operation is to keep the proton beam current at 
constant level, and to compensate a core reactivity loss after every cycle. Some experiments can be 
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performed with a constant neutron flux. In this case, a loss of the core reactivity within a cycle will be 
compensated by an increase in the proton beam current. In the extreme case the regime with the 
constant heating rate in the experimental fuel target can also be realised, but it will require a higher 
increase in the proton current. Figure 3 illustrates these three regimes. In the calculations presented 
in this article, the constant flux regime was considered.  

Figure 1: A typical configuration of the MYRRHA subcritical core 
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Figure 2: Normalised neutron spectra in different zones of the MYRRHA ADS 
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Figure 3: Three regimes of the MYRRHA operation 
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Fuel-target pins 

Two studied IMF-target pins had the same axial geometry as the fuel rod of the driver zone: fuel 
column of 600 mm, top and bottom reflector segment of 100 mm, the lower gas plenum of 300 mm 
and the upper chamber for a spring of 60 mm (Figure 4). However, a diameter of the IMF pellets was 
slightly larger (5.85 mm) than that of the driver MOX pellet (5.4 mm). The initial cold gap was the 
same –0.15 mm (diametric). The cladding thickness was 0.4 and 0.5 mm respectively. A choice of these 
parameters has been justified in the pre-design reports of MYRRHA and FUTURE projects [6, 7]. Two 
important requirements - non-melting of the fuel pellets and non-damage of the cladding by inner or 
outer stresses – were used in the fuel pin pre-design. 

Figure 4: The axial schematics of a fuel rod 
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The MOX fuel pellets were assumed to be of 95% of theoretical density (TD) and containing 30 wt. % 
RG Pu in the initial heavy metal (iHM). The initial isotopic composition of HM is typical for MOX [6]. 

Table 1: The initial isotopic vectors of uranium and plutonium in  
the driver MOX (a) and curium, americium and plutonium in IMF (b) 

 (a) (b) 

U- 
isotope 

Content 
wt.% 

Pu-
isotope 

Content 
wt.% 

 Cm-
isotope

Content 
wt.% 

Am-
isotope

Content 
wt.% 

Pu-
isotope 

Content 
wt.% 

234U 0.003 238Pu 1.27 244Cm 90.0 241Am 66.67 238Pu 5.06 
235U 0.404 239Pu 61.88 245Cm 10.0 243Am 33.33 239Pu 37.91 
236U 0.010 240Pu 23.50      240Pu 30.31 
238U 99.583 241Pu 8.95      241Pu 13.21 

  242Pu 4.40      242Pu 13.51 
 

The IMF pellets contain 40 vol. % of (Cm0.1Am0.5Pu0.4)O1.88 oxide fuel and 60 vol. % of the matrix 
material (MgO or ZrO2). The density of the IMF pellets was supposed to be of 90% TD. The isotopic 
composition of curium, americium and plutonium was taken from [7] where it is given for double 
strata fuel cycle option at equilibrium conditions. The natural isotopic composition was used for 
oxygen, zirconium and magnesium [8]. The initial actinide isotopic vectors, used in the calculations, 
are presented in Table 1. 

Martensitic steel T91 has preliminary been chosen as cladding material, taking into account its 
good mechanical parameters, low irradiation induced swelling of the martensitic 7-10% Cr steels [9] 
and corrosion resistance in the liquid Pb-Bi eutectic environment at temperatures lower 470°C [10].  

Results of modelling 

Thermomechanical behaviour of the three fuel rods described above has been modelled with the 
MACROS-II fuel performance code, which is an advanced version of the code MACROS [5]. The data base 
of the material properties and burn-up modules were modified in order to include new materials and 
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actinide isotopes. The constant neutron flux regime with the mean value of 3.17·1015cm–2s–1 (precalculated 
in the assembly A with the ALEPH code, Figure 1) was kept during 6 irradiation cycles. This scenario is 
more conservative (i.e. with a higher fuel power) than that with a constant level of the proton beam 
currently postulated to be basic in the reference design.  

Figure 5: Linear power (a) and central temperature (b) evolution 
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Average linear heat-generation rate (LHGR) in the three rods as function of time is presented in 
Figure 5a. Due to a high absorption of neutrons by MA and use of plutonium with lower quality, LHGR 
in IMF rods is 50-80 W/cm lower than in the driver MOX rod. Effect of a difference in matrices is 
negligible in IMF. A tendency to a slow decrease of LHGR with time is observed for all rods (mainly due 
to plutonium burnout). After three operation cycles LHGR reduces from 282 down to 180 W/cm in MOX 
and from 208 to 190 W/cm in both IMF. The origin of a slower decrease of LHGR in IMF is the partial 
disappearance of americium which has a high neutron absorption cross-section. About 20% of 
americium disappears after six cycle of irradiation, but almost half of it is transformed into curium 
through β-decay. So, the total content of curium increases for about 25% by the end of the irradiation 
(Figure 5b). During the shutdown periods, the curium content decreases and the plutonium content 
increases - mainly due to alpha-decay of 242Cm (τ1/2 = 162.8 d), which generates 238Pu. 

The alpha-decay of curium is the main contributor to the generation of helium in IMF. Helium 
amount increases very rapidly with time (Figure 6a). After two cycles of operation, its concentration is 
about the same as that of Xe and Kr together. Due to alpha-decay of americium and curium, the 
amount of helium within these fuels continues to increase during the reactor maintenance too. In the 
MOX fuel, helium contribution into the produced rare gases is very small (Figure 6b).  

Figure 6: Production of rare gases – Xe, Kr and He – in fuel: (a) – IMF (MgO), (b) – MOX 
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The evolution of the fuel centre-line and surface temperatures in the peak pellets is illustrated by 
Figure 7a. At the beginning of operation, the highest peak temperature (~2 100°C) is observed in IMF 
with the zirconia matrix and the lowest one (~1 100°C) in IMF with magnesia matrix. This is mainly 
due to the difference in their initial thermal conductivities. The initial peak temperature of MOX, which 
has a little bit higher thermal conductivity than IMF(ZrO2) but 1.4 time higher LHGR, is about 1 800°C.  

Figure 7: Evolution of the fuel maximum temperature (a) and gas release from the fuel (b) 
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Figure 8: Release of rare gases (a) and pressure evolution in the rods (b) 
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In the MOX fuel rod, the peak temperature increases with irradiation, demonstrating a 
domination of the irradiation induced degradation of its thermal conductivity. Certain decrease of 
thermal conductivity is also observed in IMF(MgO), but it is compensated by the decrease of the fuel 
surface temperature caused by the progressive reduction of the gap (Figure 7b) and by the decreasing 
LHGR. Therefore its centre-line temperature remains almost constant (~1 100°C). In IMF(ZrO2) the 
effect of thermal conductivity degradation is practically not observed because of a high initial defect 
structure of this material. The peak temperature in this rod decreases with time, mainly due  
to a decrease of LHGR and the gap closing. By the end of the operation period, the peak temperature 
reaches 1 910°C in MOX and in IMF(ZrO2). This temperature is for 400-500°C below the melting limit  
of the driver MOX [11] and the estimated melting temperature of the respective solid solution 
(Cm,Am,Pu,Zr)O2. However, the most important safe temperature margin (~900°C) keeps IMF  
with MgO matrix. Moreover, its pellet-cladding gap remains open by the end of the 6th cycle, allowing  
to delay PCMI.  
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The obtained results on the total (Xe, Kr and He) gas release are presented in Figure 8a, and the 
pressure evolution, caused by the release of these gases in the studied rods, in Figure 8b. They 
demonstrate clearly the importance of helium in the IMF fuel rods. Because of the higher fuel 
temperature in IMF with zirconia matrix, the release of He starts there already during the first cycle.  
A rapid temperature increase at start-up of every following cycle causes a burst release of helium 
accumulated during the precedent shutdown period due to α-decay of curium and americium. Helium 
release from IMF with magnesia matrix follows similar behaviour but starts a bit later because of  
a lower temperature. 

Pressure evolution in the rods follows the gas release. At the end, about 60% of the produced rare 
gases are released from IMF(ZrO2), increasing its hot pressure up to 6.5 MPa. Even in IMF(MgO), where 
temperature is not very high, the release reached 30% (mainly due to helium), and attains 2.8 MPa just 
before the reactor shutdown. The pressure in the driver MOX rod is below 2 MPa. All these values are 
significantly below the design safe limit of 12 MPa. 

Conclusions 

The preliminary modelling of the thermomechanical behaviour of two experimental fuel rods 
with IMF containing (Cm0.1Am0.5Pu0.4)O1.88 oxide fuel dissolved in MgO or in ZrO2 matrix has been 
performed with the MACROS-II code under typical irradiation conditions of the research ADS MYRRHA. 

The obtained results show that IMF of the proposed design can survive without fuel melting at 
least six cycles of operation (540 EFPD), even if a conservative scenario of operation foreseen at the 
constant neutron flux. A large temperature margin to the melting or to the thermal stability limit 
suggests that the same operation regime can be extended for both rods. Helium, generated in IMF 
with a high content of americium and curium, can modify significantly their irradiation behaviour. 
The related effects, the burst release especially, must be taken into account in MA fuel design and 
modelling. The higher thermal conductivity of IMF with MgO matrix provides larger safety margins 
and allows to use higher fission rates, resulting in a higher MA burning performance than in IMF with 
ZrO2 matrix.  
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Abstract 
The IAEA General Conference (2000) invited “all interested Member States to combine their efforts 
under the aegis of the IAEA in considering the issues of the nuclear fuel cycle, in particular by 
examining innovative and proliferation-resistant nuclear technology”. In response to this invitation, 
the IAEA initiated the International Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO).  

The overall objectives of INPRO are to help to ensure that nuclear energy is available to contribute 
towards fulfilling the energy needs of the 21st century in a sustainable manner; and to bring together 
technology holders and technology users to consider jointly the international and national actions 
required achieving desired innovations in nuclear reactors and fuel cycles.  

In the present phase of the Project, case studies have been carried out in order to validate and refine 
the developed methodology including the set of Basic Principles, User Requirements, Criteria and the 
judgement procedure. 

The work in the second part of Phase IB and in the following Phase II will include all stakeholders in 
nuclear energy. In this way INPRO will meet its third objective “to create a process that involves all 
relevant stakeholders” by providing a forum where experts and policy makers from industrialised and 
developing countries can discuss technical, economical, environmental, proliferation resistance and 
social aspects of nuclear energy planning as well as the development and deployment of Innovative 
Nuclear Energy Systems in the 21st century. 

This paper shortly summarises the capability of INPRO Methodology for INS assessment and the 
ongoing actions of Phase IB and Phase II of the INPRO Project.  
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Introduction 

The International Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO) was launched 
in the year 2000, based on resolutions of the IAEA General Conference (GC(44)/RES/21). INPRO intends 
to help to ensure that nuclear energy is available in the 21st century in a sustainable manner, and 
bring together all interested Member States, both technology holders and technology users, to jointly 
consider actions to achieve desired innovations. 

INPRO is proceeding in steps. In its first step, referred to as Phase 1A, INPRO developed a set of 
basic principles, user requirements and criteria together with an assessment method, which taken 
together, comprise the INPRO methodology, for the evaluation of innovative nuclear energy systems. 
The results of Phase 1A were documented in IAEA TECDOC-1362 [1], published in 2003. 

This report documents changes to the basic principles, user requirements, criteria and the 
method of assessment that resulted from the second step of INPRO (referred to as Phase 1B, first part), 
which started in June 2003 and ended in December 2004. During this step, Member States and 
individual experts performed 14 case studies with the objective of testing and validating the INPRO 
methodology. Based on the feedback from these case studies and numerous consultancies mostly 
held at IAEA, the INPRO methodology has been significantly updated and revised, as documented in 
the IAEA TECDOC 1434 [2], published in December 2004.  

The ongoing and future activities of INPRO will lead to further modifications to the INPRO 
methodology, based on the feedback received from Member States in light of their experience in 
applying the methodology. Thus, additional reports will be issued, as appropriate, to update the 
INPRO methodology. 

As of December 2004, INPRO has 22 Members: Argentina, Armenia, Brazil, Bulgaria, Canada, 
Chile, China, Czech Republic, France, Germany, India, Indonesia, Morocco, Republic of Korea, 
Pakistan, Russian Federation, South Africa, Spain, Switzerland, The Netherlands, Turkey and the 
European Commission. 

Figure 1: Interrelationship of UN concept of sustainability and INPRO 
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INPRO and sustainability 

The general concept of sustainability and considerations specific to the concept of sustainable 
energy have been incorporated in the INPRO Objectives and have been integrated into the INPRO 
methodology. As INPRO proceeds its activities will continue to benefit from and be guided by the 
general IAEA and UN activities related to sustainability and it is anticipated that the output from 
INPRO will represent an important contribution by the IAEA and its Member States in furthering the 
global development of sustainable energy. 
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Ensuring the availability of a secure supply of energy is one important aspect of 
governments’ ultimate responsibility for national security and economic growth. National 
circumstances and policies will determine the mix of fuels necessary to contribute to the world’s 
collective energy security and global economic growth, and to address the challenge of achieving 
sustainable development.  

To address the specific issues relevant to the development and deployment of innovative nuclear 
energy systems (INS) for sustainable energy supply, within the general framework of sustainability, 
INPRO established a number of task groups to develop a method for assessing INS in the following 
areas: economics, safety, environment, waste management, proliferation resistance and infrastructure.  

By focusing on each of these specific areas in turn, the INPRO methodology ensures that a given 
INS takes into account the four dimensions of sustainability and is assessed in sufficient detail to 
establish with confidence the potential of the INS to contribute to sustainable energy supply and 
hence to meeting the general objective of sustainable development. In addition, the results of such an 
assessment provide an important input for defining the strategy and the necessary short, medium 
and long term research, development and demonstration (RD&D) plans to support the development 
and deployment of a given system or component thereof.  

As INPRO proceeds its activities will continue to benefit from and be guided by the general IAEA 
activities related to sustainability, e.g. ISED, and it is anticipated that the output from INPRO will 
represent an important contribution by the IAEA in furthering the global development of 
sustainable energy. 

National and individual case studies performed by INPRO 

In the Phase 1B (1st part) 14 case studies (8 by national teams and 6 by individuals) have been 
performed to validate and test the INPRO methodology and to identify necessary improvements in the 
methodology. The national case studies used a variety of nuclear installations for the validation 
process. The case studies provided many valuable recommendations to improve the INPRO 
methodology as it was described in TECDOC-1362. On request from Member States, the full text of the 
case studies can be provided by IAEA on a CD.  

Economics 

In the area of economics one basic principle has been enunciated, namely that to contribute to 
sustainable development. Energy and related products and services from INS shall be affordable 
and available. In total four user requirements are linked to this basic principle: 

User requirement 1.1: 
The cost of energy from innovative nuclear energy systems, taking all relevant costs and credits into 

account, CN, must be competitive with that of alternative energy sources, CA, that are available for a given 
application in the same time frame and geographic region. 

Criterion would be based on a comparison of CN and CA with an acceptance limit that CN/CA<k, 
where k is a factor that can be less than or greater than one in a given Member State or region 
depending on whether or not nuclear costs are offset by credits relative to the alternative energy 
source or vice versa. Thus, Member States and investors will determine the value of k depending on 
their particular circumstances.  

In a given country/region many factors can enter into the decision-making regarding the 
choice(s) of energy supply. These include, for example, considerations of security of energy supply, 
long term stability in energy costs, diversity of energy supply technologies, i.e. the energy mix, of both 
the market as a whole and of the a given producer/supplier; the desire for industrial development and 
the role nuclear technology can play in such development; judgments about environmental impacts, 
either positive or negative, avoided emissions, safety, sustainability, waste management; utilisation of 
domestic resources, such as mineral and labour resources and industrial capacity; public and hence 
political acceptance. 
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The operator of a nuclear energy plant will act as a customer for the products from fuel cycle 
facilities and innovative fuel cycles must be competitive with alternate fuel strategies, which may be 
coupled with alternative reactor designs. Thus, the capital cost and the operating and maintenance 
costs of the nuclear fuel cycle facilities other than the reactor must be sufficiently small that the fuel 
costs to the reactor operator are competitive. Fuel cycle facilities also produce waste, which must be 
safely managed, including placing it in a safe end-state and, in due course, the facilities have to be 
decommissioned. The cost of all these activities and the associated waste management facilities must 
be such that the fuel costs remain competitive. 

User requirement UR1.2: 
The total investment required to deploy an innovative nuclear energy system, including interest during 

construction, should be such that the necessary investment funds can be raised. 

Development times for nuclear technology can extend to tens of years. Thus, the more 
innovative the development is, the greater the likelihood that government support, in one form or 
another, will be sought. Since, the development decision is a decision to invest in RD&D, the cost of 
the RD&D must be estimated and an argument must be made that there will be a suitable return on 
the RD&D investment. For investment by industry, financial analyses will be required to demonstrate 
that there is expected to be a financial pay back. The justification for government investment may be 
partly financial but could be largely based on the strategic benefits expected to be realised,  
e.g. maintenance and development of industrial capacity, security and diversity of energy supply. 

Figure 2: Framework for development of user requirements for safety of INS 
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User requirement UR1.4: 
Innovative energy systems should be compatible with meeting the requirements of different markets. 

INS should be sufficiently flexible to be able to evolve and adapt in a manner that provides 
competitive energy for as wide a range of plausible futures and markets as possible. Thus, the ability 
to adapt specific components of an INS, as well as the overall adaptability of the INS, to accommodate 
different sized modules, to accommodate market changes and growth, to accommodate different fuels, 
to meet different energy applications, and to meet the needs of different countries/ regions is desirable.  

Safety 

For nuclear reactors, fundamental safety functions are to: control reactivity; remove heat from 
the core; and confine radioactive materials and shield radiation. 

For fuel cycle installations (including spent fuel storage in pools at reactor sites), the fundamental 
safety functions are to: control sub-criticality and chemistry; remove decay heat from radionuclides; 
and confine radioactivity and shield radiation. 

To ensure that the fundamental safety functions are adequately fulfilled, an effective 
defence-in-depth strategy should be implemented. For INS, defence-in-depth should include, as 
appropriate, an increased use of inherent safety characteristics and passive systems in nuclear designs.  

To ensure that INS will fulfil these fundamental safety functions, INPRO has set out four basic 
principles.  An INS shall: 

1. incorporate enhanced defence-in-depth as a part of their fundamental safety approach and 
ensure that the levels of protection in defence-in-depth shall be more independent from each 
other than in existing installations; 

2. excel in safety and reliability by incorporating into their designs, when appropriate, increased 
emphasis on inherently safe characteristics and passive systems as a part of their 
fundamental safety approach; 

3. ensure that the risk from radiation exposures to workers, the public and the environment 
during construction/commissioning, operation, and decommissioning, shall be comparable to 
that of other industrial facilities used for similar purposes; 

Further, the development of Innovative Nuclear Energy Systems shall: 

4. include associated RD&D work to bring the knowledge of plant characteristics and the 
capability of analytical methods used for design and safety assessment to at least the same 
confidence level as for existing plants. 

In total fourteen user requirements were derived from these basic principles. 

An increased use of inherent safety characteristics will strengthen accident prevention in 
innovative nuclear installations. A plant has an inherently safe characteristic against a potential 
hazard if the hazard is rendered physically impossible. An inherent safety characteristic is achieved 
through the choice of nuclear physics, and the physical and chemical properties of nuclear fuel, 
coolant and other components. In assessing safety, the scope of the safety assessment should be 
holistic, covering the effects on people and on the environment of the entire integrated fuel cycle. 
This ensures that an improvement in safety in one area or component of the fuel cycle is not negated 
by a decrease in safety in another area. 

Typical safety hazards in fuel cycle facilities (FCF) include the release of radioactivity, 
contamination and exposures of workers, criticality, and releases of chemical and stored energy  
(e.g. from radioactive decay heating, chemical reactions including fires, and failure of pressurised 
systems). Techniques and methods similar to those used in existing facilities should be used in 
innovative fuel cycle installations to limit hazards, as innovative facilities should benefit from proven 
technical design solutions.  

Advantage should be taken of inherent characteristics, and passive safety systems should be 
used to the extent possible. A much higher degree of automation of fuel reprocessing and fabrication 
facilities is desirable in the 50-year time frame. In the interim, manual operations cannot be 
completely avoided, so that much emphasis will still need to be placed on administrative procedures, 
including a clear definition of responsibilities and appropriate training for the control of operation. 
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There is a common agreement that the defence-in-depth strategy should be also used for fuel 
cycle facilities, but the strategy should take into account the major differences between fuel cycle 
facilities and reactors, namely: 

• the power density in a FCF is orders of magnitude smaller than in a reactor core; 

• the integral stored energy of the solid structures and the enthalpy of the fluids or gases during 
operation of a FCF is low compared to a reactor; 

• the radioactive material in FCF is often in a more easily dispersed state, the flow (volume and 
mass) of radioactive material into and out of the FCF is much higher, and there are fewer 
barriers to the environment, although the concentration of radioactive material is much less, 
especially at the front end of the fuel cycle, compared to a reactor; 

• some FCFs use more reactive or flammable chemicals such as hydrazine and nitric acid. 

These differences result in the following consequences: 

• occupational risk in a FCF needs particular care because of the proximity of the operator to 
the material being processed; 

• the routine releases of hazardous material from a FCF such as a uranium mine may be larger 
due to mechanical or chemical processes; 

• the likelihood of release of chemical energy (e.g. fire, explosion) in a FCF is higher; 

• the potential consequences of a criticality accident in a FCF are much less than for a criticality 
accident in a reactor because the energy released would be much smaller.  

These differences lead to a modified safety approach. As stated above, for existing FCFs the 
emphasis is on the control of operations using administrative and operator controls to ensure safety, 
as opposed to engineered safety features used in reactors. There is also more emphasis on criticality 
prevention in view of the greater mobility (distribution and transfer) of fissile materials. 

Because of the intimate contact with nuclear material in the process, which may include open 
handling and transfer of nuclear material in routine processing, special attention is warranted to 
ensure worker safety. Potential intakes of radioactive material require control to prevent and 
minimise contamination and so ensure adherence to operational dose limits. In addition, releases of 
radioactive material into the facilities and through monitored and unmonitored pathways can result 
in significant exposures, particularly from long-lived radiotoxic isotopes. 

The number of physical barriers in a nuclear facility that are necessary to protect the 
environment and people depends on the potential internal and external hazards, and the potential 
consequences of failures; therefore the barriers are different in number and strength for different 
kinds of nuclear reactors (e.g. with high or very low power cores)1 and for FCFs. For example, in the 
front end of a natural uranium fuel cycle, safety is focused on preventing the spread of contamination 
via low-level radioactive material. In mining, an important focus is preventing contamination of 
ground or surface water with releases from uranium mining tails.  

Chemicals and uranium by-products are the potential hazards of the conversion stage. In a fuel 
fabrication facility, safety is again focused on preventing contamination with waste from fuel 
fabrication. One method of mitigating these hazards that might be employed in an INS facility is 
co-location of front end (e.g. enrichment and mining facilities) and back end (e.g. reprocessing and 
waste handling) facilities. This would have benefits e.g. through handling depleted uranium together 
with mine tailings. 

In summary, the five levels of defence-in-depth might not have the same relative importance in 
the fuel cycle installations as in reactor installations. The basic strategy, however, remains the same, 
namely: all levels of protection should be implemented. In addition, reliance on human action in 
assuring the independence of the different levels of defence-in-depth should be reduced. 

                                                           
1. For existing light water reactors, the multi-barrier concept comprises four components which are: the fuel 
matrix, the fuel rod cladding, the primary coolant boundary and the containment. 
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Whereas for reactors the prevention of large external accidental releases of radioactive material 
is the major concern, for fuel cycle strategies the reduction of routine discharges and of impacts from 
wastes are relatively more important, for example by recycling of low-level active liquid wastes within 
the plant after appropriate treatment, rather than discharge to the environment. Only a few steps in 
the nuclear fuel cycle pose significant risks (e.g. at reprocessing plants, high level liquid waste storage 
facilities and facilities with large stocks of plutonium). Thus, requirements on innovative fuel cycles 
should not only address the safety of facilities but also the long-term radiological consequences, 
recognising that significant progress has already been made in reducing discharges from such facilities. 

Mining and milling, conversion and enrichment for innovative fuel cycles should not bring a 
disproportionate additional risk to occupational and public health and the environment. Better 
utilisation of thorium and uranium, implying less mining and milling per unit energy production, 
reduces the risk to occupational and public health in absolute terms. In effect, any approach which 
reduces mining and milling operations, or reduces the volume of fuel to be processed, is an innovative 
approach that influences not only risk factors, but also exposure to the public and the environmental 
impact of the fuel cycle operations. Thus, choice of fuel material and improvements in fuel design and 
operational philosophy, which would enable a fuel to reach higher levels of burn-up, meet the above 
innovation requirements, because the quantity of fuel to be processed (from milling to reprocessing) per 
unit energy production is reduced. This aspect is also brought out under Chapter 7, Waste management. 

The fuel type should be selected with a high priority given to safety for all portions of the fuel 
cycle, including, but not limited to, reactors. Specific safety requirements for the fuel will depend on 
the innovative reactor and fuel cycle installation concept. The selection of fuel types affects the safety 
of all steps of the integrated fuel cycle, from mining to disposal, in both normal operation and 
accident conditions. While the advanced fuels adopted for innovative reactors might achieve superior 
core performance to existing water reactors, some of their physical and chemical features may be 
weaker in terms of safety, compared with existing water-reactor fuel, requiring compensating design 
or operational procedures. The safety of fuel types should be evaluated for each step in the whole fuel 
cycle, including reactors, with emphasis (and compensation or mitigation) applied to any step where 
the safety is weaker. 

The safety level for the fabrication of advanced fuel should be similar to the safety level for the 
fabrication of conventional water reactor fuels. However, other fuel fabrication methods would be 
required for advanced fuels of innovative reactors, such as vibro-packed, casting, coated particles, and 
molten salts. Criticality control should be addressed using established methods. Another aspect is 
that the raw material supplied for fabrication from reprocessing will include some actinides and 
long-lived fission products. Advanced fuels may have higher radioactivity and higher heat generation, 
causing technical challenges to fuel fabrication. Fuel fabrication installations should make much 
greater use of advanced instrumentation and automatic monitoring of material quantities and 
composition, and use the information to drive artificial-intelligence-based control – so as to 
compensate for the higher radio-toxicity of advanced fuels. 

In developing innovative fuel, proper and safe handling of the fuel in interim storage, as well as 
waste management requirements, have to be kept in mind from the beginning. Spent fuel should be 
handled and stored with appropriate inspection, and qualification of fuel characteristics should be 
conducted in a timely manner. Expected higher burn-up levels will result in higher concentration of 
Pu and other transuranic elements and increased decay heat generation in the spent fuel. The 
shielding of fuel handling equipment and spent fuel storage pools, as well as the systems for heat 
removal, have to be adjusted accordingly. Spent fuel should be stored without systematic fuel failure 
and release of radioactive material. Fuel in storage, storage containers as well as the facility itself 
should all be monitored to confirm their integrity. 

The safety of advanced reprocessing/recycling should be at least comparable to the safety of 
conventional water reactor UO2 reprocessing and U/Pu recycling in thermal reactors. In this context, it 
is recognised that some aspects of safety of Th/233U reprocessing will be more challenging than those 
for conventional U/Pu recycling. Safety aspects of Reprocessing and Recycling include criticality, 
shielding, fire and explosion, and control and monitoring. 

Transportation of innovative fuel cycle materials must consider aspects such as shielding, 
increased heat generation, dispersion, criticality, pilferage, etc. Transportation risks could be reduced 
if most or all fuel cycle activities are carried out on the same site, as envisioned for certain closed fuel 
cycle concepts. 



THE INPRO METHODOLOGY FOR INNOVATIVE NUCLEAR ENERGY SYSTEM ASSESSMENT: FUEL CYCLE CONSIDERATIONS 

332 ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 

The decommissioning strategy for innovative reactor and fuel cycle installations should include 
technical and administrative means to minimise public and worker radiation exposure. Ideally, a 
decommissioning plan should be available at the time of deployment of the installation. As a 
minimum, an outline-decommissioning plan should normally be completed during the initial design 
phase of the nuclear power plant. The plan should be modified during operation to facilitate the 
completion of the final decommissioning plan at the end of operations and before the beginning of 
the decommissioning. 

The following RD&D areas can be anticipated: 

• Innovative fuel designs will require tests on fuel performance including dimensional and 
mechanical stability, possible chemical interaction between fuel element and coolant, and 
mechanical-chemical interaction between fuel material and fuel element cladding. 

