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Preface to the 2021-2022 edition of the SSCs, pSSCs & PRPPWG white papers on 
the PR&PP features of the six GIF technologies 

 
This report is part of a series of six white papers, prepared jointly by the Proliferation Resistance and Physical 
Protection Working Group (PRPPWG) and the six System Steering Committees (SSCs) and provisional 
System Steering Committees (pSSCs). This publication is an update to a similar series published in 2011 
presenting the status of Proliferation Resistance & Physical Protection (PR&PP) characteristics for each of the 
six systems selected by the Generation IV International Forum (GIF) for further research and development, 
namely: the Gas-cooled Fast Reactor (GFR), the Lead-cooled Fast Reactor (LFR), the Molten Salt Reactor 
(MSR), the Sodium-cooled Fast Reactor (SFR), the Super Critical Waterïcooled Reactor (SCWR) and the Very 
High Temperature Reactor (VHTR). 

The Proliferation Resistance and Physical Protection Working Group (PRPPWG) was established by GIF to 
develop, implement and foster the use of an evaluation methodology to assess Generation IV nuclear energy 
systems with respect to the GIF PR&PP goal, whereby: ñGeneration IV nuclear energy systems will increase 
the assurance that they are a very unattractive and the least desirable route for diversion or theft of weapons-
usable materials, and provide increased physical protection against acts of terrorismò. 

The methodology provides designers and policy makers a technology neutral framework and a formal 
comprehensive approach to evaluate, through measures and metrics, the Proliferation Resistance (PR) and 
Physical Protection (PP) characteristics of advanced nuclear systems. As such, the application of the 
evaluation methodology offers opportunities to improve the PR and PP robustness of system concepts 
throughout their development cycle starting from the early design phases according to the PR&PP by design 
philosophy. The working group released the current version (Revision 6) of the methodology for general 
distribution in 2011. The methodology has been applied in a number of studies and the PRPPWG maintains a 
bibliography of official reports and publications, applications and related studies in the PR&PP domain. 

In parallel, the PRPPWG, through a series of workshops, began interaction with the Systems Steering 
Committees (SSCs) and Provisional Systems Steering Committees (pSSCs) of the six GIF concepts. White 
papers on the PR&PP features of each of the six GIF technologies were developed collaboratively between 
the PRPPWG and the SSCs/pSSCs according to a common template. The intent was to generate preliminary 
information about the PR&PP merits of each system and to recommend directions for optimizing its PR&PP 
performance. The initial release of the white papers was published by GIF in 2011 as individual chapters in a 
compendium report. 

In April 2017, as a result of a consultation with all the GIF SSCs and pSSCs, a joint workshop was organized 
and hosted at OECD-NEA in Paris. During two days of technical discussions, the advancements in the six GIF 
designs were presented, the PR&PP evaluation methodology was illustrated together with its case study and 
other applications in national programmes. The need to update the 2011 white papers emerged from the 
discussions and was agreed by all parties and officially launched at the PRPPWG meeting held at the EC Joint 
Research Centre in Ispra (IT) in November 2017. 

The current update reflects changes in designs, new tracks added, and advancements in designing the six GIF 
systems with enhanced intrinsic PR&PP features and in a better understating of the PR&PP concepts. The 
update uses a revised common template. The template entails elements of the PR&PP evaluation methodology 
and allows a systematic discussion of the system elements of the proposed design concepts, the potential 
proliferation and physical protection targets, and the response of the concepts to threats posed by a national 
actor (diversion & misuse, breakout and replication of the technology in clandestine facilities), or by a 
subnational/terrorist group (theft of material or sabotage). 

The SSCs and pSSC representatives were invited to attend PRPPWG meetings, where progress on the white 
papers was discussed in dedicated sessions. A session with all the SSCs and pSSCs was organized in Paris 
in October 2018 on the sideline of the GIF 2018 Symposium. A drafting and reviewing meeting on all the papers 
was held at Brookhaven National Laboratory in Upton, NY (US) in November 2019, followed by a virtual 
meeting in December 2020 to discuss all six drafts. 

