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Background 

 

The purpose of this meeting is to explore various Deep-Burn options and concepts being 

developed in Member States and to appraise the progress made towards the maturity of Deep-Burn 

concepts based on HTGR designs. The meeting will also identify technology development challenges 

towards the realization of Deep-Burn concepts and propose collaborative ways to address them. 

 

1. Country feedback on general nuclear and more specific HTGR 

activities (General / High Level) 

 

1.1  Korea’s Experience on the Development of TRU Deep-Burn Concept Using 

HTGR (Chang Keun Jo) 

Dr. Jo presented the experience on the research and development of TRU “Deep-Burn” concept 

using HTGR (DB-HTR) in Korea. The research and development of the DB-HTR in Korea was 

carried out with the support of the “US Deep-Burn Project” and the “Korean VHTR Project” during 

2008 - 2011. The neutronics evaluation, thermo-fluid and safety (DLOFC) analysis, and fuel 

performance analysis had been performed for a TRU fuel loaded HTGR core. The results of the 

neutronics evaluations and safety (DLOFC) analysis were presented in this meeting. 

Based on a 3-batch radial and axial hybrid fuel management scheme, over 60% plutonium burnup 

has been achieved when the burnup reactivity swing is about 3000 pcm. In the point of core 

performance and reactivity coefficients view, the mixed B4C & Er-2O3 burnable poison (BP) is a 

promising burnable poison material for the DB-HTR core. When the U addition is small, the fuel 

discharged burnup ranges from 54% to 58% in the mixed BP cases, depending on the fuel inventory. 

In the case of 30% U addition to the fuel, the fuel discharged burnup is reduced to below 42%. Thus, 

it is clear that the U addition should be minimized to achieve a deep-burn. The consumption rate of 

the fissile isotope Pu-239 is extremely high for all cases. From the decay heat analysis, it indicates 

that the decay heat of a TRU loaded DB-HTR core is highly dependent on the fuel inventory in a core. 
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Key design characteristics of the DB-HTR core are more fuel rings (five fuel-rings), less central 

reflectors (three rings) and the decay power curves due to the TRU fuel compositions that are 

different from the UO2 fuel loaded HTR core. For 0.2% UO2 mixed TRU fuel core or 30% UO2 

mixed TRU fuel loaded core, the reduced decay power obtained by removing the initial Am isotopes 

and by reducing the TRISO PF decreases the peak fuel temperature in the DLOFC accident. However, 

in the 600MWth DB-HTR core with five fuel rings, the peak fuel temperatures during the DLOFC 

accident is still higher than 1600 ˚C due to the lack of heat absorber volume in the central reflector. 

The 450MWth DB-HTR core is suggested as the optimization core design, which has the allowable 

maximum power reactor of a 450MWth to the accident fuel design limit for 0.2% UO2 mixed TRU 

fuel and 30% UO2 mixed TRU fuel loaded cores using the mixed burnable poison of B4C and Er-2O3. 

Based on JAEA method for the graphite thermal conductivity, the effect of graphite annealing on the 

peak fuel temperature is small. The GA method indicates a much larger impact. In addition, it shows 

that the impact of the FB end-flux-peaking on the peak fuel temperature is not significant. 

 

1.2 Studies of a Possibility to Include Modular Helium Reactors with High Burnup of 

Microfuel in the Closed Fuel Cycle in the Russian Federation (Peter Fomichenko) 

HTGR developers in Russia express interest in possibilities to include Modular Helium Reactors 

with high burnup of microfuel in the closed fuel cycle. At the same time, it is evident that the hope on 

the versatile role of MHRs (including possibility to burn minor actinides) in the strategy of Nuclear 

Power development should be confirmed by comprehensive studies.  

Experience gained during the implementation of the GT-MHR project shows that it is possible to 

study different fuel cycles on the basis of a unified core design. In doing so, peculiarities of fuel cycle 

studies and various technology issues should be thoroughly addressed. This was successfully done in 

Russia during the studies of WPu disposition. The same approach can also be used  in the case of the 

Deep Burn study.  

HTGR developers in Russia generally have an opinion that the workscope definition and approach 

for HTGR Deep Burnup studies should be consistently elaborated regarding national nuclear policy.  

This workscope should consider possible scenarios of “Deep Burn” in MHR-type reactors 

(various sources of minor actinides (MA) and driver fuel, fuel management schemes before and after 

irradiation in a MHR, choice of the final disposal form). For comparative studies a functional 

characterization of the efficiency of transmutation should be chosen. For the conditions of Russia, a 

variant of the use of WPu for burning the minor actinides from VVER spent fuel could be considered.  