• INS may include accelerator driven systems (ADS), which transmute minor actinides and 
long-lived fission products. The spectrum of unresolved problems for which RD&D is required 
extends from proton/neutron physics (database) to thermal-hydraulics of a liquid-metal-cooled 
system. A similar topic of interest is the use of inert fuel matrices for actinide burning in 
thermal reactors. 

• Reprocessing is a series of chemical reactions, such as solvent-extraction, oxidation/reduction, 
electro-refining, ion-exchange, etc. Extensive RD&D in areas as diverse as process control, 
solvent chemistry, and dry processing (oxidation/reduction reactions) is required. In addition, 
a method should be developed for quantifying the safety of such facilities.  

• Digital Instrumentation and Control (I&C) is expected to be used extensively for active control. 
Again one would expect ‘smarter’ I&C systems, tied to databases representing the current 
plant state, operating limits (technical specifications), design and PSA models, using artificial 
intelligence to control the plant, and diagnose and mitigate accidents. Off-site links would 
help in plant monitoring and problem solving. 

RD&D activities on innovative reactor and fuel cycle installations are needed to: 

• identify all important phenomena; 

• validate codes in new regimes of fluid and solid material behaviour; 

• justify scaling to commercial size installations; 

• compensate for lack of operating experience; 

• demonstrate the technology at an appropriate scale, e.g. the pilot plant scale;  

• obtain reliability data; and 

• develop tools for risk-informed decision-making. 

Environment 

To properly evaluate the economic viability and comparative economic advantage of a 
technology, it is imperative that all costs of the technology be considered. This will include the costs 
associated with protecting human health and the environment. Moreover, the so-called external 
costs, those borne by society because of residual health and environmental effects, but not charged to 
the producer, should also be considered. 

INPRO has set out two basic principles (and four user requirements) related to the environment, 
one dealing with the acceptability of environmental effects caused by nuclear energy and the second 
dealing with the capability of INS to deliver energy in a sustainable manner in the future: 

1. Acceptability of expected adverse environmental effects – The expected (best estimate) 
adverse environmental effects of the innovative nuclear energy system shall be well within 
the performance envelope of current nuclear energy systems delivering similar energy products. 

2. Fitness for purpose – The innovative nuclear energy system shall be capable of contributing to 
the energy needs in the 21st century while making efficient use of non-renewable resources. 
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For an INS, the most readily accessible measures of potential environmental effects are the 
stressors that result from the facilities and processes of the INS. The stressors include radioactive and 
non-radioactive chemical emissions, heat discharges and mechanical energy. 

The holistic approach recommended for the environmental analysis within INPRO is illustrated in 
Figure 3. The various components and flows included in the picture are described in following sections. 

Any energy system will inevitably introduce stressors to the environment, such as radionuclides 
or non-radioactive chemicals, and use of resources, with potentially adverse environmental effects on 
a local, regional or even global scale. The operators of the nuclear facilities and processes will be 
responsible for controlling the stressors. The function of the design of an innovative energy system, 
i.e. a design criterion for such systems, is to provide controllability of all stressors throughout the 
nuclear energy system.  

Figure 3: Holistic approach 
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User requirement UR2.1: 
The INS should be able to contribute to the world’s energy needs during the 21st century without running 

out of fissile/fertile material and other non-renewable materials, with account taken of reasonably expected uses 
of these materials external to the INS. In addition, the INS should make efficient use of non-renewable resources. 

The availability of resources when considering an INS should be considered on a global scale 
rather than on an individual nation basis. Also, the resources should include estimated additional 
resources beyond those currently proven. Whether or not non-conventional sources (e.g. extraction of 
uranium from seawater) are considered is at the discretion of the evaluators of the INS, and should be 
consistent with the economic evaluation of the INS. Such use of non-conventional resources would 
have implications not only for the environment, dealt with here, but also for cost, which must be dealt 
with in the economic analysis. 

User requirement UR2.2: (Adequate net energy output) 
The energy output of the INS should exceed the energy required to implement and operate the INS within an 

acceptably short period. 

The net energy output of the INS is the usable energy produced by the system over and above the 
energy required to establish and operate the system over its intended life cycle. The net energy 
balance output should turn to positive in an acceptably short period. Obviously, the shorter the better. 
Stakeholder consensus should determine the target length of time (acceptance limit) for the energy 
balance to turn positive. 
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A study on nuclear energy systems completed by the World Nuclear Association (WNA) shows that 
the materials and energy used today by a nuclear energy system is far less than the energy produced 
(by a factor of 20 or more). For INS it is expected the ratio will be even greater because of more efficient 
fuel utilisation, simplified designs and the use of improved materials and construction techniques. 

The environmental performance of a proposed technology should be evaluated as an integrated 
whole by considering the likely environmental effects of the entire collection of processes, activities 
and facilities in the energy system at all stages of its life cycle. All components of the energy system 
may cause interacting environmental effects. Conclusions drawn from considering an individual 
component could be invalid for the system as a whole. Therefore, trade-offs and synergies need  
to be considered. Various components of the energy system may be located in different jurisdictions 
with different responses to environmental stressors and different ways of looking at environmental 
effects. This should not prevent an objective evaluation of the system as a whole, regardless of 
national boundaries. 

All important material and energy flows in, out, and through the system should be accounted for. 

The material and energy flows can be categorised as follows (Figure 6.3): 

• flows between components of the system; 

• flows from the natural environment directly into the system; 

• flows to and from industrial sectors outside the system; and  

• flows from the system into the environment. 

Analysis of net material flows has two purposes: (i) evaluating the potential impact of 
environmental stressors associated with the material flows, and (ii) providing a measure of the 
depletion of corresponding resources. The flows of matter and energy, net of any internally recycled 
quantities, may be substantial. The production of these materials will have associated adverse 
environmental effects not directly accounted for within the system itself but which should be taken into 
account. Otherwise, comparison of different energy systems would be based on incomplete information. 

The depletion of non-renewable resources should be analysed to assure that the intended energy 
production and the time over which the system must operate are consistent with available resources, 
with the uses of these resources outside of the energy system taken into account. 

Waste management 

The radioactive waste arises from the following components of an INS: 

• mining, milling and extraction; 

• uranium conversion; 

• uranium enrichment; 

• fuel fabrication; 

• reactor operation; 

• fuel reprocessing; 

• management of spent fuel; 

• waste management; 

• decommissioning. 

Four INPRO basic principles for INS have been derived from these nine fundamental principles: 

1. Minimisation: Generation of radioactive waste in an INS shall be kept to the minimum practicable. 

2. Protection of human health and environment: Radioactive waste in an INS shall be managed 
in such a way as to secure an acceptable level of protection for human health and the 
environment, regardless of the time or place at which impacts may occur. 
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3. Burdens on future generations: Radioactive waste in an INS shall be managed in such a way 
that it will not impose undue burdens on future generations. 

4. Waste optimisation: Interactions and relationships among all waste generation and 
management steps shall be accounted for in the design of the INS, such that overall 
operational and long-term safety is optimised. 

User requirement UR1.1: (Reduction of waste at the source)  
The INS should be designed to minimise the generation of waste at all stages, with emphasis on waste 

containing long-lived toxic components that would be mobile in a repository environment. 

The first basic principle states that the generation of radioactive waste shall be kept  
to a minimum practicable. Reduction of waste at the source is a preferred method consistent  
with the objectives of INPRO and is potentially of even greater importance if production of nuclear 
energy increases. 

Methods for reducing the radioactive waste include: 

• segregation of waste streams to avoid cross contamination, to increase the proportion of 
waste suitable for controlled or free release, and to decrease the volume of material that 
represents a long-term hazard; 

• recycling and reuse of materials that would otherwise be radioactive waste; 

• optimising the design to facilitate decommissioning and dismantling of facilities;  

• extraction of long-lived decay products in mining and milling operations; 

• reduction of secondary waste from waste management systems. 

Technologies worthy of consideration for further development include: 

• improvement of both aqueous and non-aqueous methods of processing spent fuel; 

• partition and transmutation (P&T) of long-lived radio-nuclides in power reactors or 
accelerator driven systems; 

• application of advanced materials, such as cobalt-free steels, to reduce activation; 

• improved fuel cycle efficiency; 

• improved efficiency of the energy conversion process at reactors; and 

• improved decontamination technology. 

Optimisation of the waste management system designs should be viewed in the context of 
assessing an INS holistically. Thus, the optimisation of any single component is secondary. The 
factors to be considered include: 

• radio-toxicity, as a function of time, of the waste generated; 

• ability of the waste form to retain radio-nuclides under normal and accident conditions; 

• mobility of the toxic elements through environmental pathways; 

• the length of time that wastes containing long-lived radio-nuclides remain in interim storage; 

• the degree to which the waste are kept in a passively safe state; and 

• occupational exposure in waste management facilities. 

As an illustration, P&T of components of spent fuel are considered. The radio-toxicity of spent 
fuel decreases as the result of radioactive decay. The long-term radio-toxicity is due primarily to 
actinides and a small number of fission products with very long half-lives. Transmutation of these 
long-lived nuclides into shorter-lived nuclides would reduce the long-term radio-toxicity of the 
material. However, such transmutation would require processing of the spent fuel, which would make 
the toxic elements more mobile.  
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The first priority is to minimise, by design, the generation of the waste. The next priority is to 
incorporate improvements in processing into the waste management system. Waste strategies to 
minimise the hazard from radioactive waste should be implemented in all parts of the energy system 
including methods of mining and milling, fuel types, reactors, reprocessing and recycling (this 
sometimes includes P&T steps) and waste treatment. 

User requirement UR3.2: (Attribution of waste management costs)  
The costs of managing all waste in the life cycle should be included in the estimated cost of energy from the 

INS, in such a way as to cover the accumulated liability at any stage of the life cycle. 

The third basic principle states that radioactive waste shall be managed so as not to impose 
undue burdens on future generations. Thus, people in the future should be provided with the means 
to maintain the waste in a safe condition. The responsibility for providing these resources, including 
funds and proven technology, rests with those who have benefited from the generation of the waste 
and the associated costs should be included in the estimated cost of energy. The internalisation of all 
costs is a fundamental requirement of sound environmental management. 

Proliferation resistance 

In designing future nuclear energy systems, it is important to consider the potential for misuse of 
such systems for the purpose of producing nuclear weapons. Such considerations are among the key 
considerations behind the international non-proliferation regime, with its many national and 
multinational agreements and institutions, and the IAEA safeguards system is a fundamental element 
of this regime.  

Proliferation Resistance is defined as that characteristic of a nuclear energy system that impedes 
the diversion or undeclared production of nuclear material, or misuse of technology, by States intent 
on acquiring nuclear weapons or other nuclear explosive devices. The degree of proliferation 
resistance results from a combination of, inter alia, technical design features, operational modalities, 
institutional arrangements and safeguards measures. These can be classified as intrinsic features and 
extrinsic measures. 

Intrinsic proliferation resistance features are those features that result from the technical design 
of nuclear energy systems, including those that facilitate the implementation of extrinsic measures.  

Extrinsic proliferation resistance measures are those measures that result from States’ decisions 
and undertakings related to nuclear energy systems. Safeguards is an extrinsic measure comprising 
legal agreements between the party having authority over the nuclear energy system and a 
verification or control authority, binding obligations on both parties and verification using, inter alia, 
on-site inspections. 

The first type of intrinsic proliferation resistance feature consists of the technical features of a 
nuclear energy system that reduce the attractiveness for nuclear weapons programmes of nuclear 
material during production, use, transport, storage and disposal. The second type of intrinsic 
proliferation resistance feature comprises the technical features of a nuclear energy system that 
prevent or inhibit the diversion of nuclear material. The third type of intrinsic proliferation resistance 
feature consists of the technical features of a nuclear energy system that prevent or inhibit the 
undeclared production of direct-use material. The fourth type of intrinsic proliferation resistance 
feature consists of the technical features of a nuclear energy system that facilitate verification, 
including continuity of knowledge.  

Centralisation and co-location of fuel cycle facilities have both been proposed to address 
proliferation. Centralisation can provide stronger international control of proliferation-sensitive 
enrichment and reprocessing technology. Co-location can limit transportation and storage of 
potentially proliferation-sensitive materials. Closure of the fuel cycle is an important consideration in 
the assessment of proliferation resistance for an INS. Effective closure of the fuel cycle is an intrinsic 
feature that could provide benefit by addressing the growing inventories of spent fuel. Similarly, fuel 
cycles that minimise the quantity of nuclear material in the fuel cycle, and minimise the production 
of proliferation sensitive materials that cannot be burned in a closed fuel cycle could provide benefits 
for proliferation resistance.  
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Natural uranium, depleted uranium, and thorium provide input material for many fuel cycles. 
Although not directly useable in a nuclear weapon, these materials require due consideration in a 
proliferation resistance assessment because they can be used as source material to generate weapons 
useable materials. 

Two basic principles provide high-level guidance regarding innovative nuclear energy systems: 

• Proliferation resistance features and measures shall be implemented throughout the full life 
cycle for innovative nuclear energy systems to help ensure that INSs will continue to be an 
unattractive means to acquire fissile material for a nuclear weapons programme. 

• Both intrinsic features and extrinsic measures are essential, and neither shall be considered 
sufficient by itself. 

To comply with these basic principles requires that: the commitment and obligations of States  
be adequate; the attractiveness of nuclear material with respect to its suitability for conversion into 
nuclear explosive devices be low; the diversion of nuclear material be difficult and be detectable; 
multiple features and measures be incorporated in INS covering plausible acquisition paths of 
fissile material for a nuclear weapons programme; and that the combination of intrinsic features  
and extrinsic measures be optimised during design and engineering to provide cost-effective 
proliferation resistance. 

Concentrated efforts are required to develop a widely accepted method for conducting 
assessments of proliferation resistance. Such a method will support efforts to develop specific 
technological features and institutional arrangements that will allow the goals established for 
proliferation resistance to be realised. 

Infrastructure 

It is recognised that nuclear energy systems need to fit the circumstances of countries and 
markets in which nuclear power is needed. For example, the future deployment of innovative reactors 
in countries that have only a limited national nuclear infrastructure could be facilitated if the INS 
were owned and operated by an international nuclear utility or if they were so safe that they could be 
delivered as a “black box – nuclear battery”. 

A number of non- technical issues would need to be addressed and arrangements developed, 
possibly, for example, international or regional regulatory regimes and organisations, for this to 
become a reality. Those countries that develop nuclear technology can be expected to continue to 
operate and maintain substantial nuclear infrastructure. In such countries, global standardisation of 
requirements and regulations could facilitate cost reductions by enabling assembly line type 
production for large series of plants. One general condition to be satisfied for wider utilisation of 
innovative nuclear power in the future is that of public acceptance which plays an ever more 
important role in decision-making processes.  

Basic principle 

Regional and international arrangements shall provide options that enable any country that so wishes  
to adopt INS for the supply of energy and related products without making an excessive investment in 
national infrastructure.  

The associated user requirements (in total four) recognise the need for establishing a national 
legal framework, that the industrial and economic infrastructure of a country planning to install an 
INS be adequate, that measure are taken to secure public acceptance, and that adequate human 
resources are available for safe operations. Globalisation brings with it the opportunity to draw on a 
much broader pool of resources rather than striving to maintain a complete domestic capability 
across the many disciplines of science and engineering that constitute the range of technologies on 
which nuclear energy systems depend. 

As the demand for electricity is expected to grow mainly in developing countries particular 
attention should be paid to the infrastructure in these countries. For countries that need only a small 
number of nuclear power plants it may not be cost effective or necessary to develop a fully capable 
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domestic supply structure. In such countries, international operating companies that can bring most 
of the necessary infrastructure for building, owning and operating nuclear power systems, would 
supply a valuable service.  

Companies operating on a global base can develop specialist teams that provide services to 
plants in many different countries. At the same time, the design of INS should seek to reduce the 
demand for skilled manpower for plant operations and routine maintenance, e.g. by designing for 
maintainability, and through the use of modularity, smart components and systems, and computer 
based operator aids. 

The necessary regulatory capability needs to be established to ensure appropriate checking of 
nuclear facilities. This capability should be adequate either through direct capability or by the funding 
of adequate supporting expertise to perform regulatory duties. 

Innovation in nuclear infrastructure arrangements along with changes in economic and market 
structures in the world could facilitate the deployment of innovative nuclear energy systems. In 
particular, countries adopting nuclear power could benefit from such global development, since it 
would not be necessary to develop all elements of the nuclear power infrastructure in each country 
separately. Such globalisation would require enhanced international co-operation to reach agreement 
on requirements to be met and standards to be used in operating nuclear power facilities.  

INPRO assessment method 

By definition, an INS, in INPRO, encompasses all systems that will position nuclear energy to 
make a major contribution to global energy supply in the 21st century. In this context, future systems 
may include evolutionary as well as innovative designs of nuclear facilities.  

An Innovative Nuclear Energy System comprises the complete spectrum of nuclear facilities and 
associated institutional measures. Nuclear facilities include facilities for: mining and milling, 
processing and enrichment of uranium and/or thorium, manufacturing of nuclear fuel, production  
(of electricity or other energy- related products, e.g. steam, hydrogen, desalination), reprocessing of 
nuclear fuel (if a closed nuclear fuel cycle is used), and facilities for related materials management 
activities, including storage, transportation and waste management.  

Within INPRO, all types of reactors (e.g. cooled by light and heavy water, gas, liquid metal and 
molten salt, of different sizes of thermal power and use, such as for production of electricity, of 
process and district heat, and of freshwater, and for partitioning and transmutation of actinides and 
fission products) and associated fuel cycles (e.g. U, U–Pu, Th, U–Pu–Th cycle) may be considered.  

All phases in the life cycle of such facilities are included, such as site acquisition, design, 
construction, and equipment manufacture and installation, commissioning, operation, 
decommissioning and site release/closure. Institutional measures consist of agreements, treaties, 
national and international legal frameworks and conventions (such as the NPT, the International 
Nuclear Safety Convention, IAEA Safeguards Agreements) as part of the national and international 
infrastructure needed to deploy and operate a nuclear programme.  

An innovative design is an advanced design, which incorporates radical conceptual changes  
in design approaches or system configuration in comparison with existing practice. These systems 
may comprise not only electricity generating plants, but include also plants (of various size and 
capacity) for other applications, such as high-temperature heat production, district heating and sea 
water desalination, to be deployed in developed regions as well as in developing countries and 
countries in transition.  

By creating a methodology to ascertain whether or not a nuclear energy system is sustainable, 
INPRO has realised its first objective “to help to ensure that NE is available in a sustainable manner” 
(full text in section above). 

In the next step, called INPRO Phase 1B (2nd part), it is planned that a number of assessments of 
complete nuclear energy systems will be performed and, as an outcome of this step , the research, 
development and demonstration (RD&D) necessary for such systems, or parts of it, to be sustainable 
will be defined. 
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The performance of the assessment and the resulting definition of necessary short, medium and 
long-term RD&D goals (considering the planned schedule of deployment of nuclear energy systems) 
will involve all Member States interested in nuclear energy. In this way it is foreseen that INPRO will 
fulfil its second objective “to bring together all Member States to consider jointly the international and 
national actions to achieve desired innovations” (full text in section above). 

In a subsequent step, called Phase 2, depending on the decision of the Member States, the IAEA 
via INPRO can co-ordinate the performance of selected RD&D tasks defined in Phase 1B (2nd part). This 
co-ordination of development efforts will include all stakeholders in nuclear energy. Thus the third 
objective of INPRO will be fulfilled “to create a process that involves all relevant stakeholders”. 

The assessment of a given nuclear energy system or systems can be performed by a single 
Member State, or by a group of Member States with common boundary conditions such as  
a geographic region, a comparable industrial capacity, or size of energy system needed, etc. Some 
aspects of nuclear energy systems can and perhaps are best evaluated on a global basis,  
e.g. international fuel cycle centres. 

The INPRO method of assessment provides a tool that can be used to: 

• screen an INS to evaluate whether it is compatible with the objective of ensuring that nuclear 
energy is available to contribute to meeting the energy needs in the 21st century in a 
sustainable manner; 

• compare different INS or components thereof to find a preferred or optimum INS consistent 
with the needs of a given IAEA Member State; and to 

• identify RD&D required to improve the performance of existing components of an INS or to 
develop new components. 

It should be mentioned that an assessor — be it a MS, or a group of MS, or some other entity such 
as an investor in RD&D, or any other organisation interested in the deployment of INS — needs to take 
into account interests and views of all stakeholders in nuclear energy. The INPRO methodology has 
been specifically set up to facilitate doing so. An assessor of an INS may be interested in only one 
component of a complete INS, such as a reactor for electricity production or for desalination, or in 
several components of a complete system. Regardless of his specific interest, the assessor must 
include in the evaluation all components of the system to achieve a holistic view and so ensure that 
the component(s) of interest and the corresponding overall system are sustainable.  

INPRO has defined a set of Basic Principles, User Requirements, and Criteria (consisting of an 
Indicator and an Acceptance Limit) for each area of interest. The highest level in the INPRO structure is a 
Basic Principle (BP), which is a statement of a general rule that provides broad guidance for the 
development of an INS (or design feature). All Basic Principles shall be taken into account in all areas 
considered within INPRO (economics, safety, environment, waste management, infrastructure, and 
proliferation resistance). User Requirements (UR) are the conditions that should be met to achieve 
Users’ acceptance of a given INS. Users encompass a broad range of groups including investors, 
designers, plant operators, regulatory bodies, local organisations and authorities, national governments, 
NGOs and the media, and last not least the end users of energy (e.g. the public, industry, etc).  

BPs, URs, and Criteria are broadly based. They represent an idealisation of what is desirable 
taking into account both national, regional and global trends and what is likely to be technologically 
achievable. It is difficult to factor in step changes in technology, so INPRO has extrapolated current 
trends. Member States are free to and, indeed, in a number of cases, e.g. economics and 
infrastructure, should specify country or region or technology specific Criteria and User Requirements.  

For some Acceptance Limits, INPRO has proposed values e.g. in the area of safety where the 
limits should be internationally accepted and applied. In the long term, it is expected that 
internationally agreed acceptance limits would be proposed also in the areas of proliferation 
resistance, environment, and waste management as well as safety. The INPRO manual under 
preparation will provide IAEA Member States more detailed information on the selection of Indicators 
and Acceptance Limits. 
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Modelling 

In performing an INPRO assessment, the assessor must take into account a reference energy 
scenario or scenarios. For example, if the assessor were focused on energy supply in his state he 
would take into account a national energy scenario (or perhaps a more localised scenario based on a 
region within his country). Such a national scenario would also be expected to take into account global 
and/or regional considerations such as the global demand for uranium, reprocessing capacity, etc., and 
so would also have to use some elements of a regional or global scenario.  

If the assessor were interested in global energy supply as a component of sustainable 
development, he would necessarily utilise a broadly based scenario that takes into account various 
regions and country groupings to arrive at a global scenario. Such scenarios will use modelling tools, 
including existing tools that have been developed by the Agency and those under development by 
INPRO, in particular the DESAE code. 

The DESAE code, as currently developed, calculates the resources, both financial and material, 
required for a given combination of reactors to meet a specified supply of nuclear energy as a function 
of time. Thus the user can study the practicality of a proposed system and material balances such as 
uranium demand as function of time, waste arising, plutonium re-cycling, etc. The code is at an early 
stage of development. Future developments will extend its use to include other sources of energy 
supply and to couple it with IAEA codes such as MESSAGE. In general the use of such modelling tools 
is seen to be an important part of energy planning and of INPRO and the use of such tools will be 
integrated into the INPRO methodology as it is further developed.  

Ongoing activities 

In the ongoing Phase 1B (2nd part) the INPRO methodology is ready to be applied for the 
assessment of INS in national and multinational studies. Several INPRO members have indicated their 
interest to perform such studies. Examples are: 

a) joint assessment of an INS based on closed fuel cycle with fast reactors. Participants for this 
study are China, France, India, Republic of Korea, Russian Federation with Japan as an observer; 

b) transition from current fleet of NPPs to Generation IV systems in France; 

c) introduction of nuclear electricity power production based on either ACR700 or CAREM300 
in Argentina; 

d) INS assessment for a country with small grids in Armenia. 

All these activities will lead to a continuous improvement of the INPRO methodology and are 
expected to identify possible frameworks and options for collaborative RD&D for INS to be performed 
in later phases of INPRO, as described in the next section.  

Conclusions 

The Agency’s International Project on Innovative Nuclear Reactors and Fuel Cycles is addressing 
the identification of full spectrum of user requirements for innovative technologies as well as the 
development of methodologies and guidelines for the comparison of different innovative approaches 
taking into account variations in potential demands across countries.  

INPRO can make major contributions by focusing on economic aspects, societal acceptability 
issues and those areas where IAEA can make unique contributions such as proliferation resistance, 
nuclear safety, waste management, sustainability issues and providing assistance to the user 
community. To enhance the potential for the deployment of innovative technologies, some changes in 
the infrastructure under which nuclear energy is developed and used, should be envisaged.  

The work in the second part of Phase 1B and in the following Phase 2 will include all stakeholders 
in nuclear energy. In this way INPRO will meet its objective “to create a process that involves all 
relevant stakeholders” by providing a forum where experts and policy makers from industrialised and 
developing countries can discuss technical, economical, environmental, proliferation resistance and 
social aspects of nuclear energy planning as well as the research, development and deployment of 
Innovative Nuclear Energy Systems in the 21st century. 
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Abstract 
The development of innovative reactors and cycles with new constraints such as cycle closure or 
actinide burning requires new technologies and new data from various disciplines as it concerns new 
fuels, new fuel designs, new fuel reprocessing. Nuclear data uncertainties impact the reactor design as 
it has to cope with safety margins. 

The impact of these uncertainties has to be carefully assessed. Perturbation Theory is a powerful tool 
to perform sensitivity analysis. This approach has been tested on VENUS2 2D and 3D OECD/NEA 
benchmarks. As sensitivities are calculated from direct and adjoint solutions, they are sensitive to the 
different assumptions used within these calculations. Sensitivities based on 2D solutions were 
compared to the ones based on 3D calculations. The effect of the group structure and of tuning the 
buckling height has also been investigated. Eventually, the uncertainty was estimated using different 
covariance matrix sources.  
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Introduction 

Modelling the neutron flux in a nuclear reactor means that you are trying to simulate the 
interactions of some 1014 neutrons/cm2/s whose energy spectrum is ten orders of magnitude wide 
with hundreds of different isotopes of the fuel, moderator and structure materials of your reactor. 
This information will be used by everybody who wants to know:  

• The distribution of the fission reactions that are producing the power and by then try to 
extract it from the core to use this power. 

• The evolution of the neutron balance with temperature to prove the safety of this design. 

• The neutron and gamma fluence that will damage the structure material and hence impact 
the lifetime and economics; this is also necessary to calculate the doses that workers could 
receive outside the core when maintaining the structures. 

• The reaction rates on heavy nuclides. The less heavy nuclides are put to final repository, the 
better it is in the frame of Generation IV reactors as they are supposed both to use the fertile 
material in a sustainable way and to minimise their wastes. Generation IV reactors should not 
only be seen as reactors but as a complete closed cycle. That is why innovative fuel 
reprocessing such as pyrochemistry is under strong development for instance. 