Individual white papers, after endorsement by both the PRPPWG and the responsible SSC/pSSC, are 
transmitted to the Expert Group (EG) and Policy Group (PG) of GIF for approval and publication as a GIF 
document. Cross-cutting PR&PP aspects that transcend all six GIF systems are also being updated and will 
be published as a companion report to the six white papers. 
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Abstract 

This white paper represents the status of Proliferation Resistance and Physical Protection (PR&PP) 
characteristics for the Very-High-Temperature Reactor (VHTR) reference designs selected by the Generation 
IV International Forum (GIF) VHTR System Steering Committee (SSC). The intent is to generate preliminary 
information about the PR&PP features of the VHTR reactor technology and to provide insights for optimizing 
their PR&PP performance for the benefit of VHTR system designers. It updates the VHTR analysis published 
in the 2011 report ñProliferation Resistance and Physical Protection of the Six Generation IV Nuclear Energy 
Systemsò, prepared Jointly by the Proliferation Resistance and Physical Protection Working Group (PRPPWG) 
and the System Steering Committees and provisional System Steering Committees of the Generation IV 
International Forum, taking into account the evolution of both the systems, the GIF R&D activities, and an 
increased understanding of the PR&PP features.  

The white paper, prepared jointly by the GIF PRPPWG and the GIF VHTR SSC, follows the high-level paradigm 
of the GIF PR&PP Evaluation Methodology to investigate the key points of PR&PP features extracted from the 
reference designs of VHTRs under consideration in various countries. A major update from the 2011 report is 
an explicit distinction between prismatic block-type VHTRs and pebble-bed VHTRs. The white paper also 
provides an overview of the TRISO fuel and fuel cycle. For PR, the document analyses and discusses the 
proliferation resistance aspects in terms of robustness against State-based threats associated with diversion 
of materials, misuse of facilities, breakout scenarios, and production in clandestine facilities. Similarly, for PP, 
the document discusses the robustness against theft of material and sabotage by non-State actors. The 
document follows a common template adopted by all the white papers in the updated series. 
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1. Overview of Technology 

The Very High Temperature Reactor (VHTR) design descriptions, technology overviews and 
discussions of issues, concerns and benefits documented in this White Paper establish the 
bases to support, as the designs evolve, more detailed assessments of proliferation resistance 
and physical protection (PR&PP). 

The assessments will be made using the methodology developed for evaluating PR&PP of the 
Generation IV reactors [1] with consideration of related reports [2-4]. In April 2017, as a result 
of a consultation with all the GIF SSCs and pSSCs a joint workshop was organized and hosted 
at OECD-NEA in Paris. The need to update the 2011 white papers [2] emerged from the 
discussions and was agreed by all parties and officially launched in November 2017. 
Therefore, this white paper was written, based on the status of the six GIF system design 
concepts, considering the designsô evolution in the last decade. 

Various versions of the VHTR are under development in several countries that are members 
of the Generation IV International Forum (GIF), including the Peopleôs Republic of China, 
France, Japan, the Russian Federation, Republic of South Africa, Republic of Korea, Canada, 
United Kingdom and the United States of America. The VHTR is a helium-cooled, graphite-
moderated, graphite-reflected, metallic-vessel reactor that can use various power conversion 
cycles for electricity production. Co-generation of process steam and high-temperature 
process heat for chemical process and hydrogen co-production are additional uses for the 
technology. The major VHTR design options that potentially affect PR&PP can be categorized 
as follows: 

¶ Prismatic versus pebble fuel 

¶ Direct versus indirect power conversion cycles 

¶ Water versus air cooled Reactor Cavity Cooling System (RCCS) 

¶ Filtered confinement versus low leakage containment 

¶ Underground versus above-ground nuclear islands 

The two VHTR basic design concepts considered here are the Prismatic VHTR and the Pebble 
Bed VHTR. For details, see the reference [5]. 

1.1. Description of the prismatic VHTR 

The safety basis for all the VHTR is to design the reactor to be passively safe, thereby avoiding 
the release of fission products under all conditions of normal operation and accidents including 
most of the beyond design basis events. This passive safety aspect of the design should make 
the VHTR less vulnerable to a threat of "radiological sabotage" through malevolent acts.  

There are currently five concepts for the prismatic VHTR under consideration by different GIF 
countries. The first two of the following have the generic features of low-enriched uranium 
(LEU) and plutonium-fuelled block-type cores and are sufficiently developed to be considered 
further here as examples for PR&PP assessment. Except for the second concept discussed 
below, prismatic VHTRs are being designed assuming the initial use of a once-through LEU 
fuel cycle. 