Furthermore, one should develop the proposals for MHR core layouts intended for deep burning 

of different MA, determine the possibilities of their optimization, aimed at increase of efficiency of 

transmutation (e.g. by the choice of fuel placement scheme). Such studies should be accomplished by 

evaluation of uncertainties of basic neutron-physic characteristics and determination of their major 

sources. One has to evaluate the influence of introduction of MA-based compositions into 

microparticles on reactivity feedbacks, including transient modes of operation. Another important 

issue of the proposed study is the analysis of the possibility to use available installations related to 

fuel fabrication (e.g. Bench Scale Facility in Russia) or QC equipment for fabrication and 

characterization of coated particles with minor actinides. It is necessary to analyze the design data 

needs associated with the use of MAs in HTGRs (e.g. in neutron-physical data) and evaluate the 

possibility to obtain them, for example, in critical experiments at Russian experimental facilities.  

Investigations of introduction of MA in the loaded MHR fuel could be started as a neutron 

physics exercise (including nuclide flows). Examples of conceptual developments are very useful for 

scientific discussions and elaboration of recommendations. 
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1.3 Status of the GCR programme in Republic of South Africa (Frederik Reitsma) 

South Africa has two nuclear power plants at the Koeberg power station operating safely since the 

1980’s. The potential future expansion of nuclear power is defined in the Integrated Resource Plan 

approved in March 2011 which defined the National Electricity Plan and part of a larger Energy Plan. 

It states that nuclear would supply 9 600 MW of all new power produced in the next two decades with 

a first plant to come online around 2023. A final announcement on the new nuclear built has not been 

made partly due to some delays to re-assess the required safety standards after the Fukushima Daiichi 

accident. The commitment remains strong to include nuclear as part of the energy mix.  

Tangible evidence of how serious the SA government is addressing the issue of nuclear power 

was illustrated early in the year by the completion of the integrated infrastructure review by the IAEA 

and international experts from 30 January – 8 February 2013 to access the readiness for the new 

expansion program.  

The Gas Cooled Reactor program in South Africa was focused on the Pebble Bed Modular 

Reactor (PBMR) project that was discontinued in 2010. All development work terminated at the end 

of September 2010 and the company focussed on its new role to Care and Maintain the Intellectual 

Property. The packaging of information is largely completed. The 2010 government decision was to 

maintain the entity till at least March 2013 and to host it within Eskom. The main test facilities (the 

fuel development laboratory and helium test facility on the Necsa site) are in care and maintenance. A 

final decision on the closure or possible future of the company or intellectual property is being 

reviewed.  

Some research and development related to the PBMR has continued at the South African 

universities. Research on pebble bed reactor designs with different fuel cycles including thorium and 

plutonium is being conducted at the North West University which also cooperates within the 

ARCHER project and with KAERI. Work on coated particle fuel and SiC layer behaviour continues 

at the Nelson Mandela Metropolitan University. A new initiative by a private company 

Steenkampskraal Thorium Limited (STL) is working on the design of the TH-100, a 35 MWe (100 

MWth) pebble bed generator. The TH-100 is a high temperature, gas-cooled reactor (HTGR) that may 

include a thorium-based fuel cycle. 

 

2. HTR Designs and Programmes 

 

2.1 TH-100 Nuclear Power Plant (Frederik Reitsma) 

The TH-100 nuclear power plant, a small modular pebble bed reactor was presented. The project 

is performed by Steenkampskraal Thorium Limited (STL), a private South African company. Some 

background was provided on the STL company, i.e. that it owns the best know reserves of thorium at 

the Steenkampskraal mine, and its involvement with Thor-Energy of Norway, where the fuel testing 

for Thorium fuel (as Pu-Th) is being performed for LWR applications. In addition to the development 

of the reactor, the associated fuel manufacturing capabilities are also planned and designed. 

The Th-100 is a small-sized pebble bed reactor with 100 MW thermal power rating that produces 

energy in form of steam. The steam can be used to drive a commercial off-the-shelf steam turbine set 

to generate up to 40MW of electricity or the steam can be used in process heat applications such as 

petrochemical plants, cement factories or can be used for desalination. STL has completed the 

feasibility study and the concept design. The design of the Th-100 reactor represents a simplification 

of modular pebble bed reactors and has been based on technology that is available today and therefore 

can be deployed in the near term. STL now focuses on the commercialization of this technology. 

The fuel sphere fuelling is performed on-line by loading fuel spheres through a central fuel 

loading tube at the top and later extracting it through the defueling chute. The core has a single fuel 
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zone with an OTTO cycle (i.e. the so-called Once Through Then Out cycle). The OTTO cycle 

typically leads to high axial power density peaking in the upper part of the core where the fresh fuel is 

loaded. The introduction of fissile/fertile fuel mixtures, burnable poisons or the insertion of control 

rods (and combinations of these) can lower the peak-to-average axial power density factor. 