The nuclear data used are given in evaluated files that have been produced by the combination of 
the best theoretical models of nuclear physics with the compilation of the most comprehensive 
measurement libraries available. The basic data comes from both precise dedicated measurements 
and integrated data acquired in real reactors during the last few decades of nuclear energy history. 
The knowledge we have of the nuclear data such as cross-sections or neutron yields is very 
dependent of the nuclide and of the incident neutron energy. For instance, the number of neutrons 
produced by the Am241 fission is based only on theoretical model in ENDFB-6. One can imagine the 
impact of this lack of knowledge in the calculation of an accelerator driven burner reactor massively 
fuelled with such nuclides. For some nuclides, the nuclear data uncertainty can be shown just by 
comparing the cross-sections taken from two evaluations. But this technique is very limited as the 
evaluators use sometimes the same experimental data so different evaluations converge to the same 
evaluated value. In the European evaluation JEFF3.0 the data for carbon is directly taken from 
ENDFB-6 as one can see in the header of the evaluation file:  

  6-C -  0 ORNL       EVAL-AUG89 C.Y.FU, E.J.AXTON AND F.G.PEREY   

 FU88,AX88,FU78       DIST-APR02                                   

----JEFF-30           MATERIAL  600                                

-----INCIDENT NEUTRON DATA                                         

------ENDF-6 FORMAT                                                

*****************************  JEFF-3.0  ************************* 

DATA TAKEN FROM   :-   ENDF/B-VI.3 (DIST-SEP91 REV1-JUL91)      

This means that JEFF3.0 evaluators thought that ENDFB-6 was already the best-estimate 
cross-section given the state of the art experimental data and models. Best-estimate solution does not 
mean free from errors. Thus error estimation is sometimes given in the evaluation file. Unfortunately 
computing the errors on cross-sections and correlations between energy, reactions and isotopes can 
substantially increase the burden of cross-section evaluation. Perturbation Theory together with 
deterministic transport codes is able to propagate the uncertainty in the nuclear data to some integral 
parameters. Using the example of VENUS2 OECD/NEA benchmarks we will detail the impact of some 
of the assumptions made while applying the procedure. The number of dimensions of the model used 
and the cross-section preparation with different libraries and different number of groups have been 
studied. By the way we will see that even if this approach is based on some a priori formal concepts 
and equations such as importance functions and the scalar product formalism, sensitivity studies can 
provide interesting and deep insight into physics and neutronics. For instance, the uncertainty 
brought by one specific reaction on one specific isotope with the energy profile of the sensitivity, is of 
great interest for experimentalists. This can be a useful guide to point out what data needs 
improvement and for proposing the best suited experiment to measure it.  
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First order perturbation theory implementation 

Perturbation Theory, with first order approximation gives the sensitivity of criticality of a reactor 
to the reaction x of the isotope a in the energy group g: 
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operator, Φ  and *Φ are direct and adjoint solutions of the Boltzmann equations.  

For more details about the theory and implementation of this formula and in particular the 
details about the operators and about the scalar product (actually the usual integration on space, 
energy and angles or moments) see [16] and [4]. 

The classical way to implement this theory is to use transport programs such as DOORS [1] or 
DANSTYS [2] - it is the solution that we have chosen - or diffusion methods. It is also implemented in 
the collision probability code DRAGON [3]. 3D keff sensitivity analysis could even be done with fluxes 
calculated by stochastic codes like in TSUNAMI [5]. This theory as well as the Generalised Perturbation 
Theory (allowing the calculation of reaction rates ratio sensitivities) is available in ERANOS and 
produce very interesting results such as shown in [6]. 

The complete code system needed in our approach includes some classical steps for reactor 
analysis like cross-section processing from the basic evaluated files with NJOY and some self 
shielding code and transport calculation. Partial cross-sections and covariance matrices are then 
processed by NJOY and read by SUSD3D for carrying out a sensitivity and uncertainty analysis. 

Once the sensitivity analysis is carried out, SUSD3D proceeds with the uncertainty analysis, by 
folding the sensitivities with the uncertainties on nuclear data with the following formula: 
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g σσ  is the relative cross-section covariance matrix of isotope a, reaction x in 

energy group g with isotope a’, reaction y in energy group g’. This matrix shows the uncertainty of a 
cross-section for a reaction on an isotope in an energy group but also the correlation between this 
reaction and another reaction with another isotope in another energy group. 

Figure 1:  VENUS2 geometry 
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Venus2 MOX core benchmark 

VENUS is a thermal water moderated zero power experimental reactor, partially loaded with 
MOX fuel in which pin power distributions were measured, and located at SCK-CEN MOL, Belgium. 
The VENUS-2 benchmark experiment was used as blind international benchmark exercises [7-8] in the 
framework of joint activities carried out by the OECD/NEA Working Party on the Physics of Plutonium 
Fuels and Innovative Fuel Cycles (WPPR) and the Task Force on Reactor-based Plutonium Disposition 
(TFRPD). The aim of the exercise was to intercompare the predictions of power distribution and the 
criticality obtained using different computer codes and data libraries, and to determine the relative 
merits of these calculational methods. The results show very good agreement between most of the 
participants’ solutions and measurements, which means that most of the discrepancies are included 
inside the error due to experimental techniques. Therefore it is a good exercise to practice sensitivity 
analysis as we can compare our classical results with both experimental and other calculation results, 
and give an idea of the part of discrepancies that are due to basic nuclear data uncertainty. 

Figure 1 shows VENUS2 3D geometry with a cut at mid height of the active region. One can see 
the different fuel zones: the 3.3% enriched UO2 in the centre; the 4.0% enriched UO2 and then the MOX 
zone on the outside. Figure 2 shows our 3D flux repartition. These graphs are good example of BOT3P 
[9] pre and post processing abilities as this code has done both the meshing and the geometry plot 
and the post analysis with the flux plot.  

Figure 2:  VENUS2 3D flux 

 

We have produced our own cross-section library based on VITAMIN-B6 199 neutron group library 
with SCALE [10]. Each isotope of each fuel zones has been self shielded by a specific cell calculation. 
The NITAWL module was used for the self shielding in the resolved resonance range using Nordheim 
treatment. BONAMI was used to process the cross-section in the unresolved resonance range using 
the Bodarenko formalism. No macro cell calculation has been done to cope with the strong 
heterogeneity around the pyrex cells, whereas it is recommended in ref [11]. This procedure gives us 
some very good kinf (see Table 1) if compared with the average of participant solutions: 1.40643 in the 
3.3% zone, 1.33735 in the 4.0% zone, and 1.25469 in the MOX zone. The keff for the 3D calculation is 
0.99466 which is also comparable with the other calculations and in particular with deterministic 
calculation whose tendency is to underestimate the keff.  
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Winfried Zwermann from GRS, Germany provided us with a 18 neutron group cross-section set 
produced by a procedure that uses pointwise cross-sections in the RESMOD module for resonance 
treatment. A macrocell calculation was done for pyrex cells. A 1D calculation of the complete reactor 
is used to condense the library to 18 groups. With these libraries (one for 2D calculations with a 
buckling correction and one for 3D calculations with various mixed components to simulate the axial 
reflector structure accurately) very good results are obtained: the fission rate distribution fits with the 
MCNP solution within 1 or 2%.  

Table 1: Criticality results 

Calculation Kinf or keff Participant’s average 
UO2 3,3% Cell 1.40642 1.40646 
UO2 4,0% Cell 1.33735 1.33769 

Mox Cell 1.25469 1.25737 
3D 199g core 0.99466 1.00122 3D 18g core 1.0052 

 

Figure 3 shows the fission rate distribution C/E for each pin. The first hundred correspond to the 
3.3% zone; you have the 4.0% pins and then the MOX pins. The solution based on Zwermann’s 
cross-sections reproduces the main tendencies of all the participants (using whether stochastic or 
deterministic methods) in the benchmark: it underestimates the fission rates in the UO2 zones and 
overestimates it by almost 5% in the MOX zone. Figure 4 shows that the solution based on our 
cross-section sets does not reproduce these tendencies even if the results remain close to the 
measured data. There is a spread of a few % in the 3.3% enriched zone due to the lack of macro cell 
calculation to take into account of the flux inhomogeneity surrounding the pyrex cells. The other fact, 
besides the general shape, is the overestimation for fuel pins that are close to the baffles. We have 
done similar calculation using the same cross-section procedure but based on VITAMIN JEFF22 BOLIB 
[13] library and we had discrepancies between the two libraries in all cases of less than 1% with 
exactly the same tendencies. 

Figure 3: Comparison of fission rate C/E 
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As a conclusion we can say that our library gives good cell calculations and that we can obtain a 
fission rate distribution only a few per cent away from both the experimental results and a good 
numerical result. 

Sensitivity analysis 

Table 1 and Table 2 give the integrated sensitivities of keff to the most important cross-sections 
on the most important nuclides calculated with the direct flux and adjoint function using  
two different cross-section sets in 2D and in 3D. Integrated sensitivities are given in % by % which 
means that if you change the cross-section by 1% the keff will change by the sensitivity %. This is 
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negative for instance for the capture or (n,alpha) reaction because if you increase the cross-section of 
an neutron absorbing reaction, the keff will decrease. The ν total columns correspond to the sensitivity 
of the keff to the total number of neutrons produced by fission (sum of delayed and prompt fission). 

One can see a good agreement for most of these results, the main sensitivities being calculated 
with only a few per cent discrepancies like for Uranium238 (n,gamma) or Uranium235 nutotal sensitivities 
and all the other with less than 20%. We are going to explain some of the discrepancies that one can 
see between 2D and 3D results and some discrepancies coming from the different cross-section 
processing procedure. 

Table 1: Integrated sensitivities (%/%) for light nuclides 

Material H1 
(n,gamma) 

B10 
(n,alpha) 

O16 
(n,gamma) 

2D zwermann -3,86E-02 -4,35E-02 -2,05E-05 
3D zwermann -4,63E-02 -4,27E-02 -2,21E-05 

2D 199g -3,98E-02 -3,18E-02 -2,10E-05 
3D 199g -5,41E-02 -3,28E-02 -2,49E-05 

 

Table 2: Integrated sensitivities (%/%) for heavy nuclides 

Material U235 U238 Pu239 
Reaction (n,gamma) fission Nu total (n,gamma) fission Nu total (n,gamma) fission Nu total 

2D zwermann -1,05E-01 3,21E-018,06E-01 -1,75E+00 5,74E-027,97E-02 -3,25E-02 5,39E-021,15E-01
3D zwermann -1,04E-01 3,23E-018,06E-01 -1,70E+00 5,73E-027,91E-02 -3,25E-02 5,41E-021,15E-01

2D 199g -1,09E-01 3,45E-018,38E-01 -1,66E+00 4,00E-026,12E-02 -2,79E-02 4,87E-021,00E-01
3D 199g -1,16E-01 3,10E-018,36E-01 -1,73E+00 4,13E-026,21E-02 -3,03E-02 4,57E-021,02E-01

 

Table 3: Effect of volume correction for integrated sensitivities to reactions on water nuclides 

Mat. Reaction 2D 3D(corr) 

H-1 Elastic 3.37E-1 3.74E-1 (3.55E-1) 
(n,γ) -3.86E-2 -4.63E-2 (-3.84E-2) 

O-16 Elastic 3.59E-2 5.11E-2 (4.69E-2) 
(n,γ) -6.54E3 -6.45E-3 (-6.40E-3) 

 

Investigation of the geometry effect on light nuclides 

If reactors were infinitely high, 3D analysis would never be needed. As the same problem would 
have to be solved in each vertical plane of it, x-y 2D analysis would perfectly fit with the geometry. 
One difficulty could be to take into account the z-axis heterogeneity for instance in case of boiling 
water reactors where the water density changes with height. Usually if there is no such strong 
heterogeneity, the effect of the third dimension is taken into account by introducing a “buckling 
height”. The approximation is based on the diffusion model that shows that the axial flux shape is a 
cosine. Most of the times, cross-sections are modified to take this into account as a kind of extra 
absorption. Zwermann’s procedure can take this into account directly while processing cross-sections. 
For our 199 group cross-sections the modification is made in DANTSYS. Our experience (ref SNA[14]) is 
that tuning the buckling factor, as in the case of an innovative reactor that has never been modelled 
in 3D, could produce large discrepancies on keff. But this almost affects neither the fission rate 
distributions nor the sensitivities (see Table 4).  

The comparison of 2D and 3D results (Table 2) shows that the sensitivities are almost the same 
for heavy nuclides. This means that there is no clear impact of the modification of direct and adjoint 
spectra due to a better modelling of the axial reflector. We cannot see the effect of the thermalisation 
of the neutrons scattering back from the axial reflector. 

The main advantage of 3D models is to describe accurately the effect of axial reflectors. This 
means that the flux in the water of the reflector exists only in 3D and not in 2D. Then the sensitivity 
of reactions on the nuclides contained in water (i.e. hydrogen and oxygen) is overestimated.  
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Table 3 shows the sensitivities of the same reactions if only the active section is taken into account in 
the volume integration. The increase of the sensitivities in 3D analysis for light nuclide is mainly due 
to the fact that in the 3D model we have more atoms of these isotopes in the axial reflector. A 
difference exists only for scattering reactions. These reactions are very specific as their sensitivity is 
the difference between two terms that almost cancel each other. This fact is due to the physics of the 
reaction which captures a neutron at a certain energy, in one direction and emits another neutron at a 
different energy in another direction.  

Table 4 shows the comparison of the integrated sensitivities when the buckling height is changed 
in the transport calculations. The reference buckling height is the one corresponding to the 
benchmark specification:  the extrapolated length has been measured to be around 7 cm on the 
reactor giving a total height of 64 cm. The criticality is obtained for a height of about 53 cm for which 
the keff is 1,003. The impact is very limited for most of the reactions. The only important change is 
with boron (n,alpha) reaction. Boron is used in pyrex control pins, as it is a very good thermal neutron 
absorber. We have said that the absorption cross-section is changed when the buckling is changed, so 
direct and adjoint spectra (and thus sensitivity) will change considerably around strong absorbers like 
boron rods. In a complete cross-section sets procedure, the pyrex pins and the fuel pins surrounding 
them should be self-shielded in a dedicated run, and the buckling, if needed, be included at this step. 
We will come back to the effect of the cross-section processing in the next part. 

Table 4: Effect of the buckling height 

Material Reaction 2D 199g Critical B2 
H1 (n,gamma) -3,98E-02 -3,93E-02 
B10 (n,alpha) -3,18E-02 -3,59E-02 
O16 (n,gamma) -2,10E-05 -2,08E-05 

U235 
(n,gamma) -1,09E-01 -1,09E-01 

fission 3,45E-01 3,47E-01 
Nu total 8,38E-01 8,40E-01 

U238 
(n,gamma) -1,66E+00 -1,67E+00 

fission 4,00E-02 4,09E-02 
Nu total 6,12E-02 6,26E-02 

Pu239 
(n,gamma) -2,79E-02 -2,69E-02 

fission 4,87E-02 4,79E-02 
Nu total 1,00E-01 9,78E-02 

 

Effect of the cross-section processing 

Preparing group cross-sections for deterministic calculations is probably the most difficult step of 
the method. It is quite surprising to see that TWODANT with a 18 neutron group library gives results 
comparable with MCNP [15] with per cent errors in two minutes. The point is that all the physics has 
been taken care of before the core calculation, namely in the cell calculations with accurate resonance 
shielding methodologies. This requires the experience of a physicist and costs time. We are going to 
see that to what extend this work affects sensitivity analysis. 

The main discrepancies occur for boron and for fission reaction and nu total in U-238 and Pu-239. 
The two procedures used to produce the group cross-sections differ at different levels: the 
methodology used to self shield cross-sections in the resolved resonance energy range, the 
condensation step and the pyrex cell heterogeneity treatment. Figure 4 shows the sensitivity profiles 
(sensitivity by unit of lethargy) for plutonium 239 (n,fission). Each point is placed at the mean energy 
(in log scale) of each energy group. This representation is quite appropriate for the 199 group but it is 
not really accurate for the other results where the group width is larger. For the Plutonium 239 we 
have a little underestimation of thermal sensitivities with the 199 group library giving 
10% discrepancy for the integrated sensitivity. The effect of the processing that produces a 5% error in 
the fission distribution in the MOX zone produces also some discrepancy for the sensitivity.  

If you look at Figure 5 showing Uranium 238 capture sensitivity profiles, you can see with the fine 
group profile that the keff is mainly sensitive to the few first resonances. What is surprising is that, 
even if 18 groups are not enough to see the physics details, it is enough to reproduce the experimental 
result or the integrated sensitivity that fits within 1%. 
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We have seen that the boron 10 sensitivities are quite dependent of the cross-section processing 
methodology and of the buckling effect treatment. In the pyrex pins, the flux drops dramatically. It 
drops so fast that the inside of the rod sees much less flux than the outside. So the capture rate is as if 
there were less boron atoms than there actually are. In the core calculation the details of the cell do 
not exist anymore and the flux will be calculated in very few points so you have to change your 
cross-sections accordingly to preserve the rod weight, like it is done in Zwermann’s procedure.  
Figure 6 shows the absorption cross-sections of the pyrex mixture in Zwermann’s library and  
the (n,alpha) cross-section calculated by NJOY in the thermal range. The ratio between the two is  
the homogenisation factor, about 0.5 in these groups. If the partial cross-sections calculated by NJOY 
are used in SUSD3D these homogenisation factors (which are really high in this particular case)  
are not taken into account, and the resonance self shielding is limited to the Bodarenko formalism. 
Figure 7 shows the sensitivity profiles of boron calculated with our two libraries and the 18 group 
sensitivity profile with the homogenisation factor taken into account.  

Figure 4: Comparison of Pu 239 fission profiles 
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Figure 5: Comparison of U238 capture profiles 
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Figure 6: Thermal B10(n,alpha) cross-section 

0,0E+00

1,0E+03

2,0E+03

3,0E+03

4,0E+03

5,0E+03

6,0E+03

7,0E+03

1,0E-05 1,0E-04 1,0E-03 1,0E-02 1,0E-01 1,0E+00

 without self shielding
with selfshielding

 

Figure 7: Sensitivity profiles to B10 (n,alpha) reaction 
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Table 6: Uncertainty analysis, comparison of two covariance matrix sources 

Material Reaction Sensitivity (%/%) Uncertainty  
JENDL 3.2 (pcm) 

Uncertainty  
IRDF-90 (pcm) 

B10 (n,alpha) -4.35E-02 20 7 

U235 
(n,gamma) -1.05E-01 88 – 

Fission 3.21E-01 74 60 
Nu total 8.06E-01 211 – 

U238 
(n,gamma) -1.75E+00 3012 625 

Fission 5.74E-02 29 31 
Nu total 7.97 E-02 68 – 

Pu239 
(n,gamma) -3.25E-02 168 – 

Fission 5.39E-02 129 14 
Nu total 1.15E-01 6 – 

Total (pcm)   3050 628 
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Figure 8: Covariance matrices for Uranium 238 capture reaction in IRDF90v2 and in JENDL3.2 
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Uncertainty analysis 

Based on 3D sensitivities (computed with 18 groups), uncertainties are calculated in Table 6. The 
uncertainty analysis based on the other library sensitivities or with 2D geometry is not very different 
due to the small difference in the sensitivities. The uncertainty of nuclear data uncertainties is much 
larger than the uncertainty of the sensitivities! The information relative to the basic data 
uncertainties is taken from IRDF90 [17] and JENDL [18]. Figure 8 shows the comparison of uncertainty 
information in JENDL 3.2 and IRDF90 for Uranium 238 capture reaction. The JENDL uncertainty is 
probably overestimated (10% standard deviation) in the group corresponding to maximum sensitivity, 
which produce the large discrepancy between the two uncertainty analyses. Having no uncertainty 
computed for one reaction does not mean that there is no uncertainty on this particular cross-section 
but rather that the uncertainty information is not present for this reaction in this library. The 
difficulty of finding reliable uncertainties is also clear for Pu-239 reactions which are in JENDL-3.3 by a 
factor of ten larger than those in IRDF-90 or Mughabghab recommendations. 

Conclusions  

Our investigations about the discrepancies between sensitivities, calculated with different group 
libraries and different geometry options taught us that the sensitivities were not very sensitive to the 
detailed geometry modelling. This means that 2D models give sufficient details of the physics to 
calculate the uncertainty on the keff, even if these 2D models are not able to give the keff themselves 
for an innovative reactor without a 3D calculation to tune the buckling height correctly. Furthermore 
even if they give a good insight of the physics, with details on the impact of large resonances, fine 
group simulations are not really needed provided all the relevant physical phenomena were correctly 
taken into account in the few groups collapsing.  

These results give us confidence in our tools. They have proved the ability to calculate 
systematically the sensitivity of the most important parameter of a critical reactor with details on the 
profile of these sensitivities for all the reactions that can occur in a nuclear reactor with only two 
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transport calculations. We have shown that given the uncertainties available linked to these 
reactions, the keff of VENUS reactor is calculated with an uncertainty of about 1%, which is compatible 
with the spread of the results of benchmark participants. The lack of uncertainty data in the useful 
form of covariance matrices is the real limitation of this kind of analysis. The availability of such 
information becomes even more crucial for nuclides involved in future nuclear energy systems. In 
particular for minor actinides (americium and curium) that would be incinerated with fast spectra or 
for thorium cycle (that almost produce no minor actinides) isotopes: thorium, Uranium 232, 233, 234. 
Unfortunately, there is no information on uncertainty for reactions on nuclides that are known with 
worse certainty. 
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Abstract 
The development of innovative reactors and fuel cycles with new constraints such as cycle closure or 
actinide burning requires new technologies and new data from various disciplines: fuel types, fuel 
designs and fuel reprocessing. Nuclear data of nuclides that are currently used in nuclear reactors are 
quite well known, however, for graphite moderated systems based on a U/Th cycle or to burn 
Plutonium, the nuclear data are afflicted with higher uncertainties. 

In this paper a sensitivity and uncertainty calculations is performed for 2 reactor concepts, which are 
selected for viability assessment in the Gen-IV program. These are the Thorium Molten Salt Reactor 
(TMSR) and a modular pebble-bed high temperature reactor (HTR) fuelled with Plutonium. It is shown 
that consistent sensitivity coefficients were obtained with different numerical approaches. Moreover it 
was found that the capture cross-section of 232Th (TMSR) is the most uncertain one, whereas the 
capture cross-section of 240Pu plays a major role for the HTR. The results of this study should be useful 
for the physics design of those concepts, and also helpful for future experimental programs. 
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Introduction 

Graphite moderated reactor concepts, like the molten salt reactor (MSR) and high temperature 
reactor (HTR), have received considerable attention over the last several years, e.g. they are selected 
for viability assessment in the Gen-IV program. 

The potential of a Thermal Molten Salt Reactor (TMSR) with a Thorium/Uranium fuel cycle has 
been extensively studied at the CNRS and EdF [5,8]. The main goals of these studies are to achieve a 
reactor concept that enables breeding, to improve safety issues. Moreover a simplified chemical 
reprocessing is applied compared to the one foreseen for the former Molten Salt Breeder Reactor 
(MSBR). The MSBR concept was developed at Oak Ridge National Laboratory (ORNL) in the 70’s based 
on the Molten Salt Reactor Experiment (MSRE).  

High temperature gas-cooled reactors are considered as a very promising reactor concept for the 
next generation of reactors. The outstanding features of the high temperature reactor are the high 
degree of safety through reliance on passive safety features and the production of heat at very high 
temperatures. The latter feature makes the HTR an attractive candidate for the economical 
production of Hydrogen. In the framework of the OECD Working Party on Scientific Issues of Reactor 
Systems (WPRS, former WPPR), a numerical benchmark for small-sized, high temperature reactors 
(HTR) fuelled with Uranium, Plutonium and Thorium fuels has been initiated.  

The results of a sensitivity and uncertainty analysis for the TMSR with Thorium fuel and for a 
modular pebble-bed HTR with Plutonium fuel presented in this paper are useful for the physics design 
of those concepts. 

Sensitivity analysis methodologies 

The OECD/NEA Data Bank distributes a package of programs [1] with DANTSYS or DORT Sn 
transport codes and the code SUSD3D allowing sensitivity and uncertainty analysis using Perturbation 
Theory. However, the package contains no cell code, therefore, cell averaged multi-group 
cross-sections (XS) were generated for both reactor types with the code APOLLO2. Data for the TMSR 
were prepared at the EdF, and the data for the HTR benchmark at the CEA. These data are converted 
by a specific C++ routine to FIDO format so that they can be read by DORT or TWODANT.  

To preserve reaction rates in the homogenised full core geometry, a flux-volume integration of 
the cross-section is applied in the cell calculations. This integration can be interpreted as a weight 
factor for each reaction, isotope, group and region. Partial cross-sections needed by SUSD3D to 
compute sensitivities for each reaction and each isotope are calculated with NJOY using Bodarenko 
self-shielding factors. It is worth mentioning that the energy group structure in the NJOY calculations 
is the same as the one in the APOLLO2 cell calculation. This process is very efficient for most of the 
cases, however, for some particular exceptions like the nuclide thorium in TMSR spectrum. The XS 
provided by the NJOY calculations aren’t self-shielded, and in case of isotopes with an important 
resonance this method fails. In order to avoid this problem, self-shielding factors for the capture rate 
in 232Th (obtained from APOLLO2 calculations) were applied. 

The next version of SUSD3D will have an option to take into account the self-shielding factors for 
neutron absorbing reactions. So the sensitivity analysis will not need any post treatment and the 
uncertainty analysis will be done in the same run with ‘correct’ sensitivities, which is user-friendlier.  

The results of the above-mentioned ‘classical’ approach are compared with the IPPE/Obninsk [3-4] 
sensitivity package based on MMK/KENO multigroup stochastic program. The peculiarity of this 
algorithm is in macroscopic cross-section derivatives calculation through ratios of summary weights 
on the consequential generations. An importance function based on this technique is used in 
perturbation formulae to evaluate sensitivities. For more details of this method we refer the reader to [4]. 

The described sensitivity methods produce energy-dependent sensitivity coefficients that give 
the relative change of keff, to a relative change of the cross-section data by isotope, reaction and 
energy. The sensitivity coefficients are typically presented as profiles, where the change in keff is due 
to perturbations of the cross-section is given as function of energy. It shows the repartition of the 
importance of this reaction for keff as a function of the neutron energy. Integrated over the neutron 
energy, the sensitivities allow comparing the importance of each reaction for each nuclide.  
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It is possible to propagate the nuclear data uncertainties (given in the form of covariance 
matrices) to keff value using a sensitivity analysis. Unfortunately, information of nuclear data 
uncertainties are very limited and they can differ significantly between the nuclear data libraries,  
e.g. the uncertainties for the fission cross-section of 239Pu is an order of magnitude higher in the JENDL 
library than the ones of the IRDF90 library. 

The JENDL3.3 evaluation is based on much more complex physics than other evaluated nuclear 
data. The uncertainties given in the evaluated files are the uncertainties on the resonance 
parameters. Then a specific processing [7] is done to calculate the impact of these uncertainties on 
user defined group structure for a specific temperature. This strategy is very courageous and is 
expected to be developed in the future but up to now it wasn’t possible to produce systematically 
representative group formatted uncertainties. 

The keff of the HTR benchmark is close to 1.35, which is a problem for the sensitivity calculation 
because the keff appears as a factor in one term of the sensitivity formula. In the previous versions of 
SUSD3D this term was not implemented for historical reasons: the first applications were fusion 
blankets or fluence calculations. This feature is now included in the next version, the keff is read 
directly in the direct and adjoint function files. If the values are close enough (they are equal 
theoretically, and differ in the limits of convergence criteria in reality) the direct value is taken and 
the formulae is valid even for such unphysical case.  

Thermal Molten Salt Reactor 

The reactor’s geometry is presented on Figure 1. The core consists of hexagonal graphite blocks 
with cylindrical channels, in which the salt (LiF-ThF4) flows. The region with the fissile salt (U/Th) is 
surrounded by a fertile region (Th). The addition of fertile blankets allows the increase of the breeding 
ratio while keeping good safety coefficients. Figure 2 illustrates the variation of reactivity coefficient, 
breeding ratio etc. versus the channel radius. It is worth mentioning that for radii smaller than 10 cm 
the neutron spectrum is thermal, whereas too larger radii the spectrum tends to be fast.  

Figure 1: Molten salt RZ geometry 
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For channel radii smaller than 7 cm breeding ratio close to unity and a long graphite lifetime is 
achievable with an insufficient negative global coefficient. However, the uncertainties of nuclear data 
can affect this coefficient and this is one of the main reasons the impact is being investigated 
carefully (see below). More details can be found about the reactivity coefficient in [2]. The sensitivity 
and uncertainty analysis are performed for a channel radius of 8.5 cm. This is the actual ‘reference’ 
radius, which enables to achieve a negative temperature coefficient and an acceptable breeding ratio. 
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Figure 2: Evolution of key parameters with channel radius 

 

Sensitivity analysis 
Table 1 shows the energy-integrated sensitivity coefficients obtained with deterministic and 

stochastic methods. It contains the coefficients for the most relevant nuclides and reaction types. 