United States ï Work on the Modular HTGR began with General Atomics (GA) in the 1980s. 
The GA concepts include prismatic cores driving either a direct or indirect cycle, an air-cooled 
RCCS, filtered confinement, and either a steam cycle (350 MWt MHTGR) or a 600 MWt gas 
turbine cycle (GT-MHR) [6-8]. The MHTGR was the subject of a pre-application design review 
by the Nuclear Regulatory Commission. GA has ceased development and design efforts but 
Framatome (USA), formerly Areva USA, is pursuing a similar concept in the 625 MWt SC-
HTGR. The completion of design and licensing of the SC-HTGR is projected to take at least 
10 years. Framatome has also completed some work on a higher temperature HTGR 
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(designated ANTARES) [9, 10], which began as a collaboration in France with other 
EURATOM participants in the High Temperature Reactor-Technology Network (HTR-TN). The 
ANTARES Modular HTR is also envisioned to be a 600 MWt cogeneration plant; however, the 
schedule for completion of research and development depends on end-user engagement.  
Smaller (<80 MWt) prismatic concepts are being pursued by the UltraSafe Nuclear and 
StarCore Nuclear companies, mainly for off-grid communities and mines in Canada. 

Russian Federation ï In cooperation with GA and the U.S. Department of Energy (DOE) 
National Nuclear Security Administration (NNSA), the Experimental Design Bureau of 
Mechanical Engineering (OKBM) in Nizhniy-Novgorod with partners at the Kurchatov Institute 
(KI) and the A.A. Bochvar All-Russian Scientific Research Institute for Inorganic Materials 
(VNIINM) in Moscow is designing a Russian version of the GA GT-MHR to disposition excess 
weapon-grade plutonium; however, OKBM is also analyzing alternative fuel cycles for the 
Russian GT-MHR [11]. The deployment of the Russian GT-MHR is subject to DOE/NNSA joint 
funding to complete necessary research and development. 

Japan ï The Japan Atomic Energy Agency (JAEA) continues development work that started 
under the former Japan Atomic Energy Research Institute (JAERI) on the Gas Turbine High 
Temperature Reactor 300 for Cogeneration (GTHTR300C) [12], which will scale up the 
technology from the JAEA 30 MWt High Temperature Engineering Test Reactor (HTTR) into 
a 600 MWt configuration. The reactor design is based on a prismatic core and can achieve a 
reactor outlet temperature of 950°C.  

Republic of Korea ï The Korea Atomic Energy Research Institute (KAERI) is pursuing the 
Nuclear Hydrogen Development and Demonstration (NHDD) Project; the NHDD reactor is to 
be limited to 200 MWt (based on the maximum reactor vessel diameter, 6.5 m, that can be 
fabricated in-country) with no decision yet made as to fuel/core type (pebble bed or prismatic) 
[13]. 

United Kingdom ï U-Battery Limited is holding the U-Battery project; the U-Battery reactor is 
to be categorized as small modular reactor with 20 MWt with prismatic core design. The 
strategic goal is to have a first-of-a-kind U-Battery operating by 2028. 

Technology summaries can be found for each vendor-proposed design option in the respective 
references provided above. SC-HTGR and ANTARES are proposed to be constructed as 
modules to be built in sets of four or more modules per site. As indicated above, the baseline 
fuel design for the first modules uses LEU as Tri-Isotropic (TRISO)-coated particle fuel in a 
once-through fuel cycle. The Russian version of the General Atomics GT-MHR will incorporate 
excess weapon plutonium in TRISO-coated fuel particles with the addition of erbium containing 
167Er to provide a neutron poison with a thermal neutron capture resonance to guarantee a 
negative moderator temperature reactivity coefficient. 
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Figure 1: Illustration of Coated Particle Fuel in the Prismatic Fuel design [14]. 

The TRISO-coated particle fuel (see Figure 1) has a small-diameter (nominally 200-500 ɛm) 
spherical ceramic fuel kernel of either uranium oxide or uranium oxycarbide, or mixed oxides 
of other actinides. The kernel is coated with four coating layers consisting sequentially of low-
density porous pyrocarbon (buffer), an inner high density pyrocarbon (IPyC), silicon carbide 
(SiC)1 and an outer high density pyrocarbon (OPyC) for better contact with the matrix material 
which is generally carbon but could also be SiC. The first three coatings on the fuel particles 
serve as the primary containment preventing the release of fission products. Plant 
configurations and operating conditions are being designed appropriately to limit fuel 
temperatures during both normal operations and accident conditions so as to preclude the 
release of fission products. The coated particles are loaded into fuel compacts (sticks) held 
together by graphitized carbon or silicon carbide. The fuel compacts are loaded into holes in 
hexagonal prismatic block fuel elements. Fuel elements are stacked in the reactor core with 
fissile and neutron burnable poison loadings tailored so that the power distribution is peaked 
toward the top of the core where the inlet cooling gas has the lowest temperature. The power 
density is lowest in the bottom of the core where the temperature of the outlet coolant is 
highest. The fuel and burnable poison loading patterns are specified so that the peak fuel 
temperature will be below the limit for normal operation, which is 1250ºC for TRISO-coated 
fuel particles with SiC coatings and more than 1600 ºC in accident conditions. 