Importantly, this reactor can operate with either a uranium – or thorium-based fuel cycle. The 

proliferation risk is reduced by using thorium instead of uranium which produces plutonium in the 

waste stream. The waste from a thorium is also shorter-lived since negligible amounts of minor 

actinides are produced during the fission process. Furthermore, the Th-100 can be deployed as an 

incinerator of the plutonium produced in a typical LWR fuel cycle. The waste produced is in existing 

fuel cycles is incinerated, whilst the waste produced from this fuel cycle becomes dramatically benign 

in comparison to the existing uranium cycle. 

 

2.2 Conceptual design study of high temperature gas-cooled reactor for plutonium 

incineration (Minoru Goto) 

JAEA has started a conceptual design study of a Pu burner HTGR, which is called CBHTR (Clean 

Burn High Temperature gas-cooled Reactor). The power is 600 MWt and the fuel is TRISO-coated 

fuel particle with PuO2-YSZ (Yttria-Stabilized Zirconia) kernel, which increases proliferation 

resistance, safety of geological disposal, and Pu incineration. The reactor core design is performed 

based on the GTHTR300. 

Due to the Japan-U.S. reprocessing negotiation, in the current reprocessing plant of Japan, Pu is 

mixed with U and is recovered as mixed oxide. In the proposed process, Pu is mixed with YSZ 

instead of U not to generate Pu from U-238. The Pu product stream is connected with the PuO2-YSZ 

fuel fabrication process. The proliferation resistance of the proposed process is higher than the current 

process, which was confirmed by the method proposed by W. Charlton. The NLR (Normalized Leach 

Rate) of Zr, a main constituent of ROX (Rock-like oxide) fuel, is 1/1000 smaller than that of the main 

constituent, Si, in the glass waste form of high-level radioactive waste. The Cs in the spent ROX fuel, 

which is an important nuclide for geological safety assessment, dissolves more slowly (by a factor of 

more than 100) compared with the glass waste form. Accordingly, PuO2-YSZ fuel has a large 

advantage from the viewpoint of geological disposal.  

The neutronic feasibility was confirmed by performing core burn-up calculations. The 

calculations are performed with a Monte-Carlo code MVP-BURN and JENDL-4.0. The calculation 

result shows the discharged burnup of 520 GWd/t is achievable with recovered Pu from LWR spent 

fuel, and accordingly Pu-f fraction is decreased from 60% to 20%. 

The analysis of the CBHTR introduction scenario was performed assuming the following 

conditions: 

1.In the future, electricity generation capacity of the nuclear power plant is 20 GWe, which is 15% 

of the total. 

2. The CBHTRs introduction will start in 2030 and two reactors are introduced per year. 

3. After the LWR’s Pu is incinerated completely, U fueled HTGRs (U-HTRs) are introduced. 

4. U-HTR's spent fuel is reprocessed and the recovered Pu is used for CBHTRs. 

5. At equilibrium state, CBHTRs and U-HTRs are operated simultaneously. 

6. The lifetimes of LWRs, CBHTRs and U-HTRs are 40 years. 

As a result, the excess Pu of 44 tons, which is stored in Japan at 2010, is incinerated completely 

by 2042. The number of CBHTRs reaches 30 at 2044, after that U-HTRs are introduced because of 

lack of Pu. The incineration of Pu recovered from LWRs and U-HTRs is completed at 2085, after that 

7 of CBHTRs and 59 of U-HTRs are operated, which employ 15% of electricity capacity of Japan. 
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2.3 National Project Management project: Technical and Regulatory (Joseph DeBor) 

 Presentation 1 describes the history of spent fuel regulation and problems in the USA and US 

NRC. 

 Presentation 2 describes the main points of the DOE FOA 000800 Technical Proposal for the 

National Project Management project. 

 Presentation 3 describes the licensing strategy for the proposed Gas Turbine Modular Helium 

Reactor. 

 

3. Reporting on technical activities 

 

3.1  Thorium-based Fuel Cycles: Reassessment of Fuel Economics and Proliferation 

Risk & Assessment and Reduction of Proliferation Risk of Reactor-grade Plutonium 

regarding Construction of ‘Fizzle Bombs’ by Terrorists (Dawid E. Serfontein, Eben J. 

Mulder and Frederik Reitsma) 

Due to a higher number of neutrons emitted per neutron absorbed (η) 
233

U has the best breeding 

potential in thermal reactors by far. However, several barriers prevented thorium from significant 

market entry. These issues were investigated in terms of the underlying physics and economics. 

The following conclusions can be made from this work: 

 Thorium/
233

U fuel cycles offer some advantages over uranium/plutonium fuel cycle, but 

these are not strong enough to warrant complete replacement of uranium fuel with thorium. 

Therefore thorium should be seen as a supplementary fuel, aimed at specific niche 

applications, rather than a complete replacement for Pu/U fuels. 