Table 1: Comparison of integrated sensitivities (%/%) 

Isotope Reaction Deterministic 
method (%/%) 

Stochastic  
method (%/%) 

C (n,elas) 0,340 0,310 

U235 
(n,gamma) -0,020 -0,019 
(n,fission) 0,037 0,044 
Nu total 0,093 0,099 

U234 (n,gamma) -0,138 -0,058 
Pa233 (n,gamma) -0,015 -0,013 

U233 
(n,gamma) -0,080 -0,068 
(n,fission) 0,336 0,385 
Nu total 0,875 0,883 

Th232 (n,gamma) -0,379 -0,371 
 

Though two different methods, different nuclear data libraries and different approaches for the 
whole core and adjoint core calculations (2 dimensional models for the deterministic method and 
detailed 3D for the stochastic method) are used, the results are in a good agreement. It seems that the 
deterministic method seems to overestimate capture reaction sensitivities and to underestimate the 
fission reaction. Only for the capture in 234U a significant discrepancy appears. Therefore, sensitivity 
coefficients were determined from 2 direct core calculations, whereby the density of 234U was slightly 
changed, 1% for instance. Then the difference in keff is exactly the sensitivity, and not a first order 
approximation. These calculations were performed with APOLLO2 at the EdF, and the found 
sensitivity was –0.06%/%, which confirms the results of the stochastic method. Up to now, the 
remaining difference between the deterministic and stochastic method for 234U cannot be explained. 
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At the beginning of our studies with the deterministic method an integrated sensitivity  
of -1.2%/% was found for the capture in 232Th. In order to disclose the discrepancy between the 
deterministic method and the stochastic method (-0.371%/%, see table 1), the energy dependence of 
the sensitivity coefficient were calculated. Figure 3 illustrates the calculated sensitivity coefficient 
versus the neutron energy. Results are presented for the deterministic method using unshielded 
cross-sections (26 energy groups), self-shielded cross-sections (172 energy groups) and the stochastic 
method (30 energy groups). It can be seen that the former sensitivity coefficient was too high  
(in absolute sense) because the sensitivity coefficient for the resonance energies of the capture of  
232Th were overestimated. The sensitivity results of the 172 self-shielded group cross-sections are 
significantly higher than the ones obtained with the stochastic 30 energy groups, however, it should 
borne in mind that the 30 energy group are averaged over a broader energy range. In this context one 
should outline that the stochastic core calculations are performed with 299 energy groups and only 
the sensitivity coefficient are condensed to 30 energy groups. 

Figure 3: Comparison of Th-232 (n,capture) sensitivity profiles 
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Figure 4: Correlation matrix for Th-232 capture cross-section 
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Still, the direct calculation gives a slightly smaller integrated result. Two reasons can explain this: 

• 1% density change is too large when compared to first order approximation. A second 
calculation with a 0,1% perturbation of thorium density gives a sensitivity of -0,26%/%, which 
confirms the first results. A 3% change gives -0,29%/% sensitivity. Even thought the effect is 
linear, first order perturbation cannot predict it. Thus higher order perturbations are probably 
not needed and something else is needed to explain this. 

• The impact of a change of the cross-section on its own self-shielding is not negligible. If you 
change the microscopic cross-section this would change the effective cross-section twice: 
because you change it, but also because the factors applied during self shielding will change. 
It has been proven that this can be a first order effect. Development of sensitivity analysis 
taking the resonance-shielding effect is done in [6]. 

Uncertainty analysis 
Table 2 shows the results obtained with the covariance matrices found in available evaluated 

files. The global uncertainty calculated here is about 4000 pcm, but the actual uncertainty using the 
next generation evaluations and corrected sensitivities could be about 1500 pcm. This uncertainty is 
dominated by only one reaction: capture on Thorium 232. The only matrix available can be found in 
3 different libraries (ENDFB-6, IRDF90v2 and JEFF3.0), and is in fact coming from 1977 ENDFB 
evaluation. This matrix (Figure 4) is a very simple matrix: only 4 diagonal values with no correlation 
between them. And the uncertainty values are about 10% in the important energy range shown by 
sensitivity profiles: from 10eV to 10 keV.  

New experiments and new evaluations are currently carried out for this reaction. Their releases 
are expected in the next version of JEFF. The actual standard deviation could be decreased from  
11% to 3 or 5% depending on the energy range. Furthermore, it has been said that the sensitivity used 
for uncertainty propagation does not agree with direct sensitivity. In fact the sensitivity (and so the 
uncertainty) of keff to cross-section is lower than what can be done with perturbation methods.  

Table 2: Uncertainty analysis 

Isotope Reaction Sensitivity 
(%/%) 

Uncertainty 
(pcm) 

Uncertainty  
source 

C (n,elas) 0.00E+00 35 JEF2.2 

U235 
(n,gamma) -1.98E-02 42 

JENDL3.2 Fission 3.67E-02 27 
Nu 9.30E-02 30 

U233 
(n,gamma) -8.03E-02 27 

JENDL3.3 Fission 3.36E-01 227 
Nu 8.75E-01 186 

Th232 
(n,gamma) -3.79E-01 3891 ENDFB6 
Fission 2.83E-02 34 IRDF90v2 
Nu 3.20E-02 0 JEFF3.0 

 

In a real reactor the uranium density would be adjusted so that the reactivity is one. So, the real 
uncertainty on keff is zero. But the uncertainty has not disappeared: it has moved to an uncertainty 
on uranium density and on uranium inventory. This will also change the breeding factor and a lot of 
other macroscopic observables of the concept. Whatever parameter will be tuned to compensate a 
discrepancy between real behaviour and numerical prediction, any nuclear data uncertainty impact 
should be established. Because it will be paid by margin overestimations and design complexity in 
order to allow the concept to accept such discrepancy. 

Benchmark HTR 
In this benchmark, safety related parameters and also fuel cycle issues are investigated for a 

modular pebble-bed reactor with a thermal power of 200MW [9]. The principle layout of the core is 
shown in Figure 5. Its main parameters for the Plutonium case are listed in Table 3. 
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Figure 5: The r,z model for core calculations (dimensions shown are in cm)  
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Table 3: General parameters of the modular HTR fuelled with plutonium 

Nominal power 200 MWth 
Core height 9.43 m 
Core radius 1.5 m 
Number of pebbles in core 359548 
Packing fraction of pebbles in core 0.61 
Pu-vector (238/239/240/241/242)  2.59/53.85/23.66/13.13/6.77 wt.-% 
PuO2 mass per pebble 1.129 g 

 

Table 4 shows codes systems and nuclear data libraries used by the participants. The grain 
structure of the fuel is explicitly treated with deterministic code systems WIMS9, APOLLO2 and  
VOSP-99. Cell-averaged cross-sections for the 2 dimensional calculations were generated for WIMS9 
and APOLLO2 with a base 172-group library derived from the JEF2.2 nuclear data library. In VSOP a  
98-group library based on ENDF/B-IV and JEF-1 is used to generate condensed XS (4 energy groups) for 
the whole core calculations. 

Number   Region   Number  Region 
    1  Reflector 1      5  Carbon Layer Surrounding System 
    2  Void       6  Reflector + Coolant Channels 
    3  Void + Graphite      7  Reflector + Control Rods 
    4  Reflector 2     8 Reflector 3



SENSITIVITY ANALYSIS OF NUCLEAR DATA ON keff FOR GRAPHITE MODERATED INNOVATIVE REACTORS 

362 ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 

With APOLLO2 all Plutonium nuclides were shielded using the generalisation of the statistical 
model in the epithermal energy range and taking into account the Doppler broadening in the thermal 
energy range. The subgroup method was used in WIMS9 for resonance shielding of the nuclides 
239Pu and 240Pu. Shielded XS are generated within the VSOP-99 code for the Plutonium nuclides, only 
the 240Pu nuclide is unshielded. 2-dimensional 172 group P1S4 transport theory calculations were 
performed with APOLLO2. A 10-group energy scheme and transport theory was used for the whole 
reactor calculations with WIMS9. The VSOP-99 calculations were performed with 4 energy groups and 
diffusion theory.  

Table 4: Intercomparison of code systems and nuclear data [15] 

Participant Calculation Type Code Used Data Library Used 

Serco Assurance Deterministic WIMS9 [10] Development WIMS9 library based on JEF2.2 
cross-section set. 

Monte Carlo MONK9 [11] BINGO based on JEF2.2 continuous data. 

CEA Deterministic APOLLO2 [12] CEA93.V6 /F/) – based on JEF2.2 
Monte Carlo TRIPOLI4 [13] JEF2.2 continuous data. 

BNFL Deterministic VSOP-99 [14] Library based on ENDF/B-IV and JEF-1 
Hacettepe University 
U. Colak Monte Carlo MCNP-4B ENDF-B/VI continuous data 

 

Table 5 shows preliminary results of the participants. They were presented at the last WPPR 
meeting at Oak Ridge in September 2004.  

The averaged core reactivity of the code systems (without VSOP) is 1.3502 at 293.6 K and 1.3047 at 
1 000 K. The keff values at 293.6 K are in a good agreement, only the TRIPOLI4 result is slightly outside 
the standard deviation. No significant difference appears for the deterministic codes systems WIMS9 
and APOLLO2 on one hand. On the other hand VSOP-99 underestimates significantly the core 
reactivity. A preliminary comparison of 1 group cross-sections (WIMS9 vs. VSOP-99) has shown that 
the lower keff is probably due to a higher 240Pu capture cross-section [15]. In order to clarify the 
importance of cross-section on the keff values, a sensitivity analysis is performed.  

Table 5: Core reactivity of the plutonium fuelled HTR at cold and hot conditions 

Temperature (K) MONK TRIPOLI4 MCNP WIMS9 APOLLO2 VSOP Average* St.-Dev. (pcm)
293.6 1.3494 1.3571 1.3472 1.3465 1.3508 1.3030 1.3502 ± 423 

kCode-kAver. (pcm) -78 692 -298 -373 57 -4720   
1000 1.2998 1.3111 1.3185 1.2960 1.2982 1.2656 1.3047 ± 967 

kCode-kAver. (pcm) -492 638 1378 -874 -652 -3916   

* Average of the keff values without the results of VSOP. 

Sensitivity and uncertainty analysis results 
In a first attempt a sensitivity and uncertainty analysis was performed in order to investigate the 

importance of cross-sections on keff. Table 6 illustrates the sensitivity coefficient for the various 
reaction types for the Plutonium nuclides and Graphite. For this particular case, the only nuclide for 
which this factor would have brought important correction is Plutonium 240.  

The importance of self-shielding factors for the sensitivity analysis has been explained in a 
previous part. For the capture rate in 240Pu the self-shielding factors are close to unity over the energy 
range, only at the first resonance (1 eV) they change from 0.7 to 1.6. This means that the sensitivity 
coefficients presented here are afflicted with a higher uncertainty than for the other reaction rate 
types, e.g. the self-shielding factors changes only between 0.96 and 1.03 for the fission reaction in 
239Pu. It should be outlined that results of the sensitivity analysis are based on whole core calculations 
using a 26-group energy structure. Actually, we believe that with this group structure the self-shielded 
cross-sections for the 240Pu resonance at 1 eV are too large and therefore the sensitivity coefficient, 
too. It is foreseen to perform new calculations with a finer energy group structure in the near future to 
obtain more appropriate coefficients.  
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Table 6: Integrated sensitivities of HTR keff 

Material Reaction Sensitivity 
(%/%) 

Pu239 
Nu total 8,20E-01 
(n,fission) 3,55E-01 
(n,y) -2,82E-01 

Pu240 (n,y) -4,72E-01 

Pu241 
Nu total 1,79E-01 
(n,fission) 8,21E-02 
(n,y) -3,56E-02 

Pu242 (n,y) -1,87E-02 

Carbon elastic 1,59E-01 
(n,y) -1,32E-02 

 

The 1 group capture XS of obtained with VSOP-99 is ~15% higher than the one obtained with 
WIMS9. This difference multiplied with the sensitivity coefficient (-0.471%/%) results in a 7 000 pcm 
lower keff value for VSOP-99. For all other reactions the impact on keff is significantly smaller,  
e.g. +100 pcm for fission in 240Pu or +400 pcm for capture in 242Pu. Sensitivity study proves that, the 
only reaction that can be responsible (i.e. that have a big relative error and a big enough sensitivity) for 
such discrepancy on keff is 240Pu capture cross-section. 

Uncertainty analysis 
Table 7 presents our uncertainty analysis with every uncertainty information that can be found 

in present evaluated files. 

Table 7: HTR Uncertainty analysis using available uncertainty information 

Material Reaction Uncertainty(pcm)  
JENDL/alternative source 

PU239 
Nu total 65 
(n,fission) 1280/90(IRDF90) 
(n,γ) 750 

Pu240 (n,γ) 375 

Pu241 
Nu total 52 
(n,fission) 39 
(n,γ) 55 

Carbon elastic 46(ENDFB5) 
(n,γ) 79(ENDFB5) 

Total  1556/405 
 

If we take IRDF reference for 239Pu instead of JENDL, the global results is much more realistic  
(405 pcm) and is completely dominated by capture on Plutonium 240. One should keep in mind that 
uncertainty is only the root of the sum of variances and then if, like in this case, a reaction is 
dominant by a factor 5 and its weight on the global uncertainty is rather a factor 25. Even if not 
perfect, this analysis shows that one can expect an uncertainty in its results about 400 pcm to 
1 000 pcm coming from uncertainties in the basic nuclear data. This is also the order of magnitude of 
the error coming from numerical approximations and methods shown by the spread of participants’ 
results. 

Conclusions 

Nuclear data of nuclides, which are of interest for new reactor concepts and new fuel cycles as in 
the Gen-IV program, e.g. U/Thorium cycle, burning of Minor Actinides and/or Plutonium, are afflicted 
with higher uncertainties than the ones used currently in light water reactors.  
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In order to quantify the impact of uncertainties of nuclear data on the core reactivity, 
sensitivity analysis are performed for a Thorium Molten Salt Reactor and a Plutonium fuelled High 
Temperature Reactor.  

The integrated sensitivity comparison shows that, independently from the concept, the most 
important nuclear data are: 

• number of neutron by fission for fissile materials; 

• fission and capture reaction for fissile materials; 

• capture reaction for important non-fissile material; 

• scattering reaction in the graphite.  

The study has shown that the capture cross-section of 232Th is afflicted with a very high 
uncertainty. Due to this high uncertainty in conjunction with the large amount of Thorium in the 
TMSR concept, calculated keff values are very sensitive to this cross-section. Bearing in mind that the 
information of nuclear data libraries are very limited and rather old, e.g. only one matrix is available 
(ENDFB evaluation from 1977) for 232Th, there is a need of new experimental data and/or evaluations. 
And this new evaluation would be much more valuable if given with the associated uncertainty. 

The sensitivity analysis performed for the numerical OECD/NEA Plutonium HTR benchmark 
confirms that the observed discrepancy in keff is due to differences of the capture cross-section of 
240Pu. For this exercise the larger sources of uncertainties are the 240Pu capture reactions and number 
of neutrons by fission and the fission cross-section of 240Pu.  

Our tools has shown their efficiency in understanding the neutronic of innovative reactors by 
showing the relative importance of each cross-section and neutron energy on keff, the most important 
parameter of a critical reactor. In a real reactor the uranium density would be adjusted so that the 
reactivity is one. So, the real uncertainty on keff is zero. But the uncertainty has not disappeared: it has 
moved to an uncertainty on uranium density and on uranium inventory. This will also change the 
breeding factor and a lot of other macroscopic observations of the concept. Whatever parameter will 
be tuned to compensate a discrepancy between real behaviour and numerical prediction, any nuclear 
data uncertainty impact should be established. Because it will be paid by margin overestimations and 
design complexity in order to allow the concept to accept such discrepancy. But the interpretation of 
the uncertainty analysis is limited by the difficulty to have reliable uncertainty information. This lack 
of information has two major consequences: 

• Users of evaluated files don’t know the level of confidence that they have in their results, 
even though they could propagate the uncertainty of basic nuclear data into their models like 
in this study. 

• The nuclear data request list cannot be updated using uncertainty analyses. And so evaluators 
and experimentalists cannot optimise their work which is to reduce the uncertainties. 
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Abstract 
The feasibility, in terms of the available plutonium inventory, of the deployment of a nuclear fleet 
entirely composed of Fast Reactors, EFR self-breeders, was assessed: the park has an installed power 
of 60 GWe and the electricity production is 400 TWhe/year. This analysis was carried out in the 
framework of a collaboration between CEA and EDF, by means of the COSI and TIRSTRAT codes. 

A comparison between the two codes is presented, as well as a sensibility study on the Breeding Gain 
and the EFR spent fuel cooling time. 
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Introduction 

The EDF French nuclear power plant fleet, 63 GWe installed capacity for an electricity production 
of about 427 TWhe in 2004, is young (19 years old on average) and competitive. Nuclear energy 
accounts for about 86% of total electricity production, with a high level of reliability and safety. 

In the long term, Gen IV International Forum is expected to design fast reactors and to ensure a 
full use of uranium resource, while minimising high-level long-lived waste. 

Different scenarios are considered at EDF and at French “Commissariat à l’Énergie Atomique” 
(CEA) for the current fleet replacement, and many parameters still remain unknown (life span of 
current facilities, electricity demand behaviour over the next century and the part of it to be covered 
by nuclear energy, Gen IV reactors introduction time, uranium resources and cost of recovery in the 
next decades, etc.). Nevertheless, as Gen IV systems are expected for 2030-2040 or later and the 
beginning of the renewal of the present fleet in France is likely to be scheduled from 2020, the 
replacement of a fraction of the nuclear fleet with Gen III+ reactors like European Pressurised Reactors 
(EPRs) may be proven necessary. 

Hence, considering a constant nuclear electricity production (400 TWhe/year) and installed 
capacity (60 GWe) over the 21st century, and 60 years lifetime for EPR, the following mean scenario 
may be considered sufficiently realistic from an industrial viewpoint. The present fleet (entirely 
composed of Gen II PWR facilities) will be completely replaced between 2020 and 2050, in two steps: 
30 GWe between 2020 and 2035 by EPRs and the remaining 30 GWe between 2035 and 2050 by Gen IV 
Fast Reactors operating in a closed fuel cycle. For the present study the European Fast Reactor (EFR) 
was considered, because of its well known technology and fuel cycle performances: EFRs are 
self-breeders to ensure nuclear energy sustainability. This nuclear fleet (50% EPRs + 50% self-breeder 
EFRs) will remain constant up to 2080, when EPR reactors will be replaced by EFRs to have 
100%  self-breeder EFRs fleet in 2095. 

The study was carried out with two fuel cycle simulation codes: the CEA code COSI [1] and 
TIRSTRAT, developed at EDF. The goal of the analysis, carried out in the framework of a collaboration 
between CEA and EDF, is to assess the feasibility of the deployment of a 100% self-breeder EFRs fleet 
in terms of plutonium inventory, and to assess a comparison between the two codes. The sensitivity 
of the plutonium inventory to a modification of some EFRs design characteristics (the core breeding 
gain and the spent fuel cooling time before reprocessing) is also presented in this document.  

Scenario description 

The installed nuclear capacity and the electricity production are constant over the entire scenario 
and equal to 60 GWe and 400 TWhe/year, respectively. The introduction rate of EPRs and EFRs is 
2 GWe/year over the entire scenario. 

The detailed scenario chronology (see Figure 1) is the following: 

• 2015 → 2019: Gen II nuclear fleet. The energy produced by the electronuclear fleet is 
distributed between UOX PWRs (92% of the installed capacity) and MOX PWRs (8%). The fuel 
management for UOX (resp. MOX) is 4 batches (3 batches) of 18 months for an average 
discharge burn-up of 60 GWd/tHM1 (45 GWd/tHM). The total Pu amount available in 2015 for 
fuel fabrication (contained in spent UOX and MOX fuel before reprocessing, and from already 
reprocessed spent fuel) is 310 tons. 

• 2020 → 2034: 30 GWe of PWRs are replaced by EPRs (same fuel cycle management as UOX 
PWRs). Pu monorecycling in MOX PWR will be stopped between 2024 and 2026. 

• 2035 → 2049: self-breeder EFRs replaces the remaining 30 GWe of PWRs. 

• 2050 → 2079: the nuclear reactors fleet remains constant (50% EPRs and 50% self-breeder EFRs). 

• 2080 → 2094: the EPR facilities (which have attained an operating period of 60 years) are 
replaced by new self-breeder EFRs facilities. In 2095 self-breeder EFRs compose the entire park. 

                                                      
1. Giga-Watt day per Heavy Metal ton. 
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Figure 1: Electric power contribution during transient from Gen II to Gen IV 

 

Hypotheses 

Two fuel cycle simulation codes were employed for the analysis: COSI [1], developed at CEA, and 
TIRSTRAT, developed at EDF. 

The following hypotheses concerning the fuel cycle management were assumed: 

• minimum cooling time of PWRs, EPRs and EFRs spent fuel before reprocessing: 5 years; 

• fresh fuel ageing time before irradiation in PWRs, EPRs and EFRs: 2 years; 

• plutonium losses rate at fabrication and reprocessing: 0.1%; 

• maximum reprocessing rate (tHM/year2): 850 for UOX PWRs and EPRs, 250 for MOX PWRs and 
500 for EFRs (closed fuel cycle); 

• reactors operating period: 50 years (average) for PWRs, 60 years for EPRs and EFRs; 

• EPRs and EFRs electrical output: 1450 MWe. 

The EFR modelled in COSI and TIRSTRAT is the EFR CD9/91 design originally developed by 
FRAMATOME. This concept is slightly breeder (the total core breeding gain, BG, is equal to 0.022). As 
one of the key-hypotheses of the whole study is the strictly self-breeder character of Fast Reactors 
(which were modelled on the basis of the EFR CD9/91 core design), a correction was applied to the 
results from COSI and TIRSTRAT to reproduce the behaviour of a strictly self-breeder EFR (even if this 
reactor is fictitious). The fact of applying this correction is also justified by the fact that the BG is 
influenced by the plutonium enrichment in the fuel (which is itself influenced by the plutonium 
isotopic composition). In the modelled transient scenario the plutonium fissile content increases with 
time and so does the BG. Thus, the only way of modelling a Fast Reactor which is strictly self-breeding 
on average is to apply a correction a posteriori to plutonium amount discharged from Fast Reactor as a 
function of the effective value of the BG. 

Results and discussion 

The results presented in this section were obtained by COSI. A comparison between COSI and 
TIRSTRAT will be the object of the next section. Results concern uniquely the plutonium stockpile 
evolution over the transient scenario. Thus, no attention will be paid to natural or enriched uranium 
consumption and long-lived nuclear waste production. 

                                                      
2. Heavy Metal ton per year. 
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Results on the reference scenario 
Figure 2 shows the evolution, as a function of time, of: 

• The Pu quantity which is requested at fabrication of fresh fuel for MOX PWRs (until 2022, 
when these reactors will be stopped) and EFRs (from 2033); 

• The Pu quantity which is available for fabrication of MOX PWR’s and EFRs fresh fuel. The Pu 
mass which is available for fresh fuel fabrication is given, at every year, by the sum of  
two contributions: 

1. the mass coming from reprocessing and which is directly available for fresh fuel 
fabrication; 

2. the mass contained in the spent fuel which would be theoretically available for 
reprocessing (its cooling time being higher than 5 years), but which has not yet been 
reprocessed (because the reprocessing utilities have maximum capacity values which are 
not infinite). 

Figure 2: Needs for fabrication and Pu availability during the transient scenario 

 

The main interesting features in Figure 2 are the following: 

• The Pu inventory available for fabrication grows up to 2033, as a consequence of a net Pu 
production rate of 7.9 tons/year until 2024 (before MOX PWRs stopping) and 10.5 tons/year 
after the replacement of MOX PWRs by EPRs. 

• From 2033 until 2050 the Pu stockpile decreases (the minimum is 140 tons at 2050) because of 
the introduction of 30 GWe of EFRs. 

• The stockpile grows again between 2050 and 2078 as a consequence of a net Pu production 
rate of 5.25 tons/year. During this phase the Pu need for EFRs fresh fuel production will be 
about 32 tons/year (this amount of Pu comes from EFRs themselves as they are self-breeders). 

• From 2078 the Pu stockpile decreases again because of the introduction of EFRs in 
replacement of EPRs. Between 2091 and 2100 the Pu mass available for EFRs fresh fuel 
fabrication will be constantly lower than the Pu needs for fabrication (equal to about 
62 tons/year for a 60 GWe fleet entirely composed by EFRs). Nevertheless, the COSI calculation 
may pursue, as the plutonium lack in the stockpile is compensated by a virtual Pu stockpile, 
whose function is precisely to let the simulation continue. The total amount of plutonium 
taken from the virtual Pu stockpile to satisfy the Pu needs for fresh fuel fabrication for EFRs, 
which is about 115 tons, indicates the amount of the plutonium lack to obtain a 100% EFRs 
fleet in 2095. 
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Thus, the deployment of a Fast Reactor EFR-type self-breeder (BG = 0) fleet of 60 GWe between 
2035 and 2095 will not be feasible in the reference scenario, because of a plutonium lack of about 
115 tons in the period 2091-2100. In fact, the total Pu inventory needed for the deployment of a 
60 GWe EFRs fleet in 2100 will be about 865 tons, whereas the total Pu production by PWRs and EPRs 
over the whole transient scenario will amount to about 750 tons only. 

It appears that the hypothesis of a constant installed power of 60 GWe cannot be satisfied by  
the deployment of self-breeder EFRs alones: only 51 GWe of self-breeder EFRs would be deployed in 
2091 in this scenario on the basis of the available plutonium inventory. Thus, the remaining 9 GWe 
should be obtained by the replacement of EPRs by others thermal spectrum (EPRs or equivalent) 
facilities. 

The total plutonium inventory over the nuclear fleet in 2091 is shown in Table 1. 

Table 1: Total Pu inventory in 2091 (51 GWe self-breeder EFRs + 9 GWe EPRs) 

Pu inventory (tons) 
Stocks Cycle facilities Reactors Total 

309 108 333 750 
 

Sensitivity analyses 
In order to complete the results of the reference scenario, the sensitivity on the Pu stockpile (and 

so, on the maximum deployable EFRs power) of two parameters having the highest sensitivity on this 
stockpile is presented: the EFR spent fuel cooling time and the Breeding Gain (results obtained by 
direct calculations with COSI). Each one of the two parameters is modified independently from the 
other, whose value is the same as in the reference scenario (unless elsewhere specified). 

EFRs spent fuel cooling time 

The effect on the reference scenario of a lower EFR spent fuel cooling time (3 years instead of 
5 years, with EFRs which are still self-breeders) is analysed. A lower spent fuel cooling time induces a 
lower plutonium inventory in the park (the Pu inventory in the cycle facilities is lower, as the time the 
fuel spend outside the reactor decreases from 7 years in the reference scenario to 5 years). 
Furthermore, the 241Pu available for fabrication increases because its disappearance due to radioactive 
β− decay over 241Am is lower (21% of 241Pu inventory at the cooling time beginning has decreased on 
241Am after 5  years, compared to only 13% with a 3 years cooling time). 

Results are shown in Table 2. 

Table 2: Sensitivity of an EFR spent fuel cooling time decrease  
on maximum deployable power and Pu lack of a 60 GWe fleet 

Spent fuel cooling time 5 years (Reference) 3 years 
Maximum EFRs BG = 0 
Deployable power (GWe) 51 57 

Pu lack for 60 GWe 
EFRs BG = 0 Fleet (tons) 115 42 

 

With a spent fuel cooling time of 3 years the plutonium lack for an installed power of 60 GWe 
self-breeder EFRs fleet in 2100 is lower than in the reference scenario, 42 tons instead of 115 tons. The 
maximum self-breeder EFRs’ deployable power will be about 57 GWe (thus, 3 GWe should become 
from new thermal-spectrum facilities). 

It follows that one among the following conditions would be necessary to deploy a 60 GWe EFRs 
fleet in 2100: 

1. EFRs are self-breeders but their spent fuel cooling time is lower than 3 years (about 2 years); 

2. 3 years cooling time for EFRs, which are necessarily breeders with a BG of about 0.03 (the 
doubling time, TD, is equal to 284 years). 
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EFRs breeding gain 

A positive BG for EFRs clearly increases the plutonium inventory available for fresh fuel 
fabrication; thus, the maximum EFRs deployable power increases, too. 

Two different scenarios, both including breeders EFRs, were considered: 

1. The BG is identical for all EFRs. 

2. Only a few EFRs are breeders (the BG is fixed at 0.2), the others are self-breeders as in the 
reference scenario. 

Breeder EFRs fleet 
The BG value which allows to deploy a 60 GWe EFRs fleet is about 0.06 (this positive BG may be 

obtained by increasing the mass of radial blankets by adding one supplementary ring of fertile 
sub-assemblies). The corresponding doubling time is about 159 years. Thus, the plutonium net 
production in breeder EFRs between 2035 and 2095 is 115 tons, equal to the plutonium lack in the 
reference scenario. 

Figure 3 shows the correspondent plutonium inventory in the transient scenario. 

Figure 3: Total Pu inventory in the transient scenario with breeder EFRs (BG = 0.06) fleet 

 

The total plutonium inventory in 2095 for a 60 GWe fleet will be about 860 tons. 