Spent fuel is retained in cooled storage containers that are embedded underground and 
located adjacent to the reactor cavity. Prismatic spent fuel, which is unloaded from the core 
during periodic refueling shutdowns, can be tracked remotely by cameras viewing the serial 
numbers on the fuel elements during handling and storage operations. Since each fuel element 
is loaded with less than 4 kg of LEU, the plutonium content at full burnup (~120 GWD/MT) will 
be small (~60-70 g) and isotopically degraded compared to weapon-grade plutonium. 

The current concepts for the energy utilization from the prismatic VHTRs are based on: 

¶ direct Brayton cycle for electricity generation,  

¶ indirect steam generation for process heat and/or electricity generation, 

                                                      

 

1 On-going research focuses on replacing SiC coatings with zirconium carbide (ZrC) coatings to achieve higher 
temperature limits (~2000ºC) for fission product retention during accidents and to reduce diffusion of radioactive-
silver. 

Uranium Oxide or Uranium Oxycarbide 

Porous Carbon Buffer 

Silicon Carbide or Zirconium Carbide 

Pyrolytic Carbon 

PARTICLE
S 

COMPACTS FUEL ELEMENTS 

TRISO Coated fuel particles (left) are formed 
into fuel rods (center) and inserted into 
graphite fuel elements (right). 
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¶ indirect heat transfer to process heat user (e.g., Hydrogen production).  

The vessel configuration for the direct cycle GT-MHR is illustrated in Figure 2, and the reactor 
building option for the GT-MHR is illustrated in Figure 3.  Although the GT-MHR is no longer 
under development, the plant layout for the Framatome SC-HTGR is very similar. 

 

 

 

Figure 2: GT-MHR Reactor, Cross-Duct and PCU Vessels [2]. 

 

 

Figure 3: GT-MHR Fully-Embedded Reactor Building [2]. 
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In many modular VHTRs under development, the reactor vessel and power conversion unit are placed 
underground, which enhances physical protection for the plant. 

1.2. Description of the pebble bed VHTR 

All modern pebble bed VHTR concepts trace their design features to the HTR Module 200 
MWt concept developed in Germany in the 1980s. There is currently one national program for 
a pebble bed VHTR and one commercial endeavor in the United States.  

South Africa ï South Africa pursued development of the Pebble Bed Modular Reactor (PBMR) 
until 2010, when owing to funding constraints Cabinet moratorium was placed on the project 
thereby putting its assets and intellectual property under care and maintenance. The PBMR 
had a rated capacity of 165 MWe, featured a thermal power of 400 MWt and a direct power 
conversion with a gas turbine operating with a helium outlet temperature of 900 ºC. In 2016, 
Eskom commenced the development of the Advanced High Temperature Reactor, a 
100MWt/50MWe proof-of-concept design with molten salt energy storage and helium outlet 
temperature of 1200 ºC. 

Subject to Cabinet approval, discussions are ongoing to revive research and development of 
the Pebble Bed Modular Reactor programme in line with Government policy position as stated 
in the Nuclear Energy Policy of 2008. The research and development work is expected to 
consolidate previous efforts, including the work progressed by Eskom for Advanced High 
Temperature Reactor (AHTR) technology development. 

United States ï The 200 MWt Xe-100 is a concept under development by the X-Energy 
company with some support from the US Government [15-17]. It features a recirculating pebble 
bed core driving a steam cycle. Formal conceptual design activities have started, and X-Energy 
is also pursuing TRISO fuel manufacturing capability with Centrus. X-Energy is pursuing 
deployment of the first commercial reactor by 2030. 