 “Fizzle bombs”, fuelled with Reactor Grade plutonium Pu (PWR), as opposed to 

weapons-grade plutonium, are not powerful enough to be attractive for military applications. 

 However, their significant blast damage, combined with the high level of fear that the 

associated release of radioactivity will cause in a city, may still cause terrorists to find fizzle 

bombs attractive psychological weapons of terror. 

 Therefore a need does exist to enhance the incineration or further denaturisation of Pu 

(PWR). Main aims should be to increase the fraction of 
240

Pu, but more importantly 
238

Pu. 

 This can be done by further incineration of Pu(PWR) in HTRs. 

 

3.2   TRU Self-Recycling in a High Temperature Gas Cooled Reactor 

(Chang Keun  Jo) 

Dr. Jo presented the TRU self-recycling (or self-cleaning) high temperature gas cooled reactor 

(SR-HTR) concept. In the SR-HTR core, the standard LEU (UO2) fuel and the self-generated TRUs 

which came from the standard LEU spent fuel, are loaded simultaneously in the same core. In this 

work single recycling of a self-generated TRUS is considered. The final spent fuel of the SR-MHR 

can be fed synergistically into fast reactors for further transmutation or disposed of in a final 

repository. 

The UO2 fuel kernel is loaded with 12% enrichmed uranium and the diameter of the kernel is 

500 µm. TRISO packing fraction of UO2 fuel compact is 26%. In the SR-HTR fuel cycle, it is 

assumed that the spent UO2 fuel is reprocessed with conventional technology and the recovered 

TRUs are fabricated into TRU TRISO fuel. The diameter of 200 µm is used for the TRU fuel kernel. 

A typical coating thickness is used. The core performance is evaluated for an equilibrium cycle, which 
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is obtained by cycle-wise depletion calculations. From the analysis results, the equilibrium cycle 

lengths of Case 1 (5-ring fuel block SR-HTR) and Case 2 (4-ring fuel block SR-HTR) are 487 and 

450 EFPDs (effective full power days), respectively. And, the UO2 fuel discharge burnups of Case 1 

and Case 2 are 10.3% and 10.1%, respectively. Also, the TRU fuel discharge burnups of Case 1 and 

Case 2 are 64.7% and 63.5%, respectively, which is considered extremely high. The fissile (Pu-239 & 

Pu-241) content of the self-generated TRU vector is about 52%. The deep-burning of TRU in SR-

HTR is partly due to efficient conversion of Pu-240 to Pu-241, which is boosted by the uranium fuel 

in SR-HTR. The lower power density in TRU fuel is because the TRU burnup is very high. Moreover, 

it is found that transmutation of Pu-239 is nearly complete in SR-HTR and that of Pu-241 is extremely 

high in the all cases. The decay heat of SR-HTR core is very similar to the UO2-only HTR core. 

However, accumulation of the minor actinides is not avoidable in the SR-HTR core. The extreme high 

burnup of the TRU fuel greatly reduces the amount of heat producing isotopes that could be 

problematic in spent fuel repositories (like Pu-238).  

 

3.3 GT-MHR Project High-Temperature Reactor Neutronic Issues and Ways to 

Resolve Them (Peter Fomichenko) 

One of the successful international projects in nuclear technologies is the cooperation between the 

Russian Federation and the USA on the development of a gas-turbine modular helium reactor (GT-

MHR). The GT-MHR mission declares that the joint project was initially aimed at the solution of one 

of the most important non-proliferation problems – disposition of weapon-grade plutonium. In the 

same time, the GT-MHR technology could also be used for development of new-generation reactor 

systems capable of effective production of electricity and industry applications, as well as burning of 

actinides from spent fuel of light-water reactors.  

The GT-MHR design has a number of distinctive features related to its design and layout 

solutions for the reactor core and fuel composition, as well as to materials used as fuel and burnable 

poison. Risk factors existing in analytical validation of the GT-MHR neutronic characteristics consist 

in the fact that applicable codes have been validated mostly within analytical and experimental studies 

of HTGRs with uranium fuel. Therefore, already at the early stages of the GT-MHR nuclear design 

development it has been determined that the dedicated experiments should be performed using critical 

test facilities and test reactors, as well as analytical benchmark studies should be carried out.  

While planning the works on GT-MHR physics, logically complete and mutually agreed work 

scopes were formulated. Their goals are to obtain representative results of analytical-experimental 

studies of neutronic characteristics of the GT-MHR core, to validate the selected design, to validate 

and license analytical codes used in GT-MHR design, and to obtain a license for reactor plant 

construction. All planned activities are aimed to obtain the design data needs (DDNs) for GT-MHR 

physics, which were determined at consequent design stages. The DDNs include, in particular, fuel 

isotope composition depending on burnup, temperature coefficients of reactivity, efficiency of 

reactivity compensation systems, power distribution non-uniformity.  