Mixed breeder and self-breeder EFRs fleet 
In this case the BG values are fixed (0.2 for breeder EFRs and 0 for self-breeders) and the fraction 

of breeder EFRs was calculated with COSI. 

Results show that a 60 GWe may be deployed in 2095 if the first 14.5 GWe of EFRs deployed 
between 2035 and 2042 (24% of the total EFRs power, which is equivalent to 10 facilities) will have a BG of 
0.2, the others (45.5 GWe) being self-breeders. The doubling time for a BG of 0.2 is about 51 years. 
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Results comparison between COSI and TIRSTRAT 

COSI, developed at CEA, is the reference code allowing to simulate a system of nuclear power 
reactors and fuel cycle plants. Both the steady state and transient scenarios between different nuclear 
fleets may be analysed. It allows a very detailed description of the nuclear fleet, leading to assess the 
technical feasibility of a given scenario taking into account the whole fuel cycle. 

The EDF code for fuel cycle simulation, TIRSTRAT, is a more simplified tool, which was originally 
developed to analyse different strategies of plutonium handling (including one recycling in PWRs as 
MOX and multirecycling in both PWRs and FRs). The description of the fuel cycle facilities  
(e.g. enrichment, fabrication and reprocessing facilities) is far less accurate in TIRSTRAT than in COSI, 
but the reactors models (energy equivalence of fresh fuel, in-core irradiation over the cycle) are 
equivalent. For both codes, models are based on the APOLLO2 [2] and ERANOS [3] cell codes calculations. 

A comparison between the results obtained by COSI and TIRSTRAT on the reference scenario is 
shown in Table 3. 

Table 3: Results comparison on the reference scenario between COSI and TIRSTRAT 

  COSI TIRSTRAT 
Maximum EFRs BG = 0 
Deployable power (GWe) 51 50 

Pu (Equivalent 239Pu)  
lack for 60 GWe EFRs  
BG = 0 Fleet (tons) 

115 (84) 144 (105) 

 

The results are very close in the two codes, even if, as a general feature, COSI shows a slight 
tendency, with respect to TIRSTRAT, to over-estimate the EFRs deployable power for a given 
plutonium inventory. This is largely due to different hypotheses leading to the definition of the ‘239Pu 
Equivalent’ content of a given Pu isotopic vector. Whereas the equivalence is in terms of BOC 
(Beginning Of Cycle) reactivity in COSI, TISTRAT assesses the equivalence in terms of energy 
production over a full campaign of the fresh fuel loaded. Thus, the 239Pu equivalent weights are 
different in the two codes, the equivalent 239Pu content of a given Pu isotopic vector being slightly 
higher in COSI than in TIRSTRAT. 

As a consequence, the Pu lack of a 60 GWe self-breeder EFRs fleet is higher in TIRSTRAT with 
respect to COSI: 105 tons of Equivalent 239Pu are missing in TIRSTRAT, and only 84 tons in COSI. 

Nevertheless, the maximum self-breeder EFRs deployable power is close in the two codes (51 GWe 
in COSI and 50 GWe in TIRSTRAT). This result shows a very good agreement between the two codes. 

Conclusion 

This study was carried out, in the framework of a collaboration between CEA and EDF, to assess 
the feasibility, in terms of the available plutonium inventory, of the deployment of a nuclear fleet 
entirely composed of self-breeder EFRs (BG=0): the nuclear fleet has an installed power of 60 GWe and 
the electricity production is 400 TWhe/year. Plutonium is not considered as a waste, but as a key 
resource to ensure long-term nuclear energy sustainability by permitting the start-up of a Fast Reactor 
nuclear fleet as a replacement of current Gen II nuclear facilities. 

Two fuel cycle simulation codes were utilised throughout this study: COSI, developed at CEA and 
TIRSTRAT, developed at EDF. 

Results show that the deployment of such a fleet would not be feasible according to the 
hypotheses of the reference scenario because of a plutonium lack equal to about 115 tons (84 239Pu 
equivalent tons) between 2091 and 2100. The maximum self-breeder EFRs’ deployable power is about 
51 GWe (35 facilities). The complement to 60 GWe should be ensured by 6 new (EPRs or equivalent 
thermal-spectrum) facilities. 
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The sensitivity of the plutonium stockpile (and the maximum EFRs’ deployable power) to the 
following parameters were analysed: 

• the spent fuel cooling time; 

• the breeding gain. 

A spent fuel cooling time reduction from 5 years to 3 years was considered, which induces a 
lower Pu inventory in the park. But still 40 tons are missing to deploy a 60 GWe self-breeder fleet, the 
maximum deployable power being about 57 GWe only. The spent fuel cooling time should be reduced 
to about 2 years to deploy a 60 GWe self-breeder fleet. 

The results sensitivity to the BG is very high. A positive BG of 0.02 allows producing about 40 tons 
of plutonium in the considered scenario. Thus, the deployment of a 60 GWe EFRs fleet would be 
possible if one of the following conditions were respected: 

1. The spent fuel cooling time is 3 years, all the EFRs are slightly breeders (BG=0.03, TD=284 years). 

2. The spent fuel cooling time is 5 years, all the EFRs are breeders (BG=0.06, TD=159 years). 

3. The spent fuel cooling time is 5 years, the fleet is composed of breeder and self-breeder EFRs: 
14.5 GWe of EFRs are breeders (BG=0.2, TD=51 years), the others are self-breeders. 

The comparison between COSI and TIRSTRAT shows a very good agreement between the two 
codes. The observed discrepancy is of the same order of magnitude of uncertainties due to nuclear 
data and neutronics codes. 
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Abstract 
Nuclear energy is today widespread all over the world. However, considering that a 1 000 MWe LWR 
produces annually about 30 tons of high level waste (about 2.5 tons of Pu and 250 kg of MA), it is 
mandatory to reduce actinides amount in final nuclear waste. In fact these products, due to their high 
radiotoxicity level vs. time, should represent a risk for future generations. In the frame of HTR-N1 EC 
project, we began to study symbiotic fuel cycles coupling current LWRs with HTRs, finally closing the 
cycle by means of GCFRs. Particularly we analysed Pu-Th based fuel: Th is in fact much more 
abundant on earth surface than U and it can be used to produce a great quantity of energy while 
burning the Pu produced in LWR. Now we improved plutonium exploitation by optimising 
Pu/Th ratios in the fuel loaded in a pebble bed HTR: the obtained results showed that Pu can be 
significantly reduced. Then we chose GCFRs to burn MA by using Pu. Considering the positive 
characteristics of HTR in terms of waste burning due to their excellent neutronic economy, and 
coupling it with GCFR, the geological disposal issues concerning high level radiotoxicity of MA can be 
considerably reduced. 
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Introduction 

At present, world-wide nuclear energy production is mainly due to LWRs that are fuelled with 
slightly enriched uranium. As known, the discharge burn-up depends on both nuclear and 
technological behaviour of fuel elements. In case of LWRs, it lies in the range between 30 000 and 
60 000 MWd/ton [14]. This implies that the mass loaded into a LWR having an output of 1 GWe and an 
efficiency of 33% amounts to about 25 tons of HM per FPY and is followed by the same discharge rate 
of spent fuel, in which an important fraction is made by TRU. 

The safety of NPPs has reached, at present, high reliability level. But now the presence of  
high level radiotoxic elements in the waste is assuming more and more importance. Because is  
not possible, in existing reactors, to totally avoid their production, we have to provide for  
their destruction. In addition, the fuel cycles for innovative reactors have to be tailored in order to 
minimise MA production. 

After about 3 years of permanence inside the reactor core, the fuel is transferred to cooling 
swimming pools. Approximately 350 different nuclides (200 of which radioactive) have been created, 
with the following average composition: 

• 94% U238; 

• 1% U235; 

• 1% Pu; 

• 0.1% MA; 

• 3 ÷ 4% FP. 

FP dangerousness decays in few centuries but Pu and MA present quite longer lives, even more 
than 250 000 years. Therefore the management, minimisation and safe disposal of actinides, deriving 
from the spent fuel, are key issues for the present and future of nuclear energy. 

For the handling of these materials different strategies are under discussion, each showing 
specific characteristics with respect to the transmutation rates and disposal features. Worldwide, 
there are two main policies concerning the treatment of spent fuel. Some countries like France, 
Germany, United Kingdom, Belgium, Switzerland, Russia, Japan and the Netherlands consider Pu as a 
consistent energy source and prefer to separate it from the spent fuel, by reprocessing both in 
domestic plants or in other countries and later to use it, eventually combined with other elements, as 
NPPs fuel. On the contrary, other nations (e.g. the United States, Canada and Sweden) consider 
plutonium as a waste and commit it to intermediate storage (as a component of the intact exhaust FE) 
and then to final disposal. 

The choice to use again Pu derived from the spent fuel, initially due to the limited availability of 
natural uranium resources, declined time by time because of the discovery of more natural U mines. 
In addition, the worldwide limited growth rate of NPPs did not suggest using extensively Pu as fuel. 
About 500 t of plutonium from reprocessing were available worldwide in 2000. Additionally, 60-80 t are 
being produced each year in LWR plants. Moreover, the plutonium stocks have been increased  
(of about 200 tons) by WG plutonium derived from the dismantlement of nuclear weapons [8] due to 
START treaties. Therefore Pu must be burnt.  

Last but not least, it will be mandatory to use Pu as energy source, especially if we consider the 
limited availability of energy source (oil, natural gas and U included) in the medium-long term. But 
the use of Pu-based fuel (e.g. MOX) in LWRs, even if is useful as energy source, not allow for significant 
reductions of actinides even because “new” actinides are being generated within this type of fuel. 
Furthermore, this choice leads, at the end of the cycle, to a growth of the quantities of MA, which are 
long-lived and very dangerous nuclides, mainly in terms of radiotoxicity. Th-based fuel with Pu could 
reduce the production of “new” actinides. Moreover, the use of the coated particle (CP) technology 
allows to reach an “ultra high” burn-up as it has been shown in some former experiments, with an 
incineration of fissile Pu to more than 90%. In addition, the use of CPs keeps the FP to be retained in 
the coating better than using vitrification techniques and consequently allows the direct disposal, 
without any intermediate reprocessing. 
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The gas cooled technology includes a number of thermal spectrum gas reactor plants, as well as a 
few fast-spectrum gas-cooled reactor designs. HTRs have some characteristics which make them 
particularly attractive for this task. In fact, besides the intrinsic safety, the cost-effectiveness, the 
reduced thermal pollution and the possibility of increasing energy availability (with the use of 
Pu-Th  or Pu-U cycles), they posses, above all, the capability of reducing radiotoxicity and volume of 
actinides (mainly Pu) but not of MA. 

Therefore it is necessary to search a way to reduce the MA inventory. In order to do that, it 
should be possible to use different facilities, like ADS and/or GFCR. It is important to highlight that, up 
to now, ADS is substantially a burner while GCFR is a “real” reactor, that while burning MA, produces 
a lot of energy.  

High temperature gas-cooled reactors 

Recent High-Temperature Reactor (HTR) designs take benefit both of the past [1] experience 
(since ’60) and of new core configurations that limit the maximum temperatures in core heat-up 
accidents without endangering the fission product retention capabilities of the coated-particle fuel. 

Today there is great interest in using the ultra-high burn-up capability of coated particle fuel for 
burning of Pu [14] and actinides with U-based fuel. The analyses indicate that HTRs generate less 
amount of high level waste due to the ultra-high burn-up and high conversion efficiencies. 

Different fuel strategies have been analysed [17] also with regard to core physics and nuclear 
stability. First results show that both types of HTR cores using pebble or block-type fuel can  
be operated with first generation Pu (Fg-Pu) from reprocessed LWR U fuel. The overall temperature 
coefficient keeps negative enough to guarantee self-stabilisation of the core in reactivity excursions. 
Further work is oriented towards second generation Pu (Sg-Pu) extracted from reprocessed LWR  
MOX fuel [19]. 

A fuel cycle that combines LWR and HTR [15,16] seems to be capable to reduce the Pu stockpiles 
instead of the actual steady increase. The main goal of this strategy is the reduction of long-lived 
actinides and the optimisation of the Pu-burning capabilities in a fuel cycle with direct disposal of the 
spent fuel without reprocessing. 

Gas cooled fast reactors 

Why the idea [13] to use Gas Cooled Fast Reactors? Fast Reactors have a unique capability as 
sustainable energy sources, for both a better utilisation of fissile material and a minimisation of 
nuclear waste, due to the hard neutron spectrum and high flux. The development of this kind of 
reactors benefits from the technology base in LMFRs (Liquid Metal cooled Fast Reactors) where Europe 
has a world lead. 

This good behaviour can be further improved adding to this kind of reactors the positive 
characteristics of gas-cooled reactors. In fact, the modern GCFR can benefit from development of gas 
cooled technology, as well as innovative fuel and very-high-temperature materials provided for the 
VHTR. Furthermore, the GCFRs are included in the Generation IV GFR Research & Development project 
which has ambitious long term goals, the main elements of which are self-generating cores, robust 
refractory fuel, high operating temperature, direct conversion with a gas turbine and full actinide 
recycling possibly associated with an integrated on-site fuel reprocessing facility. 

As a consequence, actually there is a growing interest in exploring particular advantages of  
the gas-cooled fast reactor (GCFR). These reactors are primarily an economic electricity generator, 
with good sustainability and safety characteristics, but are also able to minimise nuclear waste by 
burning the actinides. 

Sustainability is the key objective for the GCFR system. This means full utilisation of uranium 
resources and calls for the recycling of actinides in a closed cycle. Furthermore, the minimisation of 
waste requires recycling both of Pu and the MA together in an integral homogeneous recycling of all 
actinides present in used fuel which only requires depleted or reprocessed U feed. Last but not least, 
GCFR could also support hydrogen production.  
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Symbiotic fuel cycles 

Today’s thermal reactors have reached a high stage of development and are able, economically, to 
give, in respect of the environment, a significant contribution to the world energy supply. However, an 
essential element of a sustainable programme for the long-term energy supply is the efficient utilisation 
of the natural uranium and thorium resources and the management of the waste material from the fuel 
cycle. As before stated, in the short-term even if U availability seems to be adequate to fuel the 
continuing installation of thermal reactors, this cannot be sustained for the next centuries. Future 
improvements in the performance of thermal reactors can be reached particularly in terms of increased 
efficiency through higher temperatures of the HTR system. Furthermore, by using the fast reactors 
features, the utilisation of uranium resources could be enhanced. In addition, the waste radiotoxicity 
growth can be reduced by recycling of both Pu and the MA through symbiotic fuel cycles (Figure 1). 

Figure 1: Symbiotic fuel cycles (without or with using MOX in LWR) 
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Calculations 

Analysed cases 
In order to demonstrate the capability of HTRs to contribute in reducing nuclear waste (actinides 

in particular), it was decided (partially in the frame of HTR-N1 EC project) to analyse Pu-based fuel. We 
initially explored symbiotic fuel cycles coupling current LWRs with HTRs, in order to optimise 
Pu/Th ratios in the fuel. Particularly we analysed: 

• Fg-Pu [7] plus Th based fuel (ratio 50/50); 

• Fg-Pu plus Th based fuel (ratio 33/67); 

• Fg-Pu plus Th based fuel (ratio 25/75). 

Then, starting from these results and others already published in another paper [13], to close the 
cycle, we used GCFRs [9] to burn MA (which are important contributors to long term waste radiotoxic 
inventory). So we analysed: 

• Fg-Pu plus MA and Pu deriving from HTR loaded with Fg-Pu [13] in a U238 matrix (ratio 
Pu/MA/U238 10/1/40); 

• Sg-Pu [7] plus MA and Pu deriving from HTR loaded with Sg-Pu [13] in a U238 matrix (ratio 
Pu/MA/U238 10/1/40); 

• Sg-Pu [7] plus MA and Pu deriving from HTR loaded with Sg-Pu [13] in a U238 matrix (ratio 
Pu/MA/U238 10/1/40) but in this case we assumed that thickness for CP is 0.003 mm instead of 
0.005 mm (like cases d and e). Therefore the spectrum is less hard than in case e. 

Used codes 
To perform these calculations, we used an original chain of codes, i.e. MONTEBURNS [3]  

and CARL2 (CAlculation of Radiotoxicities Lifetime version 2) [18] that we briefly describe in the 
following sub-paragraphs. 
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MONTEBURNS code 

MONTEBURNS couples MCNP [4] and ORIGEN [5] codes through MONTEB utility and a PERL [6] 
procedure. By means of this code, we are able to evaluate the values of criticality factor vs. burn-up 
and the final isotopic composition of spent fuel [13]. We had benchmarked this code, with good 
results, in an international exercise (in the frame of HTR-N1 EC project) on a pebble-bed HTR using 
Pu-based fuel [7]. 

CARL2 code 

In order to evaluate radiotoxicity time evolution of a mixture of nuclides, we developed the 
original code CARL. The former version of the code [2] was developed in MathCAD® environment, but 
recently we improved this code obtaining an enhanced version, CARL2, in Matlab® environment.  
By solving a set of Bateman’s equations, CARL2 evaluates the isotopic decay and it determines the 
activity, the radiotoxicity (taking the dose factors from the ICRP database [2]), various radionuclides 
contributions, decay power, integrated dose, and gamma rays spectrum (for spent fuel disposal 
applications) vs. time. The masses (in grams) of the different nuclides (uranium, plutonium, thorium, 
neptunium, americium, curium, and some fission products), obtained from a neutronic code,  
are required as input data. As output, the code calculates the radiotoxic inventories (in sieverts)  
vs. time, and plots them in different graphs. The nuclides taken into account for our calculations  
are those considered more dangerous because of their (and of their daughters) very long half-lives  
and radiotoxicities. 

Results 

To check the advantages in using different fuel cycles, we mainly took into account the 
radiotoxicity evolution of the spent fuel vs. time. As reference for radiotoxicity, we defined the LOMBT 
(Level Of Mine Balancing Time) as the time (years) necessary for the radiotoxicity of the exhausted 
fuel to return to the same value of the amount of the mineral extracted from the mine (natural U) that 
generates the used fuel, i.e. the LOM (Level Of Mine). This value is linked to the type of fuel cycle and 
not easily defined (due to its oscillation range). However, in this paper, we adopt the LOM as a 
conceptual reference level. 

It should be noted that, in the case of HTR, we considered a once through fuel cycle. 
Consequently we assumed that the waste contains Pu, MA and FP. Instead in the case of GCFR, we 
considered that all the Pu will be recycled at the end of GCFR step. Consequently, we assumed that the 
final waste contains only MA and FP. In the following figures the behaviour of the radiotoxicity of the 
spent fuel vs. storage time is shown. 

Figure 2: Spent fuel radiotoxicity vs. time for case a (HTR loaded with Pu/Th 50/50) 

 

HTR loaded with Fg-Pu + Th 
based fuel (ratio 50/50)

─·─ = Reference Level 
─── = Spent Fuel Radiotoxicity 
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Figure 3: Spent fuel radiotoxicity vs. time for case b (HTR loaded with Pu/Th 33/67) 

 

Figure 4: Spent fuel radiotoxicity vs. time for case c (HTR loaded with Pu/Th 25/75) 

 

HTR loaded with Fg-Pu + Th 
based fuel (ratio 25/75)

HTR loaded with Fg-Pu + Th 
based fuel (ratio 33/67)

─·─ = Reference Level 
─── = Spent Fuel Radiotoxicity 

─·─ = Reference Level 
─── = Spent Fuel Radiotoxicity 
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Figure 5: Spent fuel radiotoxicity vs. time for case d (GCFR loaded with Fg-Pu) 

 

Figure 6: Spent fuel radiotoxicity vs. time for case e (GCFR with Sg-Pu) 

 

─·─ = Reference Level 
─── = Spent Fuel Radiotoxicity 

─·─ = Reference Level 
─── = Spent Fuel Radiotoxicity 

GCFR loaded with 
Fg-Pu + U + MA 

GCFR loaded with 
Sg-Pu + U + MA 



WASTE RADIOTOXICITY MINIMISATION USING INNOVATIVE LWR-HTR-GCFR SYMBIOTIC FUEL CYCLES 

384 ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 

Figure 7: Spent fuel radiotoxicity vs. time for case f  
(GCFR increased coating loaded with SG-Pu) 

 

In Table 1 the obtained results are summarised. In column 7 the ratio between inlet and outlet 
transuranic elements (Pu+MA) and in column 8 the ratio between inlet and outlet actinides 
(Th + U + Pu + MA) are shown.  

In the case of LWRs spent fuel, the LOMBT is about 250 000 years [9]. From Table 1 we can see 
that this figure of merit (the most important in terms of safety) is significantly reduced (an order of 
magnitude) using HTR and further (recycling Pu as fuel) by using GCFR to close the cycle (for example 
Yucca Mountain waste repository is designed for a minimum of 10 000 years). 

Table 1: Summary of the obtained results 

Case Reactor Fuel LOMBT [y] Energy/gPu Puout/Puin TRUout/TRUin Actout/Actin
1 2 3 4 5 6 7 8 
a HTR Fg-Pu/Th (1/1) 379821 60.16 GJ 24.14% 31.75% 63.88% 
b HTR Fg-Pu/Th (1/2) 375471 59.40 GJ 27.75% 33.88% 76.25% 
c HTR Fg-Pu/Th (1/3) 371171 58.89 GJ 29.06% 34.37% 81.94% 
d GCFR Fg-Pu2/MA/U238 (10/1/40) 92043 154.44 GJ 85.66% 86.77% 57.78% 
e GCFR Sg-Pu4/MA/U238 (10/1/40) 93103 155.26 GJ 85.85% 87.77% 57.57% 
f GCFR5 Sg-Pu4/MA/U238 (10/1/40) 118603 105.57 GJ 98.02% 98.95% 70.64% 

1.  In the case of HTR, we assumed a once through fuel cycle. Consequently the waste contains Pu, MA and FP. 
2.  FG-Pu added to Pu already present in the spent fuel of HTR loaded with FG-Pu. 
3.  In the case of GCFR, we assumed that all the Pu is recycled. Consequently the waste contains only MA and FP. 
4.  SG-Pu added to Pu already present in the spent fuel of HTR loaded with SG-Pu. 
5.  In this case we assumed that thickness for CP is 0.003 mm instead of 0.005 mm (like cases d and e). Therefore the 

spectrum is less hard than in case e. 
 

Conclusions 

This work represents a contribute to the researches on the important problem of waste reduction. 
In fact from the results we can see that HTRs reduce waste radiotoxicity of an order of magnitude 
burning Pu and supplying energy. Adopting Th-Pu based cycle, it appears that, in the case a (Th/Pu 
50/50), the total amount of produced energy is quite larger than in cases b and c. Unfortunately this 
kind of reactors, while burning Pu, produces MA. Also in terms of actinides destruction, the behaviour 
of case a seems to be the best. The LOMBTs in the three cases are substantially the same. 

─·─ = Reference Level 
─── = Spent Fuel Radiotoxicity 

GCFR increased coating 
loaded with Sg-Pu + U + MA 
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Therefore a further step in the fuel cycle seems to be necessary. In fact, the use of GCFR after HTR 
adopting a Pu-U cycle is capable to further reduce radiotoxicity in the waste and gives back  
(as expected) almost the same amount of Pu initially loaded and, at the same time, supplies a lot of 
energy. It is important to underline that this Pu, used as fuel, is not a waste but a source of energy.  
It should be noted that the use of Fg-Pu (case d) seems to give better results than Sg-Pu (cases e and f).  
In addition, the choice of increasing the C-based coating thickness gets worse results.  

The research demonstrates that the idea to use a LWR-HTR-GCFR symbiotic fuel cycle is very 
promising but, even because our calculations (quite long due to “ultra high burn-up”) are just 
preliminary, it is necessary to further optimise the entire fuel cycle. As a first improvement 
calculations on a whole core (using the real keff for 3D geometrical shape) should have to be made. In 
fact, at the moment, it was performed only k∞ calculations both for HTR (even if the whole pebble was 
realistically represented) and for GCFR. 

At the same time, it is necessary to highlight that a correct definition of the LOM is very 
important in order to state realistic constraints for the waste repository. Of course the total amount of 
waste has to be taken into account, too.  

Finally, we can underline that GCFR is a “real” reactor not a simple burner that, while burning 
MA, produces energy. Furthermore, considering the positive characteristics of HTR in terms of 
Pu burning due to their excellent neutronic economy, and coupling it with GCFR (fast neutronic 
spectrum and high fluence), we can say that the geological disposal issues concerning high level 
radiotoxicity of actinides can be considerably reduced. 
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Radiotoxicity of thorium fuel cycles in PWRs 

Kevin Hesketh 
BNFL Nuclear Sciences and Technology Services 

Abstract 
The thorium-uranium fuel cycle has long been advocated as an alternative to the conventional 
uranium-plutonium fuel cycle. In addition to it providing an alternative energy resource to uranium, 
the thorium fuel cycle is widely understood to generate a smaller radiotoxic burden. The reason for 
this is that the low mass of 232Th requires considerably more neutron captures to generate the heavy 
transuranics that are the principal contributors to radiotoxicity in the uranium-plutonium fuel cycle, 
so that the discharge inventories of transuranics are low. 

Even though the low radiotoxicity of the thorium-uranium fuel cycle is widely accepted, there is a 
shortage of quantitative analyses in the open literature, the notable exception being a recent European 
4th Framework project report [1]. The paper compares the radiotoxicities of the uranium-plutonium 
and thorium-uranium fuel cycles in the context of a present-day PWR, using the most recent effective 
dose coefficients for radioactive nuclides as recommended by the International Commission on 
Radiological Protection (ICRP) and compares the results with those of Reference [1]. The paper 
considers radiotoxicities both from the perspective of the long-term equilibrium and in the context of 
finite scenarios. There is an important distinction between long term equilibrium calculations and 
calculations which take account of the finite nature of real fuel cycles; it is not possible to completely 
decouple the uranium-plutonium and thorium-uranium fuel cycles and the net result is that the 
radiotoxic benefit of the equilibrium thorium-uranium fuel cycle is not fully realisable in practice.  

The results confirm that an equilibrium self-generated thorium cycle in a PWR does have a lower 
radiotoxicity than an equivalent UO2 fuel cycle. The benefit is most noticeable for cooling times 
between 1 000 and 10 000 years, with the equilibrium thorium cycle showing approximately a factor 
5 lower instantaneous radiotoxicity. Overall, the equilibrium thorium cycle has an integrated 
radiotoxicity a factor 3 lower. In practice, this modest benefit would not be fully realised, as in any 
realistic and finite scenario, the uranium inventory in the fuel cycle at closure would need to be 
included. A comparison of the radiotoxicity of a PuO2/ThO2 assembly with an equivalent 
MOX assembly shows that there is almost no difference. Viewed as a means of plutonium disposition, 
PuO2/ThO2 therefore performs no better than MOX as regards radiotoxicity. Although there are small 
differences in the assumptions, the results are closely consistent and provide independent confirmation 
of the earlier results obtained by the European 4th Framework Project [1]. BNFL will be participating in 
the Thorium Project of the European 6th Framework and this work helps to validate BNFL’s calculation 
methods in this field. 
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Introduction 

The thorium-uranium fuel cycle has long been seen as a possible alternative to the usual 
uranium-plutonium fuel cycle. It uses 233U as the fissile component and 232Th as the fertile component, 
replacing 235U and 238U respectively in the conventional uranium fuel cycle. Apart from opening up 
thorium as a potential new resource to supplement uranium reserves, the thorium fuel cycle has the 
advantage of a higher conversion ratio and of generating very low inventories of transuranics. 

In thermal reactors, a higher conversion ratio is possible partly because the number of neutrons 
per fission (ν) is slightly higher for thermal fissions in 233U than 235U (~2.5 for 233U compared with 
~2.4 for 235U) and partly because 233U has a higher thermal fission/capture ratio than 235U. The net 
result is a slightly more favourable neutron balance for 233U thermal systems which leaves more scope 
for fertile captures in the thorium fuel cycle. 

The low inventory of transuranics is a result of the much lower starting mass for fertile captures 
of 232 for the thorium fuel cycle (compared with 238 for the uranium cycle), so that the number of 
neutron captures to generate 244Cm, for example, is increased from 6 to 12. The result is a very large 
reduction in the inventories of transuranics at discharge (for the particular example of 244Cm, a factor 
of ~105 reduction applies). The much smaller discharge inventories of problematic long-lived 
transuranics (principally plutonium, neptunium, americium and curium) is the reason why the 
thorium-uranium cycle is often cited as having low radiotoxicity.  