Peopleôs Republic of China (PRC) ï The China Huaneng Group in a consortium with China 
National Nuclear Corporation subsidiary China Nuclear Engineering Corporation and Tsinghua 
University's Institute of Nuclear and New Energy Technology has been developing construction 
of the 2 x 250 MWt, steam-cycle High-Temperature Reactor-Pebble-bed Module (HTR-PM) 
[18, 19]. It has been connected to the grid in December 2021; the HTR-PM, which builds on 
the success of the Tsinghua University's HTR-10 test reactor [20], is being constructed in two 
module units producing 500 MWt and 210 MWe. Each power plant comprises two reactor 
modules with individual steam generators sharing a single turbo-generator. A 6-module, 600 
MWt generating station is undergoing design.  The 6-module plant is sized to fit into a reactor 
building roughly that of a large PWR. 

The pebble bed reactors share the same passive safety features as the prismatic VHTRs but 
have less excess reactivity due to on-line refueling. The LEU fuel for the pebble bed VHTRs is 
TRISO-coated particles compacted into tennis ball size spheres, as illustrated in Figure 4. 
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Figure 4: Illustration of Coated Particle Fuel in Pebble Fuel Element [2,15]. 

The pebble fuel is usually not tracked individually by serial number as in the prismatic core, 
but elements are counted, characterized, and checked following each of multiple re-
circulations until they achieve the target burnup based on radioactivity measurements. 
Following several passes of each pebble through the core during on-line pebble recirculation, 
when measured pebble activity indicates sufficient burnup, the pebble is transferred to a 
storage container with a record kept of the number of pebbles transferred. Once pebble spent 
fuel is in the storage container, radiation monitoring is used to quantify by inference the amount 
of spent fuel present since, with no more than 0.12 grams of plutonium per pebble, it would 
take several tens of thousands of pebbles (or several metric tons by total mass and cubic 
meters by volume) to be diverted to constitute the basis for recovering a significant quantity of 
plutonium2. Further, at a burnup around 90 GWD/MT for the HTR-PM or 150 GWD/MTMT for 
the Xe-100, the plutonium isotopic composition in the pebble spent fuel is degraded 
significantly compared with that of weapon-grade plutonium. 

The reactor vessel arrangement for the Xe-100 concept is illustrated in Figure 5, showing the 
associated spent fuel storage location to the right of the reactor vessel. The reactor vessel and 
vessel arrangement for the 250 MW-thermal steam-cycle PRC HTR-PM are illustrated in 
Figure 6, with the steam generator below and to the left of the reactor vessel. 

 

                                                      

 

2 ñSignificant Quantityò SQ, as defined by the IAEA. is ñthe approximate amount of nuclear material for 
which the possibility of manufacturing a nuclear explosive device cannot be excludedò. For Pu 
(containing less than 80% Pu-238) and for and U-233 a SQ corresponds to 8 kg, A SQ is 25 kg for U 
enriched in U-235 at 20%, or above, 75 kg for U enriched below 20% in U-235 (or 10 t for natural U or 
20 t for depleted U). See the IAEA Safeguards Glossary for all details: International Atomic Energy 
Agency, ñIAEA Safeguards Glossary, 2001 Editionò, International Nuclear Verification Series No. 3, 
Vienna, Austria, 2002. 



Very-High-Temperature Reactor (VHTR)                 PR&PP White Paper 

 

7 

 

 

 

 

Figure 5: X-Energy Xe-100 [21]. 
 

 

Figure 6: 250 MWt HTR-PM Reactor Building 
Elevated above Ground Level with Steam 

Generator; Spent Fuel Storage Not Shown [2]. 
 

1.3. Current system design parameters and development status 

The key design parameters for selected concepts (both prismatic and pebble bed) are 
presented in Appendix 1: VHTR.A.  
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2. Overview of Fuel Cycle(s) 

A comparison of the vendor-proposed VHTR fuel cycle parameters is provided in Appendix 1: 
VHTR.B. The information in Appendix VHTR.B is taken either from the references given in 
Section 1 or is inferred from these references where no specific information has been provided 
by the vendors. 

The baseline fuel cycle for the first generation VHTR is the once-through fuel cycle using LEU 
fuel enriched to between 8 and 16% U-235. The Russian Federation is simultaneously 
pursuing the GT-MHR as a ñdeep-burnò option for weapon-grade plutonium (Pu) disposition. 
The use of highly enriched uranium (HEU) as HTGR fuel, as was done in the past, is no longer 
acceptable by many nation states because exporting Special Nuclear Material (SNM), or fissile 
production technology, is considered a controlled export.  However, this policy position is not 
universally held by all states.  The same is true of separated plutonium, even when considering 
a deep-burn fuel cycle as the one currently being considered by the Russian Federation.  Some 
regulatory authorities allow for separated plutonium whereas others do not due to their own 
domestic policy, export control regulations, or both.  Additionally, under the regulatory 
framework of some states, the HEU and separated Pu require heightened safeguards and 
security measures, compared to LEU, which incurs added complexity and cost to the fuel cycle. 