A draft “validation matrix” for calculations of GT-MHR neutronic characteristics was formulated. 

It includes, in particular, critical parameters, power distribution, control rods efficiency, reserve 

shutdown system efficiency, reactivity effects and effect of moisture ingress, reactor kinetics 

parameters, residual power, etc. The validation matrix being considered together with the list of 

DDNs permits to estimate adequacy of available information on experimental data and benchmark 

analyses, which could be effectively used for code validation, as well as determine problematic issues, 

which should be studied additionally. The investigations revealed the following factors determining 

sources and values of uncertainties: used nuclear data, effective models of double heterogeneity of 

fuel arrangement, ratios of reaction rates of plutonium and erbium isotopes, space-energy description 

of neutron fields, account for spatial distribution of temperature and burnup over the core volume.  
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Considerable contribution in better understanding of the reactor physics was made by 

development and calculations of the stepwise benchmark cases, in particular, in frames of the IAEA 

TWG-GCR CRP 5 (see IAEA TECDOC-1694). These tests provided sequential calculations starting 

from elementary fuel and burnable poison compact cells, continuing with a fuel assembly model and 

ending with a full-scale reactor 3D model.  

We believe that our experience in identification and resolution of neutronic issues in the GT-MHR 

Project could allow proposing a consistent approach to consideration of major problems in neutonics 

of “Deep Burn” in HTGRs. 

3.4 Optimisation of Deep Burn Incineration of Reactor Waste & Plutonium in a 

PBMR DPP-400 core (Dawid E. Serfontein, Eben J. Mulder and Frederik Reitsma) 

Coupled neutronics and thermo-hydraulic simulations of incineration of different pure Pu fuels, 

including Pu(PWR), without any added neutron poisons, were reported. Simulations were performed 

for pebble fuel, using the VSOP 99/05 code. 

The following conclusions can be made from this work: 

 The incineration of pure Pu in the PBMR-400, using the simulated fuel sphere geometries, are 

not recommended, since it violated the safety limits in that temperature and power limits were 

exceeded and positive temperature reactivity coefficients were obtained. 

 The addition of MA to Pu (PWR) is not recommended since this substantially decreased the 

burn-up and thus increased the mass of heavy metals to be disposed in the spent fuel, 

especially 
241

Pu. 

 Therefore a redesign of the reactor, fuel sphere geometries and fuel cycles are recommended, 

in order to resolve these safety issues. 

 

3.5 Sharp Reduction in Maximum LEU Fuel Temperatures during Loss of Coolant 

Accidents in a PBMR DPP-400 core by means of Optimised Placement of Neutron 

Poisons: Implications for Pu fuel-cycles (Dawid E. Serfontein) 

The standard axial and radial power peaking profiles of Low Enriched Uranium (LEU) in the 

PBMR DPP-400 are sub-optimal with respect to the passive leakage of decay heat during a DLOFC. 

The following optimisation aims were set: 

 Reshape the axial and radial power profiles by placing an optimal distribution of neutron 

poisons in the central reflector in order to:  

o push the power density radially outwards and  

o suppress the axial power peak, which is situated about a third core length from the top 

of the core, while  

o increasing the power density near the top of the core, in an effort to maximise decay 

heat leakage during a DLOFC. 

 Secondary aim: Reduce the maximum fuel temperature during normal equilibrium operation. 

 Maintain all other safety limits. 

The following conclusions can be made from this work: 

 The optimisation of the power profiles by means of placing an optimised distribution of 

neutron poison concentrations in the central reflector resulted in a large reduction in the 

maximum DLOFC temperature, which may produce far reaching safety and licensing benefits.  

 Unfortunately this came at the expense of losing the ability to execute effective load 

following. 

 The neutron poisons also caused a large reduction of 22% in the average burn-up of the fuel. 

 Further optimisation is required in order to counter this reduction in burn-up. 
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 Similar strategies to reshape the power profiles can be expected to contribute strongly towards 

resolving the safety problems reported for Pu fuel cycles. 

 

3.6 National Project Management project: Gas Turbine HTGR using Pebble Bed Fuel 

derived from Spent Fuel (Quentin Cole) 

 Presentation 1 described the economics of National Project Management Corp - NPMC bid 

for the DOE FOA 00800 with the cost share of $452 million dollars. 

 The presentation describes the partnerships with the City of Oswego, Oswego County, New 

York State and our partners in South Africa – PBMR/ESKOM. 

 NPMC – are ready to build and license the PBMR design, they have the rail system, the port 

system and an 180,000 sq ft facility ready to manufacture. 