With the exception of India, the thorium-uranium fuel cycle has not become established on a 
commercial scale for various reasons. This is partly due to the difficulty faced by any novel system to 
compete with the established uranium-plutonium fuel cycle and also by the fact that a 
reprocessing/recycle route has never been demonstrated at the commercial scale. There are particular 
difficulties with the high activity of 232U daughters that would give high gamma doses in fabricating 
233U fuels and also some concerns over the proliferation potential of 233U. Because of these and other 
difficulties, only India has seriously committed to the thorium fuel cycle and is now at the point of 
commercial-scale deployment of thorium fuel bundles in its heavy water plants. Successful 
exploitation of thorium will allow India to make use of its large thorium reserves. 

With the widespread interest in sustainable fuel cycles, the thorium-uranium fuel cycle merits 
consideration because of its potentially low radiotoxicity. Technologically, the simplest route to 
implementing thorium-uranium fuel cycles would be in conventional light water reactors (LWRs) and 
it is an obvious question to ask how much of a radiotoxicity benefit could be achieved. This paper 
attempts to answer this question for a thorium-uranium fuel cycle based on conventional Pressurised 
Water Reactor (PWR) fuel assemblies. While it is recognised that limiting the study to conventional 
PWR assemblies may not be the most favourable situation, it avoids the need to find an optimum 
design. Moreover, an optimum design might involve a change to the moderator/fuel ratio, which may 
preclude its use in existing PWR cores. Specifically, this paper considers the radiotoxicity of a 
thorium-uranium cycle based on reprocessing and recycling of 233U, with the intention of establishing 
the radiotoxicity of the equilibrium cycle. Details of the thorium cycle are given in Section 2. 

Another possibility for a thorium cycle in PWRs would be to use it as a means of consuming 
existing plutonium stocks. PuO2/ThO2 is an alternative to conventional PuO2/UO2 (MOX) for the 
purpose of consuming excess plutonium and indeed represents one type of inert matrix fuel assembly 
that does not generate any fresh 239Pu from 238U fertile captures. This paper also considers the relative 
radiotoxicities of MOX and plutonium-thorium fuels in the context of excess plutonium consumption, 
details of which are given in Section 3. 

Thorium-uranium system  

Three types of fuel based on a conventional 17 x 17 PWR fuel assembly design were modelled in 
the first part of this study: 

• UOX: A conventional UO2 fuel assembly enriched to 4.95 w/o 235U content intended as a 
reference for comparison purposes. The UOX assembly is assumed to be subject to direct 
disposal, so that the entire radiotoxic inventory is counted. 

•  U3-Th: A 233UO2/232ThO2 fuel assembly with metal content of 4.18 w/o 233U and 95.82 w/o 232Th.  



RADIOTOXICITY OF THORIUM FUEL CYCLES IN PWRs 

ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 389 

•  U5-Th: A UO2/232ThO2 fuel assembly consisting of a mix of 20 w/o enriched UO2 and 232ThO2 in 
the ratio of approximately 30:70 by weight, the precise metal content being 6 w/o 235U, 24 w/o 
238U and 70 w/o 232Th.  

All three fuel variants are roughly equivalent in terms of their lifetime reactivities. Assuming a 
3-batch refuelling scheme, the UOX fuel assembly would be capable of an equilibrium discharge 
burn-up of 57 GWd/t. The initial fissile contents of the U3-Th and U5-Th assemblies were chosen to 
match the same equilibrium discharge burn-up requirement, though the results should only be 
considered approximate. 

The purpose of the UOX case was to provide a reference against which the radiotoxicity of the 
thorium-uranium case could be compared. The U3-Th case is fuelled by 233U recovered from a THOREX 
reprocessing plant and is itself reprocessed at the end of its life to recover the residual 233U remaining 
at discharge. However, it was recognised that with a conventional PWR assembly design, 
U3-Th cannot be completely self-sustaining in 233U and that it will need an external input of 233U to 
allow equilibrium to be attained. 

The U5-Th case is intended to act as a source of 233U to support U3-Th. In equilibrium, the core 
would contain a mix of U3-Th and U5-Th assemblies with the 233U recovered from U5-Th recycled into 
U3-Th. The 235U effectively starts the fuel cycle, driving neutron multiplication early on and providing 
spare neutrons for 232Th fertile captures. Ideally, high enriched uranium would be used for this 
purpose, to minimise the production of transuranics. However this would be an unacceptable 
proliferation risk and 20 w/o was assumed instead, being the upper limit of the IAEA classification of 
low enriched uranium. Combining the equilibrium discharge inventories of 233U from the U3-Th and 
U5-Th assemblies of 1.85 w/o and 1.23 w/o respectively with the initial 233U loading of 4.18 w/o in  
U3-Th leads to an equilibrium ratio U3-Th: U5-Th of roughly 0.35:0.65.  

The 35% self-supported fraction for U3-Th is considerably higher than would be expected for the 
analogous plutonium recycle scenario; a self-generated equilibrium ratio of the order of 15% would be 
expected for a uranium-plutonium cycle. The reason is partly because of the superior neutron balance 
of the 233U/232Th cycle and partly because there is no analogue in the 233U/232Th cycle of the absorbing 
isotopes 240Pu and 242Pu which poison any plutonium recycle scenario in a thermal reactor.  

The U3-Th/U5-Th equilibrium scenario is very similar to one of the PWR scenarios in Reference [1]; 
a self-generated recycle case using 20 w/o enriched UO2 with ThO2 as the fertile material was one of 
the cases analysed. Although there are some detailed differences: the discharge burn-up was 
60 GWd/t (compared with 57 GWd/t here); only uranium and 231Pa were assumed to be recycled 
(whereas uranium and thorium are recycled here) and only two recycles were allowed (whereas 
infinite recycle is assumed here). Nevertheless, the two scenarios are close enough to allow a 
meaningful comparison of radiotoxicities. The scope of Reference [1] is much broader and included 
nuclear design analysis to demonstrate that the reactivity coefficient remain acceptable with thorium 
fuel and can be considered as evidence that the scenarios chosen here are realistic and would likely 
satisfy existing PWR nuclear design limits.  

The U5-Th assembly would in practice need to be a heterogeneous design with separate enriched 
UO2 and ThO2 rods, because otherwise it would not be possible to recover 233U on its own (separate 
reprocessing of the ThO2 rods would yield principally 233U with traces of 232U, 234U and 235U, whereas 
co-reprocessing of both rod types would dilute the 233U with 235U and 238U). There are precedents for a 
PWR assembly with separate UO2 and 232ThO2 rods, namely the RTR design [2]. However, it is not the 
purpose of this study to establish the detailed design and therefore the modelling of the U5-Th was 
simplified by treating the UO2 and 232ThO2 components as though they were homogeneously mixed. 
This is judged to have only a small impact on the discharge inventories and not to affect the 
conclusions to any significant extent.  

Depletion modelling of all three assemblies was done using the lattice code CASMO-4 [3], with 
nuclear cross-sections based on the JEF-2.2 data library. The depletions were done assuming a 
constant 600 ppm soluble boron concentration, with restart calculations at 10 ppm to obtain  
end-of-cycle multiplication factors that were used in determining the reactivity equivalences of the 
three assemblies. Inventory calculations were done using the inventory code FISPIN [4]. An interface 
program was used to extract the 3-group burn-up dependent fluxes and cross-sections needed by 
FISPIN from the standard CASMO-4 output files. Finally, instantaneous and integrated radiotoxicity 
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calculations were carried out with an in-house program called RTOX, using isotopic inventories 
extracted from the FISPIN output files and effective dose coefficients for ingestion as recommended in 
ICRP-72 [5]. Instantaneous toxic potentials were calculated at cooling times of 1, 10, 100, 1 000, 104, 105 and 
106 years, with integrated toxic potentials (from 1 year cooling) up to 10, 100, 1 000, 104, 105 and 106 years.  

Figure 1 shows instantaneous toxic potentials for the three cases, expressed in terms of Sv per 
tonne of initial heavy metal (Sv/tHMi). As all three assemblies are assumed discharged at 57 GWd/t, 
this can also be interpreted as showing the relative radiotoxicities per unit of electrical output. The 
UOX curve shows the familiar decline of radiotoxicity with cooling time. The U3-Th and U5-Th curves 
are more complicated: 

For both U3-Th and U5-Th cases two curves are shown. The broken (upper) curves show the total 
radiotoxicities for the two assemblies which encompass the entire discharge inventory. The 
U3-Th case shows a rapid reduction below UOX up to 1 000 years’ cooling after which there is a sharp 
rise due to the build-up of daughter products from the decay of 233U, 234U and 235U into secular 
equilibrium, building to a peak at 105 years. The U5-Th case also shows the same kind of behaviour, 
though not quite so pronounced. However, the total inventories are an inappropriate measure to use 
for comparison because the thorium and 233U is assumed to be recycled. For the U3-Th case, the entire 
inventory of uranium (principally 233U) is recycled and so should not be allocated against the 
geological waste disposal and the radiotoxic contributions from the decay of 233U, 234U and 235U all 
need to be subtracted. The contributions of the thorium decay chains were similarly removed. For the 
U5-Th assemblies, only the ThO2 rods are assumed recycled to recover the 233U. The build-up of  
233U and 234U daughter products was noted in Reference [1], which causes the same peak in 
instantaneous radiotoxicity at just under 105 years.  

In order to remove the effects of the various secular decay chains, FISPIN decay calculations were 
made for Th, 233U, 234U and 235U and their radiotoxic contributions calculated. Using these decay chain 
calculations, the appropriate corrections were made to the U3-Th and U5-Th curves to obtain the solid 
(lower) lines. The removal of the uranium decay chains causes a dramatic reduction in radiotoxicity 
for U3-Th at 1 000 years and beyond. The removal of the 233U decay chain from U5-Th has a similar, 
but smaller effect. The net result is that the radiotoxicity curves of the U3-Th case falls below that of 
the UOX reference, while U5-Th is closer to UOX. 

Figure 1: Total ingestion radiotoxicity in Sv per  
tonne versus cooling time: thorium-uranium 
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As noted earlier, the self-generated equilibrium can be maintained with 35% U3-Th and 65% U5-Th 
and the equilibrium has a lower radiotoxicity than the UOX reference; this is shown as the purple line 
in Figure 1. This was constructed by simply averaging the radiotoxicities, corrected for the activity of 
the uranium chains of U3-Th and U5-Th with the 35:65 weighting. The equilibrium case is already 
lower at 100 years’ cooling and this benefit increases to roughly a factor of ~5 lower at 1 000 years and 
104 years. By 105 years, however, the lines converge and the benefit is more marginal. Reference [1] 
obtained a factor ~2 reduction in radiotoxicity, slightly less than indicated here. The difference is 
mostly because Reference [1] assumes there are only two recycles of uranium so that the 233U and  
234U decay chains contribute.  

Figure 2 shows integrated radiotoxicities for the UO2 and U-Th equilibrium cases, with units  
Sv-years/tHM. At 1 million years, the U-Th equilibrium case is lower than that of the UO2 reference 
case by a factor of approximately 3.  

The conclusion is that the equilibrium thorium cycle with the standard PWR core geometry 
shows a modest, but nevertheless significant reduction in radiotoxicity that is evident in for medium 
decay times from 100 to 10 000 years, during which time a geological repository would be expected to 
retain the bulk of activity. The thorium cycle therefore effectively leads to accelerated decay of 
medium term activity, reducing the risk from inadvertent intrusion into the repository.  

Figure 2: Integrated radiotoxicity in Sv-years per  
tonne versus cooling time: UOX and thorium-uranium 
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In practice, the equilibrium curve overstates the benefit, because it does not allow for the 
eventual termination of the fuel cycle. At this time all the uranium mass in the fuel cycle would 
presumably need to be treated as waste and disposed of in the repository. An unknown fraction of the 
uranium decay chain radiotoxicity would therefore need to be added to the equilibrium curve. This 
fraction gets smaller the more recycle steps are considered.  

No credit has been taken in this scenario for plutonium recycle from the U5-Th component; only 
the 233U has been assumed recycled. Plutonium would be created by fertile captures in the 238U mass 
in the U5-Th assemblies (since the uranium is assumed enriched only to 20 w/o). Plutonium recycle in 
parallel would result in a further reduction of total radiotoxicity due to the destruction of plutonium 
by fissions. Moreover, it would decrease the core fraction of U5-Th needed for the system to be 
self-supporting and the impact would be to further reduce total radiotoxicity. No calculations have 
been attempted because analysis of detailed scenarios falls outside the scope of this paper.  
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Thorium-plutonium system  

In the second part of the study, two additional fuel types were modelled: 

• Pu-Th: A PuO2/ThO2 assembly with an initial plutonium content of 11.5 w/o. The  
isotopic composition of the plutonium corresponds to that of plutonium recovered from  
PWR UO2 fuel and is given in Table 1 below.  

• MOX: A conventional PuO2/UO2 MOX assembly with an initial total plutonium content of 
10.5 w/o and the same plutonium isotopic composition.  

Table 1: Plutonium isotopic vector for Pu-Th and MOX cases 

Pu-238 Pu-239 Pu-240 Pu-241 Pu-242 Am-241 
2.57 54.59 24.77 9.59 7.00 1.49 

 

Table 2: Plutonium discharge inventories for Pu-Th and MOX cases (w/o) 

  Pu-238 Pu-239 Pu-240 Pu-241 Pu-242 
Pu-Th 0.344 1.407 2.093 11.873 0.095 
MOX 0.319 2.991 2.220 12.257 0.085 

 

These two fuel types also meet the requirement for 57 GWd/t discharge burn-up with a 3-batch 
refuelling scheme and are therefore equivalent both to one another and to the two thorium-uranium 
cases in respect of lifetime average reactivity.  

The scenario considered here is one in which there is an excess of plutonium arising from the 
reprocessing of UO2 fuel from a fleet of PWRs. The specific question of interest here is whether the use 
of Pu-Th fuel to consume the plutonium generates more or less of a radiotoxic burden than 
conventional MOX fuel. In this scenario the intention is that both fuel types would eventually be 
disposed of in a geological repository, in which case it is appropriate to include compare total 
radiotoxicities directly, with none of the corrections needed in the thorium-uranium scenario. 

These plutonium cases also correspond with two of the scenarios examined in Reference [1] and 
although the correspondence is not exact, it is close enough to allow meaningful comparison.  

Figure 3: Total ingestion radiotoxicity in Sv per tonne versus cooling time: Pu-Th and MOX 
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Figure 4: Integrated radiotoxicity in Sv-years per tonne versus cooling time: Pu-Th and MOX 
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Figure 3 shows the total radiotoxicities of Pu-Th and MOX cases, which are almost coincident 
except that Pu-Th is higher at 100 000 years. It is perhaps surprising that there is so little difference, 
but the reason can be seen by comparing the inventories of plutonium at discharge for the two cases, 
as shown in Table 2. The discharge inventories of all the plutonium isotopes except 239Pu are similar 
for both cases. For 239Pu, the discharge inventory is reduced to about one half in the Pu-Th case, due to 
the absence of 238U fertile captures. However, the Pu-Th case has a discharge inventory of 233U of  
1.526 w/o and to a large extent, the radiotoxicity associated with the 233U decay chain compensates for 
the lower contribution from 239Pu. At the 100 000 year cooling step, the 239Pu is now largely decayed, 
while the 233U chain has not decayed. This accounts for the high result for Pu-Th at 100 000 years.  

The corresponding results from Reference [1] are essentially the same, with very little difference 
in radiotoxicities evaluated for Pu-Th and MOX scenarios. Reference [1] extends the analysis to 
burn-ups as high as 100 GWd/t, showing only slight burn-up sensitivity of the radiotoxicities. The 
practicality of both Pu-Th and MOX scenarios at 100 GWd/t is, however, questionable, as all these case 
show a strongly positive moderator void coefficient. 

Figure 4 shows integrated radiotoxicities for the Pu-Th and MOX, which shows very little 
difference. Comparing the two cases, the 233U simply substitutes for the fresh plutonium generated 
from 238U fertile captures, with only slight changes to the inventories of other radiotoxic nuclides. The 
plutonium proliferation risk is slightly lower for the Pu-Th case initially because the 239Pu inventory is 
lower. However, the presence of an almost equivalent mass of 233U largely cancels this out. In the 
absence of an established reprocessing route for the thorium matrix, it might be that Pu-Th is 
considered a proliferation benefit because the plutonium and 233U might be regarded as being less 
accessible.  

The conclusion is therefore made that there is little to choose between Pu-Th and MOX 
radiotoxicities; in fact the integrated radiotoxicity up to 1 million years is marginally higher for Pu-Th. 
The choice of Pu-Th for plutonium consumption would therefore need to be made on other grounds, 
such as the potential for a thorium matrix to be more stable in a geological repository or if Pu-Th is 
considered to pose a lower proliferation risk. The Pu-Th cycle does destroy plutonium much more 
effectively than MOX, with a net plutonium destruction (assuming 33% thermal efficiency) of 
122 kg/TWhe for Pu-Th compared with 64 kg/TWhe for MOX and moreover the isotopic quality of the 
plutonium is more degraded. However, the reduced proliferation risk associated with the smaller 
plutonium inventory is offset to some extent by the presence on 233U.  
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Conclusions 

The results confirm that an equilibrium self-generated thorium cycle in a PWR does have a lower 
radiotoxicity than an equivalent UO2 fuel cycle. The benefit is most noticeable for cooling times 
between 1 000 and 10 000 years, with the equilibrium thorium cycle showing approximately a factor 
5 lower instantaneous radiotoxicity. Overall, the equilibrium thorium cycle has an integrated 
radiotoxicity a factor 3 lower. In practice, this modest benefit would not be fully realised, as in any 
realistic and finite scenario, the uranium inventory in the fuel cycle at closure would need to be included.  

A comparison of the radiotoxicity of a PuO2/ThO2 assembly with an equivalent MOX assembly 
shows that there is almost no difference. Viewed as a means of plutonium disposition, PuO2/ThO2 

therefore performs no better than MOX as regards radiotoxicity. The decision to use PuO2/ThO2 for 
plutonium disposition would therefore need to be made on other grounds, such as reduced 
proliferation risk or better suitability of the thorium matrix as an immobilisation medium. PuO2/ThO2 
fuel gives a high net plutonium destruction of 122 kg/TWhe, almost double that of MOX fuel, which 
is a potential benefit for proliferation.  
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addressing eco-friendly advanced nuclear fuel cycles 
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Abstract 
Evolutionary, advanced and innovative technologies in various nuclear fuel cycle schemes are getting 
increased attention as plausible solutions to ever-growing issues threatening sustainability, 
environmental protection and non-proliferation For example: the partitioning and transmutation 
technologies employing pyro-chemical or advanced aqueous processes could reduce the radio-toxicity 
of spent fuel and hence, minimise the long-term burden to a geologic repository. Other innovative 
concepts involving the use of thorium and inert-matrix fuel could reduce the production of plutonium 
and minor actinides. Pyro-chemical separation methods would form a critical stage of P and T by 
recovering long-lived elements such as Minor Actinide (MA) elements (namely Am, Np, Cm, etc.) and 
thus reducing environmental impact by the back-end of the fuel-cycle. Minimisation of MAs in the 
disposable waste fraction during the separation process can contribute considerably to an improved 
protection of the environment. However, we may need very high reduction (>99.5%) of MA and 
long-lived fission products to achieve this goal. For transmuting these tranuranic elements, the 
development of MA-based fuel (target) is the crucial step. Hence, front-end of MA-based fuel cycle 
namely fabrication and performance of MA-based fuels (targets) constitutes as one of the vital 
component of P&T approach. This paper attempts to overview global developments of pyro-chemical 
process that are envisaged in advanced nuclear fuel cycles. In addition the paper describes progress 
and future plans of the IAEA activities encompassing the following subject-areas: Minimisation of 
MA-losses in pyro-chemical processes, MA-fuel and target, coated particle fuel, MA-property 
data-bank, reprocessed uranium management and other fuel cycle strategies to minimise 
MA-generation viz., thorium, liquid metal cooled reactor and IMF fuel cycle approaches. 
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1 Introduction 

Nowadays, energy policy is addressing environmental issues very explicitly and energy 
conservation has come to be regarded as an important element of environmental policy [1,2]. 
According to the current situation, concern for environmental preservation has increased the demand 
for more efficient management and environmentally sound and sustainable development of nuclear 
energy. Use of innovative technologies in various nuclear fuel cycle schemes are getting increased 
attention in several Member States to a) minimise radioactive waste, b) increase the operating safety 
of nuclear energy systems, c) to enhance the proliferation-resistance d) to increase the resource 
utilisation and e) to increase the competitiveness of nuclear power plants.  

The appropriate management of radioactive waste arising out of back-end of the nuclear fuel 
cycle is considered to be one of the crucial solutions for long-term environmental concern. The basis 
of this concern with the disposal spent nuclear fuel or High Level Waste (HLW) as nuclear waste by 
isolation from the biosphere in a stable deep geological formation for at least tens of thousands of 
years or even very longer times during which this waste must be separated from the biosphere to 
avoid possible harmful effects. The long-term hazard of the spent fuel or HLW is associated with the 
actinides particularly the Pu and ‘Minor Actinides’ (MAs) such as americium, neptunium and curium 
while the short and long-term risks are due to the mobility of fission products in the geo-sphere with 
possibility to enter the biosphere. The use of Partitioning and Transmutation (P&T) techniques in 
nuclear fuel cycle with an aim to separate the MAs and to incinerate them successfully either in 
specially designed fast reactors or Accelerator Driven Sub-critical reactor (ADS) is viewed as a solution 
to diminish this long-term radiological toxicity at the source point itself as well as significant 
reduction of the wastes volumes. Since, P&T approach has the potential to reduce the repository 
space requirements as well as the time-period to terminate the disposal site and in addition to easing 
safeguards requirements for the repository. In addition, the vastly reduced inventory of radionuclides 
by P&T will also mitigate the effects of inadvertent intrusion scenarios assuming reduced 
concentration and optimisation of final waste form in the repositories. Member States are evaluating 
several fuel cycle schemes to incorporate P&T approach in existing as well as future fuel cycles [3]. In 
addition, new fuel cycle concepts such as Thorium fuel cycle (in which minor actinide generation 
itself is minimised), use of fertile-free inert matrix fuels with minor actinide based fuels including 
other latest concepts such as Actinide Burner Reactor (ABR) which is loaded only with transuranics 
(TRU) in a fertile-free fuel are being investigated. 

Recognising the potential crucial role of P&T in future nuclear fuel cycle systems, the Agency 
(IAEA) has been co-ordinating studies on ‘Partitioning and Transmutation (P&T)’ since 1980 to assist 
interested Member States. Of late different developments in reprocessing areas along with advances 
in reactor design and robotics have recently led to immense interest in Partitioning and 
Transmutation as a key element in future nuclear energy systems. Any fuel cycle studies that 
integrate ‘Partitioning and Transmutation (P&T)’ into it are also known as “Advanced Fuel Cycles” 
(AFC). A comprehensive AFC scenario with P&T comprises the following steps [4]: 

a) improved reprocessing of LWR-UO2 fuel with additional Np removal; 

b) separation of MAs from HLLW resulting from LWR-UO2 reprocessing; 

c) fabrication of MA targets for heterogeneous irradiation in LWRs; 

d) quantitative recycling of U and Pu into LWR-MOX fuel (single or multiple recycling); 

e) reprocessing of spent LWR-MOX fuel in adequate facilities (higher Pu inventory); 

f) separation of MAs from HLLW and conditioning of individual elements (Np, Am, Cm); 

g) long-term storage and eventual disposal of specially conditioned MA; 

h) fabrication of FR (-MOX, -metal or -nitride) fuel with a limited MA content; 

i) irradiation of FR-fuel in Fast Burner Reactors or dedicated hybrid facilities (very high burn-up); 

j) reprocessing of spent FR-fuel in specially designed (aqueous and / or pyro-chemical) and 
licensed facilities; 

k) quantitative separation of all TRUs from the spent FR fuel processing during multiple recycling; 
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l) multiple recycling of FR-MOX fuel with major TRU content until significant depletion; 

m) separation of certain fission products with long half-lives if required for the disposal step; 

n) revision of the fission product management: Tc-99 separation (head-end, HLLW); 

o) optionally: Platinum metals separation and recovery. 

The degree of realisation of AFC depends on the maturity of the development of comprehensive 
scientific and technical knowledge of minor actinides based technologies namely in developing the 
individual steps a), b), c), e), f), g), h), i), j), k), l) and m) in the above AFC scheme. Furthermore several 
other relatable subject-areas (for example the subject of very long-term behaviour MAs in given 
repository considering confining properties of the geologic strata) should be holistically assessed to 
arrive at the radiological toxicity reductions and the resultant minimisation of environmental impact 
by chosen AFC strategy. In this context many Member States and International Organisations are 
working on several of the above aspects. Keeping in view of recent developments in minor actinides, 
the division of Nuclear Fuel Cycle and Waste Technology (NEFW) of the Agency is co-operating several 
of the below mentioned activities related to AFC: 

• partitioning methods: Aqueous & Pyro-chemical processes, implication of P&T in waste 
management; 

• progress in MA fuel/target fabrication, irradiation etc., MA properties databank; 

• nuclear fuel cycles strategies: Liquid Metal-cooled Fast Reactors (LMFR), Inert Matrix Fuels 
(IMF), Coated Particle Fuel, Thorium Fuel Cycle, holistic analysis and Innovative Fuel Cycles; 

• non-proliferation and environmental aspects. 

This report intend to describe the global developments in the following subject-areas: Fuel cycle 
approaches to minimise MAs viz., by thorium fuel cycle, liquid metal cooled reactor fuel cycle and 
Inert Matrix Fuels, Minimisation of MA-losses in pyro-chemical processes, MA-fuel and target, coated 
particle fuel, MA-property data-bank and reprocessed uranium management. 

2 Fuel cycle approaches 

Many believe that the ‘once-through fuel cycle’ by direct disposal of spent fuel in geological 
formations is an economically viable nuclear fuel cycle option in the immediate future. In contrast 
considering diverse national preferences some believe that the option of the ‘closed fuel cycle’ with a 
view to recycle the fissile materials and dispose of the fission products as high-level waste should also 
be considered as the best long-term option for sustainable nuclear energy development. Furthermore 
there are some additional requirements for some specific fuel cycle approaches to accommodate 
disposition of excess weapon fissile materials as well as depleted uranium and reprocessed uranium. 
In this context different fuel cycle strategies such as: a) once through fuel cycle b) use of fast reactors to 
burn Pu generated from LWR; c) use of fast reactors to burn Pu as well as minor actinides generated from 
LWR; d) use of fast reactor to recycle transuranics as well as reprocessed U from LWR; e) use of only fast 
reactors i.e. replacement of all LWRs with fast reactors; f) use of Accelerator Driven Sub-critical 
Reactors (ADS) to reduce transuranics and reprocessed U from LWRs; and g) ‘Double-Strata Concept’ 
i.e. collective use of fast reactor and accelerators to deal with the all transuranics and reprocessed  
U as well as some long-lived fission products are under active consideration by different Member 
States according to their national preferences. It should be noted from the above that the Fast 
Reactors (FR) and its fuel cycle would become one of the key element in future nuclear energy systems. 
Presently the nuclear industry has in place the facilities that are needed to recycle plutonium in 
thermal as well as fast reactors. The superiority of fast spectrum in actinide transmutation and 
radiotoxic inventory reduction of spent fuel is well recognised [5-9]. All actinide isotopes are in 
principle fissionable and in a high flux neutron spectrum of fast reactors act as neutron producers, 
[10,11]. There is a sizeable experience in operating uranium-plutonium mixed oxide fuel (MOX) and 
considerable knowledge on alloy fuel as well as mixed carbides and nitrides of plutonium.  

In contrast it is also considered that incineration of plutonium in thermal neutron spectra 
(thermal neutron spectrum systems encompass both commercial light-water reactors, i.e. pressurised 
water reactors and boiling water reactors, and heavy water CANDU type reactors) has some 
restrictions due to the deterioration of plutonium isotopic composition and core neutronic and safety 
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aspects, and the limitation in the PUREX reprocessing technologies. Nevertheless some of these 
shortcomings are being surmounted by innovations in fuel and core design. For example CEA has 
proposed some innovative methods for recycling plutonium and minor actinides in PWRs based on 
heterogeneous distribution of uranium and plutonium pins in a fuel sub-assembly (Advanced 
Plutonium Assembly-APA and CORAIL MOX sub-assemblies) allowing to keep also an acceptable 
power shape [12,13]. A few of these safety drawbacks may be mitigated by changes of sub-assembly 
lattice design in order to achieve satisfactory spectrum thermalisation. This is accomplished either by 
an increase of moderator/fuel ratio (up to 3.5-4) – so called high moderation PWR (HM-PWR) [14] – or 
by a radical decrease of the fuel smear density keeping the same lattice geometry [15]. 