X-Energy is considering a range of other fuel cycle options for future reactor deployments 
including plutonium disposition and transuranic elements (TRU)/MA transmutation and the use 
of thorium (Th-232) as a fertile component for high-conversion fuel. Each of these options, 
including the so-called deep-burn options, is currently based on an initial once-through 
irradiation without recycle, although technologies to reprocess and recycle TRISO fuel are also 
under consideration or initial development and were studied extensively in the past at 
laboratory and pilot scale for HEU/Th fuels. The ongoing research and development and the 
historic experience provide a reasonably sound basis to have confidence in the ability to close 
the VHTR fuel cycle in the future, if needed. Note that those alternative fuel cycles are a task 
in the GIF VHTR Fuel and Fuel Cycle Project. 

The fuel cycle options for VHTRs can be categorized in three ways described below. 

First, VHTRs can operate with either pebble or prismatic fuels. Pebble bed reactors operate 
with on-line refueling. This enables operation with very low excess reactivity and without 
burnable neutron poison, typically only sufficient to overcome the neutron poisoning effects of 
xenon that occur following power reductions. Prismatic fueled reactors require periodic 
refueling outages and thus operate with substantially higher average excess reactivity 
compensated by burnable neutron poison, but allow substantially greater flexibility in fuel 
zoning and shuffling. 

Second, VHTR fuel cycles can be categorized by the types of fuel particles used, as follows: 

¶ LEU fuel particles with or without natural uranium fertile fuel particles. 

¶ Pu fuel particles. 

¶ TRU or MA fuel particles. 

¶ U-233 fuel particles (or U-233 with U-238). 

¶ Thorium (or thorium with uranium) fertile fuel particles. 

¶ Pu/Th-232 and/or Pu/U-238 in mixed oxides (MOX). 

The first four types of particles contain fissile isotopes that are required to support criticality of 
the reactor. The LEU particles also contain the fertile isotope U-238 and in some designs may 
contain fertile particles of natural uranium. However, with the VHTRôs thermal spectrum, 
thorium has somewhat better properties as a fertile isotope, so, for core designs that add fertile 
material, thorium fuel particles may replace the use of natural uranium in the future. This 
thorium may be mixed with a small amount of uranium to dilute and ñdenatureò the fissile U-
233 produced by neutron absorption in thorium. In general, it can be expected that future VHTR 
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reactors will operate with fuels composed of some mix of the six particle types listed above. 
Each particle type involves specific technical issues for fabrication, with some being more 
challenging than others.  

Third, VHTR fuel cycles can be categorized by whether or not the spent fuel is discarded or 
recycled. Recycle may occur with either aqueous or pyroprocessing methods, and recycled 
materials may be returned to VHTRs or LWRs or sent to fast reactors.  Either method would 
require a óhead-endô process to de-consolidate the coated particles from the graphite and 
ócrackô the silicon carbide coating so that the heavy metal kernel can be leached. This is 
technically possible but has not been demonstrated on a commercial scale 

Except for the LEU once-through cycle and the historic testing and use of HEU/Th, all other 
fuel cycles for the VHTR represent future possibilities given also that there is likely to be a 
requirement for several years of effort and a significant financial investment for supporting 
research (including irradiation testing of laboratory-scale, pilot-scale and industrial-scale 
fabrications of candidate fuels) to qualify the fuel forms for the alternative fuel cycles. Currently, 
only LEU fuel is being tested for qualification, so alternative fuel options are likely years away 
in development. Regarding the reprocessing of VHTR fuels, the PUREX process can be 
applied with specific head end processes to separate the fuel particles from the graphite matrix 
and fuel kernels from the coatings. This complexity of reprocessing leads to difficulty in Pu 
extraction, which increases proliferation resistance. The process yields large quantities of 14C-
contaminated CO2 or carbon sludge that must be treated, conditioned, and disposed safely. 
Note that the reprocessing technology for irradiated Thorium fuel (THOREX process, similar 
to the PUREX process) is ready for application, but its demonstration at an industrial level has 
not been carried out yet. 