 

3.7 Deep-Burn High Temperature Reactor – TRU Utilization and Nuclear Waste 

Management (Pavel Tsvetkov) 

Nuclear power carries known advantages and challenges. We envision that development and 

deployment of Deep Burn systems will allow synergistically balancing those while addressing the 

concerns. The over-decade long efforts to develop and assess perspectives of a Deep-Burn High 

Temperature Reactor (DB-HTR) were presented. Interests in the subject, history of R&D activities, 

project efforts and observations from performed studies were discussed. The work has been supported 

since 2004 via a series of federally funded projects focused on transuranic material (TRU) utilization 

and nuclear waste management scenarios via specially-designed HTRs. The DB-HTRs, graphite-

moderated He-cooled thermal reactors, are well-known for their flexibility with respect to fuel cycles 

leading to their unique potential for global nuclear materials management to maximize in-core TRU 

utilization, thus providing means for effective minimization of high level waste inventories. These 

systems secure relevant materials while offering maximized fuel resource availability without 

reprocessing. The DB-HTRs, in their role as a sustainable environmentally benign energy source, 

truly offer an effective comprehensive physics solution approach to the key nuclear engineering 

challenges. 

The scope of the projects is certainly representative of our vision for Deep Burn systems. 

Generally speaking, our team at Texas A&M University is focusing research efforts on physics 

approaches seeking resolutions of engineering challenges. Clearly, system methods leading to 

integrative solutions are of significant benefit in seeking allocations of resources to meet energy 

demands. We think that when complex engineered systems are the objective, such as DB-HTRs, the 

system analysis should be performed at an in-depth high fidelity level. We are interested to assess 

deployment scenarios and potential impact. In particular, among the nuclear reactors relevant today, 

we are looking into design and deployment aspects of HTGRs and LMFRs. In this group, HTRs carry 

a particular benefit of providing the opportunity to take advantage of a thermal reactor in nuclear 

waste management that goes beyond to what other thermal systems can offer. The DB-HTRs offer a 

bridging role between thermal and fast reactors in fuel cycle considerations. Deployment perspectives 

of HTRs are being assessed as part of the program. We are interested to explore how one would 

introduce HTRs into the reactor mix and what operational and resource utilization scenarios would 

emerge. 

The decade-long program started with a DOE Nuclear Energy Research Initiative (NERI) project 

on Minor Actinides (MA) as a fuel component for ultra-long life HTRs. The efforts expanded towards 

TRU fuels and related fuel cycles for HTRs. The focus was on in-core fuel management and load 

optimization methods in Once-Through-Then-Out (OTTO) single batch and multi-batch operation 

modes. The in-core optimization algorithm recognized the unique ability of HTRs with prismatic 
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cores to be loaded and reloaded in 3D. The 3D optimization framework for DB-HTRs and their fuel 

cycles, 3D in-core fuel management, single-batch DB-HTR OTTO optimization and multi-

path/OTTO modes were part of the R&D program focused on DB-HTR fuel cycle with 3D in-core 

shuffling. A physics based 3D multi-directional reloading algorithm for prismatic DB-VHTR was 

developed and tested to meet DB-VHTR operation constraints utilizing a high fidelity neutronics 

model. Shuffling code framework allows for the addition of other external codes that increase fidelity 

through core life, such as changes in the temperature profile in both nominal and off-nominal 

operating conditions. The work was funded within the scope of DOE Deep-Burn Project and led to the 

development of an algorithm and its implementation in a computer code. The work further evolved 

and expanded towards advanced sensors, 3D mapping, and fission product management. Significant 

portion of R&D is dedicated to validation efforts via series of benchmarks against experimental and 

computational data. Following the needs of fuel cycle scenario evaluations, an integrated system 

model for advanced energy systems was developed and implemented in a fuel cycle/energy system 

modelling framework. The 3D in-core management natively calls for distributed sensor networks for 

online 3D in-core monitoring in HTRs. The project assessed fiberoptics sensors and distributed 

networks for direct detection of host spots, temperature and fluence mapping towards predictive 

reconstruction algorithms for HTRs. 

Today, our activities related to DB-HTRs continue including developing 3D core shuffling 

software, R&D exploring advantages of DB-HTRs in scenarios looking at TRU and fission product 

management options, dynamics and safety, instrumentation and control with special emphasis on 

operational autonomy. We are interested and pursing studies of out-of-core fuel cycle characteristics 

and how those are impacted by potential introduction of TRU-fueled systems. In our studies we 

determined that scattering data need further investigations and require models spanning from nuclear 

physics to system levels. We will be continuing our V&V efforts as part of a range of ongoing 

benchmarks. 