Possible minor actinides transmutation strategies utilising fast as well as thermal spectrum are 
with certain limitations determined by the performance and abilities of chemical separation 
processes. The general problems accompanying addition of minor actinides to the fuel are similar to 
those of plutonium – based fuel viz., deterioration of physical characteristics of reactor cores, 
particularly coolant void temperature coefficient, Doppler feedback, and delayed neutron fractions. An 
additional serious difficulty is the helium production due to α-decaying 242Cm, 244Cm, and 238Pu which 
enhances fuel swelling and results in pin over-pressurisation. Thus the content of minor actinides in 
reactor cores has to be somewhat limited. In addition the development of MA-based fuels (targets) 
and its fuel cycle needs specific considerations, which are different from those for conventional UOX 
and MOX fuels in fabrication, fuel design, irradiation and spent fuel storage. The technologies of 
minor actinide-bearing-fuel materials are not well established (although, for dilute minor actinide 
contents, the properties should not differ substantially from the base U-Pu-bearing materials). In this 
context, there are increased R&D activities on the development of specialised candidate fuels (targets) 
with a relatively high minor actinide content in the appropriate material viz., metal-alloy, oxide, 
nitride and coated particle. Over the recent years, the activities transmutation of MA-based fuel were 
mainly concerned with the possibilities of recycling Pu and minor actinides in existing LWRs or 
together with combination of FRs (either in the homogeneous mode viz., in an extended MOX fuel or 
in the heterogeneous one viz., MA placed in target pins) or development of innovative nuclear energy 
systems including ADS [5,6]. The overall development transmutation could be sorted out into the 
following works: a) adjustment in reactor operation modes; b) modifications in fuel design; c) changes 
in fuel composition; d) changes in the nuclear fuel cycle e) introduction of improved (or novel) types of 
power reactors; and development and use of ADS. The buidup of minor actinides is a non-linear 
function of burn-up due to eventual burn-up of accumulated plutonium in the reactor. An important 
consequence of high burn-up (deep burn-up) is a steep increase of MA content and thereafter  
α activity that in a long-term perspective dominates the residual heat of spent fuel and sets limiting 
parameters for geological repository. Note the strongly increased MA production in MOX fuel 
sub-assemblies, which is a factor of four or five higher than for UOX. 

Considering pyro-chemical processing of the wastes from the fluoride melt, some Member States 
are developing Molten Salt Transmutation Reactor (MSTR), THORIMS-NES (Thorium Molten-Salt 
Nuclear Energy Synergetics) and AMSTER (Actinides Molten Salt TransmutER) to transmute TRU 
elements in which the fuel is in the form of molten fluorides [16-19]. The simplicity of these concepts 
are based on ease of a) on-line capability in purification, b) refuelling and reprocessing c) perceived 
advantages such as high burn-up potential, d) minimised TRU wastes e) resource utilisation and  
f) in-built non-proliferation feature and therefore has attracted many Member States to consider these 
innovative concepts as one of the potential candidates in their advanced fuel cycle roadmaps. 
However, to overcome the technological difficulties arising due to use of molten fluoride medium at high 
temperature requires significant materials developments and needs an extensive development work to 
demonstrate the feasibility of the proposed methods. Another advanced concept based on the plasma 
process to treat the wastes generated from thermal reactor is being pursued at the Russian Research 
Centre “Kurchatov Institute”.  

3 Thorium fuel cycle 

Some Member States are also evaluating thorium fuel cycle, as an alternative disposition path for 
the management of plutonium to incinerate it in reactors [20] and as an attractive way to produce 
long-term nuclear energy with low radio-toxicity waste [21-23]. If uranium/plutonium mixed-oxide (MOX) 
fuelled reactors are utilised for the plutonium disposition, it will result in the production of 
second-generation plutonium. A possible solution to this problem is to incinerate plutonium in 
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combination with thorium. The thorium cycle produces 233U, which, from a non-proliferation point of 
view, is preferable to plutonium for two reasons. Firstly, it is contaminated with 232U, which decays to 
give highly active daughter products. This would make handling and diversion difficult. Secondly, in case 
this is not sufficient deterrent, adding some 238U to the thorium could denature the 233U. In 232Th-233U fuel 
cycle, much lesser quantity of plutonium and long-lived minor actinides (viz., Np, Am and Cm) are 
formed as compared to the 238U-239Pu fuel cycle, thereby minimising the radiotoxicity associated in 
spent fuel. However, in the back end of 232Th-233U fuel cycle, there are other radionuclides such as 
231Pa, 229Th and 230U, which may have long-term radiological impact. R&D activities in laboratory scale 
are being pursued on the innovative thorium-based hydride fuels for advanced Minor Actinides (MA) 
and plutonium burners with high safety characteristics in Japan [24,25]. The high degree of chemical 
stability and the low solubility of thoria make irradiated thoria-based fuels attractive as waste forms 
for direct geological disposal [26,27]. Recently MIT has analysed multi-recycling and incineration of 
TRU in existing PWRs with an innovative concept based on Thorium based and fertile free fuels (FFF) 
which was designated by the authors as Combined Non-Fertile and UO2 (CONFU) assembly concept 
[28,29]. The assembly assumes a heterogeneous structure where about 20% of the UO2 fuel pins on the 
assembly periphery are replaced with FFF pins hosting TRU generated in the previous cycle. As per 
their analysis the environmental impact of the sustainable CONFU assembly based fuel cycle is 
limited by the efficiency of TRU recovery in spent fuel reprocessing. TRU losses of 0.1% from the 
CONFU fuel reprocessing ensure the CONFU fuel cycle radiotoxicity reduction to the level of 
corresponding amount of original natural uranium ore within 1 000 years. 

4 Inert matrix fuels 

During the last two decades, several national and multinational research organisations have 
been devoting R & D work to the transmutation of plutonium and minor actinides in thermal reactors, 
fast reactors, and advanced systems by utilising an Inert Matrix Fuel (IMF) concept [30-34]  
e.g. uranium-free fuel studies e.g.. Current IMF projects initially dealt with excess plutonium from 
civil nuclear power production, however, after the end of the ‘Cold War’, excess plutonium from 
military sources also had to be considered. IMF activities were extensively discussed several 
workshops namely starting from the first Inert Matrix Fuel Workshops held at the Paul Scherrer 
Institute [35] and subsequently several workshops elsewhere, as well as from other specific actions 
e.g. from the OECD such as the Advanced Reactors With Innovative Fuels (ARWIF) workshops [37,38] 
the Partitioning and Transmutation (P&T) workshop, held at Jeju [38], and European Research on 
Materials for Transmutation ERMT meetings [39].  

Considering the large interest by several Member States in the IMF subject-area, IAEA has 
recently reviewed viability of inert matrix fuels in reducing plutonium inventories in the reactors [40]. 
This reduction of inventories, of course, matches the ecological goal. However, specific environmental 
studies are also required to understand the long-term behaviour of the spent fuel or the inert matrix 
e.g. metal for cermet (for Zr see [41]) or other ceramics [42] with regard to the conditions of  
a geological disposal. For example, zirconia forms a single phase with actinide dioxides or rare earth 
sesquioxides, and spinel fixes fission products such as alkaline earth elements. Such questions need 
to be addressed by specific investigations concerning the matrix solubility and corrosion rate  
in typical near field and far field environments and by suitable natural analogue studies.  
The elements and/or isotopes of the inert matrix are selected according to their transparency for 
neutrons in the IMF concept. The basic strategy is to apply a once-through IMF irradiation prior to 
geological disposal. However, the IMF fuel cycle could be made amenable to multi-reprocessing. 
The potential IMF candidates are being appraised and several promising candidate materials are being 
identified for both fast and thermal reactors: MgO, ZrO2, MgAl2O4, Y3Al5O12, Y2O3, SiC, Zr alloy, SiAl 
(silumin), TiN, ZrN; some of these have undergone test irradiations and PIE [43]. The performances of 
a metallic fuel with a low percentage of minor actinides (MA) and rare-earth, will be studied in the 
METAPHIX experiments [44].  

Modelling of IMF fuel performance and safety analysis and tests have been completed or are in 
progress. Fabrication methods have also been developed or adapted from existing technologies. 
System studies [45] have identified strategies for both implementation of IMF fuel as homogeneous or 
heterogeneous phases, as assemblies or core loadings, and in existing reactors in the shorter term, as 
well as in new reactors in the longer term.  
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There is large interest in developing Rock-like Fues (ROX) in IMF which has additional features 
such as coupled to the poor quality residual Pu in spent fuel, should result in a high anti-diversion 
potential and should ensure the stability of fission products and long lived actinides, by blocking them 
in a sort of rock-like spent fuel ready to be sent to final disposal in adequate deep geological 
formations, by trying to “copy” at the best what the nature has well done during the last one-million 
of years. Magnesia based targets have been fabricated for the ECRIX experiments in Phénix, and 
samples were used for properties measurements [46] of the composite (thermal characteristics, 
oxygen potential, melting point, heat capacity, thermal expansion and diffusivity) as well as specific 
tests like compatibility with sodium in collaboration between ITU and CEA. Typically ZrN, TiN, YN, or 
AlN are proposed as the inert matrix phase for nitride fuels. Recent emphasis has been on fabrication 
of specimens of these IMFs for irradiation testing. NpN, (Np,Pu)N, (Np,U)N, AmN, (Am,Y)N, (Am,Zr)N, 
and (Cm,Pu)N have been recently prepared by JAERI by the carbothermic reduction of oxides [47]. Solid 
solution pellets of (Pu,Zr)N and two phased TiN + PuN pellets have been fabricated and are undergoing 
irradiation testing [48]. Fuel fabrication activities focused on (Pu,Zr)N are also conducted in 
Switzerland as part of the CONFIRM programme [49] and in the US as part of the AFCI programme.  

5 Coated particle fuel 

Coated particle fuel consists of a fissile kernel contained within a multi-layered shell. Coated 
particle fuel has a unique structure that is totally different from conventional UO2 oxide pellet fuel;  
it is a micro spherical fuel particle coated by four layers e.g. carbon and silicon carbide or zirconium 
carbide. These coated particle fuel are embedded in the graphite matrix to form a fuel element. 
Fission products are retained locally within the shell. Typically, as in a tri-isotopic fuel particle (TRISO 
particle), the shell is composed of four layers. These consist of a low-density pyrocarbon ‘buffer’ layer 
that accommodates fission gas and fuel swelling, an inner pyrocarbon layer, a pyrolitic layer of silicon 
carbide, and an outer pyrocarbon layer. Oxides, carbides, and oxycarbides have been used as kernels. 
Properly executed, TRISO-type fuels are quite robust and capable of very high burn-up. Fuel 
performance is highly dependent on fabrication technique and the redox thermochemistry within the 
coated particle as a function of burn-up, however [51]. Very high burn-ups of beyond 900 GWd/t have 
been reported for a few particles of PuO2-x TRISO-type fuel [52]. Uranium-based particles have been 
shown to withstand extended exposure to very high temperatures with very low failure rates on the 
order of a few in 104.  

Recent work has focused on improving fuel particle fabrication techniques and on developing 
improved coating materials, particularly ZrC coatings [53] in place of SiC to extend the temperature 
range of this fuel and in an attempt to slow or prevent migration of fission products, particularly 
palladium [54] and silver, [55] into the reactor coolant. The deep burn capability of this fuel makes it 
attractive for once through cycles for plutonium and minor actinides destruction. The utilisation of 
IMF in High Temperature – Gas Cooled Reactors (HTR- GCR) may also be considered. Its advantages 
were recently revisited in the frame of the roadmap [56] of the Generation IV International Forum 
(GIF). As per GIF assessment the Prismatic block Gas Cooled Reactors (GCRs) can also utilise the 
discharged and separated transuranic waste from other reactors. The expected high burn-up 
capability of the TRISO fuel particle allows for the fission of over 90% of the fissile plutonium in the 
TRU in a single irradiation cycle. Effectively, the prismatic block reactor can destroy a significant part 
of its own waste. The thermal and epithermal GCR concepts provide the capability to achieve much 
higher burn-ups compared to the reference advanced LWRs, with the attendant capability to burn 
most of the minor actinides, thereby reducing the waste heat load and radio-toxicity.  

Although capable of improved sustainability compared to an open-cycle concept, the thermal 
closed cycle GCR is limited to about a factor of two improvements in fissionable resource utilisation. 
Considerably greater resource utilisation is achievable with the gas-cooled fast spectrum reactor 
system. Development of a Gas cooled Fast Reactor (GFR) [57] is attractive due to the following 
characteristics: enhanced economic competitiveness, enhanced safety, the use of proliferation 
resistant technologies and processes, flexible and efficient use of natural resources, and a significant 
reduction of long life radioactive elements in produced waste. Coated particle fuel technology has 
been demonstrated on a large scale in several prototype and production gas reactors, and a good 
theoretical basis exists for the development of fuels designed for plutonium burning.  
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In the Deep-Burn concept, destruction of the transuranic component of light water reactor (LWR) 
waste is carried out in one burn-up cycle, accomplishing the virtually complete destruction of 
weapons-usable materials (239Pu), and up to 90% of all transuranic waste, including the near totality of 
237Np (the most mobile actinide in the repository environment) and its precursor, 241Am [58]. 
Application to plutonium destruction has been demonstrated experimentally on a limited scale. 
Refinement of fuel design and fabrication processes and subsequent demonstration on a larger scale 
is needed prior to implementation of this technology. This technology is primarily of interest in future 
nuclear scenarios that employ high-temperature gas reactors, since no commercial-scale 
high-temperature-gas-cooled reactors currently exist that make use of this fuel type. New fuel cycles 
for ultra-high burn-up or for transmutation of minor actinides need specific fuel development, which 
will also affect the composition of the kernel and the fabrication methods, which must be remote if 
minor actinides are to be recycled. Due to the formation of CO, oxide fuel might not be advantageous 
for ultra-high burn-up. Other stoichiometric compositions, like oxicarbides (e.g. UCO or UC), should be 
investigated in this case. UCO R&D is mainly described in the preceding section on PMR, but needs to 
be extended to Pu/Np driver fuel and minor actinide-based fuel transmutation as a next step. In this 
context, IAEA has recently conducted a technical meeting on “Current Status and Future Prospects of 
Gas Cooled Reactor Fuels” to review the progress of coated particle fuel development [59]. 

Future R&D should identify innovative High Temperature gas-cooled Reactor (HTR) fuel 
compositions for ultra-high burn-up of transuranic elements and wastes from LWRs (e.g. reprocessed 
spent MOX). Preliminary investigations show that a high-temperature, inherent-safe transmuter (HIT) 
can reduce the mass of radioactive waste from 100% down to about 30% by using special driver fuel 
containing Pu and Np together with transmutation fuel containing the other minor actinides. Further 
reductions down to 5% can be achieved by successive burning of the very same transmutation fuel in 
a high-temperature, accelerator-driven transmuter (HAT) without intermediate reprocessing steps. In 
the future, HTRs could even provide a further reduction of the waste in a fast spectrum. The HIT, HAT, 
and GFR systems also largely make use of the basic HTR technology with regard to the power 
conversion system, safety philosophy, fuel development, etc. This fact leads to an efficient use of  
R&D efforts on all types of GCRs. Programmes in the US, Russia, South Africa and France are currently 
considering gas-cooled reactor systems and/or accelerator-driven systems for a variety of 
applications; therefore, potential exists for effective international collaboration in developing this fuel. 

However, reprocessing of spent graphite-encapsulated, ceramic-coated fuels presents challenges 
different from those of processing spent LWR or PHWR oxide fuels. LWR fuels that are processed 
commercially using PUREX process. Because there is only a relatively small amount of fuel in a sea of 
carbon that contains 14C and thus processing of this type fuels needs to address special attention. 
However, similar infrastructure used in oxide fuel processing by PUREX is not available for processing 
of the coated particle fuels. Laboratory studies on the processing of coated particle fuels were 
performed in the 1960s and 1970s, but no engineering-scale processes were demonstrated.  

6 MA-fuel and target 

For transmuting these transuranic elements, the development of MA-based fuel (target) is the 
crucial step. Recent co-operative works of OECD/NEA in addressing several key issues of development 
of advanced fuels and partitioning and transmutation in ARWIF meetings and Information Exchange 
meetings have stimulated great attention in this subject. Hence, front-end of MA-based fuel cycle 
namely fabrication and performance of MA-based fuels (targets) constitutes as one of the vital 
component of P&T approach. In this context many Member States and International Organisations are 
working on several fuel cycle approaches that could effectively incorporate P&T as well as reduce 
inventories of Pu and MAs. As discussed previously the development and realisation of AFC involves 
comprehensive scientific and technical knowledge on minor actinides namely in developing steps a), 
b), c), e), f), g), h), i), j), k), l) and m) in the above scheme. It is inferred from the advanced fuel cycle 
feasibility studies that simple irradiation tests to screen each type of fuel for poor and unexpected 
performance will be performed in near future and the feedback from these studies will be utilised to 
improve fuel modelling and design [5]. Previous sections already covered some of the salient features 
regarding the ‘Fuel cycle strategies’ to identify best strategy for minor actinide transmutation e.g. fuel 
cycle options reprocessing and once-through and its associated fuels materials for each of these 
options are also briefly discussed earlier.  
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The latest directions in the subject of minor actinide fuel (target) development namely 
measurement of properties, processing, fabrication, irradiation behaviour in-pile and back-end issues 
would be covered. These areas were selected as the basis for an outline of the technical document. 
Properties included in the discussion are thermal, mechanical, chemical, physical and irradiation. 
Materials to be dealt with encompass metal, carbide, nitride, oxide and molten-salt. To enhance the 
capacity of the interested Member States in developing innovative nuclear fuel cycle technologies for 
sustainability, the IAEA is co-ordinating and preparing a technical document on the review the 
current status and future trends in the processing of MAs and their pertinent properties for the 
fabrication of nuclear fuels (targets) to incinerate in thermal as well as fast neutron spectrum. Some 
general requirements for MA fuel are as follows: 

1. MA-based fuel must be fabricable using remote processes. The majority of the head-end 
processes being considered to prepare LWR spent fuel for transmutation and the processes 
being considered for recycle of transuranics back into the transmuter would leave residual 
fission products in the blanket fuel feed. Therefore, fuel fabrication will likely be conducted in 
a hot cell environment, demanding that fabrication processes be amenable to remotisation. 

2. The fuel must be compatible with the fuel recycle process. If transuranics are to be recycled 
back into the transmuter, then some type of chemical or mechanical processing of the 
irradiated blanket fuel will be required. 

3. The fuel form must provide robust containment for fission products and radionuclides, as a 
first barrier for safety, during normal operations; i.e. cladding failure with leakage of fission 
products must be a low-probability event. 

Figure 1: Probability of fission per neutron absorbed  
for actinide isotopes in thermal and fast spectra  

For 239Pu, probability is 0.65 in a thermal spectrum and 0.87 in  
a fast spectrum, reproduced from Wade D.C. and Hill R.N [69] 
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Current status of AFC viz., fuel fabrication and fuel processing has been critically analysed by 
JRC/EC [60] and ANL [61]. Progress in different fuel forms namely pellet-fuel, rod-lets, vibro-pac fuel, 
CERCER, CERMET, coated particle fuel, and innovative fuel e.g. for LWRs, FRs and GFRs as well as ADS 
are also discussed. The technologies of minor actinide-bearing-fuel materials are not well established 
(although, for dilute minor actinide contents, the properties should not differ substantially from the 
base U-Pu-bearing materials). In this context, there are increased R&D activities on the development 
of specialised candidate fuels (targets) with a relatively high minor actinide content in the appropriate 
material viz., metal-alloy, oxide, nitride and coated particle. There new fuel forms include pellets, 
dispersed in metal or MgO or graphite matrix. For example the metal elements dispersed in metal 
are called “METMET” fuels. This type of fuel form is proposed in ATW roadmap [62]. A dispersion of  
20 to 40 micrometer particles of 25% Zr and 75% TRUs in a matrix of Zr is proposed as METMET for 
ATW (overall fraction of TRU is 25%). This fuel is compatible with pyrochemical reprocessing viz., that 
of electro-refining which is developed at ANL. Feasibility research and development of minor actinide 
based fuels and targets could be categorised as [61]: 

• development of fabrication processes to demonstrate fabricability of the proposed fuel forms; 

• simple irradiation tests to screen samples of each fuel type for unexpected or poor 
performance; and 

• determination of intrinsic properties or characteristics (e.g. out-of pile interdiffusion 
behaviour of fuel and constituents and thermo-physical properties). 

An important consideration for all fuel types is volatilisation of americium, leading to loss or 
redistribution during fabrication. It is partially for this reason that dispersion fuels were chosen as a 
candidate fuel form. Dispersion fuels are fabricated using powder metallurgical processes that are 
well developed and currently used for the production of research reactor fuel elements. Powder 
metallurgical processes allow for lower fabrication temperatures than melt processing, providing an 
opportunity to reduce americium volatilisation during fabrication. These same techniques could also 
be applied to the production of monolithicmetal fuel. The advantages of powder processing come at 
the expense of the need to remotely handle powder. This issue is of equal or greater concern for a 
nitride pellet fuel. There is intense interest on the issue of deployment of remote fabrication and 
refabrication processes which is the requirement for the implementation of transmutation of minor 
actinide based fuel has been dealt with [6, 63-66]. 

7 Liquid metal cooled fast reactor fuel cycle 

As illustrated in the introduction that the Liquid Metal cooled Fast Reactors (LMFR) and its fuel 
cycle would become the key element in the advanced fuel cycles. The superiority of fast spectrum in 
actinide transmutation and radiotoxic inventory reduction of spent fuel is well recognised [5-9,67,68]. 
The minor actinides (neptunium, americium and curium) and the even-mass isotopes of plutonium 
are not attractive as fuel for thermal reactors in that they have unfavourable ratios of fission to 
capture. These same materials, as well as the odd-mass isotopes of plutonium, are excellent fuels in 
the fast neutron spectrum, where fission to capture ratios are favourable (see Figure 1). All actinide 
isotopes are in principle fissionable and in a high flux neutron spectrum of fast reactors act as 
neutron producers [10,11]. 

For economic and political reasons and because of proliferation concerns in some countries, 
Liquid Metal-cooled Fast Reactor (LMFR) reactor and fuel cycle development programmes have been 
curtailed and suspended in many countries, except for China, France, India, Japan and Russia. 
Considering the positive experience accumulated in designing and operating sodium-cooled fast 
reactors and the renewed interest in LMFR reactor concepts and fuel cycles as one of the promising 
approaches in the recent international initiatives efforts such as ‘Innovative Nuclear Power Reactors 
and Fuel Cycles’ (INPRO) and ‘Generation IV International Forum’ (GIF), many IAEA Member States are 
evaluating LMFR reactor concepts and fuel cycles as an essential means for sustainable nuclear power 
development. Apart from these developments, the value of preserving the large technology base 
developed in France, Germany, Russian Federation the United Kingdom and the United States, as well 
as information developed in other countries, has also been a subject of interest for the Agency. France 
has a dual approach on Sodium cooled Fast Feactor (SFR) and Gas cooled Fast Reactor (GFR) systems, 
in order to allow a decision around 2015, to support the development of only one of the two systems. 



ROLE OF MINOR ACTINIDES MINIMISATION TECHNOLOGIES IN ADDRESSING ECO-FRIENDLY ADVANCED NUCLEAR FUEL CYCLES 

404 ADVANCED REACTORS WITH INNOVATIVE FUELS – © OECD/NEA 2009 

Operating experience of EBR II in US with the metal alloy fuel (U-Pu-Zr) is indicative of good 
performance up to as high as 18 atom per cent burn up.  

Recognising of the numerous activities being pursued in many Member States and to enhance 
the capacity of the interested Member States in developing advanced fuel cycle systems, the Agency is 
convening a Technical Meeting on 3-7 October 2005 at Obninsk, Russian Federation with co-operation 
from Institute of Physics and Power Engineering (IPPE). 

The main goal of the TM is to clarify present status and future prospects of Innovations in: 
• LMFRs fuel cycle, in general and highlighting LMFR reactor physics and fuel cycle issues, 

including safety, waste management, environment, economics and proliferation resistance 
issues of INS system based on LMFR including partitioning and transmutation aspects of LMFR; 

• status and programme of conventional, advanced and directions for innovations in LMFR 
Fuels including non-oxide and metallic fuels and their methods of fabrication, out-of-pile 
properties, in-pile performance, irradiation-testing and post-irradiation examination. 

8 Minimisation of MA-losses in pyro-chemical processes 

The IAEA activities on P&T especially pyro-chemical processes has been recently reviewed and 
presented [70]. In the AFC scheme described previously in the Section 1, the partitioning steps  
b), e), f), i), j) and l) as well as fabrication step g) are based on the pyro-chemical processes. These steps 
are synergistically combined with hydro-chemical partitioning steps such as a), e) and i) in designing 
an effective AFC. The hydro-chemical processing methods, for example, PUREX process has very high 
throughputs and industrial maturity to process large volumes of discharged fuels from LWRs. 
However, pyro-chemical processes under development in laboratory-scale. But these processes can 
handle short-cooled fuels with very high MA-content in a significantly smaller processing facility with 
less criticality concerns. Furthermore, these processes have the intrinsic capability to recycle 
TRU-waste thus generating small volumes of the TRU-wastes. Synergetic combination of aqueous 
separation methods together with pyro-chemical separation methods would form a critical stage of 
P&T by recovering long-lived elements. However, these processes are very complex and therefore, call 
for the use of intricate remote operations in highly controlled atmosphere to handle molten salt and 
liquid metals at a relatively high temperature. The development of pyro-chemical processes calls for a 
remarkable R&D initiatives and international collaborations to develop materials and process control 
equipments owing to the use of highly radioactive molten salts and metals at high temperature in a 
pyro-chemical separation and MA-based fuel / target manufacturing processes. 

There is a wide interest among many Member States in P&T technologies. The implementation 
status of partitioning studies by Member States is as follows: Belgium and UK have developed MOX 
fuel fabrication. In the refining process of 241Pu, the daughter element (241Am) is separated, which is 
required for some disposition technology. China has a national programme for the development of 
Fast Reactor and civil reprocessing. China (INET) has developed an Actinide and Lanthanide 
co-extraction process. Czech Republic has conducted a research on a process based on the actinide 
hexafluoride volatilisation and pyro-processing of wastes from fluoride melt with intension of 
developing MSTR.  

EC (ITU) has implemented basic researches on actinide elements. This institute jointly conducts 
the Pu-MA metal fuel development with Japan. An association of research organisations (from France, 
Italy, Spain, UK and Czech Republic) together with Japan under the scheme of “PYROREP” of EC have 
proposed some work-plans to generate basic data for minor actinides by experimental as well as 
theoretical methods that would augment pyro-chemical reprocessing technologies. EC is also 
co-ordinating several working groups on application of pyro-chemical methods in developing 
advanced fuel cycles [71]. Use of solid aluminium cathode in the electro-refining process which 
exploits “cathodic depolarisation effect” due to PuAl4 alloy formation in facilitating cathodic 
codeposition of TRUs with minimum lanthanide contents is underway at ITU [72]. If achieved this 
could be one of the significant steps in establishing separations of lanthanides and actinides in 
pyro-chemical methods.  
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CEA, France has a strategy for aqueous partitioning to separate MAs by several stages such as 
improved PUREX process for U, Pu, Np, I and Tc, and DIAMEX process to extract Am + Cm SESAME 
process for Am/Cm separation. CEA is developing A hydro-chemical processing method for ‘actinide 
Group Separation method’ (GNAX Process) in order to simplify the cycle and to enhance economics 
and also to improve the proliferation resistance. CEA has also launched a programme of 
pyro-process. The process developments are also underway and active tests on irradiated objects are 
foreseen in near future. Geist et al., from Germany [73], have used hollow fiber modules as phase 
contacting devices for hydrometallurgical minor actinide separation. The major advantage of the new 
miniature hollow fiber modules is their size drastically reducing chemicals consumption: only several 
10 mL of feed phases are required for a test. India has developed co-extraction processes such as 
TRUEX and DIAMEX for co-extraction of actinide and lanthanide. IGCAR, India is also developing 
metal electro-refining as well as oxide electro-winning as an auxiliary laboratory studies for their fast 
reactor programme. Italy and the Netherlands have addressed to develop extractants in partitioning 
process. Japan has developed several processes for partitioning. As for the aqueous partitioning, JNC is 
in process of developing integral approach based on hydrometallurgical steps composed of several 
stages. JAERI has developed a four group partitioning process in the PUREX process. Concerning 
pyro-process, CRIEPI has developed a pyro-process using LiCl+KCl eutectic. JAERI studied 
pyro-processing for nitride, oxide and metallic spent fuel. JNC and CRIEPI are developing incineration 
of MA in MOX or metallic fuel in FR, and JAERI developed a plan to burn MA in ADS. Japan Nuclear 
Cycle Development Institute is designing an aqueous reprocessing system for reprocessing fast reactor 
fuel based on simplified PUREX process, with the addition of a uranium crystallisation step and a minor 
actinide recovery process which is designated as the NEXT process (74). Republic of Korea is developing 
the DUPIC process using a dry process to separate volatile fission products from actinide elements.  