The challenges of realizing such fuel cycles at the commercial level have become major R&D 
topics internationally, and many efforts are ongoing. For one of those examples, see the 
reference [22]. In addition, the waste graphite and SiC can be decontaminated to reduce waste 
volume. Studies on the subject are ongoing in several countries. 
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3. PR&PP Relevant System Elements and Potential Adversary Targets 

Although the shape of the fuel is different for the block type very high temperature gas reactor 
(B-VHTR) and pebble bed type very high temperature gas reactor (P-VHTR), their safeguards 
features and the physical protection features have some similarities because the fuel is made 
from a mixture of coated fuel particles with graphite powder that is sintered. Figure 7 shows 
sketches of reactors of the B-VHTR and P-VHTR types and their respective fuel elements.  

Figure 7: B-VHTR and P-VHTR as well as their fuel elements. 

In order to retrieve a significant quantity of nuclear material from used VHTR fuels, it is 
necessary to process metric tons and tens of cubic meter quantities of carbon-encased nuclear 
fuel using either grind-leach, burn-leach of electrolysis in nitric acid, the technology for which 
is still not matured to industrial level. The cost of removing and storing the large volume of 
separated graphite should be considered a proliferation resistance feature.  Such large 
quantities are a necessity to retrieve enough weapons usable fissile material and would be 
difficult to conceal by a proliferating state.   

The use of LEU is currently planned in both B-VHTR and P-VHTR due to its low 
proliferation characteristics.  For states that own their own domestic enrichment capability, the 
raw LEU material for fresh fuel fabrication is more attractive than the fabricated graphite fuel 
forms (block or pebble since a lower level of effort would be required for its diversion or 
acquisition from the system elements at fuel fabrication sites or product side of reprocessing 
sites etc. For states that import the as-fabricated graphite fuels, the attractiveness may be 
considered similar between the fresh and spent fuels.  This is because a similar amount of 
effort is required to crack the SiC barrier as discussed previously.   

It is noteworthy from a security standpoint, INFCIRC/225 (the IAEA Recommendations on 
nuclear security) allows some credit for radioactive source term regarding the degree of 
physical protection. However, once a Category II (i.e., U-235/U<20%) fuel has decayed 
sufficiently, the security threat and categorization are the same between fresh and used fuel. 
The Standard also prescribes an elevated security posture for High Assay Low Enriched 
Uranium (HALEU), 10 wt.% Ò U-235/U < 20 wt.%.  For example, it specifies that HALEU be 
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stored in the facilityôs protected area, as opposed to the limited access area.  It also calls out 
the need for increased communication and verification for transport.  Similarly, it elevates the 
importance of armed guards (i.e., a dedicated security organization) during transport and 
storage at facilities.   

The "system elements" for B-VHTR and P-VHTR are shown in Figure 8 and Figure 9, 
respectively. 

 

Figure 8: B-VHTR System element. 

 

 

Figure 9: P-VHTR System element. 

The system elements of the both VHTR types are principally the same except for the unloading 
and reloading of fuel blocks of the B-VHTR and the recirculating fuel spheres of the P-VHTR. 
The common system elements for both VHTRs are discussed in the following. 
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3.1. System elements related to fuel fabrication site for B-VHTR and P-VHTR 

3.1.1. Fresh fuel fabrication 

The raw constituents of fresh fuel (Uranium hexafluoride, nitrate, or oxide of LEU, LEU/Pu 
(MOX), LEU/Th or Pu / Th(MOX)) are brought into the fuel fabrication facility. Fuel elements 
(fuel compacts for block type fuel or fuel spheres) containing TRISO-coated fuel particles 
sintered with graphite powder are manufactured and shipped out to reactor sites. LEU is 
currently intended for use in B-VHTR and P-VHTR due to its higher proliferation resistance, 
specifically with respect to material attractiveness. Fuel based on LEU / Th, LEU/Pu (MOX) or 
Pu / Th may be used in future VHTRs. Raw material for fresh fuel fabrication is the most 
attractive target over the entire set of system elements of B-VHTR and P-VHTR, from fuel 
fabrication to final disposal, since it would require the least effort to divert, process  and use 
for fabrication of NEDs (hence it will require more attention and protection). However, it should 
be noted that the material type will be the same if present in the fuel fabrication facility or in the 
fresh fuel in terms of the IAEA safeguards target material. In any case the material will require 
further processing for use in a NED unless it is already in suitable form. See the discussion of 
the section 2 of the reference [23]. It should be also noted that safeguarding bulk material is 
more complicated than safeguarding material in items forms. 