The presented R&D efforts are being conducted by a dedicated team of graduate and 

undergraduate students at Texas A&M University, Department of Nuclear Engineering. We would 

like to recognize our external collaborators and sponsors who contributed immensely into the success 

of the program: Abderrafi Ougouag and Hans Gougar (Idaho National Laboratory), Francesco 

Venneri (Logos Technologies), Don McEachern, Arkal Shenoy, and Tim Bertch (General Atomics), 

Gary Rochau (Sandia National Laboratories), and Bryan Dickerson and Joseph French (Luna 

Innovations Inc.). The work has been funded through U.S. Department of Energy (DOE) Deep Burn 

Project, DOE Nuclear Energy Research Initiative (NERI) Program, DOE Nuclear Energy University 

Program (NEUP), and Sandia National Laboratory Excellence Fellowship Program. 

 

3.8 Pu and MA Management in Thermal HTR, QUO VADIS? Insights from the 

Euratom PUMA project (Jim Kuijper) 

The PUMA project -the acronym stands for “Plutonium and Minor Actinide Management in 

Thermal High-Temperature Gas-Cooled Reactors”- was a Specific Targeted Research Project 

(STREP) within the Euratom 6th Framework (EU FP6). The PUMA project ran from September 1, 

2006, until August 31, 2009, and was executed by a consortium of 14 European partner organisations 

and one from the USA, viz. NRG (NL, coordination), AGH (PL), Belgonucléaire (B), CIRTEN (I), 

EDF (F), General Atomics (USA), University of Stuttgart (D), JRC-ITU (EC/D), KTH (S), LISTO 

(B), NEXIA Solutions (UK), AMEC Nuclear (UK), LGI (F), Delft University of Technology (NL), 

FZJ (D) and AREVA (F).  

PUMA's main objective was to investigate the possibilities for the utilisation and transmutation of 

plutonium and especially minor actinides in contemporary and future (high temperature) gas-cooled 

reactor designs, which are promising tools for improving the sustainability of the nuclear fuel cycle. 
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This contributes to the reduction of Pu and MA stockpiles, and also to the development of safe and 

sustainable reactors for CO2-free energy generation. As many aspects of HTR design already have 

been, or are being covered by the more “regular” HTR research programs, the PUMA project focused 

on providing additional key elements for the utilisation and transmutation of plutonium and minor 

actinides in contemporary and future HTR designs.  

The PUMA project has been assessing the impact of the introduction of Pu/MA-burning HTRs at 

three levels: fuel and fuel performance (modelling), reactor (transmutation performance and safety) 

and reactor/fuel cycle facility park. The latter also includes studies of symbiosis of HTR and Fast 

Reactor (FR) systems, as well as the assessment of the technical, economic, environmental and socio-

political impact. 

Earlier projects already indicated favourable characteristics of HTRs with respect to Pu burning. 

So, core physics of Pu/MA fuel cycles for HTRs has been investigated to study the CP fuel and 

reactor characteristics and to assure nuclear stability of a Pu/MA HTR core, under both normal and 

abnormal operating conditions. The starting point of this investigation comprised the two main 

contemporary HTR designs, viz. the pebble-bed type HTR, represented by the South-African PBMR, 

and hexagonal block type HTR, represented by the GT-MHR. The results (once again) demonstrate 

the flexibility of the contemporary (and near future) HTR designs and their ability to accept a variety 

of Pu- and Pu/MA-based fuels (possibly in combination with thorium), and to obtain a significant 

reduction of the Pu- respectively Pu/MA content, while maintaining, to a large extent, the well-known 

standard (U-fuelled) HTR safety characteristics. However, this will require some changes in the 

reactor design. Studies have furthermore shown that fuel with a "diluted" kernel ("inert-matrix") 

improves the transmutation performance of the reactor. 

Pu/MA transmuters are envisaged to operate in a global system of various reactor systems and 

fuel cycle facilities. Fuel cycle scenario studies have been performed, within the EU 27 context, to 

study the symbiosis to other reactor types/systems, and to quantify waste streams and radiotoxic 

inventories. This includes studies of symbiosis of HTR, Light Water Reactor (LWR) and Fast Reactor 

(FR) systems, as well as the assessment of the technical, economic, environmental and socio-political 

impact. Within the limitations and uncertainties of the scenario model it is clear that the introduction 

of Pu/MA HTRs may have a large impact on the amount of TRU in disposed spent fuel (close to the 

impact of the FR scenario). 

An overview of the full range of topics addressed by the PUMA project, as well as the associated 

deliverable reports, is given in the final summary report of the project (additional information of this 

meeting). Detailed information is included in over 40 deliverable reports which, however, have not 

been made publicly available. Possibilities for further dissemination of this information should be 

discussed with the European Commission and the respective PUMA partners. 

 

3.9 Suggestions for future Pu fuel cycle designs (Dawid E. Serfontein) 

 Verification of VSOP-A vs. VSOP 99/05 code, by means of comparison with MCNP. 

 DLOFC temperature calculations with Multi-group Tinte. 

 Redesign of the reactor: 

o Switch from the direct Brayton cycle to the indirect Rankine steam cycle in order to 

reduce fuel temperatures. 

o Add neutron poisons to the reflectors to suppress power and temperature peaks and to 

produce negative uniform temperature reactivity coefficients. 