KAERI, Republic of Korea is developing on a laboratory scale metal electro-refining method to 
supplement their HYPER programme. Radium Institute, Russian Federation and Czech Republic 
developed an extractant process on the basis of chlorinated cobalt dicarollyde (ChCoDiC) for 
separation of LLFP from HLW. The pilot-industrial tests of this process at the Mayak confirmed high 
efficiency in recovery of long-lived nuclide from HLW. The pyro-process developed at RIAR is related 
to the treatment of spent oxide fuel for recovery of U and Pu. RIAR has launched a research 
programme to burn MAs under the DOVITA (Dry reprocessing, Oxide fuel, Vibro-compact, Integral, 
Transmutation of Actinides) scheme. Under this scheme, RIAR has established that Np could be 
recovered quantitatively in electro-deposition step while Am and Cm could be precipitated and 
separated in another step. BNFL, UK is developing single cycle solvent extraction flowsheets using 
centrifugal contactors for the development of advanced processes for spent fuel and waste processing 
intended for future closed fuel cycles [75]. The improvements lead to reducing the costs of plants and 
the volumes of wastes arising. By adopting other flowsheet changes, such as reduced fission product 
decontamination factors, U/Pu co-processing and Pu/Np co-stripping, further enhancement can be 
made addressing issues such as proliferation resistance and minor actinide burning, without adverse 
effects on the products.  

Aqueous partitioning process has been developed for treatment of the defence waste in Hanford, 
USA. A pyro-process was developed at ANL for treatment of EBR-II (IFR) metallic fuel in LiCl+KCl 
eutectic bath at 500˚C. The recent technological development efforts at ANL range from 
laboratory-scale studies of new processing concepts such as the electrolytic reduction of spent LWR 
oxide fuel to the engineering-scale demonstration of high-throughput uranium electro-refining. The 
Roadmap for developing Accelerator transmutation (ATW) encompasses the treatment of the LWR 
spent fuel to separate U for final disposition and minor actinide for burning ATW system by 
developing UREX process, Pyro-A and All Pyro option [76]. Studies on the electro-refining of MAs in 
molten LiCl-KCl [77] have indicated poor recovery of Am. The reasons are examined with possible 
2-stage reduction and dis-proportionation reaction of Am(II). The US-DOE’s advanced fuel cycle 
approach (ATW) emphasises substantial development and use of pyro-chemical methods (viz., for 
extraction of TRUs from raffinate solution, Li reduction of oxide fuel as well as ash generated from 
HLLW, electro-refining and chloride volatility process for spent ADS targets) in a phased manner. 

After critically reviewing the interests of most of the Member States in the application of 
separation methods to develop advanced fuel cycles, the Agency has initiated a Co-ordinated 
Research Programme (CRP) to co-ordinate the recent activities on the development of Advanced Fuel 
Cycle in its interested Member States. The overall objective of this CRP is to identify the methods to 
reduce the environmental impact with the implementation of P&T: i) minimisation of TRU-losses in 
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Pyro-processes; ii) identification of proliferation resistance aspects and iii) Establishment of 
separation criteria of partitioning process to minimise environmental impact iv) Evaluation of a list of 
critical radionuclides inventories, flow and losses at the partitioning stage v) development of 
characterisation methods and vi) Defining Environmental impact associated with Partitioning 
processes. As of December 2004, CRP has 8 Member States: China, Czech Republic, Germany, India, 
Japan Republic of Korea, Russian Federation, and the US. 

The salient first outcomes of this CRP meeting are: i) A definition of sources of possible losses of 
long-lived radio-toxicity and their chemical form of waste from pyro-chemical processing, ii) an 
explanation of target value for the reduction of ratio of radiotoxicity in line with current process losses 
from pyro-chemical processing. iii) a quantitative relationship between environmental impact and waste 
reduction ratio considering separation losses is established and subsequently a model will be developed. 

9 MA-property data bank 

Simultaneously a need for the development of a database on minor actinides (MA) used for 
advanced nuclear fuel cycles is also recognised. The effective use of partitioning and transmutation 
systems requires detailed knowledge on the properties of the minor actinides materials. As there are 
requirements to develop many pyro-chemical processes to be able treat as well as form different type 
of fuel forms, there are several prudent R&D efforts with the possible future application. It should be 
noted that the effectiveness of separation of MAs from other elements such as rare earths in the 
specified pyro-chemical separation method is determined by the relative difference in the 
physic-chemical properties of MAs from that of the rare earth elements in that particular molten-salt 
and liquid alloy medium. In the MA-based fuel or special targets fabrication perspective, a large 
number of physico-chemical and thermo-mechanical data are required for the design of a nuclear fuel 
element. The first task of a fuel engineer was to predict the behaviour of minor actinides (MA: Np, Am 
and Cm) when incorporated into a fuel as major constituents.  

The properties of minor actinide-bearing-fuel materials are not well established (although,  
for dilute minor actinide contents, the properties should not differ substantially from the base  
U-Pu-bearing materials). Hence, there is a large interest in generating key properties such as thermal 
conductivity, enthalpy, and melting temperatures as well as other intrinsic characteristics, such as 
inter-diffusion of fuel constituents under temperature gradients and inter-diffusion with cladding 
constituents. At this developmental stage of MA-fuel, the predicted fuel performance of MA-bearing 
fuel may not be comparable to the performance of the normal uranium-based fuels. The solutions 
may be (A) to tolerate a significantly lower fuel performance whose penalty has to be recovered by an 
improved overall economy of the MA-fuel cycle, and/or (B) to make a fuel concept whose performance 
is less restricted by physical and chemical properties of MA. The consideration (A) led to the selection 
of pyro-chemical separation for the MA fuel cycle; (B), the adoption of either a soft- or a cold-fuel 
concept. The cold fuel reduces fission gas release and swelling; the soft fuel like metallic fuels in fast 
reactors allows fission gas release and alleviates the fuel-clad mechanical interaction accompanying 
swelling. The soft fuel may be metal and the cold fuel may be nitride, both of which appear to be 
processed on a common pyro-chemical separation technique. Vaporisation losses of MAs during 
fabrication would seriously reduce viability of fuel fabrication of some fuel types. Nitride based fuel is 
considered to be better fuel and is the primary candidate for the MA burner in JAERI’s fuel cycle 
strategy in view of the fact that the mutual solubility among actinides as metals is limited. The 
melting point and the thermal conductivity of the fuel determine the power, which can be tapped 
from the fuel. The thermal conductivity also influences the restructuring and transport processes 
inside the fuel material, as these depend upon the temperature gradients inside the fuel pellet. Phase 
stability and mutual solubility behaviour could also severely restrict the limits of fuel performance  
of MA-based fuel.  

Thermodynamic calculations (such as CALPHAD approach to combine experimental data with 
the theoretical data) to predict phase diagrams of MA-based systems need to be employed to explore 
the phase behaviour of newer alternative fuel compositions and to assess its performance limits. 
However, any generation of experimental data for the materials containing MAs would pose 
enormous impediments owing to: i) requirement of shielded facilities (in highly purified argon 
atmosphere with control of oxygen and moisture in many cases) even when dealing a tiny amount of 
MAs and ii) decay heat, decay products and self-radioloysis limiting the applicability of many of 
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experimental measurement techniques. For this reason, the information is very limited. And the 
available information is scattered in documents and other sources some of which are proprietary. The 
main idea behind the database initiative is to assemble information from the existing published 
literature on MAs especially thermo-physical as well as thermo-chemical properties pertinent and 
applicable to advanced partitioning methods as well as fuel/target fabrication subjects. The collection 
of bibliographic and technical information on MA data in selective areas and its review as well as 
assessment are divided into certain tasks. The present web-based database illustrates only 
bibliographic information together with technical data wherever available. The property database 
intends to cover thermodynamic, electro-chemical, phase-diagram and physical properties for the 
respective distinct unary and binary as well as multi-component oxide/nitride/halide/alloy MAs 
systems in molten as well as solid phases. In the first phase of this task the scope of the database 
encompasses only the bibliographic information for pertinent properties to advanced pyro-chemical 
processing methods and fuel/target fabrication issues. In this database advanced aqueous partitioning 
methods was not considered in the present task. 

10 Reprocessed uranium management 

Incidentally that more than 90% of the total environment impact of nuclear power generation 
system is caused by mining/milling stage [78]. It is also suggested from that spent nuclear fuels be 
recycled for the prevention of uranium ore depletion, that chemical effluents not be released to the 
environment and that the use of hazardous chemicals be reduced. It should also be noted that direct 
disposal of spent fuel premeditates creation of larger capacity repositories for permanent disposal 
than compared to that of the closed fuel cycle. Reprocessing of spent fuel forms a crucial part of this 
advanced fuel cycle methodologies to separate and recover plutonium and minor actinides. The use of 
recycled uranium (RepU) and Pu as well as minor actinides reduces the overall environmental impact 
by the entire fuel cycle. However, the trace quantities of transuranics and fission products that are not 
completely removed by the PUREX process are of particular significance in the use of RepU in the 
re-enrichment process as they form volatile fluorides and would contaminate the lines. Thus 
recycling not only reduces the toxicity and volumes of waste; but it reduces also fresh milling and mill 
tailings. Using depleted uranium (DU), an integrated once-through fuel cycle has been proposed to 
integrate i) front and back-end fuel cycle operations and ii) management of all long-lived 
radionuclides [79]. The front-end of the fuel cycle remains unchanged except that the depleted 
uranium (DU) from the enrichment facilities (in the form of DU dioxide-DUO2) is used to produce 
multifunction shielded casks. 

11 Conclusions 

Partitioning and Transmutation that includes MA processing technologies has been the object of 
a large number of studies in order to investigate its potential for waste minimisation. National and 
International collaborative efforts have clarified during the last decade most of the scientific issues 
and associated challenges. P&T is one of the most notable research areas of the 5th EURATOM 
(1998-2002) as well as the Sixth (2002-2006) Framework Programmes. Major national and international 
studies on P&T of the wastes generated by thermal reactors are ongoing with different schemes, for 
example, by CEA/COGEMA (SPIN), JAERI/JNC/CRIEPI (OMEGA), JRC, KAERI (HYPER), OECD/NEA, RIAR 
(DOVITA) and USDOE (ATW/AFCI). A typical example is the developments programmes in the US, 
Russia, South Africa and France are currently considering gas-cooled reactor systems and/or 
accelerator-driven systems for a variety of applications; therefore, potential exists for effective 
international collaboration in developing this fuel.  

The development of MA- processing technologies calls for a remarkable R&D initiatives and 
international collaborations to develop materials and process control equipments owing to the use of 
high temperature and highly radioactive molten salts and metals in very high radioactive 
environment. As there are requirements to develop many MA-processing technologies to be able to 
treat different type of fuel forms, it is prudent to focus on the future R&D efforts on selective subjects. 
The option of a particular chemical method would depend on the choice of individual AFC. It is 
imperative to arrive at the roadmap for the advanced fuel cycle option considering different point of 
views and preferences at the start of the planning process itself. Innovations in the scientific and 
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engineering R&D on key MA-processing technologies and scenario-studies could be judiciously 
utilised to assist future decisions.  

Apart from solving the technological feasibilities, future R&D of a chosen industrial process 
should also pay attention to the social issues such as the environment, non-proliferation and 
economics. Besides, R&D needs should also cater to radiological safety and industrial safety aspects. 
Moreover, the future R&D should explore the feasibility of commercial plant design with suitable 
attributes such as environmentally friendly, continuous process, high throughput and less remote 
intensive operations. This calls for setting up of several international collaborations to accommodate 
various aspects of AFC development. In this regard, a “regional” approach [80], can help to build-up 
synergies, and that different countries with different objectives, could develop and operate “regional” 
facilities in common, sharing costs and resources. 
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Future directions: Toward higher-temperature reactors 

Charles W. Forsberg 
Oak Ridge National Laboratory, Oak Ridge, TN, USA 

Abstract 
In the last decade, three changes have created incentives for the development of high temperature 
reactors: high-temperature Brayton cycles, a need for power plants with dry cooling, and a need for 
hydrogen produced using nuclear energy. The changing technologies and goals have resulted in a 
renewed interest in high-temperature reactors. The incentives for high-temperature reactors and the 
options are discussed herein. 
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Why higher-temperature reactors? 

Brayton power cycles 
For almost a century, the practical technology for converting heat to electricity has been the 

steam turbine. The last decade has seen the successful deployment of large, efficient, low-cost,  
high-temperature Brayton power systems – typically using natural gas as a fuel. This has potentially 
radical implications for nuclear energy. Many high-temperature reactors have been developed; 
however, the economics have been unfavorable. A primary reason is the steam turbine, which has 
been limited to a practical peak temperature of ~550 °C. Little economic incentive exists to produce 
high-temperature heat if the heat cannot be efficiently converted to electricity. The development of 
higher-temperature open (air) Brayton cycles has created the technology for closed Brayton cycles [1] 
using nitrogen or helium (with or without bottoming steam cycles) to efficiently convert  
high-temperature heat to electricity. There is now an incentive to develop higher-temperature 
reactors to match the new capabilities to convert heat to electricity. 

Dry cooling 
Water [2,3] is a primary sustainability issue. In the United States, the largest uses for water are 

irrigation and cooling water for power plants, with each application using a similar amount of water. 
Water requirements often dictate power plant siting; thus, only a small fraction of the land area in the 
United States is considered suitable for siting power plants. The energy-water nexus is a primary 
sustainability issue that must be addressed for next-generation nuclear power plants.  

The challenge of heat rejection using dry cooling is economics. While fossil Rankine steam power 
plants [totaling 30 000 MW(e)] have been built with dry cooling where water was not available, the 
costs have been high. These penalties can be drastically reduced with higher-temperature 
Brayton-cycle nuclear power plants by several different mechanisms. 

Less heat rejection 

Current light-water reactors (LWRs) have operating temperatures of ~270°C, with an efficiency  
of ~33%. High-temperature liquid-cooled reactors (see below) that use multireheat Brayton power 
cycles are significantly more efficient. For peak coolant temperatures of 705, 800, and 1 000°C, the 
respective plant efficiencies are 48, 51.5, and 56.6%. While the LWR rejects 2 kW(t) of heat per kW(e), 
the three higher-temperature reactor options reject, respectively, 1.08, 0.94, and 0.77 kW(t) per kW(e). 
The higher efficiency reduces the capacity requirements of the heat rejection system by about a factor 
of 2 relative to the LWR.  

Reduced penalty for higher heat rejection temperatures 

The capital costs of dry cooling systems can be reduced by rejecting heat at a higher temperature 
but with the penalty of lower plant efficiency. That penalty becomes smaller as the peak temperature 
of the power cycle increases. For a multireheat Brayton cycle with heat delivered from the reactor by a 
liquid coolant and a minimum helium temperature of 35°C, the losses in efficiency for a 10°C rise in the 
compressor inlet temperature were calculated to be 1.5, 1.3, and 1.1%, respectively, for peak coolant 
temperatures of 705, 800, and 1 000°C.  

Heat rejection over a temperature range 

Dry cooling involves heating air (i.e. raising the temperature). If the heat from the power cycle is 
rejected over a temperature range rather than at a single temperature, the appropriate design of 
countercurrent dry-cooling-tower heat exchangers results in a constant temperature drop across the 
heat exchangers from the power cycle to the air, which minimises heat exchanger size. Brayton cycles 
have this characteristic, whereas Rankine (steam) cycles reject heat at a constant temperature. This 
Rankine-cycle characteristic is consistent with evaporative cooling, in which water is vaporised at a 
nearly constant temperature. In the Brayton cycles described herein, the heat is rejected over a 50°C 
range, with the helium being cooled from ~85 to 35°C. 
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Hydrogen production 

The world demand for hydrogen is rapidly increasing. This reflects the decreasing availability of 
light crude oils and the increased use of heavy crude oils and tar sands for production of liquid fuels. 
However, converting these heavier feedstocks into liquid fuels requires massive quantities of 
hydrogen. At the same time, there is a longer-term interest in going to a hydrogen economy where 
transport energy demands are met with hydrogen. The confluence of these events implies both a 
growing near-term and a longer-term demand for hydrogen and strong interest in producing 
hydrogen using nuclear energy.  

The leading technologies for the low-cost production of hydrogen using nuclear energy are  
high-temperature thermochemical cycles [4], in which, through a series of chemical reactions,  
high-temperature heat and water yield hydrogen and oxygen. The primary technical challenge is that 
heat must be provided, depending upon the process, at temperatures between 700 and 850°C. There is 
now a defined market need to produce high-temperature heat for this market and a need to develop 
high-temperature reactors. 

Figure 1: Reactor type vs. temperature and power output 
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Table 1: Characteristics of reactor coolants 
ρ is density; Cp is specific heat; k is thermal conductivity; v is viscosity. 

Coolant Tmelt  
(°C) 

Tboil 
(°C) 

ρ 
(kg/m3) 

Cp 
(kJ/kg⋅°C) 

ρCp 
(kJ/m3⋅°C) 

K 
(W/m⋅°C) 

v⋅106 
(m2/s) 

Li2BeF4 (Flibe) 459 1 430 1 940 2.34 4 540 1.0 2.9 

0.58NaF- 0.42ZrF4 500 1 290 3 140 1.17 3 670 ~1 0.53 

Sodium 97.8 883 790 1.27 1 000 62 0.25 
Lead 328 1 750 10 540 0.16 1 700 16 0.13 
Helium (7.5 MPa)   3.8 5.2 20 0.29 11.0 
Water (7.5 MPa) 0 100 732 5.5 4 040 0.56 0.13 
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Reactor categories 

There are several categories of high-temperature reactors. Nuclear reactor types can be 
classified by power output and the peak temperatures of their coolants (Figure 1). Light-water 
reactors, such as the General Electric Economic Simplified Boiling Water Reactor (ESBWR), are  
low-temperature, high-pressure reactors. Traditional fast reactors cooled with liquid sodium 
operate at medium temperatures and low pressures. Two options exist for high-temperature 
reactor coolants: (1) high-pressure gases and (2) low-pressure liquids with boiling points above the 
peak operating temperatures.  

Helium is the traditional high-temperature, high-pressure gas coolant and is generally proposed 
for modular reactors with relatively small output [<300 MW(e)]. Gas cooling is a viable option for small 
reactors but is difficult to use in large reactors because the low volumetric heat capacity (ρCp) results 
in large equipment sizes (pipes, valves, heat exchangers), as shown in Table 1. 

Liquid fluoride salts with low nuclear cross-sections are the traditional high-temperature,  
low-pressure liquid coolant. Such salts were originally developed in the 1950s and 1960s for the 
Aircraft Nuclear Propulsion Programme and the Molten Salt Breeder Reactor Programme. These 
programmes operated various salt test loops for several hundred thousand hours.  

Liquid salts are intrinsically high-temperature coolants because their freezing points are between 
350 and 500°C. Except for the special missions of aircraft propulsion and breeding, there was little 
incentive to develop reactors with these coolants when only steam cycles were available to convert 
heat to electricity. Special steam cycles are required to avoid freezing of the salt, particularly during 
startup and transients. In contrast, these systems naturally couple to higher-temperature Brayton 
power cycles. Four salt-cooled reactor options are being investigated. 

Figure 2: Schematic of advanced high-temperature reactor and liquid-salt-cooled fast reactor 

 

Advanced High-temperature Reactor (AHTR) 
The AHTR (Figure 2) combines four existing technologies in a new way [5]: (1) coated-particle 

graphite-matrix nuclear fuels (traditionally used for helium-cooled reactors and compatible with 
liquid fluoride salts), (2) Brayton power cycles, (3) passive safety systems and plant designs from 
liquid-metal-cooled fast reactors, and (4) clean low-pressure liquid-salt coolants. The heat from the 
reactor core is carried by the clean salt to an intermediate heat exchanger. The intermediate heat 
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transport loop then transfers the heat to a Brayton power cycle. Because the AHTR integrates existing 
technologies, it is the near-term option for salt-cooled reactors. Liquid salts are compatible with 
graphite-matrix fuels. Existing code-qualified metals for heat exchangers and other components exist 
for coolant temperatures up to 750°C. Multiple metal candidate materials have been identified but not 
fully tested for coolant temperatures as high as 850°C. Major development efforts would be required to 
develop and qualify metals to 1 000°C.  

Liquid-salt-cooled Fast Reactor (LSFR) 
LSFRs combine the AHTR plant design (Figure 2) with traditional metal-clad-fuel fast-reactor 

cores. Only limited exploratory work has been conducted on these reactors [6,7]. The primary 
technical challenge is thought to be the development of high-temperature clad materials for the 
reactor fuel. Graphite fuels, such as those proposed for the AHTR, cannot be used in a fast reactor. 

Molten Salt Reactor (MSR) 
The MSR is a liquid-fuel reactor in which uranium, fission products, and actinides are dissolved 

in a liquid fluoride salt. The fuel salt flows through a graphite reactor core, which acts as a moderator, 
and then to an intermediate heat exchanger. This reactor concept was partially developed in the 
1970s, and two test reactors were successfully built and operated [8]. 

Fusion reactors 
Clean liquid salts are major candidates for cooling inertial and magnetic fusion energy systems [9]. 

The low-pressure, high-temperature salt coolant is an enabling technology for large  
high-temperature reactors with passive safety systems for decay heat removal (Figure 2). The 
materials challenges for MSRs with the fuel dissolved in the coolant are greater than those for  
clean-salt applications. 

Conclusions 

The development of high-temperature Brayton power systems, the growing incentives for dry 
cooling, and the growing need for hydrogen have created strong incentives to develop  
high-temperature reactors. There are two major coolant options: helium and liquid-fluoride salts. 
Because of the characteristics of helium as a coolant, helium high-temperature reactors are usually 
smaller modular reactors. Liquid fluoride salts may be the preferred coolants for large  
high-temperature reactors. The near-term liquid-salt reactor option is the AHTR. Three longer-range 
options provide long-term fuel sustainability (breeding) and actinide-burning capabilities: LSFRs, MSRs, 
and fusion reactors. 
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H-J. Ryu, J-S. Moon, K-H. Kang, K-C. Song, M-S. Yang  

Advanced fast reactor systems 

Chair: K. Weaver 

The Gen IV gas cooled fast reactor 
J. Rouault, T.Y.C. Wei  

A helium cooled particle fuel reactor for fuel sustainability 
T.D. Newton, P.J. Smith, Y. Askan 

SSTAR lead-cooled, small modular fast reactor with nitride fuel 
J.J. Sienicki, A.V. Moisseytsev, P.A. Pfeiffer, W.S. Yang, M.A. Smith,  
S.J. Kim. Y.D. Bodnar, D.C. Wade, L.L. Leibowitz 

Molten salt cooled Encapsulated Nuclear Heat Source (ENHS)-like reactors 
S-G. Hong, T. Okawa, E. Greenspan  
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Thursday, 17 February 2005  

Modelling and experimental evaluation of advanced fuels  

Chairs: P. Medvedev, K. Sawa 

Characterisation of silicon carbide and pyrocarbon coatings  
for fuel particles for High Temperature Reactors (HTR) 
D. Hélary, X. Bourrat, O. Dugne, F. Charollais, M. Pérez, F. Cellier 

New techniques dedicated to the characterisation of innovative fuels 
V. Basini, F. Charollais, D. Rochais, D. Helary, S. Jouannigot, D. Laux, P. Guillermier 

Kernels for the disposition of plutonium in high temperature reactors 
J. Somers, A. Fernandez, D. Haas 

Research and development programme of HTGR fuel in Japan 
K. Sawa, S. Ueta, T. Iyoku, M. Ogawa, Y. Komori 

Advanced characterisation methods for TRISO fuels 
A.K. Kercher, J.D. Hunn, J.R. Price, G.E. Jellison, F.C. Montgomery,  
R.N. Morris, J.M. Giaquinto, D.L. Denton 

Dual phase MgO-ZrO2 ceramics for use in LWR inert matrix fuel 
P.G. Medvedev, S.M. Frank, M.J. Lambregts, A.P. Maddison,  
T.P. O’Holleran, M.K. Meyer 

CERMET PuO2 – Ferritic stainless steel fuel development and  
performance evaluation with COMETHE code 
G. Toury, S. Shihab, B. Lance, M. Lippens 

Advanced thermal reactor systems   

Chair: C. De Oliveira 

Optimisation of UO2 fuelled PWR core design 
E. Greenspan, F. Ganda, D. Olander, Z. Shayer, N. Todreas, J. Malen, 
C. Shuffler, J. Trant, B. Petrovic, H. Garkisch, A. Romano 

Constraining TRU production in PWRs with a heterogeneous  
UO2 – ThO2 assembly 
E. Shwageraus, P. Hejzlar, M.S. Kazimi, 

Incineration of plutonium in PWR using hydride fuel 
F. Ganda, E. Greenspan 

Preliminary assessment of possibilities for improving  
the performance of SCWR using hydride fuel 
Z. Shayer, E. Greenspan 

Modelling the transient stability and dynamics of a pebble bed  
reactor using the FETCH code 
B. Miles, C.C. Pain, M.D. Eaton, A.K. Ziver, A.J.H. Goddard, C.R.E. de Oliveira 

Core physics characteristics and issues for the  
Advanced High-temperature Reactor (AHTR) 
D.T. Ingersoll, E.J. Parma, C.W. Forsberg, J.P. Renier 

Monte Carlo calculations of Dancoff factors and the design  
of VHTRs plutonium burning with the SCALE system 
F.C. Difilippo 

Transmutation capability of molten salt reactors fed with TRU from LWR 
M. Fratoni, E. Greenspan 
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Experimental facilities and programmes, nuclear data and international programmes   

Chair: P. D’hondt 

Modelling incineration of minor actinides in the  
experimental ADS MYRRHA 
E. Malambu, V. Sobolev, W. Haeck, H. Aït Abderrahim 

Modelling long term performances of minor actinide  
fuel targets in the experimental ADS MYRRHA 
V. Sobolev, S. Lemehov, W. Haeck, H. Aït Abderrahim 

The INPRO methodology for innovative nuclear energy  
system assessment: Fuel cycle considerations 
Y. Busurin, J. Kupitz, C. Ganguly 

Sensitivity to nuclear data and uncertainty analysis:  
The experience of VENUS2 OECD/NEA benchmarks 
A. Bidaud, I. Kodeli, V. Mastrangelo, E. Sartori 

Sensitivity analysis of nuclear data on keff  
for graphite moderated innovative reactors 
A. Bidaud, D. Lecarpentier, O. Köberl, T. Ivanona,  
V. Mastrangelo, L. Mathieu, D. Heuer 

Developments in advanced fuel cycles and actinide burning   

Chair: A. Worrall 

A French scenario for fast reactor deployment over the 21st century 
S. Massara, P. Tetart, L. Boucher 

Waste radiotoxicity minimisation using innovative  
LWR-HTR-GCFR symbiotic fuel cycles 
N. Cerullo, G. Lomonaco, V. Romanello 

Radiotoxicity of thorium fuel cycles in PWRs 
K. Hesketh 

Role of minor actinides minimisation technologies in  
addressing eco-friendly advanced nuclear fuel cycles 
H.P. Nawada 

Friday, 18 February 2005  

Overview of workshop and session reports 

Chair: J. Gehin 

Summary of Session I 
L. Ott 

Summary of Session II 
K. Weaver 

Summary of Session III 
P. Medvedev, K. Sawa 

Summary of Session IV 
C. De Oliveira 

Summary of Session V 
P. D’hondt 

Summary of Session VI 
A. Worrall 
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Panel on directions and needs in advanced reactors and fuels 

Chair: D. Ingersoll 

Directions and developments development  
needs and requirements for HTGR fuel 
K. Sawa 

Future directions: toward higher temperature reactors 
C. Forsberg 

UK perspectives on Gen-IV 
K. Hesketh 

Transmutation: evolutionary strategy 
D. Williams 
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