The fuel kernels of the coated fuel particles are manufactured by dropping uranyl nitrate stock 
solution into ammonia water as shown in Figure 10.  

 

 

Figure 10: Fuel kernel fabrication through dropping uranyl nitrate stock solution [24]. 

Implementation of adequate measures of Containment and Surveillance (C/S) and physical 
protection needs to be enforced over those raw constituents of fresh fuel according to the 
grade of nuclear material such as LEU, LEU/Th, LEU/Pu,and Pu / Th.  

Every fuel block of B-VHTR is stamped with identification numbers (IDs). On the other hand, 
there is no ID on fuel pebbles of P-VHTR, which requires a different safeguards approach as 
B-VHTR (item-based safeguards can be applied for B-VHTR). In contrast, quasi-bulk type 
safeguards are needed for P-VHTR. In the past, however, there have been cases where 
safeguards were implemented by assigning IDs to pebbles at the research reactor level, but 
not for online monitoring during the re-loading procedure. As one of the ongoing efforts, see 
the reference [25]. Fabrication also involves scrap recovery and recycling within the supplier's 
fuel fabrication facility. Non-recoverable scrap materials are stored for disposition as low-level 
radioactive waste. The isotopes U-235, U-233 and Pu are attractive for adversaries aiming for 
manufacturing NEDs. However, once these nuclear materials are encased in graphitized 
carbon as the kernel of coated fuel particles of fuel elements of both B-VHTR and P-VHTR, 
their use in NEDs poses major difficulties for an adversary. The separation of the kernel from 
coated fuel particles is difficult due to the stable chemical and mechanical characteristics of 
carbon and SiC layers. Techniques such as grind-leach or burn-leach of electrolysis in nitric 
acid are necessary, but they have not yet been matured to industrial level. Also, in order to 
acquire significant quantities of nuclear materials, metric tons and tens of cubic meter 
quantities of carbon and SiC layers from the coated fuel particles and the graphite matrix 
surrounding them must be processed.  
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3.1.2. Fresh fuel shipment  

Fuel rods for B-VHTR and fuel pebbles for P-VHTR are put into containers and shipped from 
fuel fabrication facilities to reactor sites. Adequate C/S system such as sealing and PP need 
to be applied to containers to ensure continuity of knowledge according the sensitivity grade 
of the nuclear material being shipped. Note that there are no current domestic or internationally 
licensed shipping container for transporting large quantities of HALEU fuels. 

3.1.3. Fresh fuel receiving   

Broken fresh fuel elements should be segregated and must be stored separately by the user 
for shipment back to the supplier for recycling as un-irradiated scrap. The C/S system for fresh 
fuel shipment must be confirmed upon fresh fuel receiving. The nuclear material in the broken 
fresh fuel elements is not attractive because the amounts are small and the material is still in 
the form of coated fuel particles.  

3.2. System elements related to reactor site of type B-VHTR 

PR of B-VHTR is based on item accountancy. It is possible to imprint an ID on each fuel block, 
so the safeguards approach has many similarities with the safeguards of LWRs. All system 
elements related to a reactor site are confined within the reactor building as shown in Figure 
11 [26]. All movements of fuel can be monitored by the surveillance cameras. Fuel storage 
racks of the fresh fuel storage and spent fuel storage areas are sealed after handling fuel 
therein. Fuel inventory in the reactor core is verified by measuring the fuel flow with detectors 
in the door valve. Movement of the fuel handling machine is slow due to its mass of more than 
100 tons. This movement can be followed by the surveillance cameras whose data should be 
continuously transferred to the safeguards inspectorate to mitigate potential cyber-attacks.  

3.2.1. Fresh fuel storage on site  

Fuel blocks are assembled by inserting fuel rods into pre-formed holes in the graphite blocks 
in the reactor building. The on-site movement of fuel blocks of the B-VHTR is shown in Figure 
11. The fuel blocks are stored in the fresh fuel storage rack until such time as the blocks 
scheduled for reloading are returned to the reactor core. An adequate C/S system such as 
surveillance cameras and PP should be applied to the fresh fuel storage area, the refueling 
machine, and the spent fuel storage area for continuity of knowledge.  
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Figure 11: Movement of fuel blocks in reactor site of B-VHTR [26]. 

 
 

3.2.2. Refueling machine for fresh fuel loading and spent fuel discharging 

This paragraph refers to HTTR as this is considered fully representative of B-VHTR [27]. 
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