 Redesign of Pu fuel cycle: 

o Replace small concentrated Pu fuel kernels with large (500 μm diameter) diluted 

kernels in order to reduce the possibility of coated particle failures. 

o Load Pu only against the external reflector. 
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o Use this to increase the power density against the external reflector and reduce it 

against the central reflector, in order to decrease DLOFC temperatures. 

o Also use the added neutrons from this Pu to drive the deeper burning of LEU fuel in 

the inner parts of the core, or 

o To drive a Th/U-233 breeding fuel cycle in the inner parts of core. 

o Replace shell fuel spheres containing Pu coated fuel particles in the fuel shell and 

only graphite in the inner sphere with fuel spheres containing Pu coated fuel particles 

in the fuel shell and Th coated fuel particles in the inner sphere. 

 

4. Summary of conclusions. 

 

The following recommendations and proposals for future activities have been made: 

 

4.1 A consultancy meeting (3-4 individuals) should be held (preferably by 1
st
 quarter of 2014) in 

order to compile a summary report to be published on deep burn and MA disposition in HTGRs. The 

main purpose is to summarise all information available on the topic and to identify gaps that need to 

be addressed in future IAEA activities. The following specific input to such an effort has been 

identified: 

 Aspects of deep burn have been studied in the GT-MHR benchmark studies part of CRP 

(TECDOC – 1694). It contains much valuable information on the topic. The results and 

conclusions are to be carefully evaluated and analysed to inform outstanding issues and gaps 

that needs attention. 

 The meeting was made aware of the OECD NEA study done on the Physics of Plutonium 

recycling of reactor grade plutonium in HTGRs. The study has highlighted remarkable 

differences in the results and this should be studied in more detail. 

 The PUMA project did address many of these aspects but is not generally available to all 

IAEA members. Possibilities for further dissemination of this information should be discussed 

with the European Commission and the respective PUMA partners. 

 US Deep burn studies e.g. published by INL (INL/CON-09-17220) and others. 

4.2 A proposal is made that the uncertainties specifically related to Deep Burn, other fuel cycles 

and MA disposition should be discussed at the RCM on the Uncertainty CRP scheduled for 23-25 

September 2013. If possible these uncertainties should be included in the CRP planned activities but if 

this is not possible (due to a too large scope), the uncertainty specific to deep burn could be motivated 

as a separate activity. 

 

4.3 Similar to item two above, the consultancy meeting to define the scope of the CRP on HTGR 

safety aspects scheduled for 28-31 October 2013, will be sensitised to the specific safety requirements 

for HTGRs with deep burn, with the purpose to include this in the CRP. It is important that the CRP 

include all aspects, fuel cycles and applications for HTGRs and that specific gaps related to deep burn 

is not excluded. 

 

4.4 The country policies on plutonium disposition and in particular what MA should be disposed of 

can have a marked impact on the core and cycle studies performed. Examples are Americium and 

Curium, where uncertainties in its cross section need to be studied in more detail if it is to be 

incinerated (but it may be excluded by policy). The definition of nuclide flows in fuel cycles have not 

been well defined in almost all cases and is subject to policy. The specific long term toxicity of 
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different options should also be studied. These topics should also be addressed in the summary report 

and gap analysis (item 1).  

 

4.5 The current IAEA requirement of safeguards for plutonium is a minimum fraction of 80% 238-

Pu as an acceptance criteria for non-proliferation. However this does not impact on possible solutions 

for reactor grade plutonium disposition since 238-Pu is mainly generated from 235-U and its fraction 

is typically small. And appropriate requirement of safeguards for reactor grade plutonium disposition 

should be proposed. For example, a maximum fraction of 20% fissile plutonium (239, 241, 243-Pu) 

can be proposed as an acceptance criteria for non-proliferation as it is similarly used for uranium 

where a maximum fraction of 20% 235-U (LEU) is the acceptance criteria. This definition will have 

an impact on the possible solutions for reactor grade plutonium and therefore also if HTGR can  be 

used as a plutonium disposition solution. 

 

 

4.6 It was recommended that closer cooperation should be pursued with the INPRO programme. 

Especially aspects 4 and 5 above are part of the mandate of INPRO that includes nuclear energy 

policies and fuel cycles. The meeting also recommends that the salient features of the HTGRs for 

plutonium disposition should be highlighted with INPRO. Proposal is that IAEA GCR program 

brainstorm with INPRO to identify activities that can be pursued together. 

 

4.7 Finally a TM on optimized HTGRs designs for deep burn and plutonium dispositions was 

proposed. This will also be informed by the consultancy and status of current knowhow report as 

mentioned in item 1. 

 

---------------- 0 ---------------- 
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